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a b s t r a c t

Solution-processed n-ZnO/p-poly(3,30 0 0-didodecylquaterthiophene) (PQT-12) vertical p–n
junction diodes were prepared on ITO-coated glass. A continuous film of ZnO nanoparticles
was grown on the ITO glass by dip-coating and subsequent heat treatment of a zinc acetate
film. PQT-12 was then spin-coated to form the ZnO/PQT-12 diode. Gold was chosen as the
top electrode to complement ITO for this diode. The microstructures of ZnO films are stud-
ied by atomic force microscopy (AFM) and show a continuous, dense layer of ZnO nanopar-
ticles. The current–voltage (I–V) measurement shows that the maximum current density
for this p–n junction diode is 400 A/cm2, which is much higher than previously reported
polymer diodes. Capacitance–voltage (C–V) data also provide evidence of formation of
the p–n junction. The rectification was characterized by observation of full input-half out-
put waves. Data indicate that these devices can operate up to frequencies of 14 MHz under
ambient environment conditions. This rectification frequency is higher than other reported
polymer Schottky diodes under these conditions. Turnon voltages of this diode are also
much lower than for the reported polymer diodes.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction An RF-ID circuit comprises a high-speed diode which
There is great interest in electronic devices based on
solution-processed polymer [1–7], organic [8,9] and inor-
ganic oxide [10,11] semiconductors in recent years be-
cause of the possibility of producing printable, low-cost,
large-area, lightweight and flexible devices. Most of these
reports concern field effect transistors and diodes for appli-
cations including light-emitting diodes [12,13], solar cells
[14,15], non-volatile memory [16,17], and logic circuits
[18,19]. Fast device response is very important for a broad
spectrum of electronic applications including high fre-
quency identification (RF-ID) tag circuits [21,22]. For
diodes, one evaluates response speed by studying the rec-
tification property of the device at different frequencies
[20]. From the manufacturing point of view, it is desirable
to use solution-processable semiconductors to enable
printing and roll-to-roll processing, which facilitates low-
cost fabrication using an all-in-line printing process [23].
. All rights reserved.

x: +1 410 516 5293.
can operate at frequencies of 13.54 MHz with a high recti-
fication ratio [24,25]. A number of groups have tried to de-
velop a solution-processed Schottky diode [1,2,4–7],
however, the performance was inadequate for application
due to very poor current density [1,2,4–7], high turnon
voltage [1,2,4–7], and high reverse bias current [1,5,6].
On the other hand, in the case of inorganic oxide p–n junc-
tion diodes, performance is limited due to the non-avail-
ability of good quality p-type oxide semiconductors
[10,26–29]. For these reasons, none of these diodes have
been tested for high frequency rectification. In our present
work we introduce one solution-processed inorganic semi-
conductor with a polymeric material to fabricate a p–n
junction diode in which diode parameters are improved.
We employ high-mobility, highly stable ZnO (inorganic)
as the n-semiconductor and high-mobility poly(3,30 0 0-did-
odecylquaterthiophene) (PQT-12) as the p-semiconductor.
We also provide additional evidence for the correlation be-
tween morphology and current density from a study of
poly(3-hexylthiophene)-aluminum (P3HT-Al) Schottky
diodes. These are the solution-processable p–n junction
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Fig. 1. Schematic of the device structure of ITO–ZnO(n)–PQT-12(p)–Au diode.
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vertical diodes which can operate at MHz frequency, with
much higher current density and low turn on voltage than
related previously reported diodes [2,20,24,25].

In order to fabricate high current density and high-
speed diodes, one needs materials that allow high forward
current with considerably low operating voltage and very
low reverse current with quite high reverse breakdown
voltage. Normally this is achieved using electrodes that
match in energy position, or make low potential barriers,
to the energy levels of the semiconductors. In the case of
a p–n junction diode, electrons and holes move towards
the depletion region at forward bias and recombine. In case
of thin film vertical diodes where electrons and holes cross
one or two nanometer-scale grains from electrodes to the
recombination zone, current density and speed can be ex-
pected to be higher compared to devices where numerous
grain boundaries and defect sites must be crossed. Another
important factor is relative band structure of two type
semiconductors. The energy barrier at the depletion region
depends on the differences between bulk Fermi energy lev-
els of the two semiconductors [30]. For low turnon voltage
and high current density this barrier is desirably be low
[31]. The polymer/inorganic semiconductor p–n junction
Fig. 2a. Schematic energy band diagra
discussed here meets these criteria. Although, we use
two different classes of semiconductor, they are compati-
ble for fabrication because they are deposited in separate
steps (one dip-coating another spin-coating, from very dif-
ferent solvents) which are very well known and estab-
lished techniques in solution-processed device fabrication.

2. Device and band structure of semiconductors

The device structure is shown in Fig. 1. In n-ZnO/p-PQT-
12 vertical p–n junction diodes, indium tin oxide (ITO) and
gold (Au) metals were chosen as bottom and top elec-
trodes, respectively. Fig. 2a shows the schematic energy
band diagram of an ITO/ZnO/PQT-12/Au device. Work
functions of ITO and Au are 4.7 and 5.1 eV, respectively.
The electron injection barrier at the ITO/ZnO interface
and the hole injection barrier at the Au/PQT-12 interface
are low, resulting in almost ohmic contacts at these inter-
faces. In Fig. 2b, we show the band diagram for the ZnO and
PQT-12 after their heterojunction formation at thermal
equilibrium. The band gaps of the two semiconductors
are, respectively, 3.30 and 2.27 eV [18,32]. At thermal equi-
librium the quasi-Fermi levels of both semiconductors are
m of ITO/ZnO/PQT-12/Au device.



Fig. 3. Current–voltage characteristics of a typical ITO/ZnO/PQT-12/Au
device (a) in normal scale and (b) in semi-log scale.

Fig. 2b. Band diagram for ZnO and PQT-12 after heterojunction formation
at thermal equilibrium.
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equal to the equilibrium Fermi level EF. On the same figure,
DEC and DEV correspond to the band offset for conduction
bands and valence bands, respectively. Since DEC is much
lower than DEV, the energetic barrier for electrons is lower
than for holes. Thus, electrons are the major carriers
through these heterojunctions [31]. The qVbi is the energy
barrier of the junction which is equal to the difference be-
tween the bulk Fermi levels of the two semiconductors,
where Vbi indicates the barrier potential of the junction.
From this figure it is very clear that this barrier height is
quite low, which enables high current density, high-speed
rectification and low turnon voltage [31,33].

3. Experiment

Fig. 1 provides the schematic illustration of the poly-
mer-inorganic hybrid p–n junction diode, which comprises
an ITO–ZnO(n)–PQT-12(p)–Au structure. For this device, a
clean ITO-coated glass was taken as substrate
(<0.005 X cm). For a solution-processed ZnO film, we used
zinc acetate [Zn(OAc)2] (40 mM) solution in ethanol sol-
vent. The substrate was then dip-coated with this solution
with a speed approximately 2 mm/s with an angle 60� with
horizontal and immediately was placed on a 70 �C heater.
This process was carried out four times. The zinc acetate-
coated substrate was annealed on a 300 �C hot plate for
30 min to form a thin layer of continuous dense polycrys-
talline ZnO nanoparticle film. Around 30 nm of ZnO film
thickness was measured by SEM. The detailed morphology
of ZnO film was also studied by AFM. PQT-12 (warmed at
60 �C) of concentration 7 mg/ml was then spin-coated (at
800 rpm) from 1,2-dichlorobenzene to form a polymer film
over the ZnO-coated ITO substrate. The thickness of PQT-
12 (150 nm) was determined by scratching the PQT-12
film and measuring by AFM. Subsequently 50 nm-thick
gold electrodes were deposited using a TEM grid (200
mesh) as shadow mask. After this the whole substrate
was annealed at 140 �C for 10 min then cooled down
slowly at approximate 2 �C/min. DC electrical characteris-
tics of diodes were measured by using a semiconductor
parameter analyzer (Agilent 4155C). All electrical charac-
terization results reported in this paper were obtained un-
der ambient atmospheric conditions.

4. Results and discussion

Fig. 3a shows the current density–voltage (I–V) charac-
teristics of our present device. The current density is 400 A/
cm2, which is few orders of magnitude higher then recent
polymer vertical diodes [2–4]. The DC rectification ratio at
±2.5 V is around 4 � 102 (Fig. 3b). The turnon voltage is
1.2 V, which is considerably lower than the previously re-
ported polymer diode [1–4]. The breakdown voltage of
our diode is 15 V, 13 times higher than the threshold volt-
age. The forward bias was analyzed using the thermionic
emission model and reverse bias using the reverse soft
breakdown model [34,35]. The total current can be written
as

I ¼ Is½expðqV=gkTÞ � 1� � Itun½expð�qV=gtunkTÞ � 1� ð1Þ

where Is and Itun are the reverse saturation current and
tunneling saturation current, respectively, and g and gtun

are the ideality factor and tunneling ideality factor. The fit-
ted values of I–V parameters are listed below, and are com-



Fig. 4. Rectification behavior at (a) 1 MHz, (b) 5 MHz, (c) 10 MHz, (d) 14 MHz.
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parable with other kinds of thin film p–n junction diodes
[36].
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s
Fig. 5. 1/C2 vs. V re
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tun
/ZnO/PQT-12/Au device.
tun
9.02 � 10�5
 17.8
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 43.5
Fig. 4 shows the half wave rectification behavior from the
fabricated device. In Fig. 4(a–d), input signals were around
3 V peak to peak. We have taken this signal across 100 X.
Channels 1 and 2 refer to the input and rectified signals,
respectively. The left and right scales of the plots show
Fig. 6. Atomic force microscope image of polycrystalline ZnO film.
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the input signal voltage and the rectified current density,
respectively. There is a phase shift in the rectified signal
which increases with frequency and is caused by the con-
necting wires, a limitation of our setup. The rectified signal
for a particular device remained the same under six hours
of steady observation. The long term storage stability of
the device was also studied. The device was kept two
months in dark and low vacuum, and retested. The results
indicate that it essentially maintains its original character-
istics. With respect to open atmosphere measurement, the
response speed of this device is much higher than the pre-
viously reported polymer vertical Schottky diode with rel-
atively less operating voltage.

The C–V characteristic of the p–n junction diode was
measured in the frequency range 50–300 kHz using an
LCR meter (Agilent 4284A). The capacitance per unit area
of this kind of heterojunction can be described by Ander-
son’s model, which can be expressed as [37,38]

C2 ¼ qNDNAe0e1e2

2ðNAe1 þ NDe2Þ
1

ðVD þ VbÞ
ð2Þ

where q is the electronic charge, e0 is the vacuum permit-
tivity, e1 and e2 are the dielectric constants of n-ZnO and p-
PQT-12, respectively, ND and NA are the doping density
concentrations in the ZnO and PQT-12, respectively, VD is
the diffusion voltage and V is the applied voltage. Fig. 5
Fig. 7. (a) Fabrication of the pentacene Schottky diodes with P3HT used as inter
image of pentacene film on P3HT/Au electrode. (d) I–V measurement of pentac
represents pentacene Schottky diode with P3HT as interface layer. Black curve r
interpretation of the references to colour in this figure legend, the reader is refe
shows the 1/C2 vs. VD behavior of the measured devices,
where almost linear behaviors in the 0.0 to �0.8 V range
are observed. This behavior is a clear indication that the
fabricated diode is an abrupt junction.

Fig. 6 shows the AFM micrograph of the ZnO layer. The
image shows a film of dense ZnO nanoparticles with aver-
age particle size around 40 nm. Detailed surface examina-
tion indicates that there is a lack of pinholes on the film,
with low surface roughness (10 nm). This low roughness
of the ZnO-coated film is favorable for the overlying poly-
mer (PQT-12) film to avoid pinholes through the top sur-
face. Thus, electrons cross one or two grains of ZnO
particles from the ITO electrode whereas holes cross the
nanometer-range film of PQT-12 from the top Au electrode
to recombine at the interface. We believe this short range
recombination mechanism is one of the key reasons for
the high current density and high frequency rectification.

We also provide additional evidence for the correlation
between morphology and current density from a parallel
study of Au (50 nm)/P3HT (50 nm)/pentacene (225 nm)/
Al (70 nm) Schottky diodes. Fig. 7a shows the schematic
structure of this diode and Fig. 7b and c show AFM images
of pentacene films on Au electrodes with and without
P3HT. Larger grain sizes (�250 nm) were observed when
pentacene was deposited on the P3HT-Au-electrode, pref-
erable for charge transport. I–V characteristics of the
face layer. (b) AFM image of pentacene film on bare Au electrode. (c) AFM
ene Schottky diode with and without P3HT as interface layer, red curve
epresents pentacene Schottky diode without P3HT as interface layer. (For
rred to the web version of this article.)



Fig. 8. (a and b) Current response (red) of pentacene-based Schottky diode without P3HT as interface layer under different frequencies of AC voltage input
(black). (c and d) Current response of pentacene Schottky diode with P3HT as interface layer under different frequencies of AC voltage. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pentacene diode with and without P3HT as interface layer
are shown in Fig. 7d. The maximum current density at 10 V
was 30 A/cm2 in the presence of the P3HT interface layer;
however, without the interface layer, the current density
was only 0.8 A/cm2. Thus, it can be concluded that carrier
transport throughout the film was more facile when penta-
cene grain size increased from 150 to 250 nm (and the
electrode junction became more graded) after adding
P3HT as the interface layer. Fig. 8 showed the response
speed of the pentacene-based Schottky diode with and
without P3HT as interface layer. Response speed at fre-
quencies of 2 MHz was achieved with the interface layer.
Without the interface layer, the maximum rectification
speed was only 30 kHz. Two megahertz is a lower response
frequency relative to that of the ITO/ZnO/PQT-12/Au diode.
From the AFM image, a large surface roughness of penta-
cene film compared to that of the ZnO film is apparent;
such large surface roughness leads to the generation of
pinholes, which increase contact resistance and affect
diode characteristics. In addition, if the Au/P3HT/penta-
cene/Al diode device area is further decreased, and the
pentacene film is further purified, much higher response
frequency should be attained.
5. Conclusion

In summary, in this paper we report the fabrication and
characterization of vertical p–n junction polymer-inor-
ganic hybrid diodes. The maximum current density is
400 A/cm2 and the AC rectification is fully maintained up
to 14 MHz. The current density and rectification speed in
the open atmosphere are much higher than previously re-
ported all-polymer vertical diodes with relatively lower
operating voltage, and the stability is encouraging. The
capacitance–voltage (C–V) study also implies that device
structure can be portrayed as a p–n junction diode.
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The interface formation between the organic semiconductor copper-phthalocyanine and
the ferromagnets Co and Fe has been investigated for the case of metal deposition onto
the organic film using photoemission as well as X-ray absorption spectroscopy. Such inter-
faces might allow the injection of spin polarized currents into organic semiconductors. Our
data reveal the formation of interfaces which are characterized by chemical reactions in the
interfacial region.

� 2008 Elsevier B.V. All rights reserved.
The active control and the manipulation of spin degrees
of freedom in electronic devices – often called spintronics
– is anticipated to enable the fabrication of future elec-
tronic systems [1]. Recently, it has been demonstrated that
it is possible to inject spin polarized currents in organic
semiconductors [2,3] or to built organic based spin valves
[4–6] and tunnel magnetoresistance (TMR) units [7,8].
These observations can be regarded as the starting point
of an organic spintronics, which combines the flexibility
and variability of organic semiconducting materials with
a further degree of freedom: to switch or control a device
via external magnetic or electric fields.
. All rights reserved.

; fax: +49 351 4659

nupfer).
The metallic electrode contacts in organic spintronic
devices are required to have a substantial spin polariza-
tion of their conduction electrons, and consequently
materials such as the metallic ferromagnets Fe, Ni, Co
or corresponding alloys (e.g. permalloy) are obvious can-
didates for such contact electrodes and have already been
used in a number of cases [4–9]. Moreover, recent studies
of spin injection into organic semiconductors indicate
that spin polarized electrons can be injected from a ferro-
magnet into an organic semiconductor with high effi-
ciency [9–11].

Often, it is necessary to produce top contacts on an or-
ganic semiconducting layer via the deposition of the
respective materials in vacuum chambers, but it is unclear
to what extent this production procedure results in well
defined contact interfaces, which is in contrast to the
importance of the contacts for the device performance.

mailto:m.knupfer@ifw-dresden.de
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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In general, interfaces between metals and organic semi-
conductors have been extensively studied in the past [12–
17], and most of these interfaces are characterized by the
presence of a short range interface dipole, whereas the ori-
gin of this interface dipole is not yet fully understood [18].
Moreover, it has been demonstrated that the deposition of
metals onto organic semiconductors in the majority of
cases results in reactions at these interfaces, often accom-
panied by a diffusion of metal atoms deep into the organic
layer [14,19–23]. The knowledge of the interface energy le-
vel alignment, interface reactions and charge carrier injec-
tion barriers is an indispensable prerequisite for the
understanding and modelling of the device performance
as well as for potential optimization of the devices.

In this contribution we present a detailed analysis of
interfaces that are produced by thermal deposition of the
ferromagnetic elements Fe and Co onto the model organic
semiconductor copper-phthalocyanine (CuPc) using two
complementary spectroscopic methods, photoemission
spectroscopy and near edge X-ray absorption fine structure
(NEXAFS) measurements. If such interfaces will turn out to
be sharp, this would demonstrate again the potential for
high efficiency of spin polarized electron injection from
the deposited Co (and Fe) contact into a CuPc thin film sub-
strate [9,11].

X-ray photoemission spectroscopy (XPS) measurements
were carried out using a commercial PHI 5600 system,
which was equipped with a monochromatized Al-Ka X-
ray source providing photons with 1486.6 eV. The total-en-
ergy resolution of the spectrometer was determined by
analyzing the width of a Au Fermi edge to be 350 meV.
The energy scale was aligned by measuring the Fermi edge
(0 eV), as well as the 4f7/2 emission (84.0 eV) of the gold
substrate. The error produced by this alignment procedure
is smaller than 0.1 eV. All measurements were carried out
at room temperature.

The NEXAFS experiments were performed at the ELET-
TRA (Trieste, Italy) synchrotron radiation facility using
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Fig. 1. Normalized C 1s core level photoemission data of CuPc thin films as a func
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soft-X-ray light emitted by the BEAR high energy resolu-
tion dipole beam line [24]. The soft-X-ray absorption spec-
tra were recorded in the total electron yield mode and
normalized to the incident photon flux. The resolution for
the NEXAFS measurements is determined exclusively by
the performance of the beam line and was about
100 meV FWHM for the transition metal absorption edges
shown below. The acquired spectra were energy calibrated
using the C 1s ? p* and N 1s ? p* photoionization spectra
of Ar and N2 gases [25]. The pressure in the experimental
system during data acquisition was always better than
1.5 � 10�10 Torr.

As substrate for CuPc film deposition, we used the
(100) surface of a gold single crystal. The surface was pre-
pared by repeated sputtering and annealing cycles after
which a 5 � 20 surface reconstruction was observed using
low energy electron diffraction, while no remaining con-
tamination was detected in the core level photoemission
spectra. The CuPc film was deposited in sample prepara-
tion chambers directly linked to analyzer chambers. The
deposition rate, monitored by a quartz microbalance, was
1–2 Å/min. The core level photoemission spectra indicated
clean CuPc films without detectable traces of contamina-
tion including oxygen. The CuPc films used for our studies
were about 70 Å thick, which is large enough to minimize
contributions from the gold substrate in the photoemission
spectra, and small enough to avoid charging effects.

Fe and Co were evaporated onto the CuPc films from
molybdenum crucibles heated by electron bombardment.
The deposition rates, measured by a quartz thickness mon-
itor, were 0.5–1 Å/min. In addition, the total amount of
metal coverage at each step of deposition was evaluated
from a comparison of the relative intensities of the core
levels of substrate atoms and deposited metals. The sensi-
tivity factors of the core-levels for the corresponding pho-
ton energies were taken from tabulated cross-sections
[26]. Other experimental details can be found elsewhere
[23,27].
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In Fig. 1 we show the evolution of the C 1s core level
photoemission spectra as a function of Co and Fe deposi-
tion onto CuPc. Note that the data are normalized to equal
intensities for comparison. The absolute C 1s photoemis-
sion intensity is strongly reduced upon metal addition. At
a metal coverage of about 35 Å it is only about 2–3% of
its starting value. This is well consistent with a homoge-
neous metal coverage on top of CuPc and the correspond-
ing exponential thickness (d) dependence of the
photoemission intensity (exp(�d/k)) taking into account
an electron mean free path (k) of about 10 Å for electrons
with a kinetic energy of about 1200 eV (i.e. C 1s core level
emission).

The C 1s signal (resulting from C atoms of CuPc ) is char-
acterized by a distinct fine structure due to chemically
inequivalent carbon sites in the CuPc molecule and the
appearance of satellite features, as has been described in
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Fig. 3. Normalized Cu 2p core level photoemission data of CuPc thin films as
overlayer thickness is indicated.
detail previously [27,28]. Upon initial metal deposition
there is a small upshift of the spectra, while the spectral
shape remains unchanged. We attribute this initial energy
shift to the formation of a short range interface dipole of
about 0.1 eV and 0.2 eV for Co and Fe on CuPc, respectively.
Further Co or Fe addition at first does not lead to further
changes of the spectral shape, for thicker metal overlayers
however, the C 1s spectra change substantially. We ob-
serve the occurrence of an additional C 1s feature at the
low binding energy side. Since with growing overlayer
thickness the C 1s signal increasingly arises from the CuPc
molecules situated directly at the interface, the data in
Fig. 1 are a clear indication that Co and Fe do not diffuse
into the organic CuPc film but a sharp interface is formed.
At this interface, though, there is chemical interaction
resulting in the spectral changes seen in Fig. 1, i.e. carbon
atoms with a different chemical environment.
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This conclusion is corroborated in Fig. 2 where we show
the Co and Fe L3 NEXAFS spectra, again as a function of me-
tal overlayer thickness and normalized to equal intensity.
For thin metal films on top, the data clearly consist of
two components, which reveal Co or Fe atoms with differ-
ent chemical environments. The feature at lower excitation
energy grows upon increasing metal film thickness, while
the second excitation feature disappears. These data can
be rationalized by the presence of oxidized (i.e. cationic)
Co or Fe atoms directly at the the Co/CuPc or Fe/CuPc inter-
face, giving rise to the higher energy core level excitation.
With increasing metal film thickness this excitation fea-
ture vanishes because its relative weight decreases, and
only the typical NEXAFS spectral shape for the respective
metal is observed.

The Cu 2p core level photoemission data shown in Fig. 3
complete our picture on the interface reaction at the
(Co,Fe)/CuPc interfaces. Already the deposition of small
amounts of metal results in the appearance of a spectral fea-
ture at the low binding energy side, which is reminiscent of
the XPS data of Cu(I) compounds such as Cu2O [29]. This low
binding energy feature grows with increasing overlayer
thickness, which again demonstrates that the correspond-
ing reaction only occurs directly at the interface. Therefore
we infer, that as a consequence of Co or Fe deposition onto
CuPc, copper atoms at the interface are reduced from Cu(II)
to Cu(I), while Co or Fe are oxidized as indicated in Fig. 2.
The metal core level data in Figs. 2 and 3 would be consis-
tent with a scenario where deposited Co or Fe atoms replace
Cu in the center of the phthalocyanine, whereas the re-
leased Cu remains at the interface. This would parallel the
effects of Li deposition onto CuPc, where it has been re-
ported that Cu atoms are liberated from CuPc [30]. The C
1s data as shown in Fig. 1, however, evidence that this pic-
ture is too simple and that the phthalocyanine molecule as a
whole is affected by the interface reactions. The situation at
the Co/CuPc and Fe/CuPc interfaces studied here might be
similar to what has been observed for the deposition of Al
onto phthalocyanine molecules [20]. In this case, it has been
proposed that Al–Pc complexes form, resulting in core level
spectra similar to what is observed in Figs. 1 and 3. More-
over, a recent study on the deposition of Co on pentacene
layers has revealed that Co only slightly penetrates into
the pentacene films and that the interface is characterized
by chemical reaction, equivalent to our results [31].

In summary, we have investigated the chemistry and
the electronic structure of interfaces that are produced
by deposition of the ferromagnets Co and Fe onto the or-
ganic semiconductor CuPc using two complementary spec-
troscopic methods, XPS and NEXAFS. In contrast to the
deposition of other metals onto CuPc, our results demon-
strate that for both metals there is no evidence of metal
diffusion into the organic film, which is favorable for the
application of such interfaces in organic spintronic devices.
These interfaces however are characterized by chemical
interactions in the interfacial region, which might lead to
the formation of interface electronic states that can act as
charge carrier traps and thus have an unwanted impact
on the injection of spin polarized currents.
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a b s t r a c t

This paper demonstrates the effects of the imidization ratio of polyimide gate insulators on
the performance of organic thin-film transistors (OTFTs). We report the synthetic results of
polyimide films imidized at a temperature of 200 �C along with an easily removed organic
base catalyst (1,8-diazabicyclo[5.4.0]undec-7-ene, DBU), and their application in gate insu-
lators of organic thin-film transistors. The degree of imidization increased to almost 100%
after a thermal treatment at 200 �C for 40 min in the presence of DBU. The performance of
the pentacene OTFT dramatically improved by using low temperature cured polyimide film
as the gate insulator.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Research on organic thin-film transistors (OTFTs) has
been rapidly growing in recent years. They are potential
candidates for use in wide range of applications in low-cost
and large area electronics. The performance of OTFTs
including organic gate insulators has been significantly im-
proved. Organic gate insulators are required to have a rel-
atively high dielectric constant, heat and chemical
resistance, pinhole-free thin-film formability, and compa-
rability with organic semiconductors [1–7]. In addition,
since OTFTs are targeting low-cost and large area flexible
applications, their processing temperature should be low
enough to be integrated on inexpensive plastic substrates,
such as polyethyleneterephthalate (PET), polyethyl-
. All rights reserved.

x: +82 42 861 4151.
enenaphthalate (PEN), and polyethersulfone (PES). Several
polymeric gate insulators, such as poly(vinylphenol) (PVP)
[8–10], poly(methylmethacrylate) (PMMA) [11], polyvinyl-
alcohol (PVA) [12], polyimide (PI) [13,14], and benzocyc-
lobutene (BCB) [13] have been investigated. Among these
materials, polyimides are currently considered promising
gate insulators because of their excellent chemical resis-
tance and mechanical properties. However, a major obsta-
cle to the use of polyimides is their high processing
temperature. Usually, fully aromatic polyimide has been
extensively used in the microelectronics industry as inter-
dielectric layers and passivation layers due to its excellent
chemical, physical, and mechanical properties. We recently
reported poly(amic-acid) based polyimide gate insulators
for the application of OTFT [15,16]. However, those polyi-
mides were not perfect candidates for OTFTs due to their
high processing temperature, more than 250 �C, which is
much higher than the glass transition temperature of

mailto:mhyi@krict.re.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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plastic substrates. We also published soluble polyimide
gate insulators which can be processed into thin-film at
low temperature. In that case, however, polyimides did
not have fully aromatic structure, therefore, mechanical
and leakage current properties of them were somewhat
poor [17]. Basically if the imidization reaction of polyimide
is conducted below 350–400 �C, the conversation of the
poly(amic acids) to the PI is incomplete, which can result
in high leakage current for the OTFT devices. In this paper,
we describe new synthetic results of fully aromatic poly-
imide films imidized at the low temperature of 200 �C in
the presence of an organic base catalyst, which can be eas-
ily removed after the imidization reaction, and investigate
the performance of organic thin-film transistors fabricated
with the polyimides as gate insulators.

2. Experimental

We have prepared new fully aromatic polyimide pre-
cursor, the poly(amic acid) from rigid aromatic dianhy-
dride, 3,304,40-biphenyl tetracarboxylic dianhydride
(BPDA) and rigid aromatic diamines, p-phenylenediamine
(p-PDA) in N-methyl-2-pyrollidone (NMP). The molar ratio
of the two monomers (BPDA: p-PDA) for the preparation of
the poly(amic acid) was 1:1. The poly(amic acid) was con-
verted into the corresponding polyimide, PI(NC)-200, with-
out the catalyst through only a thermal imidization
reaction, which was conducted at 200 �C for 40 min on a
hot plate. PI(C)-200 was synthesized from the poly(amic
acid) solution containing 5 wt% [weight percent to the
poly(amic acid)] of DBU under the same thermal imidiza-
tion conditions as that of PI(NC)-200.

To determine the capacitance and gate leakage of the
polyimide gate insulators, MIM (metal–insulator–metal)
capacitor structures were prepared on the patterned ITO
coated glass substrates. The fully aromatic polyimide solu-
tions were spin coated on top of the bottom ITO electrode
Fig. 1. Chemical structures of the
and then the film was annealed at 90 �C for 10 min and
200 �C for 40 min. MIM devices were then completed by
a deposition of the top gold electrodes. The final thick-
nesses of all films were controlled to 300 nm. The active
area of a MIM device was 50.24 mm2.

The OTFT device geometry for all electrical character-
izations was a top-contact. Indium tin oxide (ITO) coated
glass was used as the substrate and the ITO was patterned
(2 mm wide stripes) to produce the gate electrode with a
conventional photolithographic method: coating with a
photoresist, ultraviolet light exposure, then developing
and etching. The patterned ITO substrate was cleaned
using a typical cleaning process for electronic applications:
sonication in detergent, deionized water, acetone, and iso-
propyl alcohol in that order for 20 min at room tempera-
ture. The pentacene OTFT devices were fabricated using
the polyimides as gate insulators. The final thickness of
the polyimide gate insulators were adjusted to about
300 nm. A 60-nm-thick layer of pentacene was deposited
on top of the gate insulator through a shadow mask by
thermal evaporation at a pressure 1 � 10�6 Torr. The evap-
oration rate of the pentacene was 1 Å/s and the substrate
temperature was 90 �C. The OTFTs were then completed
by thermal evaporating 50-nm-thick gold source and drain
electrodes on top of the pentacene layer through a shadow
mask, creating transistors with channel lengths (L) and
widths (W) of 50 and 1000 lm, respectively.

3. Results and discussion

3.1. Polyimide gate insulators and pentacene

The chemical structures of the polyimides are shown in
Fig. 1. The structures of the poly(amic acid), PI(NC)-200,
and PI(C)-200 were characterized by 1H NMR and FT-IR
spectroscopy. We determined the imidization degree of
the polyimide films by comparing the characteristic
PI(NC)-200 and PI(C)-200.



Fig. 3. Optical microscopy images of water and diiodomethane drops on
the surface of (a) PI(NC)-200 and (b) PI(C)-200.
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absorption bands at 1515 (mC@C) cm�1 and 1357 cm�1 (mC–N)
using Eq. (1) where A1357 stands for the absorbance of char-
acteristic imide II band (mC–N) and A1515 is the absorbance of
aromatic ring stretching band (mC@C). The poly(amic acid)
(PAAinit) film dried at 100 �C for 1 h in a vacuum oven and
the fully imidized polyimide (PIref) film cured at 350 �C for
1 h were used as reference films.

D I ð%Þ ¼
A1357
A1515

� �
sample

� A1357
A1515

� �
PAAinit

A1357
A1515

� �
PIref

� A1357
A1515

� �
PAAinit

� 100 ð1Þ

As shown in Fig. 2, the characteristic absorption bands
due to the carbonyl group of the poly(amic acid), normally
appearing at 1650 (mC@O) cm�1, had disappeared with an
increasing imidization temperature. And, the characteristic
absorption bands of the imide ring appeared at 1774 (mC@O,
asym), 1715 (mC@O, sym.), 1357 (mC–N), and 725 (deforma-
tion) cm�1 in the IR spectra. Especially, the imidization de-
gree of the PI(C)-200 film fabricated at 200 �C in the
presence of the DBU was close to 100%, which was a
remarkable increase compared to that of PI(NC)-200 cured
at same temperature without the catalyst (83%). That is,
the introduction of an organic base catalyst into the poly(a-
mic acid) solution made it possible to prepare a fully imi-
dized polyimide film at a temperature of 200 �C.

We also investigated the surface properties of the
PI(NC)-200 and PI(C)-200 films. Fig. 3 shows the contact
angles and surface energies of the PI(NC)-200 and PI(C)-
200 were somewhat different. The surface energies of the
PI(NC)-200 and PI(C)-200, calculated from the contact
angle of water and diiodomethane, were 52.9 and
55.0 dyne/cm, respectively. The contact angle of a water
drop on the PI(C)-200 and PI(NC)-200 films were similar,
but the contact angle of a diiodomethane drop on the
PI(C)-200 and PI(NC)-200 films were 29.4� and 18.1�,
respectively, which was decreased by the introduction of
Fig. 2. FT-IR spectra of the polyimides. (a) PAAinit: the poly(amic acid)
baked at 90 �C for 10 min and dried at 100 �C for 1 h in a vacuum oven. (b)
PIref: the polyimide cured at 200 �C and 250 �C for 30 min, and 350 �C for
1 h in a convection oven. (c) PI(NC)-200 baked at 90 �C for 10 min and
then cured at 200 �C for 40 min on a hot plate. (d) PI(C)-200 baked at
90 �C for 10 min and then cured at 200 �C for 40 min on a hotplate in the
presence of 5 wt% of DBU as a catalyst.
the imidization catalyst. This means that the surface of
the PI(C)-200 becomes more hydrophobic with an increase
in the degree of imidization.

Surface properties are known to influence the mecha-
nism of the initial growth of pentacene and thus the per-
formance of OTFTs. AFM experiments were performed in
order to investigate the effect of the surface property on
the morphology of the pentacene thin layers deposited
on the gate insulator. AFM images of the 60 nm thick
pentacene on the gate insulators are shown in Fig. 4. The
morphology of the pentacene on both insulators showed
similar dendritic structures. On the other hand, the grain
size of the pentacene on the PI(C)-200, with its smaller
diiodomethane contact angle, was larger than that of the
pentacene on the PI(NC)-200. This would be due to the
high inter-molecular interaction of the pentacene molecule
with the PI(C)-200. That is, the surface of the PI(C)-200 be-
comes more hydrophobic with an increase in the degree of
imidization, resulting in a higher diffusion rate of the
pentacene molecules in the in-plane direction and consid-
erable increase the nucleation density. The pentacene on
PI(C)-200 film shows the corresponding XRD peaks is com-
posed of a series of sharp (00l) peaks indicating that the
pentacene is highly ordered. The main XRD peak at 5.7�
was observed from the thin-film phase. The measured
Bragg refraction angles of 5.7� correspond to tilts of the
c-axis of the pentacene molecules with respect to the sur-
face normal of 15.0�.

The leakage current density of the device with the
PI(NC)-200 insulator was less than 9.2 � 10�11 A/cm2,
while biased from 0 to 50 V. The breakdown voltage and
the capacitance were more than 1.5 MV/cm and 129.5 pF/
mm2, respectively. On the other hand, the device with



Fig. 4. AFM images (10 lm � 10 lm) of pentacene (60 nm) on (a) PI(NC)-200 and (b) PI(C)-200.
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the fully imidized polyimide insulator, the PI(C)-200,
showed a leakage current density of 5.9 � 10�11 A/cm2,
which was lower than the device with the PI(NC)-200 insu-
lator. The breakdown voltage and capacitance were similar
to the device with the PI(NC)-200 insulator, 1.5 MV/cm and
140.0 pF/mm2, respectively. These results showed that the
fully aromatic polyimide prepared from BPDA and p-PDA
monomers in this study had a higher chain packing density
owing to strong p–p bond interaction between the phenyl
rings, which resulted in remarkably improved insulating
properties compared to those of the alicyclic polyimide
insulators reported by our group (3.5 � 10�8 –
1.5 � 10�9 A/cm2) [16,17]. For comparison, the energy-
minimized structures of the polyimides synthesized from
different monomers were calculated by a HyperChem� v
7.5 program. As shown in Fig. 5, the alicyclic polyimide
(a) connected with a flexible methylene linkage had a more
bent structure than that of the polyimide [PI(C)-200] and
(b) prepared from BPDA and p-PDA with rigid, flat mono-
mer structures.
Fig. 5. Energy minimized structures of the polyimides (calculated by a HyperCh
based on BPDA and p-PDA [PI(C)-200].
3.2. Device characteristics

The output (Ids vs. Vds) characteristics of the OTFTs hav-
ing the PI(NC)-200 and PI(C)-200 as insulators were inves-
tigated. The OTFTs exhibit typical p-type characteristics
with a transition from linear to saturation behavior in both
devices. At a given negative gate voltage (Vgs), Ids initially
increases linearly with a small negative Vds and then satu-
rates due to a pinch off of the accumulation layer. Clear
saturation behavior was observed for the OTFT device with
the PI(C)-200 gate insulator with a high imidization ratio,
which might be due to the complete removal of the car-
boxylic acids and amide groups of the original poly(amic
acid). Fig. 6 exhibits transfer (Ids vs. Vgs) characteristic
curves of the OTFTs fabricated with the PI(NC)-200 and
PI(C)-200. The field-effect mobility (l) was calculated from
the plot of the square root of the drain current ðI1=2

ds Þ and
gate voltage (Vgs) in the saturation regime. The threshold
voltage (VT) of the device was determined from the plot
of ðI1=2

ds Þ and Vgs by extrapolating the measured data to
em� v 7.5). (a) Polyimide based on CBDA and MDA16 and (b) polyimide



Fig. 6. Transfer characteristics (for the square root of the drain current vs.
gate voltage, I1=2

ds vs. Vgs and drain current vs. gate voltage, Ids vs. Vgs,) of
OTFTs with PI(NC)-200 and PI(C)-200. The drain voltage (Vds) is set to
�30 V. Note that the Y-axis is in (a) log (�Ids) and (b) (�Ids)1/2.

Fig. 7. (a) Ids–Vgs curves recorded for the OTFT device made of PI(NC)-200
as the gate insulator under the Vgs sweep rates of 1.35 V/s. Bias voltage,
Vds = 30 V. (b) Ids–Vgs curves recorded for the OTFT device made of PI(C)-
200 as the gate insulator under the same measuring condition of (a).
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Ids = 0. When Vgs was swept from +20 to �40 V and Vds was
set at �30 V, the mobility, off-current, on/off ratio, and
subthreshold swing (SS) of the pentacene OTFT with the
PI(NC)-200 gate insulator were 0.18 cm2/Vs, 6.9 � 10�8 A,
2.5 � 102, and 10.1 V/dec, respectively. On the other hand,
the mobility, off-current, on/off ratio, and subthreshold
slope (SS) of the pentacene OTFT with the PI(C)-200 gate
insulator were 0.36 cm2/Vs, 2.1 � 10�10 A, 2.0 � 105, and
2.1 V/dec, respectively. That is, when the PI(C)-200 was
introduced as a gate insulator, the mobility increased by
about two times (0.36 cm2/Vs). In addition, it is clearly
seen that the leakage current of OTFTs with PI(C)-200
was reduced dramatically by two orders of magnitude
from 6.9 � 10�8 to 2.1 � 10�10 A, the value of SS also de-
creased significantly from 10.1 to 2.1 V/s. These results
are much similar with the research reported by Yagi
et al. They showed that traps at the pentacene/SiO2 inter-
face were suppressed with 1,1,1,3,3,3-hexamethyldisilaz-
ane treatment, which improved off-current conduction.
In their experiment, they showed that the hydrophobic
surface treatment effectively improved of the off-current
of the devices and the off-current suppression could be
caused by the reduction of the interfacial charge trapping
at the pentacene/SiO2 interface [18]. As mentioned in our
text, the off-current of the pentacene OTFT device with a
PI(C)-200 gate insulator is improved compared to that of
the device with the PI(NC)-200, and it might be due to
the complete removal of the hydrophilic carboxylic acids
and amide groups of the original poly(amic acid). It has
been well known that the carboxylic acids and amide
groups of the poly(amic acid) easily absorb the water mol-
ecule from the atmosphere. As reported by Kumaki et al., it
can be considered that the chemical reaction between the
carboxylic acids on the gate-insulator surface and the ab-
sorbed water molecules is associated with the high off-cur-
rent of the pentacene OTFT device even at zero and positive
gate voltage [19]. We have also investigated the transfer
characteristics of the devices with different direction of
the gate voltage sweep to get more information about
the effects of the interface between the dielectric-semicon-
ductor on the performance of organic transistors. The hys-
teresis was observed in the drain current (Ids) vs. gate
voltage (Vgs) characteristics (recorded under constant S/D
bias Vds) when Vgs was swept from �10 to +5 V and back
to �10 V. That is, when sweeping Vgs back from +5 to
�10 V, we observed a shift in the recorded Ids–Vgs toward
the positive Vgs side. A significant dependence of the hys-
teresis on the type of gate insulators was also observed.
The device fabricated with less-polar gate insulator,
PI(C)-200 showed much smaller hysteresis compared to
that of the devices with the polar interface. The width of
the hysteresis in Vgs exhibited a significant dependence
on the surface polarity of the gate insulator. As shown in
Fig. 7, The difference in the threshold voltage values due
to hysteresis increased from near zero for PI(C)-200 to
2.5 V for PI(NC)-200. The positive shift of the Vth reveals
that the hole is accumulated at the channel region of
pentacene layer even at zero and positive gate voltage,
which can be attributed to the influence of the trap site,
which is caused by the adsorption of the water molecules.
These results suggest that the hysteresis is caused by the
high polarity of the gate insulators.

Furthermore, it can be seen that the performance of
OTFTs can be affected by the grain size, orientation, and
crystallinity of an organic semiconductor. These properties
are usually determined by the surface properties of gate
insulators, which can affect the crystal structure of organic
semiconductors. The surface of the PI(C)-200 becomes
more hydrophobic with an increase in the imidization de-
gree, which leads to the formation of a more stable inter-
face and well-aligned crystalline structure, contributing
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to an improvement of field-effect mobility of pentacene
OTFT with PI(C)-200. As increasing the imidization degree
of PI(C)-200 with the catalyst, the leakage current also was
decreased effectively by the complete removal of the car-
boxylic acids and amide groups from polyimide insulator.
This performance improvement in the pentacene OTFT
with the PI(C)-200 gate insulator indicates that the high
imidization degree obtained by the introduction of the
base catalyst could be an effective approach to improving
OTFT performance.
4. Concluding remarks

In this study, we have reported a new synthetic route
to convert the poly(amic acid) to the polyimide at a tem-
perature of 200 �C by the introduction of an organic base
catalyst. The effect of the imidization ratio on the perfor-
mance of pentacene OTFT devices has been investigated.
The device fabrication temperature of a pentacene OTFT
with fully aromatic polyimide as a gate insulator was low-
ered to 200 �C, which was a remarkably lower tempera-
ture, compared to conventional thermal imidization
processes without the catalyst. The leakage current of the
pentacene OTFT device with a PI(C)-200 gate insulator
was remarkably improved compared to that of the device
with the PI(NC)-200, which might be due to the complete
removal of the carboxylic acids and amide groups of the
original poly(amic acid). In addition, the mobility of the
OTFT with the PI(C)-200 was 0.36 cm2/Vs, which is two
times larger than that of the OTFT device fabricated with
the PI(NC)-200. Further, the SS of OTFTs with the PI(C)-
200 decreased from 10.1 to 2.1 V/dec. The lowered SS indi-
cates that the lower density of the trap exists at the inter-
face between a gate insulator and semiconductor due to
the more pentacene growth-friendly gate insulator. Conse-
quently, by employing a base-catalyzed imidization meth-
od of fully aromatic polyimide, many aromatic polyimide
with difference structures can be utilized not only for gate
insulator of OTFT and also for other organic electronic
devices which require low processing temperature.
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a b s t r a c t

This work presents post-fabrication electric field and heat treatment methods developed
for polymer light emitting diodes (PLEDs), which have degraded due to exposure to oxygen
and water vapors during low-cost fabrication performed in standard room conditions.
Investigated PLEDs have structures composed of indium tin oxide (ITO), poly(3,4-ethylene-
dioxythiophene), poly(styrenesulfonate), (PEDOT:PSS), poly[2-methoxy-5-(20-ethyl-hexyl-
oxy)-1,4-phenylene vinylene] (MEH-PPV), and aluminum (Al). Heat treatment restores
the light emitting function of dysfunctional PLEDs but also causes a high turn-on voltage
of 10 V. Electric field treatment utilizing �1 V reduces this high turn-on voltage to 3 V. This
procedure also improves open circuit voltages from 5 mV to 55 mV, and short circuit cur-
rents from 0.5 nA to 5 nA when PLEDs are operated as photovoltaic cells under a light
intensity of 500 mW/m2. Repeated I–V sweep measurements additionally show improved
stability and uniformity. The reasons for these improvements, the usage of an optimal
treatment temperature of 130 �C, and the usage of treatment voltages of 0 and �1 V are
discussed.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction pid degradation of performance on exposure to oxygen and
Conjugated polymers are semiconductors used in fabri-
cating light emitting diodes [1], polymer transistors [2],
electronic circuits [3] and photovoltaic cells [4]. Their varied
capabilities make them attractive for monolithic integration
of electronic, optoelectronic, microelectromechanical, and
sensory devices [5,6] on a single substrate. In addition, poly-
mer based systems are flexible, light, easy to fabricate, low
in cost and are amenable to roll production [7]. However,
when compared to their inorganic counterparts, current
polymer semiconductor devices have lower performance,
are less reliable, and have shorter lifetimes [8–10] due to ra-
. All rights reserved.

x: +90 212 2872465.
evim), senol.mutlu@
water vapor under ambient atmosphere.
It has been shown by several groups that increased sta-

bility and performance characteristics of polymer light
emitting diodes [11–15] and solar cells [16] can be at-
tained by the use of treatment methodologies such as UV
ozone, oxygen plasma or chemical treatments applied to
ITO or conducting polymers [11–16]. High efficiencies
can be achieved if the fabrication is performed under an in-
ert atmosphere, such as nitrogen and argon, to prevent
contamination of the semiconductor devices and degrada-
tion of the polymers [17–19]. Although fabrication under
an inert atmosphere improves performance, it also in-
creases the complexity and cost of fabrication.

This paper presents a two-step post-fabrication heat
treatment and electric field treatment method, and its influ-
ences on the performance of PLEDs fabricated using
ITO/PEDOT:PSS/MEH-PPV/Al layers. Differing from typical

mailto:ali.sevim@boun.edu.tr
mailto:senol.mutlu@boun.edu.tr
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http://www.sciencedirect.com/science/journal/15661199
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fabrication process in literature; fabrication is performed in
standard room conditions without using glove-boxes.
Therefore, during each fabrication step, the polymer materi-
als are contaminated by humidity and oxygen in the envi-
ronment and the resulting devices do not emit light when
forward biased. However, the post-fabrication thermal
treatment restores the electroluminescent function of
PLEDs. The electric field treatment following the heat treat-
ment improves this function by lowering their turn-on volt-
ages. Furthermore, it improves their photovoltaic function
by increasing their open circuit voltages and short circuit
currents by an order of magnitude. This way fabrication is
made easier and the cost is lowered since the equipment
consisting of spin-coater, hotplate, stirrer, high vacuum thin
film evaporator, wiring tools, and packaging tools used in
the production of PLEDs does not have to be connected to-
gether inside a big glove-box to secure an inert atmosphere.

Previously, similar post-fabrication treatment have
been shown to work on polymer solar cells [20,21], organic
light emitting diodes (OLED) based on dendrimers [22],
double layer OLEDs [23] and PLEDs [24]. In [20], the solar
cell structure is ITO/PEDOT:PSS/poly(3-hexylthiophene)
(P3HT) : [6,6]-phenylC61-butyric acid methyl ester
(PCBM)/lithium fluoride (LiF)/Al. A thermal treatment at
75 �C and a forward biased voltage treatment at 2.7 V in-
crease the short circuit current and the efficiency of the so-
lar cells. In [21], the solar cell structure is ITO/PEDOT:PSS/
MEH-PPV:Fullerene (C60)/Al. In this case, thermal anneal
under reverse bias of �6 V increases the short circuit cur-
rent and the efficiency of the solar cells. In [22], the OLED
structure is ITO/PEDOT/Dendrimer:2-(4-biphenylyl)-5-(4-
tert-butylphenyl)-1,3,4-oxadiazole (PBD)/Calcium(Ca)/Al.
Electrical annealing with a forward bias of 12.4 V without
any thermal treatment reduces turn-on voltages of the de-
vices and increases their brightness and efficiency. In [23],
the OLED structure is ITO/N,N0-diphenyl-N,N0-(3-methyl-
phenyl)-1,10-biphenyl-4,40-diamine (TPD)/tris(8-hydroxy-
quinonate)aluminum (Alq3)/magnesium (Mg):silver (Ag).
Short-circuit electrical treatment at atmospheric pressure
for 10 min or reverse bias treatment at �5 V for 10 min
without a thermal treatment decreases the driving voltage
and recovers the drop in luminance that occurs during the
device operation. In [24], the PLED structure is ITO/MEH-
PPV/Al. The devices are electrically treated at forward bias
of 15 V after being thermally treated. As a result, turn-on
voltages of the devices are reduced significantly to 3 V
and their efficiency are enhanced dramatically.

The usage of forward bias or reverse bias electric field
treatment on polymer solar cells, OLEDs and PLEDs for per-
formance improvement changes from device to device in
the literature. Improvement due to forward bias treatment
is typically attributed to enhanced charge injection facili-
tated by an ionic dipole moment or space charge field near
the electrodes formed by the ionic diffusion induced by the
applied electric field [22,24]. Reverse bias treatment, on
the other hand, is suggested to improve the performance
by enhancing charge mobility through the modification
and reorientation of the polymer chains along the direction
of the applied electric field [21]. To date, thermal treat-
ment with reverse bias electrical treatment has been
shown to work only on solar cells [21]. Furthermore, none
of the related works have studied the effects of the electri-
cal treatments on the electroluminescent and photovoltaic
properties of PLEDs at the same time. This work shows, for
the first time, that post-fabrication treatments to PLEDs
based on MEH-PPV with the PEDOT:PSS layer must start
with a thermal treatment and must be followed with an
electrical treatment under reverse bias.

In this paper, the fabrication steps used to produce
PLEDs are presented in detail. They are followed by an
explanation of the details used in the post-fabrication ther-
mal and electric field treatments. The effects of the heat
treatment alone, and the effects of the electric field treat-
ment following the heat treatment on the turn-on voltages
and photovoltaic properties of PLEDs are presented, ana-
lyzed and discussed.
2. Experiment

2.1. Fabrication

All fabrication steps are performed in standard room
conditions, with a relative humidity level of 40–50% and
a temperature of 21–26 �C. The substrate material chosen
for fabrication is ITO coated PET sheets with a sheet resis-
tivity of 35 ohm/square, purchased from Aldrich. The
sheets are cut into circular, wafer-shaped segments with
diameters of 40 0 and attached to 1 mm thick glass wafers
with silicone gel. They are cleaned in acetone, isopropyl
alcohol, and deionized water consecutively for 3 min using
an ultrasonic cleaner. To eliminate the hydrophobic nature
of the PET surface against PEDOT:PSS, which is an aqueous
solution, and to cleanse the surface of ITO from organic
residuals, an oxygen plasma with a power of 1.3 W is used
for 15 min in a 300 mTorr vacuum. In addition, oxygen
plasma treatment of ITO improves the performance of
the device as it decreases surface roughness [25] and in-
creases the work function of ITO [26]. PEDOT:PSS is pur-
chased from Sigma as an aqueous solution. After the
filtration of PEDOT:PSS with a 0.25 lm syringe filter, a film
approximately 80 nm in thickness is obtained on the wafer
by spin-coating the solution at 1200 rpm for 30 s. To in-
crease the conductivity of the PEDOT:PSS film, the sample
is baked at 110 �C under nitrogen atmosphere for one hour
and then baked in a vacuum of 150 Torr for 1 h. To mini-
mize thermal stress, temperature is increased and de-
creased gradually. Next, a 4 mg/ml MEH-PPV/toluene
solution is stirred at 50 �C on a hot plate for at least 4 h un-
til the polymer is fully dissolved. After filtering the mixture
with a 0.25 lm Teflon syringe filter, the MEH-PPV solution
is spin coated onto the wafer at 1000 rpm. Then, the film is
baked at 65 �C for 1 h. This obtains a film thickness of
approximately 100 nm. For the deposition of the alumi-
num electrodes, a shadow mask is prepared from a
50 lm thick copper foil. A vacuum chamber with a base
pressure of 10�6 Torr is then used to evaporate a 120 nm
aluminum layer. The shadow mask with 3 mm wide holes
is aligned perpendicular to the patterned ITO and forms
3 � 3 mm2 square test cells. Drawings of the cross-sec-
tional and the top view of the test samples are shown in
Fig. 1.



Fig. 1. (a) Cross sectional view of PLED and (b) top view of the wire bonded samples.
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2.2. Post processing treatments

The post-fabrication treatments utilized in this work
consist of two stages: heat treatment and electric field
treatment immediately following it under the same envi-
ronmental conditions. Heat treatment is performed on a
hotplate inside a vacuum chamber with in-situ packaging
capability. Open atmospheric fabrication of these devices
inevitably lead to absorption of water vapor and oxygen
in the thin film layers of these devices, which are detri-
mental to their performance. This treatment removes most
of the oxygen and water vapors absorbed inside the
devices.
Fig. 2. Temperatures of th
In the heat treatment process, different temperatures
are experimented with to determine an optimum value.
Square PLED cells with an area of 3 � 3 mm2 are chosen
from the wafer with close proximity to one another. This
reduces the effect of process variations between batches,
allowing the treatment to be tested on similar samples.
Temperature annealing is proposed to take place for one
hour. At the end of the experimental trials, no significant
further improvement was observed by heat treating the
PLEDs for more than an hour as also reported in a similar
work [27]. Temperature is changed gradually in stages to
minimize the thermal stress between the layers. Treat-
ment is performed in a vacuum of 150 Torr in a dark
e treatment stages.
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environment. Following the heat treatment, the devices are
electrically reversed-biased at voltages varying from 0 to
�8 V. Finally, encapsulation and cooling stages are exe-
Fig. 3. Biasing steps involved in the electric field treatment.

Fig. 4. (a) Depiction of the experiment setup for heat and ele
cuted. The phases of treatments, their durations and tem-
peratures are given in Fig. 2. In the electric field
treatment phase, the magnitude of the negative bias volt-
age of each sample is increased in steps of 1 V/5 min, as
shown in Fig. 3. In addition to a reference cell which is
not connected to a certain bias supply, 0, �1, �2, �5 and
�8 V potential levels are used in this phase. Different mag-
nitudes are used to determine the effects of potential mag-
nitude on device performance. The reference cell in this
case is a device that receives only heat treatment.

At the end of treatment processes, samples are pack-
aged immediately without breaking vacuum. The experi-
mental setup used to apply heat, electrical field
treatment, and the packaging under vacuum conditions is
shown in Fig. 4. A layer of hot melted silicone approxi-
mately 2 mm thick purchased from Henkel is used to
encapsulate the devices. The silicone is melted above
90 �C by turning on a separate custom-made heater, which
holds solid silicone pieces. This heater is located on the
surface of the primary hot plate. It is thermally isolated
from the hot plate using glass supports. The whole setup
is inside the vacuum chamber. The electrical controls for
this custom-made heater and the primary heater are out-
side the chamber. The encapsulating silicone is intention-
ctric field treatment (b) Photograph of the real setup.



Fig. 5. Voltage–current characteristics of PLEDs heat treated at different
temperatures.
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ally deposited in a thick layer to eliminate water and oxy-
gen diffusion to the semiconductor polymers. After encap-
sulation, the samples are cooled to room temperature
without breaking vacuum so that the silicone layer solidi-
fies and acts as a diffusion barrier. This encapsulation addi-
tionally makes the devices robust against mechanical
disturbances.

The optical characteristics of PLEDs are determined
with an optical setup composed of equipment purchased
from Ocean Optics. For relative measurements, a bare fiber
optic probe with a 200 lm radius is used. The same fiber
optic probe is also used to determine the light spectra of
the PLEDs. The luminance observed by the fiber optic probe
is measured with a fiber optic spectrometer (Ocean Optics
USB 4000). For absolute measurements, a fiber optic inte-
grating sphere (FOIS-1) is used to capture the total lumi-
nous emitted from the device. One side of the fiber optic
probe is attached to integrating sphere (IS) and other side
is connected to the fiber optic spectrometer. Calibrations
are performed with a calibrated light source (LS-1-CAL-
INT). Electrical measurements of the device parameters
are performed using a Keithley 4200 Semiconductor Char-
acterization System, an Agilent 34410A Digital Multimeter,
and adjustable DC power supplies.

3. Results and discussion

It has been proven that heat treatment, also referred to
as thermal annealing of polymer junctions, after fabrica-
tion is an effective tool for improving device performance.
It decreases contact resistance, improves morphology, and
enhances junction characteristics. The temperature of
annealing must be higher than the glass transition temper-
ature of the polymers [27].

Heat treatment under partial vacuum followed by pack-
aging under the same conditions restores the light emitting
characteristics of PLEDs. However, this result in devices
with high turn-on voltages, around 10 V, compared to
2.1 V, which is the turn-on voltage of an ideal PLED based
on MEH-PPV [28]. Furthermore, photovoltaic properties of
the devices are hardly measurable.

Four different temperature levels, 90, 110, 130 and
150 �C are tested in the heat treatment stage. I–V curves
of the devices in Fig. 5 show that the most effective tem-
perature for heat treatment is 150 �C. These results also
indicate that temperatures higher than 150 �C may im-
prove the I–V curves even further, similar to the results
of [27], which show further improvement in the device
performance with a thermal treatment at 170 �C. However,
due to increased thermal stress and operation difficulties
encountered with PET substrates at temperatures greater
than 130 �C, 130 �C is selected as optimal value and used
in the remainder of the treatments.

The effect of electric field treatments is tested on both
light emitting and photovoltaic properties of PLEDs. Fig. 6
shows the pictures of PLED samples, which are electrically
treated with different voltages, taken at the given test volt-
ages. For the devices that have been heat treated but not
electric field treated, shown as unbiased cell on the column
named NC (not connected), the turn-on voltage is rela-
tively high and the uniformity is very poor. By treating de-
vices with negative electric fields after fabrication, the
turn-on voltages of the PLEDs drop to lower voltages.
Turn-on voltages increase slowly with the magnitude of
the negative voltage treatment. For example, a device that
experienced only heat treatment (NC column in Fig. 6) has
a turn-on voltage of around 10 V. However, a device that
experiences both heat treatment and an electric field treat-
ment with �1 V (�1 column in Fig. 6), has a turn-on volt-
age of around 3 V. A device that is treated with �5 V (�5
column in Fig. 6), has a turn-on voltage of around 4 V. This
is also true for the voltage levels at which PLEDs are most
luminous. These results can be better understood in Fig. 7.
This figure shows how the relative illuminance of PLEDs
that are electrically treated with different negative volt-
ages are altered upon applying test voltages. Electrical field
treatments with 0 and �1 V give the lowest turn-on volt-
ages and produce wide operating regions with better
uniformity.

Another important advantage of the electric field treat-
ment is that the turn-on and maximum illumination volt-
age levels of the devices, which in electrically untreated
cells are unstable and vary over the lifetime of operation,
are stabilized to certain values that are determined by
the magnitudes of the treatment voltages. This is clearly
shown in Fig. 8b where thermal (130 �C) and electrical
(�1 V) treatment in combination produces a stable, uni-
form and repeatable I–V characteristics measured using a
Keithley 4200 Semiconductor Characterization System
with sweeping drive voltages in upward and downward
directions. However, samples that are thermally treated
(130 �C) but not electrically treated have non-uniform
and unstable response with large hysteresis in the I–V
sweeps. They typically fail after several sweeps, as shown
in Fig. 8a. The electric field treatment additionally im-
proves the uniformity of the light emitting surface.

Another point which should be addressed concerning
the electric field treatment process is that if the voltage
bias applied during the treatment stage is not removed be-
fore cooling, the performance of the polymer light emitting
devices significantly degrades. Therefore, the wire connec-
tion between the voltage supply and the polymer junctions



Fig. 7. Electroluminescence responses of the devices treated with various
voltage levels.

Fig. 8. (a) I–V sweep measurement of a heat treated (130 �C) but not
electrically treated sample and (b) I–V sweep measurement of a heat
treated (130 �C) and electrically treated (�1 V) sample.

Fig. 6. Pictures of PLED samples, which are electrically treated with
different voltages, taken at the given test voltages.
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must be opened before the cooling stage begins. Although
the reason for this behavior is still under investigation, we
believe that the molecular arrangement of the polymeric
chains may be disturbed by the applied electric field when
the temperature is under the Tg (65 �C) of MEH-PPV
(Mn = 400,000, Mw = 626,000) [27] but is above the Tg

(40 �C) of PEDOT:PSS [29].
The photovoltaic responses of PLEDs are tested by mea-

suring open circuit voltages and short circuit currents in a
dark environment, as well as under the light of a solar sim-
ulator with a light intensity of 500 W/m2. Figs. 9 and 10
show the transient responses of the devices in the dark
environment when exposed to the light under the solar
simulator. The measured open circuit voltage of the heat
treated but not electrically treated PLED is noisy and its
average value when the device is exposed to the light is
indistinguishable. However, the output voltage of the poly-
mer device that is treated with both the heat and electric
field treatments is stabilized at a certain level and its aver-
age value (55 mV for �1 V treatment) is an order of magni-
tude higher than the electrically untreated (heat treated
but not electric field treated) ones (5 mV) as shown in
Fig. 9. Similar to the open circuit voltage characteristics,
short circuit currents are enhanced significantly after the
electric field treatment (Fig. 10). Without electric field
treatment, the short circuit response of the devices when
exposed to the light can not be distinguished from the dark
response. Unstable output fluctuates between 1 and �1 nA
with a rough average estimate of 0.5 nA. However, for the
devices treated with an electric field, the intensity of the



Fig. 10. Transient photovoltaic responses of PLEDs in the dark when they
are exposed to a light with an intensity of 500 mW/m2, showing the effect
of electric field treatment on the short circuit currents.

Fig. 11. Average values and standard deviations of (a) short circuit
currents and (b) open circuit voltages of the photovoltaic responses of
PLEDs under light intensity of 500 mW/m2 after different treatments.

Fig. 9. Transient photovoltaic responses of PLEDs in the dark when they
are exposed to a light with an intensity of 500 mW/m2, showing the effect
of electric field treatment on the open circuit voltages.
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light on the devices can be easily detected from their short
circuit response (5 nA for �1 V treatment).

The average open circuit voltages and average short cir-
cuit currents obtained from electric field treated samples
are strongly dependent on the treatment voltages. More-
over, the heat treatment alone is not sufficient to allow
PLEDs work as photovoltaic cells. Therefore, the average
and standard deviation of the photovoltaic responses of
the devices, which were treated at different voltage levels,
are measured as shown in Fig. 11. The responses of the de-
vices that were not treated with electric fields when ex-
posed to light are not detectable. Furthermore, the
results from devices in different batches vary significantly.
On the other hand samples treated with �1 V or �2 V are
very stable, and their electrical responses are easily mea-
surable. It is worth mentioning that electric field treat-
ment, which improves the light emitting operation of
PLEDs as shown previously in Figs. 6 and 7, improves their
photovoltaic operation as well. These results are significant
as they show that when the correct electric field treatment
is applied to PLEDs after fabrication, they can also be used
as photovoltaic cells.
The light emitting property of a PLED can be restored by
the use of a heat treatment step alone because the heat
treatment removes most of oxygen and water vapors ab-
sorbed by the PLED during fabrication. Further improve-
ment of both the light emitting and photovoltaic functions
of a PLED by the electric field treatment after heat treatment
can be explained by the diode like molecular reorientation
caused by the applied electric field as discussed in [30]. Elec-
tric field treatment above the glass transition temperatures
of the polymers orients the polar molecules, improving
molecular order. In this way, the barrier height between
the polymers and electrodes is reduced for charge injection
or extraction. This treatment also enhances charge mobility.
Molecular order improvement, barrier height reduction,
and charge mobility improvement after the application of
an electric field treatment are shown to occur in [30]. In this
case, the field is applied to a single polymer layer sand-
wiched between two aluminum layers at a temperature
above the glass transition temperature. The improvement
in the performance of polymer solar cells of ITO/PED-
OT:PSS/MEH-PPV:C60/Al discussed in [21] due to the ther-
mal treatment under reverse bias electric field treatment
is also explained by the modified and ordered orientation
of the active polymer chains due to the applied electric field.
The work in [21] also claims that the treatment increases
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the mobility of charge carriers. Similarly, above the glass
transition temperatures, the polymer chains in the polymer
layers of our devices become mobile. They are reoriented by
the applied electric field resulting in more uniform struc-
tures. This new arrangement improves the chemical bonds
between interfacial junctions and lowers the contact resis-
tances and voltage barriers. Since the newly oriented poly-
mer devices are cooled and packaged in these conditions,
the molecules remain oriented. As evident from the sweep
experiments shown in Fig. 8, this orientation remains stable
during device operation.

Based on this explanation, it may be assumed that
applying a zero bias voltage treatment does not form an
electric field inside the polymer devices, and thus it should
not improve the performace of the devices, contradicting
our results. However, when a zero external bias voltage
is applied to these devices, any diode, or any LED, a built-
in electric field is formed across the junctions resulting in
a built-in or junction potential. This built-in (intrinsic)
electric field under zero bias orients polar molecules dur-
ing electric field treatment, improving junction properties.
This also explains why reverse bias treatments improve the
device performance whereas the forward bias treatments
do not. Applied reverse biases contribute to this built-in
electric field, creating higher electric fields in the junction
and orienting the molecules more effectively. However,
forward biases reduce this built-in electric field. Thus, they
do not improve the junction properties.

The results also show that reverse bias treatments up to
certain voltages (0 and �1 V) work more effectively than
higher bias voltages. Above these voltages, even though
the electric field treatment still improves the device per-
formance, the rate of improvement decreases. This can be
explained by the diffusion of anodic and cathodic materials
into the polymers due to heat and the increase of their
penetration thicknesses due to electric fields, which has
been previously reported in [31]. Elevated electric fields in-
crease the electrochemical reactions (oxidation–reduction)
of the electrodes. Accelerated oxidation of electrodes,
resulting from the high electric fields under reverse bias,
and the diffusion of this oxide into the polymer layers
can create barrier layers inside polymers. As a result, these
barrier layers increase turn-on voltages and deteriorate the
uniformity of the light emitting surfaces of the devices.
Therefore, treatment voltages up to a threshold produce
an obvious and long term improvement in both electrolu-
minescent and photovoltaic response of PLEDs.
4. Conclusions

In this work, the effect of post-fabrication heat treat-
ment alone and heat treatment coupled with an electric
field treatment on the performance of PLEDs has been
investigated. PLEDs have been completely fabricated under
ambient atmosphere without taking any preventive mea-
sures against exposure to oxygen and water vapors. This
way, the fabrication is simplified and the cost is reduced.
Heat treatment is performed at 130 �C, which is above
the glass transition temperatures (Tg) of MEH-PPV and
PEDOT:PSS, for one hour and electric field treatment is per-
formed afterwards with voltage levels from 0 to �8 V. Heat
treatment after fabrication, followed by packaging under
the same conditions, restores the light emitting properties
of otherwise dysfunctional PLEDs. It removes the absorbed
oxygen and water vapors inside the devices, restoring their
functionality.

Reverse biased electric field treatment after heat treat-
ment is applied to PLEDs based on MEH-PPV and PED-
OT:PSS for the first time in this work. Electric field
treatment performed after heat treatment lowers the
turn-on voltage levels and the voltage levels at which PLEDs
reach their maximum luminescence, when used as light
emitting devices. The turn-on voltage of a PLED drops to
3 V when treated with a reverse bias voltage of �1 V in
comparison to 10 V when treated with heat and no bias
voltage. Reverse biased electric field treatment increases
the average short circuit current and open circuit voltage
of the photovoltaic response of PLEDs by an order of magni-
tude compared to devices treated with heat only. Using a
light intensity of 500 mW/m2 in the photovoltaic measure-
ments, a 5 mV open circuit voltage and a 0.5 nA short circuit
current after heat treatment improve to 55 mV and 5 nA,
respectively after an electric field treatment with�1 V. Fur-
thermore, the uniformity and stability of the light emitting
surface increases significantly after electric field treatment,
as evident from repeated I–V sweep measurements.
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Control of blend morphology at the nanoscale and high charge mobility is essential for
polymer photovoltaic devices in terms of their power conversion efficiencies (PCE). In
the case of bulk heterojunctions solar cells, both blend morphology and charge mobility
are influenced by thermal treatment. In this manuscript, we study the effects of annealing
temperature on polymer PV devices with blends of poly[9,9’- dioctyl-fluorene-co-bithioph-
ene] (F8T2) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). The morphological
changes of blended films were observed upon thermal annealing temperature near and
above glass transition temperature (130 �C). Such microstructural transformations resulted
in modified charge transport pathways and therefore greately influenced the device perfor-
mance. The highest PCE of 2.14% with an open-circuit voltage (VOC) of 0.99 V and a short-
circuit current (JSC) of 4.24 mA/cm2 was achieved by device annealing at 70 �C for 20 min.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Polymer photovoltaic (PV) cells offer great technologi-
cal potential as a renewable, alternative source of electrical
energy including the possibility of low-cost fabrication,
low specific weight, and mechanical flexibility. Since solu-
tion processed bulk heterojunction (BHJ) solar cells were
first reported in mid-1990s, they have been the subject of
. All rights reserved.
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intense research interests due to their processing advan-
tage as well as the superior mechanical properties of the
polymers, such as flexibility. Although the BHJ provides
quite a large interface for charge seperation, the power
conversion efficiency (PCE) is still limited by the space-
charge effects inherent in the BHJ structure due to the
imbalance between electron (le) and hole mobility (lh)
and the unfavorable morphology [1,2]. Regioregular
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61-bu-
tyric acid methyl ester (PCBM) blend is one of the most
promising candidates for realizing high power conversion
efficiency (PCE) because P3HT possesses some unique
properties over other polymers including its high self-
organization capability [3,4], high hole mobility, and ex-
tended absorption in the red region of the electromagnetic
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spectrum. Various independent approaches have been
demonstrated to improve the PCE of blends consisted
P3HT and PCBM. These approaches include thermal
annealing [5], post-fabrication annealing at high tempera-
ture [6], and slow film growth by controlling the solvent
evaporation rate of the active layer which resulted in the
reduced series resistance and improved optical absorption
of the devices. Subsequent annealing of the PV cells at a
high temperature promotes the aggregation of PCBM
which forms bi-continuous pathways in the entire active
layer with the ordered P3HT phase and enhances efficient
charge separation and transport. The slow solvent evapora-
tion speed facilitates the growth of a highly crystalline
film, interchain interactions become stronger and thus im-
prove the electroconductivities, significantly [7]. These
efficient enhancements are based on the unique chemical
structure of P3HT. It crystallizes along its moderately long
alkyl group at the 3-position and forms a more ordered
structure leading to higher charge mobilities. Subse-
quently, an entirely positive effect in terms of solar cell
efficiency has been reported due the smaller lh compared
with le in the blend in generally.

Recently, a group of polymers that works well in solar
cells is an alternating copolymer based on fluorene. Poly-
fluorene copolymers are well known for their high charge
Fig. 1. (a) Chemical structure of F8T2, PCBM (b) absorption an
carrier mobility, good processability, and high absorption
coefficients. The physical properties of polyfluorene deriv-
atives can be easily tuned througth the design of various
alternating copolymers. Currently, PCE approaching 3.5–
5.5% have been reported by several groups for organic PV
devices based on blend films of polyfluorene copolymers
and PCBM [8–10]. These results indicate that the PV cells
based on polyfluorene copolymers are good candidates
for conversion solar energy into electricity. However, the
annealing and slow growth effects on the polymer based
on fluorene copolymer is still not clear. The fluorene-bithi-
ophene copolymer, poly[9,9’-dioctyl-fluorene-co-bithioph-
ene] (F8T2) reveals good hole transporting properties [11]
and excellent thermotropic liquid crystallinity [12–15]. It
has also well been explored in the area of organic field-ef-
fect transistors, with good hole transporting properties
[16]. On the basis of the result, it can be expected that
the charge transport in F8T2:PCBM is strongly balanced.
Therefore, it appears to be one of the most promising can-
didates among the conjugated polymers for high efficiency
polymer solar cell. In this manuscript, we fabricate PV de-
vices based on F8T2 and PCBM. We demonstrate the
annealing effect on F8T2:PCBM devices through the nano-
scale morphology aspect and clarify how it influences the
associated PV performance.
d photoluminescence spectra of pristine F8T2 and blend.
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2. Experimental

The polymer PV cells in this study consists of a layer of
F8T2:PCBM blend thin film sandwiched between transpar-
ent anode indium tin oxide (ITO) and metal cathode. Before
device fabrication, the ITO glasses (1.5 � 1.5 cm2) were
ultrasonically cleaned in detergent, de-ionized water, ace-
tone and isopropyl alcohol before the deposition. After rou-
tine solvent cleaning, the substrates were treated with UV
ozone for 15 min. Then a modified ITO surface was ob-
tained by spin-coating a layer of poly(ethylene dioxythi-
ophene): polystyrenesulfonate (PEDOT:PSS) (�30 nm).
Subsequently, the active layer of F8T2:PCBM (1:1 w/w)
was spin coated from 1,2,4-trichlorobenzene (TCB) on the
PEDOT:PSS modified ITO surface. Finally, 30 and 100 nm
thick calcium and aluminium were thermally evaporated
under vacuum at a pressure below 6 � 10�6 Torr through
a shadow mask. The active area of the device was 0.12 cm2.

Heavily doped p-type silicon (p+-Si) wafer and a 300 nm
thermally oxidized SiO2 film were used as the gate and
dielectric for the F8T2-based field-effect transistors (FETs).
The substrates were cut to 1.5 cm � 1.5 cm in size through
mechanical scribing. Prior to the deposition, the substrates
were cleaned by acetone and isopropanol in an ultrasonic
bath followed by UV–ozone cleaning for 15 min. The semi-
conductor layer F8T2 was prepared by spin-coating a solu-
tion of F8T2 (2 wt%) in TCB at 2500 rpm and with a
thickness of around 110–130 nm. The F8T2 film was baked
at different annealing temperature 70–250 �C for 30 min to
remove the residual solvent. Finally, the 50 nm thick gold
film was thermally evaporated onto the F8T2 film through
a shadow mask to form the source/drain electrodes.

The solar cell testing was done inside a glove box under
simulated AM 1.5 G irradiation (100 W/cm2) using a Xenon
lamp based solar simulator (Thermal Oriel 1000 W). The
electrical measurements of the F8T2 based FETs were also
performed at room temperature in a nitrogen environment
inside a glove box by using HP 4156C. The absorption and
photoluminescence (PL) spectra were obtained from Jasco-
V-670 UV–visible spectrophotometer and Hitachi F-4500,
respectively. Surface morphology and cross sections of thin
films images were obtained using atomic force microscopy
(AFM, Digital instrument NS 3a controller with D3100
stage) and scanning electron microscopy (SEM, Hitachi S-
4700), respectively. X-ray diffraction (XRD) studies were
performed by Philips X’Pert/MPD. Fluorescence lifetime
signal was measured by the confocal laser scanning micro-
scope (FV300, Olympus Corporation Inc.) with a configura-
tion of PCI-board for time-correlated single photon
counting (TimeHarp 200, PicoQuant GmbH) combined a
detector of single photon avalanche diode (PDM series,
PicoQuant GmbH). Excitation light source was 470 nm of
pulse diode laser (LDH-P-C-470, PicoQuant GmbH) and
acquisition time for each lifetime signal was 5 s.
Fig. 2. SEM side views of F8T2:PCBM blend films cast from TCB annealed
at (a) 100 �C (b) 250 �C.
3. Results and discussion

Fig. 1a shows the chemical structure of F8T2 and PCBM.
The UV-visible absorption and PL emission spectra of pris-
tine F8T2 and their blend films with PCBM are shown in
Fig. 1b. The F8T2 film absorption peak is at 460 nm with
a shoulder at 490 nm. The onset of the absorption occurred
at 520 nm, from which the band gap was estimated to be
approximately 2.4 eV. Based on cyclic voltamperometry
measurements reported previously, the highest occupied
molecular orbital (HOMO) level and lowest unoccupied
molecular orbital (LUMO) of the polymer can be estimated
at the onset point [17]. Therefore, the HOMO and LUMO
levels are estimated to be 5.5 and 3.1 eV, respectively. It
can be seen the band gap offset between the LUMOs of do-
nor and acceptor is enough for electrons to be driven for-
ward from the energy level diagram. The solid-state
photoluminescence (PL) of the polymer lies near the green
region with a maximum of emission at 545 nm with a vib-
rotic feature at 515 and 585 nm. The PL emission is signif-
icantly quenched by the addition of 50 wt% PCBM. This
highly efficient photoluminescence quenching is the con-
sequence of ultrafast photoinduced charge transfer from
the polymer to PCBM.

Side view cross-sections of the films for annealing at
100 and 250 �C are shown in Fig. 2. The nanodomains are
embedded within the F8T2:PCBM films. The nanodomains
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under different annealing temperatures with diameters in-
creased from 30–40 (100 �C) to 70–80 nm (250 �C) are as-
signed to the F8T2 with a coil structure formed by several
polymer chains. This means the F8T2 polymer chains tend
to crystallize after annealing at high temperature. The nan-
odomains are dispersed within the film annealed at 100 �C.
Therefore, the F8T2 nanodomains and PCBM clusters are
well-mixed which can achieve bi-continuous pathways in
the entire layer for efficient charge separation and trans-
port. However in the case of film annealed at 250 �C, much
larger PCBM clusters can be seen. The PCBM clusters are
surrounded by the polymer nanoparticles. It is expected
that much of the photoexcitations will lead to recombine
within the surrounding F8T2 layer. A similar result was
also found for the blends based on poly[2-methoxy-5-
(3,7-dimethyloctyloxy)]-1,4-phenylenevinylene (MDMO-
PPV) and PCBM [18,19]. The reorganization of the F8T2
nanodomains under different annealing temperatures can
be further confirmed by the observation of the surface
morphology. Fig. 3 presents the AFM images for the as-cast
film and the ones with thermal annealing. For the as-cast
film, the surface is very smooth with a root mean square
(RMS) roughness of 0.55 nm. However after undergoing
thermal treatment at 130, 190 and 250 �C for 30 min, the
RMS roughness increased to 0.91, 1.98 and 6.73 nm. The
film without thermal annealing reveals an uniform and
featureless morphology. With increasing the annealing
temperature, the chain-like morphology running across
the surfaces forms gradually. The features are the domains
of pristine F8T2 crystallites originated from the highly
Fig. 3. AFM images of the blending films in various annealing te
tight stack of several polymer chains. For the case of
annealing at 250 �C, the formation of lamella-like crystal-
lites can be observed. The crystallites are similar to those
of P3HT with the a-axis orientation (backbone parallel
and side-chains perpendicular to the substrate) [20].

Fig. 4 shows the UV–vis and PL emission spectra under
various annealing temperatures. The films annealed at the
temperatures higher than 130 �C show an increase and
red-shift in the UV–vis absorption. Such shifts have been
observed for conjugated polymers with a strong interchain
interaction [7]. The thermal annealing process enables spa-
tial rearrangement of the polymer chains leading to a tight
stacking and a strong interchain interaction. Although a
higher extraction of photocurrent can be expected in the
case of strong absorption. PL emission spectra also show
an increase after thermal annealing. That means the
photo-induced charge tends to recombine before trans-
porting to the electrodes. This can be well explained by
the SEM cross sectional images as shown in Fig. 2. The
F8T2 nanodomains are dispersed in the whole film an-
nealed at 100 �C which forms percolated pathway for elec-
trons and holes to transport. However in the case of blend
annealed at higher temperatures, the PCBM clusters are
surrounded by the F8T2 nanodomains offering an inappro-
priate morphology for charge transport. Therefore, most of
the photogenerated holes simply recombine with electrons
which transport through the polymer-rich matrix phase
leading to a higher emission. XRD shows that structural
changes occur due to high temperature annealing process.
An increase in crystallinity of F8T2 can be seen clearly in
mperature (a) as-cast film (b) 130 �C (C) 190 �C (d) 250 �C.



Fig. 4. (a) Absorption and (b) photoluminescence spectra of the blends annealed at different temperatures.
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the results shown in Fig. 5. X-ray data show that prior to
heating, the F8T2 is in a disordered state. Increased inten-
sity is observed with increasing annealing temperature in
the peak at 2h�5.7 which corresponds to the layering dis-
tance, d100 = Å, between the sheets of F8T2 chains associ-
ated with the plane perpendicular to their longitudinal
axes. The features are in good agreement with the results
of AFM images. This lamella structure appears due to the
Fig. 5. XRD spectra of F8T2:PCBM films annealed at different
temperatures.
segregation of main chain backbones from the aggregated
alkyl side chains.

Additional evidence supporting the dependence of the
crystallinity of F8T2 on the annealing temperature is pro-
vided by the observation of charge transport from field ef-
fect transistors (FETs) made with F8T2. Fig. 6 shows
transfer characteristic of F8T2-based FETs at different
annealing temperatures. The performance of F8T2 FETs is
increased with rising up the annealing temperature. The
improvement of device performance is attributed to the
degree of F8T2 film crystallization which is coincident with
above results. When annealing temperature is at 250 �C,
the corresponding devices exhibit highest hole field effect
mobility, 2.7 � 10�4 cm2/Vsec, depicting superior perfor-
mance in p-channel conduction among the various anneal-
ing temperature conditions.

In order to get more careful investigation of the photo-
physics in the F8T2:PCBM systems, we perform the time-
resolved PL to see the exciton decay as a function of
annealing temperature as shown in Fig. 7. It is found the
PL life time (1.87 ns) for the blend without thermal treat-
ment is shorter than that of the pristine F8T2 thin film
(3.83 ns), indicating that the charge separation occurs at
the interfaces between F8T2 and PCBM by providing a
new non-radiative process for photogenerated excitons.
However, the exciton life time increases with increasing
the annealing temperature. This indicates the thermal pro-
cess results in an unfavorable morphology. The unfavor-
able morphology reduces the interface between F8T2 and
PCBM whish is in good agreement with the SEM results
as shown in Fig. 2 in the text. As the annealing tempera-
tures increased from 70 to 250 �C, the poor morphology
leads to a non-efficient charge separation and the exciton
life time increases from 1.91 to 2.84 ns.

The current-voltage characteristics under illumination
for PV devices that have undergone various thermal
annealing are shown in Fig. 8 and the device parameters
(PCE, VOC, JSC, FF) are summarized in Table 1. Although
the FET characteristics have shown the formation of more



Fig. 6. Transfer characteristic of F8T2 based FETs at different annealing temperatures when drain to source voltage (VDS) is �80 V. The inset is the schematic
configuration of F8T2 FETs.

Fig. 7. Photoluminescence lifetime decay of the F8T2 and the blends
annealed at various temperatures.

Fig. 8. J–V characteristics under illumination for PV devices based on
F8T2:PCBM (1:1) with different annealing temperatures.

Table 1
Short-circuit current (JSC), open circuit-voltage (VOC), fill factor (FF) and
power conversion efficiency (PCE) as a function of annealing temperature
for the PV devices based on F8T2:PCBM with PCBM concentration equal to
50 wt%.

Annealing temp (�C) Jsc (mA/cm2) Voc (V) FF (%) PEC (%)

As-cast 3.91 0.97 51.4 1.95
70 4.24 0.99 50.8 2.13
100 3.94 0.99 46.7 1.82
130 3.51 0.89 45.4 1.42
160 1.71 0.82 40.5 0.57
190 0.85 0.75 37.0 0.23
250 0.08 0.48 22.0 0.01
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ordered structures in the blend by thermal treatment,
thereby increasing the charge mobility, the unfavorable
morphologies are also formed by the annealing process
which leads to phase separation and charge recombination
as shown in the SEM cross-sectional images. As a result of
the influence by the two factors, it can be observed the
photocurrent show an increase first and then a dramatic
decrease while annealing temperature is higher than
130 �C. It is worthy to mention the temperature at which
the values of JSC and VOC drop dramatically is the tempera-
ture that crystallization takes place. This means the perfor-
mance of the PV devices is largely dominated by a



J.-H. Huang et al. / Organic Electronics 10 (2009) 27–33 33
favorable morphology and not a higher charge mobility in
the F8T2:PCBM system. This results quite differ from the
case in P3HT:PCBM. Several researches have been shown
independently a positive effect on solar cell performance
with the thermal treatment [21–23]. The best device per-
formance was obtained at 70 �C, and the values were
JSC = 4.24 mA/cm2, VOC = 0.99, FF = 0.51, and PCE = 2.14%
with 50 wt% PCBM cast from TCB.

4. Conclusion

In conclusion, the F8T2:PCBM blends with thermal
annealing at various temperatures leads to a tunable hole
mobility. Our results demonstrate that the phase separa-
tion plays a more significant role than the one of charge
mobility in terms of solar cell performance. Based on the
results, too high annealing temperature is unfavorable to
the performance of PV devices. Consequently, the optimal
annealing temperature appears to be 70 �C and the PCE
up to 2.14% can be obtained.
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a b s t r a c t

A novel electrically conducting polymer, poly(2-dodecyl-4,7-di(selenophen-2-yl)benzotri-
azole) (PSBT), containing selenophene as the strong donor and benzotriazole as the strong
acceptor groups was synthesized by electrochemical polymerization. Homopolymerization
and copolymerization (in the presence of 3,4-ethylenedioxythiophene (EDOT)) were
achieved in acetonitrile/dichloromethane(95/5 v/v) with 0.1 M tetrabutylammonium hexa-
fluorophosphate (TBAPF6). The electrochemical and optical properties of homopolymer and
copolymer were investigated by cyclic voltammetry, UV–Vis, near IR Spectroscopy. Cyclic
voltammetry and spectroelectrochemistry studies demonstrated that homopolymer can be
reversibly reduced and oxidized (both n- and p-doped) between �1.9 V and +1.4 V, at a
scan rate of 100 mV/s. The homopolymer revealed a transmissive light blue color in the
oxidized state, and a red-purple color in the neutral state. A transmissive light blue color
was also observed in the reduced state. Homopolymer films could be fully switched
between their reduced and oxidized forms in 2.4 s and 0.4 s with a percent transmittance
of 32% and 56% at 511 and 1200 nm, respectively. Poly(SBT) exhibits a kmax value of 511 nm
and a band gap of 1.67 eV which is quite low among the selenophene-containing polymers
reported so far except for poly(1,2-bis(2-seleninyl)ethane).

� 2008 Elsevier B.V. All rights reserved.
1. Introduction The search for organic conducting polymers started in
In recent years, the design and synthesis of low band-
gap polymers have been an area of intense interest since
the band gap of polymer determines the intrinsic electrical
and optical properties in doped state and their ability to be
both p- and n-type doped [1–4]. Several ways have been
developed to synthesize low band-gap polymers [5]. One
of the most successful approaches is the application of an
alternating sequence of donor–acceptor (D–A) units in
the p-conjugated polymer chain. Alternating electron
releasing and withdrawing units will consequently in-
crease the HOMO level or lower the LUMO level which in
return decrease the band gap of the molecule [6–8].
. All rights reserved.

x: +90 3122103200.
).

iversity of California,
the 1970s and up to date is largely focused on polyfuran
[9], polythiophene [10], polypyrole [11] and their deriva-
tives. Relatively little work was conducted on higher sele-
nium-containing analogues [12–14]. In comparison, the
differences in the chemistry of selenium and sulfur include
the metallic character and the electronegativity of the het-
eroatom [15]. Hence, selenophene has a lower oxidation
potential and higher electron donating character than the
sulfur analogue [16]. Lower oxidation potential engenders
high quality polymer films during electropolymerization
by minimizing harmful effects of high polymerization
potentials which causes the degradation of the polymer
films [17].

In our search for low band-gap conjugated polymers,
we synthesized a polymer consisting of electron rich selen-
ophene and electron deficient benzotriazole units. The
molecule contains an electron withdrawing imine (C@N)
group which exhibits p-deficient nature [18]. Here we

mailto:toppare@metu.edu.tr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Fig. 1. Cyclic voltammogram of SBT in 0.1 M TBAPF6/ACN/DCM (95/5 v/v)
at a scan rate of 100 mV/s. (ITO working electrode versus Ag wire pseudo
reference electrode.)

Fig. 2. (a) Scan rate dependence of poly(SBT) and (b) relation between
current density and scan rate. (Pt working electrode versus Ag wire
pseudo reference electrode.)

Fig. 3. (a) Electrochemical synthesis of poly(SBT-co-EDOT) in 0.1 M
TBAPF6/ACN/DCM and (b) electrochemical synthesis of PEDOT in 0.1 M
TBAPF6/ACN/DCM at a scan rate of 100 mV/s. (ITO working electrode
versus Ag wire pseudo reference electrode.)
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report the synthesis, characterization and electrochromic
properties of a selenium-containing polymer, poly(SBT).
The electrochemical copolymerization of SBT with EDOT
was also achieved to investigate the properties of the
resultant copolymer. EDOT was the choice as a comonomer
due to its excellent electrochromic properties and its oxi-
dation potential which is close to SBT.

2. Results and discussion

2.1. Monomer synthesis

The donor–acceptor type monomer (SBT) was
generated through Stille coupling reaction between 4,7-di-
bromo-2-dodecylbenzotriazole and tributyl(2-selenophe-
nyl)stannane with a relatively good yield of 63%. Tributyl
stannyl group is located on the electron rich selenophene
unit whereas, the bromo substituent is on the electron
deficient benzotriazole [8,19].

2.2. Cyclic voltammetry

In Fig. 1 the oxidative electrochemcial polymerization
of SBT is shown. An irreversible oxidation peak emerges
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on the first cycle at a potential of +1.2 V versus Ag wire
pseudo reference electrode (0.35 V versus SCE) indicating
the formation of a reactive intermediate. The monomer
oxidation potential is comparatively lower than selenoph-
ene (+1.48 V), an indication of more extensive conjugation
for this monomer. As the polymerization proceeds, the
peak current increases with successive scans, indicating
the growth of polymer on ITO coated glass slides revealing
an oxidation potential (Epa) at +1.0 V and a reduction po-
tential (Epc) at +0.8 V versus the same reference electrode.

The n-doping property of the polymer was investigated
using CV in a monomer free solution. The polymer depos-
ited on Pt can reversibly be reduced and oxidized between
�1.9 V and +1.4 V versus Ag wire pseudo reference elec-
trode in TBAPF6/ACN. The cyclic voltammogram of
Poly(SBT) is shown in Fig. 2. A redox couple with an oxida-
tion potential of �1.3 and a reduction potential of �1.7 V
was observed which is an important indication of an n-
dopable character of the film. Further supporting data on
n-doping properties of the polymer was provided with
spectroelectrochemistry. The scan rate dependence of the
polymer films were also investigated. The current was
found to be proportional to the scan rate indicating the
adherence of the polymers to the electrode surface. Hence,
charge transfer process was not dominated by diffusion ef-
fects [20].

A 20 lm polymer film was prepared on a platinum elec-
trode. The polymer was peeled off and the standard four
probe method was performed on the free standing polymer
film where a current was supplied through the outer
probes while measuring the voltage drop across the inner
two. The conductivity was calculated to be 1 � 10�2 S/cm.

The electrochemical behavior of the Poly(SBT-co-EDOT)
was investigated using CV in the presence of EDOT under
same experimental conditions. The cyclic voltammogram
Fig. 4. Optoelectrochemical analysis of poly(SBT) in 0.1 M TB
of copolymer is shown in Fig. 3. A redox couple with an
oxidation potential of +0.85 V and a reduction potential
of +0.8 V versus same reference electrode were observed
(Fig. 3a). The oxidation and reduction potentials of the
material were different than those of SBT and pristine
EDOT (Fig. 3b), which in fact, could be interpreted as the
formation of copolymer.

The conductivity of the copolymer prepared on plati-
num electrode was calculated to be 2 � 10�1 S/cm.

2.3. Spectroelectrochemistry

For optoelectrochemical studies, after homogeneous
polymer films were electrochemically deposited on ITO
coated glass in dichloromethane/acetonitrile (5/95, v/v)
with 0.1 M TBAPF6, UV–Vis spectra were taken in a mono-
mer free solution at various potentials to monitor the
changes in absorbance as the polymer film is oxidized.
Fig. 4 reveals spectroelectrochemistry and the correspond-
ing colors of electrochemically prepared films at neutral
and doped states. Stepwise oxidation of the polymer shows
the fading of absorbance at 511 nm and typical evolution
of peaks at 800 nm and 1200 nm corresponding to pola-
ronic and bipolaronic bands, respectively. Dedoped poly-
mer has two distinct absorption bands as expected from
a donor–acceptor type polymer [21], centered at 483 nm
and 511 nm. The band gap, onset of the p?p* transition
for the neutral polymer is calculated as 1.67 eV using the
absorption band centered at 511 nm. Compared to neutral
dedoped polyselenophene (Eg: 2.0 eV) and some other
selenephone containing polymers [22], poly(SBT) exhibits
lower optical band gap.

Moreover, spectroelectrochemistry studies were per-
formed in order to prove the n-type doping process of a
conjugated polymer system since formation of a redox
APF6/ACN at applied potentials between 0 V and 1.4 V.



Fig. 5. Optoelectrochemical analysis of poly(SBT) in 0.1 M TBAPF6/ACN at
applied potentials of (a) 1.25 V, (b) 0 V, and (c) �2.0 V.

G.A. Çetin et al. / Organic Electronics 10 (2009) 34–41 37
couple at a negative potential in cyclic voltammetry is not
adequate information. A drastic change in the NIR region
was known to be one of the most important proofs of true
n-type doping process [23]. As shown in Fig. 5, the optical
spectrum of poly(SBT) reveals the changes in the color of
the polymer film. Hence, it can be concluded that poly(SBT)
is a true n-type dopable polymer [24].

Copolymer exhibits a kmax value of 560 nm and a band
gap of 1.54 eV (Fig. 6). On the other hand, the band gap
of Poly(EDOT) and the kmax of p?p* transition were re-
ported as 1.6 eV and 620 nm, respectively. In conclusion,
the band-gap energy and absorption maxima of the
copolymer are different than the values for Poly(EDOT)
and Poly(SBT) as expected. In addition, the kmax of the
Fig. 6. Optoelectrochemical analysis of poly(SBT-co-EDOT) in 0.1 M TBAPF6/A
copolymer is red shifted compared to that of the homopol-
ymer with a lower optical band gap among such polymers.

2.4. Switching

The optical switching studies were investigated using a
square wave potential step method coupled with optical
spectroscopy known as chronoabsorptometry in a mono-
mer free solution. The percent transmittance versus time
was monitored at kmax while the polymer on ITO coated
glass slides was repeatedly switched between the reduced
(0 V) and oxidized (+1.2 V) states for a residence time of
5 s. The optical contrast was measured as the difference
in percent transmittance between neutral and oxidized
forms and noted as DT%. Fig. 7 reveals the electrochromic
switching properties of Poly(SBT). The optical contrast for
Poly(SBT) is 32% at 511 nm and 56% at 1200 nm. The color-
ation efficiency which provides information about the con-
trast ratio acquired for a certain amount of charge
introduced in the material is calculated as 143 cm2/C (at
100% of full switch at 511 nm). It is the relation between
the injected and ejected charge per unit area of the elec-
trode and the change in optical density at a specific domi-
nant wavelength.

Switching time is an important parameter for a polymer
since it indicates the speed of ions move into the polymer
chains during doping process [25]. The switching time was
determined by monitoring the absorption intensity at
511 nm and 1200 nm while switching the applied voltage
between 0 V and +1.2 V. It is calculated at 95% of contrast
ratio. The homopolymer revealed a switching time of
2.4 s and 0.4 s at 511 nm and 1200 nm, respectively. More-
over, copolymerization studies show that copolymer has
fast switching times (0.48 and 0.42 s) and high optical con-
trasts (42% and 68%) at 560 nm and 1400 nm, respectively
(Fig. 8).
CN with applied potentials between �0.5 V and 1.05 V versus Ag wire.



Fig. 7. Electrochromic switching, optical absorbance monitored for
poly(SBT) in the presence of 0.1 M TBAPF6/ACN.

Fig. 8. Electrochromic switching, optical absorbance monitored for
poly(SBT-co-EDOT) in the presence of 0.1 M TBAPF6/ACN.

Table 1
Electrochemical, electronic, and electrochromic properties

Material E
(V)

Color L a b

PSBT �2.0 Transmissive light
blue

84.277 �8.847 �3.458

0 Red-purple 79.897 8.298 7.365
1.25 Transmissive light

blue
86.947 �10.01 0.973

PSBT-co-
EDOT

0.5 Purple 61.912 4.481 �10.93
1.05 Transmissive light

blue
79.328 �7.982 0.891
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2.5. Colorimetry

Colorimetry is used to measure the color with an objec-
tive and quantitative practice, which allows matching of
the colors in electrochromic devices. Color is made up of
three attributes: hue, saturation, and luminance, and color
systems, such as CIE, are used as a quantitative scale to de-
fine and compare colors. The three identifications of the
colors (L, a, b) were measured and summarized in Table 1.

3. Conclusion

A novel donor–acceptor type polymer was synthesized
and its electrochromic properties were investigated. Spec-
troelectrochemistry depicted that poly(SBT) reveals two
absorption bands as expected for this type of donor–accep-
tor polymer, at 483 and 511 nm. The optical contrasts of
the poly(SBT) film were calculated to be 32% and 56% at
511 nm and 1200 nm, respectively. Kinetic studies also re-
vealed that the polymer films switch between their fully
oxidized and fully reduced states in nearly two seconds
in the visible and less than 0.5 s in the NIR regions. In addi-
tion to high optical contrasts and fast switching times, the
polymer films did not reveal any degradation during ki-
netic studies. The colorimetry analysis showed that
Poly(SBT) has a red-purple color in the neutral state and
a transmissive-blue color in the oxidized state. The band
gap of the Poly(SBT) is calculated as 1.67 eV which is quite
low among the selenophene-containing polymers. Further-
more, the polymer has been shown to be n-dopable, as pro-
ven by reduction waves in CV and a significant change in
the NIR region of spectrum upon reduction. These preli-
minary results are very promising for selenophene-con-
taining donor–acceptor type polymers. Although our
initial studies with 1,4-di(selenophen-2-yl)-benzene did
not yield these superior characteristics, this polymer
proves that use of an acceptor and a donor selenophene
groups may be a key argument for the electrochromic
properties of such compounds. Many other potential
acceptor groups can be inserted in the structure to tune
these properties to yield the best candidate selenophene-
containing donor–acceptor polymer for ECD applications.
Besides these promising results, it was also shown that this
type of donor–acceptor monomers can be used as a como-
nomer for the synthesis of copolymers with superior prop-
erties. In this report EDOT was chosen as the comonomer
due to its spectacular properties. The resulting copolymer
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also revealed high quality characteristics as an electrochro-
mic material.

4. Experimental section

4.1. Materials

All chemicals were purchased from Aldrich except for
anhydrous tetrahydrofuran (THF) which was supplied from
Acros. Tributyl(2-selenophenyl)stannane [26] was synthe-
sized according to previously described method. All reac-
tions were performed under argon atmosphere unless
otherwise indicated (Scheme 1).

4.2. Synthesis of monomer

4.2.1. Synthesis of 2-dodecylbenzotriazole
The synthesis of 2-dodecylbenzotriazole was performed

according to methodology described in literature [27].
1,2,3-Benzotriazole (5.0 g, 42 mmol) was dissolved in
methanol (50 ml) together with potassium tert-butox-
ide(5.0 g, 44 mmol). Bromododecane (12.2 g, 49 mmol)
was added dropwise to mixture. The mixture was refluxed
for 12 h and the reaction was monitored by TLC. After re-
moval of the solvent by evaporation, the residue was
washed with H2O and extracted with CHCl3. The organic
extract was dried over MgSO4 and the solvent was evapo-
rated under reduced pressure. The crude product was puri-
fied by column chromatography on a SiO2 column to obtain
2-dodecylbenzotriazole; Yield: 3.73 g, 31%, colorless oil, Rf
(3:2, hexane:CHCl3) 0.29. 1H NMR spectrum of monomer:
C18H29N3, d (400 MHz; CDCl3; Me4Si): 7.76 (2H, m), 7.26
Scheme 1. Synthetic ro
(2H, m), 4.62 (2H, t, J = 7.1 Hz), 2.22 (2H, m), 1.25–1.15
(18H, m), 0.78 (3H, t, J = 6.0 Hz,) 13C NMR spectrum of
the monomer: 13C NMR d (100 MHz; CDCl3; Me4Si):
144.3, 126.1, 117.9, 56.6, 31.8, 30.0, 29.5, 29.5, 29.4, 29.3,
29.3, 29.0, 26.5, 22.6, 14.0.

4.2.2. Synthesis of 4,7-dibromo-2-dodecylbenzotriazole
Synthesis of 4,7-dibromo-2-dodecylbenzotriazole was

achieved as described in literature [27]. 2-Dodecylbenzo-
triazole (4.8 g, 16.8 mmol) and an aqueous HBr solution
(5.8 M, 15 ml) were added to a flask, and the mixture
was stirred for 1 h at 100 �C. Bromine (5.9 g, 36 mmol)
was added, and the mixture was stirred for 12 h at
135 �C and the reaction was monitored by TLC. After cool-
ing the mixture to room temperature, an aqueous solution
of NaHCO3 was added and the product was extracted with
CHCl3. The organic extract was dried over MgSO4 and the
solvent was evaporated under reduced pressure. The crude
product was purified by column chromatography on a SiO2

column to obtain 4,7-dibromo-2-dodecylbenzotriazole;
Yield: 4.0 g, 55%, oily at room temperature, Rf (1:1 hex-
ane:CHCl3) 0.33. C18H27Br2N3, d (400 MHz; CDCl3; Me4Si):
7.36 (2H, s), 4.70 (2H, t, J = 7.0 Hz), 2.00 (2H, m), 1.28–
1.12 (18H, m), 0.80 (3H, t, J = 6.9 Hz). 13C NMR: d
(100 MHz; CDCl3; Me4Si): 143.7, 129.4, 109.9, 57.4, 31.8,
31.5, 30.1, 29.5, 29.5, 29.4, 29.3, 28.9, 26.4, 22.6, 14.0.

4.2.3. Synthesis of 2-dodecyl-4,7-di(selenophen-2-
yl)benzotriazole (SBT)

4,7-Dibromo-2-dodecylbenzotriazole (100 mg, 0.224
mmol), and tributyl(2-selenophenyl)stannane (470 g,
1.12 mmol) were dissolved in anhydrous THF (100 ml), the
ute of monomer.



Fig. 10. 13C NMR spectrum of SBT.
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solution was purged with argon for 30 min and dichlor-
obis(triphenyl phosphine)-palladium(II) (50 mg, 0.045
mmol) was added at room temperature. The mixture was re-
fluxed for 18 h under argon atmosphere. Solvent was evap-
orated under vacuum and the crude product was purified
by column chromatography on a SiO2 column to obtain 2-
dodecyl-4,7-di(selenophen-2-yl)benzotriazole; (scheme 1)
Yield: 78 mg, 63%, yellow solid, Rf (2:1 hexane:CHCl3) 0.45,
1H NMR spectrum of monomer: C26H33N3Se2, d (400 MHz;
CDCl3; Me4Si): 8.12 (2H, d, J = 3.6 Hz), 8.01 (2H, d,
J = 5.5 Hz), 7.52 (2H, s), 7.35 (2H, d-d, J = 3.8–1.5 Hz), 4.74
(2H, t, J = 7.1 Hz), 2.16–2.09 (2H, m), 1.37–1.18 (18H, m),
0.81 (3H, t, J = 6.9 Hz). 13C NMR: d (100 MHz; CDCl3; Me4Si):
144.1, 140.9, 130.3, 129.4, 127.2, 124.4, 122.0, 55.8, 30.8,
28.9, 28.6, 28.5, 28.4, 28.4, 28.3, 28.0, 25.5, 21.6, 13.0 (Figs.
9 and 10). m/z: 547.3 (100%), 545.1 (95%), 543.1 (55%). The
details of MS spectrum are given in Fig. 11.

4.2.4. Synthesis of homopolymer by electrochemical
polymerization

Polymerization of SBT was performed in the presence of
0.01 M SBT, 0.1 M TBAPF6 in acetonitrile/dichloromethane
(95/5 v/v) in a three-electrode cell equipped with Pt coun-
ter electrode and a Ag wire pseudo reference electrode.
Polymer films were grafted on Pt foil or an ITO glass work-
ing electrode by potentiodynamic scanning wherein the
potential was cycled between �0.4 V and +1.4 V with
100 mV/s scan rate. The free standing film was washed
with ACN to remove unreacted monomer and excess
TBAPF6 after the electrolysis.

4.2.5. Synthesis of copolymer of SBT with 3,4-
ethylenedioxythiophene (EDOT)

For the synthesis of conducting copolymer, poly(SBT-
co-EDOT), EDOT was used as the comonomer. Copolymer
was synthesized with a [EDOT]/[SBT] molar ratio of two.
A similar oxidative electrochemical polymerization proce-
Fig. 9. 1H NMR spe
dure was carried out in acetonitrile/dichloromethane
(95/5 v/v) via cyclic voltammetry (CV) at a scan rate of
100 mV/s. Resulting copolymer film was washed with
ACN to remove unreacted monomer and excess TBAPF6

after the electrolysis.

4.2.6. Equipments
Polymer film was grafted on working electrode by

potentiodynamic method, wherein the potential was
cycled between oxidized and neutral states at 100 mV/s
without significant decomposition of the material. Electro-
chemical polymerization was performed in a three-elec-
trode cell consisting of Pt foil or Indium tin oxide coated
glass slide (ITO) as the working electrode, platinum wire
as the counter electrode and Ag wire as the pseudo refer-
ence electrode. Polymerizations were carried out under ar-
gon atmosphere using Voltalab PST 50 potentiostat.
ctrum of SBT.



Fig. 11. MS spectrum of SBT.
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Tetrabutylammonium hexafluorophosphate (TBAPF6) in
acetonitrile/dichloromethane (95/5 v/v) was used as the
electrolytic medium. 1H NMR spectra of the monomer
was recorded on a Bruker-Instrument-NMR Spectrometer
(DPX-400) operating at 400 MHz. 13C NMR spectra were
recorded at 100 MHz with CDCl3 as the solvent and chem-
ical shifts (d) were given relative to tetramethylsilane as
the internal standard. Spectroelectrochemical studies were
carried out on a Varian Cary 5000 UV–Vis-NIR spectropho-
tometer. Colorimetry measurements were obtained by a
Konica Minolta CS-100A Chroma Meter with a 0/0 (nor-
mal/normal) viewing geometry as recommended by CIE.
During measurement, samples were placed in a light booth
system where it was illuminated from behind by a D65
light source. A direct pyrolysis mass spectrometry (DPMS)
system consisting of a 5940 Quatro micromass quadrupole
mass spectrometer a mass range of 10–1500 Da was cou-
pled to direct inter probe (Tmax = 650 �C). In the experi-
ment, the temperature was elevated up to 250 �C at a
heating rate of 10 �C/min, and kept constant for an addi-
tional 1 min at 250 �C. Sample (0.010 mg) was pyrolyzed
in the quartz glass sample vials. Pyrolysis mass spectrum
was recorded using 20 eV.
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a b s t r a c t

Novel amino-alkyl containing polyfluorenes with Ir complex in pendant chain were syn-
thesized by Suzuki polycondensation and efficient red-light-emitting devices based on
the polymers that were fabricated using high work-function metal (Al or Au) as cathode.
It was found that the prepared polyfluorenes exhibit good device performances, and the
best device efficiency was achieved based on PFN-Irpiq1 that showed a maximal quantum
efficiency (QEmax) of 3.7% and 1.6% for Al and Au as cathode, respectively, which was com-
parable to that of 5.5% for low work-function metals Ba as cathode. The efficiencies of
devices from the aforementioned polymers showed a reduced roll-off upon the increase
of current density, which is beneficial for the highly efficient phosphorescent dye/host-
doped systems. The obtained high efficiencies with air-stable metals as cathode reflect that
the copolymers have dual functions of being efficient light-emitting and electron injection
ability. The results indicated that the incorporation of Ir complex into amino-alkyl contain-
ing polyfluorenes side chain is a potential approach to achieve efficient light-emitting
devices with air-stable high work-function metal as the cathode.

Crown Copyright � 2008 Published by Elsevier B.V. All rights reserved.
1. Introduction work-function metals (such as Al, Ag or Au) as the cathode
Since remarkable progress has been made in polymer
light-emitting diodes (PLEDs) during the last decade,
light-emitting devices with high brightness and low drive
voltage could be achieved for high-efficiency, full-color
applications [1]. To obtain high-efficiency, low work-func-
tion metals (such as Ca or Ba) are generally employed as
cathode to facilitate electron injection. However, these
metals are very sensitive to moisture and oxygen, and det-
rimental quenching sites might be formed near the inter-
face between the light-emitting layer (EML) and the
cathode. To circumvent such problems, many efforts have
been devoted to employing environmental stable high
2008 Published by Elsevier

6x17; fax: +86 20

.

[2]. In this scenario, electron injection layers, (EIL or cath-
ode buffer) such as metal fluoride (LiF, CsF, etc.), aluminum
oxide layer, organic surfactants [3–6], or ammonium-func-
tionalized polyfluorene derivatives [7–12] have been
developed as EIL to facilitate electron injection. Recently,
Huang et al. [7–11] reported a series of conjugated ami-
no-alkyl containing polyfluorenes with various emissive
wavelengths, which can significantly enhance the device
performance using high work-function metal as cathode.
However, the reported amino-alkyl substituted polyfluo-
renes [7–9] show a relative low emission efficiency, which
limits their applications.

Electrophosphorescent polymers have attracted much
attention since they can make use of both singlet and trip-
let exciton owing to a strong spin–orbit coupling, and the-
oretically 100% of internal quantum efficiency can be
achieved. The phosphorescent conjugated polymers based
B.V. All rights reserved.

mailto:pswyang@scut.edu.cn
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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on polyfluorene backbone with diketone pendant attached
to 9-carbon position of fluorene were reported by Chen
et al. [13]. The device from polymer which grafted with
1.3 mol% iridium(I)bis(2-(20-benzothienyl) pyridinato-
N,C3’) acetylacetonate complex [(btp)2Ir(acac)] in diketone
pedant at 9-position of fluorene unit has shown a high
external quantum efficiency of 1.59% ph/el and a power
efficiency of 2.8 cd/A at 7.0 V with a luminance of 65 cd/
m2 and peak a emission at 610 nm. Jiang et al. [14] re-
ported a series of high-efficiency electrophosphorescent
polymers by grafting Ir complexes into poly(fluorene-alt-
carbazole) pendant chain, and QEext of 4.9% and LE of
4.0 cd/A with 240 cd/m2 at a bias voltage of 7.7 V and a
peak emission of 610 nm were achieved. A very similar ap-
proach of incorporated Ir complexes conjugatively into
polymer main chain was reported by Zhen et al. [15,16],
and yellow and red electrophosphorescent copolymers
with Ir complexes on the backbone of poly(fluorene-alt-
carbazole) (PFCz) and polyfluorene (PFO) were synthesized
to achieve maximal external quantum efficiencies of 4.6%
and 7.0% ph/el, respectively. However, the efficient elec-
trophosphorescent PLED was achieved based on low func-
tional metals Ba as cathode [14–16]. In order to employ an
air-stable metal such as Au or Al as cathode for the single
active layer devices, Zhang et al. [17,18] reported a series
of phosphorescent polyelectrolytes and their neutral pre-
cursor, in which Ir complex was conjugatively incorpo-
rated into a polymer main chain, but the device
performance does not enhance evidently. In this paper,
we introduce Ir complex into amino-alkyl containing poly-
fluorenes side chain by a long alkyl chain. Efficient red
light-emitting devices are fabricated using high work-
function metal (Al or Au) as cathode.
2. Experimental section

2.1. Materials and measurements

All solvents were purified and freshly distilled prior to
use according to the literature procedures. All reagents
were obtained from Acros, Aldrich or TCI chemical com-
pany and used as received. All manipulations involving
air-sensitive reagents were performed under high purified
argon or nitrogen atmosphere.

NMR spectra were recorded on a Bruker 300 in deuter-
ated chloroform solution operating with tetramethylsilane
as reference. Weight-average molecular weight (Mw) and
polydispersity index (PDI) were determined by a Water
GPC 2410 spectrometer in tetrahydrofuran (THF) using a
calibration curve with a standard polystyrene as a refer-
ence. Elemental analyses were performed on Vario EL Ele-
mental analysis instrument (Elementar Company). UV–vis
absorption spectra were recorded on a Hitachi UV-3010
spectrometer. The PL quantum yields were determined in
an integrating sphere ISO80 (Labsphere) with 325 nm exci-
tation of HeCd laser (Mells Griot). Cyclic voltammetry was
carried out on a CHI660A electrochemical workstation
with platinum at a scan rate of 50 mV s�1 against a satu-
rated calomel reference electrode with nitrogen-saturated
solution of 0.1 M tetrabutylammonium hexafluorophos-
phate (Bu4NPF6) in acetonitrile (CH3CN) for copolymers.
Glass transition temperatures (Tgs) were measured on a
TA 5200M DSC instrument at a heating rate of 10 �C min�1

in nitrogen. Thermogravimetric analyses (TGA) were con-
ducted on a NETZSCH TG 209 under a heating rate of
10 �C min�1.

2.2. General procedure of Suzuki polycondensation taking
PFN-Irpiq05 as an example

2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dixaborolan-2-yl)-9,
9-dioctylfluorene [19] (1, 0.3213 g, 0.5 mmol), 2,7-dibro-
mo-9,9-bis(30-(N,N-dimethylamino)propyl)fluorene (2,
0.2447 g, 0.495 mmol), 3,6-dibromo-9-(iridium(III)bis
(1-phenylisoquinoline-N,C20))- 14-trifluoro-11,13-tetrade-
cyldiketone)carbazole [15] (3, 6.02 mg, 0.005 mmol), and
palladium(II) acetate (1.5–2 mol%) and tricyclohexylphos-
phine (4-6 mol%) were dissolved in the mixture of toluene
(8 ml) and THF (5 ml), stirred for 30 min in argon atmo-
sphere, then Et4NOH (35 wt%) aqueous solution (2 ml)
and deionized water (2 ml) were added. The mixture was
heated to 90 �C and stirred for 48 h followed by stirring
with 2-(4,4,5,5-tetramethyl-1,3,2-dixaborolan-2-yl)-9,9-
dioctylfluorene (50.00 mg) 12 h. Then bromobenzene
(0.2 ml) was added and stirred for another 12 h. The whole
mixture was poured into methanol with stirring. The pre-
cipitated polymer was collected by filtration and purified
by Al2O3 column chromatography with toluene as eluent
to remove catalyst residue and small molecules (yield
70%). 1H NMR (CDCl3) d = 7.90–7.82 (m, 4H, fluorene ring),
7.71–7.57 (m, 8H, fluorene ring), 2.30–1.95 (m, 24H,
�NCH2, �NCH3, H-alkyl), 1.22–1.04 (m, 28H, H-alkyl),
0.87–0.72 (m, 6H). Element Anal. Found C 85.78, H 8.85,
N 3.40.
3. Results and discussion

3.1. Synthesis and characterization of polymers

Copolymers derived from monomers 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene
(1), 2,7-dibromo-9,9-bis((30-N,N-dimethylamino)pro-
pyl)fluorene (2) and 3,6-dibromo-9-(iridium(III)bis(1-
phenylisoquinoline-N,C20))-14-trifluoro-11,13-tetradecyl-
diketone)carbazole (3) were prepared by Suzuki polycon-
densation (Scheme 1) with a feed ratio of 50:49.5:0.5,
50:49:1 and 50:48:2, and the resulted polymers are named
PFN-Irpiq05, PFN-Irpiq1 and PFN-Irpiq2, respectively. The
copolymers exhibit good solubility in common organic sol-
vents such as THF, chloroform, toluene and xylene. The
weight average molecular weight (Mw) of the copolymers
estimated by gel permission chromatography (GPC)
against the polystyrene standard with THF as eluent sol-
vent ranges from 89,000 to 1,32,000 with a polydispersity
index (PDI) (Mw/Mn) from 1.65 to 1.90. The thermal stabil-
ities of copolymers were studied by TGA and DSC measure-
ments. As can be seen from Fig. 1, the Ir complex
containing copolymer PFN-Irpiq1 exhibits a good thermal
stability with an onset of degradation temperature at
around 430 �C and with a glass transition temperature



Scheme 1. Synthetic procedure of copolymers.

Fig. 1. Thermal properties of PFN-Irpiq1.

Table 1
Photophysical and electrochemical properties of copolymers.

Polymers kabs/
nm

Eox/
V

HOMO/
eV

LUMOa/
eV

Eg
b/

eV
kPL/nm QEPL/

%

PFN 390 1.21 �5.61 �2.14 3.47 425, 449 37
PFN-Irpiq05 390 1.26 �5.66 �2.18 3.48 425, 618 28
PFN-Irpiq1 389 1.24 �5.64 �2.15 3.49 425, 619 34
PFN-Irpiq2 386 1.26 �5.66 �2.17 3.49 619 36

a Calculated from LUMO ¼ HOMOþ Eopt
g .

b Estimated from the onset absorption of copolymers.
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(Tg) of 93 �C. The distinct improved Tg of PFN-Irpiq1 com-
pared to poly(9,9-dioctylfluorene) (PFO, with Tg of 72 �C)
[20] might be ascribed to the intra-molecular interaction
owing to the substituted amino-alkyl side chains. Likewise,
other resulted copolymers also exhibit similar good ther-
mal properties as PFN-Irpiq1.

3.2. Electrochemical properties

The electrochemical behavior of these polymers was
investigated by cyclic votammetry (CV) in the solution of
0.1 M tetrabutylammonium hexafluorophosphate
(Bu4NPF6) in acetonitrile (CH3CN). The copolymers show
a reversible oxidation wave with an onset at around
1.2 V of the oxidation potential of amino-alkyl containing
copolymer main chain. The onset oxidation potentials are
used to determine the highest occupied molecular orbital
(HOMO) energy level, and the differences between the
HOMO levels and the optical energy gap (Eg) are used to
estimate their lowest unoccupied molecular orbital
(LUMO) energy levels, where Eg is inferred from the onset
absorption. HOMO and LUMO levels of polymers are calcu-
lated according to empirical formulas EHO-

MO = �e(Eox + 4.40) eV [21]. The HOMO and LUMO levels
of the copolymers show a little difference with a diverse
Ir complex content. Table 1 summarizes the photophysical
and electrochemical properties of Ir complexes and the re-
dox potentials of the copolymers.

3.3. Photophysical properties

Fig. 2 shows the absorption spectrum a of model com-
pound Ir complex bis-(1-phenylisoquinolyl)iridium(III)(1-



Fig. 2. Absorption of Ir(piq)2(acaf) and PL of PFN.
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trifluoro)acetylacetonate [Ir(piq)2(acaf)] [22] and photolu-
minescence spectrum (PL) of poly[(9,9-bis(30-((N,N-
dimethyl)propyl)-2,7-fluorene)-2,7-(9,9-dioctyl-fluorene)]
(PFN) [7]. The Ir complex shows broad absorption band
from about 270 nm to more than 600 nm. The intense
absorption peak below 350 nm is attributed to the spin-al-
lowed singlet state p–p* transition of cyclometalated li-
gands, and the weak absorption peak at about 422 nm
can be assigned to the spin-allow singlet metal-to-ligand
charge transfer (1MLCT) transition. The absorption peak
of 486 nm is due to the triplet metal-to-ligand charge
transfer (3MLCT) transition. The spin-forbidden 3MLCT
transition is gained by mixing it with the higher spin-al-
lowed 1MLCT transition through the strong spin–orbit cou-
pling of iridium. As can be seen from Fig. 2, fairly good
overlap is found in the PL of the host PFN and the absorp-
tion of the guest Ir(piq)2(acaf), thus the efficient Förster en-
ergy transfer from the PFN to the Ir complex can be
expected [23].

The emission of the copolymers in Fig. 3 is dominated
by the peak around 619 nm, which corresponds to the trip-
let emission of the Ir complex. Besides, the weak emission
Fig. 3. PL spectra of PFN-Irpiq in solid films.
at 425 nm (emission from PFN) is also found in the copoly-
mer with 0.5 mol% content of Ir complex (PFN-Irpiq 05),
indicating that the energy transfer from the host PFN main
chain to the low content Ir complex is incomplete. Indeed,
with the increase of Ir complex content up to 2 mol%, the
emission of PFN segment in copolymers is found to be
quenched completely. Moreover, the emission at 425 nm
is found to descend with the increase of Ir complex content
in the copolymers. The PL efficiencies of the copolymers
are in the range of 28.4–37.3% (Table 1), which are much
higher than that of the previously reported electrophos-
phorescent polymers PFN-IrDPPy [13], in which neutral Ir
complex is conjugatively incorporated into polyfluorenes
main chain, suggesting that the incorporation of Ir complex
into side chain is a better way to achieve more efficient
emission.

3.4. Device performances

The light-emitting devices are fabricated in configura-
tion: ITO/PEDOT/PVK/emissive layer/cathode. Here low
work-function metal Ba (�2.8 eV) and high work-function
Al (�4.3 eV) and Au (�5.2 eV) are used as cathode for com-
parison. As shown in Fig. 4, EL emission (Fig. 4) from the
backbone of the copolymers is quenched completely
although the Ir complex content is as low as 0.5 mol%.
The substantial difference between the PL (Fig. 3) and EL
(Fig. 4) of the copolymers implies that the excitation mech-
anism for the PL and EL process is different [23–25]. Under
photoexcitation, singlet excited state is created on the
polymer main chain and subsequently transferred to the
iridium complex by Förster energy transfer [26, 27]. In con-
trast, since the HOMO and LUMO energy level of incorpo-
rated Ir(piq)2(acaf) (which is �5.0 and �2.7 eV,
respectively) lies between that of host PFN (which is
�5.6 and �2.1 eV, respectively), thus for electrical excita-
tion process, electrons and hole are readily trapped on
the Ir complex sites when charge carriers are injected from
the electrodes, as can be referred from the energy level dia-
gram. In other words, charge trapping mechanism is dom-
inant in the electroluminescent process of our devices.
Fig. 4. EL spectra of PFN-Irpiq copolymers (ITO/PEDOT/PVK/PFN-Irpiq/Ba/
Al).



Table 2
EL performances of polymers.

Polymers Cathode kELmax/nm Vth/V QEext/% LEmax/cd A�1 Lmax/cd m�2

PFN-Irpiq05 Ba/Al 616 13.1 1.80 0.80 190
Al 618 15.0 1.54 0.66 200
Au 628 15.0 0.32 0.14 129

PFN-Irpiq1 Ba/Al 616 14.2 5.50 2.44 750
Al 616 13.5 3.70 1.64 1032
Au 629 15.0 1.60 0.71 361

PFN-Irpiq2 Ba/Al 615 14.0 1.34 0.59 170
Al 616 13.2 1.10 0.48 160
Au 629 14.0 0.16 0.07 58

Device structure: ITO/PEDOT/PVK/emissive layer/cathode.
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It is interesting to note that, despite different metals
with different work-functions being employed as cathodes,
all copolymers exhibit a comparable device performance in
terms of external quantum efficiency (QEext). The best de-
vice performance is found in PFN-Irpiq1, in which Ir com-
plex content of 1 mol% is used as EML. The QEmax of
5.50%, which corresponds to a luminous efficiency (LEmax)
of 2.44 cd A�1 and a maximal luminance of 750 cd m�2 is
obtained with Ba/Al as cathode. When high work-function
Al is employed, the QEmax and LEmax are 3.70% and
1.64 cd A�1, respectively, with a maximal luminance of
1032 cd m�2. Moreover, when noble metal Au is employed
as cathode, the QEmax and LEmax could reach 1.60% and
0.71 cd A�1, respectively, with a maximal luminance of
361 cd m�2. It is important to note that the noble metal
Au is commonly used as good hole-injection electrode
and devices fabricated from traditional conjugated poly-
mers with Au as cathode cannot emit light due to their ex-
tremely high work-function [10]. However, our devices
based on PFN derivatives with Au as cathode show a
remarkable efficiency, in consistence with what was
reported previously [10]. The device performances in detail
with different device configurations are summarized in
Table 2.

Fig. 5 shows the QEext and luminance (L) as a function of
current density (J) for the devices with different cathodes.
It can be seen that Al and Au devices exhibit comparable
Fig. 5. Characteristics of QE–J–L with different cathodes.
overall efficiency than that with Ba device (Fig. 5). We
speculate that a strong interaction between amino-alkyl
moieties and high work-function metal can induce interfa-
cial dipole [10,11], which can shift the vacuum level of the
polymer upwards and is responsible for the enhanced elec-
tron injection from Al and Au. Despite that the mechanism
being not fully understood, the obtained efficient devices
with air-stable metals including Al or Au as cathode reveal
that the copolymers have dual functions of being efficient
light-emitting material and efficient electron injection
ability. Furthermore, the QEext in Fig. 5 slightly decays with
the increase of current density regardless of the employed
cathodes, indicating that the incorporation of Ir complex
into polymer side chain [15–18] is an effective way to inhi-
bit the concentration quenching at the high current density
due to the complex aggregation while depressing the trip-
let–triplet annihilation.

4. Conclusion

A series of novel amino-alkyl containing polyfluorenes
with Ir complex in pendant chain were synthesized by Su-
zuki polycondensation. The devices based on the resulted
copolymers using air-stable high work-function metals
including Al and Au as the cathode exhibited comparable
device performance with that of low work-function metals
Ba as cathode. The efficiencies of device from the prepared
polymers show a reduced roll-off upon the increase of cur-
rent density and Ir complex content, which is positive for
the highly efficient phosphorescent dye/host doping
systems.
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Organic bistable memory devices (OBDs) with MoO3 as a nanocrystal inside organic layer
were developed and bistability of MoO3 based OBDs was investigated. High on/off ratio
over 200 was obtained at a low reading voltage of 1 V. MoO3 OBDs could be electrically
switched between high conductance state and low conductance state over more than
100 cycles and space charge limited conduction mechanism dominated switching behavior
in MoO3 OBDs.
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1. Introduction over 1000 was obtained [8]. Alkanethiol capping of Au
Organic bistable memory devices (OBDs) have attracted
great attention due to many advantages such as high on/off
ratio, high switching speed and simple fabrication process
[1–14]. In addition, it can be made into flexible form on
plastic substrate [1].

There have been many studies about OBDs with bistable
memory characteristics and most OBDs had nanocrystals
inside organic layer as a charge trapping center [2–9]. Al
has been widely used as a nanocrystal for charge trapping
and it showed stable memory characteristics with various
organic materials [2–4]. Au was also effective as a nano-
crystal and stable memory characteristics were realized
in Au based OBDs [5–9]. Uniform dispersion of Au nano-
crystal was achieved by self-assembly and high on/off ratio
. All rights reserved.

85.
nanoparticle was found to be important for bistability in
OBDs and dodecanethiol capping of Au improved switch-
ing performances of OBDs [6]. Other than Al and Au, CdSe
capped with ZnS nanocrystal could play a role of nanopar-
ticle for charge trapping inside C60 [10].

In this work, OBDs with MoO3 as a nanoparticle for
bistable memory characteristics were fabricated and mem-
ory behavior was investigated. MoO3 was introduced as an
interlayer inside tris(8-hydroxyquinoline) aluminium
(Alq3). Detailed mechanism for bistability in MoO3 OBDs
was studied and it was correlated with energy level of
Alq3 and MoO3.

2. Experimental

Device structure for OBDs was indium tin oxide (ITO,
150 nm)/Alq3(50 nm)/MoO3(5 nm)/Alq3(50 nm)/Al(150 nm).
Single layer OBDs with Alq3 were also fabricated as a

mailto:leej17@dankook.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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Fig. 1. Device structure of Alq3 organic bistable memory devices with and
without MoO3 nanoparticles.

Fig. 2. Transmission electron microscopic picture of 5 nm thick MoO3

deposited on Alq3.
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standard device. Device structure of OBDs is shown in
Fig. 1. Pixel size of the device was 2 mm � 2 mm with an
active area of 4 mm2. Deposition rate of Alq3 was 0.1 nm/
s, while MoO3 was evaporated at a deposition rate of
0.02 nm/s. All materials were evaporated at a vacuum
pressure under 1.0 � 10�6 Torr. The device was encapsu-
lated with CaO getter and a glass lid. Morphology of
MoO3 on Alq3 was observed with transmission electron
microscope (TEM, Jeol) at a magnification of 100,000. Cur-
rent density–voltage relationship was measured with
Keithley 2400 source measurement unit. All measure-
ments were carried out after encapsulation in air. Pulse
test of the OBD was performed with a semiconductor ana-
lyzer with a pulse width of 1 ls.

3. Results and discussion

MoO3 has been known as a p-type dopant and charge
transfer complex formation with aromatic amine materials
was reported [15]. Valence band of MoO3 has been known
to be 5.3–5.5 eV. Therefore, charge trapping by MoO3 can
be induced when it is combined with Alq3 with the highest
occupied molecular orbital (HOMO) of 5.8 eV and the low-
est unoccupied molecular orbital (LUMO) of 3.0 eV in our
cyclovoltametry measurement. Hole trapping by MoO3 in
Alq3 matrix can be expected at the interface between
Alq3 and MoO3 and bistable memory performances can
be induced by MoO3. The advantage of MoO3 based mem-
ory device compared with Al embedded Alq3 memory de-
vices is that it is possible to get stable and reproducible
memory performances. Al is sensitive to oxygen and it is
difficult to guarantee reproducibility of device perfor-
mances. MoO3 is not sensitive to oxygen and memory de-
vice data are reproducible. In addition, it can be simply
deposited by thermal evaporation in organic crucible at
low temperature compared with other metals.

It is important to get uniform dispersion of nanoparti-
cles to secure stable switching behavior in OBDs and mor-
phology of MoO3 on Alq3 was analyzed. Fig. 2 shows TEM
picture of MoO3 deposited on Alq3 at a thickness of 5 nm.
Average size of MoO3 nanoparticle on Alq3 was around
30 nm and MoO3 was uniformly dispersed on Alq3 even
though there was some scattering of particle size. Contin-
uous film formation was not observed in TEM image of
MoO3 on Alq3 and island growth of MoO3 dominated mor-
phology of MoO3.

Memory characteristics of MoO3 OBDs were measured
by scanning voltage from 0 V to 7 V after applying writing
and erasing voltage to the OBD. Current density–voltage
plots of MoO3 OBDs are shown in Fig. 3. MoO3 OBDs
showed bistable memory characteristics with high conduc-
tance state (ON state) and low conductance state (OFF
state). Bistability was observed during forward scans
depending on the writing voltage. Current density level
was gradually increased according to voltage and sharp
rise of current density was observed between 2.1 V and
2.4 V. The device was changed from low conductance state
to high conductance state at 2.4 V. After sharp rise of cur-
rent level, negative differential resistance behavior was ob-
served. The high current state was observed after applying
2.5 V during scan from 0 V to 7 V. Large hysteresis required
for bistable memory devices was clearly observed during
voltage scan from 0 V to 7 V. To elucidate the switching
mechanism of MoO3 OBDs, single layer device of ITO/
Alq3(100 nm)/Al was fabricated and its current density–
voltage data were compared with those of MoO3 OBDs. In
contrast to MoO3 OBDs, Alq3 device did not show any hys-
teresis during voltage scans, indicating that MoO3 nano-
particles are responsible for bistable current behavior in
MoO3 OBDs. The origin for bistable memory performances
of MoO3 OBDs can be found in the charge trapping by
MoO3. Charges can be trapped by MoO3 interlayer because
there is 0.5 eV energy gap between valence band of MoO3

and HOMO of Alq3. Therefore, the bistability mechanism
can be explained by Simmons and Verderer mechanism
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which is based on charge trapping and detrapping [16,17].
Large amount of charges can be trapped by MoO3 at high
voltage and reading at low voltage (1 V) after charge trap-
ping by MoO3 gives high conductance state. Charge trans-
port can be facilitated because charge traps are filled with
holes. A sharp increase of current density is observed after
the charge traps is occupied. However, the space charge
formation limits the charge transport, leading to negative
differential resistance region. Reading between 0 V and
ITO
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Fig. 4. Schematic diagram o
2.5 V gives high conductance state after applying 2.5 V
(curve 2) and low conductance state after applying 4.5 V
(curve 1). Negative differential resistance behavior of
MoO3 OBDs supports this explanation. In off state, first
scan from 0 V to 7 V (curve 1) shows low conductance state
and the low conductance state is changed into high con-
ductance state at 2.4 V. However, space charge formation
at a voltage higher than 2.4 V leads to the decrease of cur-
rent density level. Therefore, low conductance state can be
induced by applying 4.5 V at which current density level is
minimum and high conductance state can be recovered at
2.5 V at which current density level is maximum in nega-
tive differential resistance region. Current density–voltage
curve after switching at 2.5 V followed the curve 2. Sche-
matic diagram describing the on and off state is shown in
Fig. 4. Even though negative vias region was not shown
in Fig. 3, the device could be erased at negative vias due
to charge detrapping.

To study detailed process for current flow in MoO3

OBDs, charge transport mechanism of MoO3 OBDs was
investigated. Fig. 5 shows log–log plot of current den-
sity–voltage relationship at low conductance state. Linear
relationship between log (current density) and log (volt-
age) was observed at low conductance state, indicating
space charge limited charge transport behavior by MoO3

[18,19]. This supports space charge limited switching
behavior of MoO3 OBDs at low conductance state.
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Multilevel switching can be realized by changing the
writing voltage of MoO3 nanoparticles based OBDs. Fig. 6
shows the multilevel switching test results of OBDs. Read-
ing voltage was 1 V and writing voltage was 2.5 V, 3.5 V
and 4.5 V. It can be clearly seen that different current den-
sity level was obtained depending on the writing voltage.
Average current density level at 1 V after switching on
MoO3 OBDs at 2.5 V was 0.2 mA/cm2, while average cur-
rent density level at 1 V after switching off MoO3 OBDs at
4.5 V was 0.00075 mA/cm2. Current density level of OBDs
after switching OBDs at 3.5 V was 0.02 mA/cm2. Three level
switching could be effectively induced by changing the
writing voltage in negative differential resistance region.
The switching test results also agree with the data pro-
posed by Simmons and Verderber and support the charge
trapping and detrapping mechanism [16]. High average
on/off ratio over 200 could be obtained after programming
MoO3 OBDs at 2.5 V and 4.5 V with a reading voltage of 1 V.
The on/off ratio was quite stable even though there was
some scattering of current density level during multicycle
test.

To get more detailed information about the switching
behavior of the OBD, pulse voltage with a pulse width of
1 ls was applied to the OBD. Programming voltages were
4.5 V and 2.5 V, while the reading voltage was 1 V. Fig. 7
shows switching test results of the OBD with MoO3 nano-
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crystals. The OBD with MoO3 nanocrystal inside Alq3

showed good switching performances between on and off
states. The on and off currents were maintained during
measurements without any decrease.

4. Conclusions

In summary, bistable memory devices could be fabri-
cated by using MoO3 as a nanoparticle to trap charges. Sta-
ble memory characteristics could be obtained by inserting
MoO3 between Alq3 organic layers and high on/off ratio
over 200 could be realized at a writing voltage of 2.5 V
and erasing voltage of 4.5 V. The high on/off ratio could
be maintained even after multicycle test over 100 times.
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Two new trifunctional thiophene based dyes suited for crosslinking were synthesised from
the same structural core, i.e. 4-[[5-[(4-nitrophenyl)azo]-2-thienyl]azo]benzenamine. Crys-
tal structure and second order nonlinear optical properties were determined on a related
difunctional dye that can be considered as a representative and simplified model of the
trifunctional compounds, determining on it the lb value of 4950 � 10�48 esu (6111 �
10�80 C2 m4 V�2).

The presence of three acrylic or hydroxyl functional groups in the dyes allowed to incor-
porate the chromophoric fragment into two different kinds of crosslinked materials pos-
sessing ‘‘frozen” long-lasting dipole order. The traditional guest-host approach used for
one of them was exceeded by covalently anchoring the chromophore to a functionalised
polymer in a three-dimensional unique network. In this way a promising NLO active mate-
rial was obtained. The value of the d33 coefficient (determined by SHG measurement using
the Maker fringe technique) was 11 pm/V for the poled/crosslinked film. Very good ther-
mal and temporal stability of the chromophore poling-induced dipole alignment was
attained.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Compounds exhibiting disazo-thiophene groups have
been extensively investigated, especially for their proper-
ties of colouring textiles and plastics or in general as dis-
persed pigments [1,2]. More recently, thiophene has been
largely used as electron-rich molecule for a variety of opti-
cal and electrooptical applications [3–5]. Thiophene based
dyes typically contain aromatic rings linked by unsaturated
moieties. The influence on electron donor effects of the thi-
ophene ring has been extensively examined [6] and the use
of this heterocycle in compounds for nonlinear optics has
. All rights reserved.

x: +39 081 674090.
unzi).
gained increasing consideration [7–9]. In particular, theo-
retical investigations indicated that the replacement of a
phenyl ring with a thiophenic one significantly improves
the values of molecular hyperpolarizability [10–12]. Thio-
phene not only behaves as one of the most effective hetero-
cyclic rings in enhancing NLO properties of typical
push–pull chromophores even in relatively short conju-
gated systems, but also prompts the desirable targets of high
solubility of the dyes and easy processability of materials.

In this work, we report the synthesis of three functional-
ised derivatives having the same core, 4-[[5-[(4-nitro-
phenyl)azo]-2-thienyl]azo]benzenamine (C type compounds
in Fig. 1) and their precursors (C0 type compounds in Fig. 1).

In the new dyes the thiophene ring is interposed be-
tween two highly conjugated moieties bringing donor
and acceptor substituents. The unsaturated moieties are

mailto:barbara.panunzi@unina.it
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Scheme 1. Synthetic pathway for C0 type compounds.

Fig. 1. Chemical diagrams of the chromophores (C type compounds) and
their precursors (C0 type compounds).
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azo bridges, that are claimed to be the most efficient ones
in push–pull systems [13].

In contrast with the extended use of thiophene in NLO
active polymers and materials [14–16], only a few exam-
ples of disazo-thiophene dyes for the synthesis of NLO ac-
tive materials are known [17,18]. To our knowledge no
example of disazo-thiophene dye in crosslinked materials
was reported.

The strategy generally used to produce NLO active
materials with enduring polar order involves the synthesis
of polymers crosslinkable under electric field [19,20].
Alternatively, polyfunctionalised monomers, eventually
pre-polymerised, are poled and crosslinked under poling
conditions to give the final network [21,22].

In our case, according to the last approach, CTriacr was
simply reacted with non NLO active polyfunctional mono-
mers under an electric field. For CTriox another recently
proposed approach [23] was implemented. The dispersed
chromophore, polyglicidyl methacrylate (PGMA) and a
passive co-crosslinker were thermally seized by covalent
bonding in a single network under poling conditions. The
most promising crosslinked material presented in this pa-
per was achieved in this case, getting materials with both
high NLO activity and excellent temporal stability of the
dipolar alignment.

The difunctional compound CDiacr was tailored as a
model compound for EFISH and spectroscopic measure-
ments. X-ray single crystal diffraction analysis was also ef-
fected, in order to relate crystal structure and optical
properties and to achieve information on the factors affect-
ing solubility.

2. Results and discussion

2.1. Synthesis and characterization of dyes

Three thiophene based functionalised push–pull chro-
mophores (CDiacr, CTriacr and CTriox in Fig. 1) were synthes-
ised and characterized. The dye skeleton includes a nitro
acceptor group and a substituted amino donor group on
phenyl rings linked by a conjugated system made up of
two azo bridges and one thiophene unit. The syntheses of
similar 2,5-disazo-thiophene compounds reported in liter-
ature [18,24] is often cumbersome. We have followed a
synthetic pathway somehow different and simplified re-
spect to the previously described ones [8,15,18]. According
to a previous report [8], a nitro group in 2 position on a thi-
ophene ring can be converted into an aminic one by reduc-
tion with tin. Isolation of a SnCl4-aminothiophene
hydrochloride complex avoided the use of the poorly sta-
ble free 2-aminothiophene. The complex was then con-
verted into the acetamido derivative that was
successively nitrated and then deprotected to nitroamine
[8]. In our case, we have directly copulated 2-hydroxy-4-
nitrobenzenediazonium chloride with SnCl4-aminothioph-
ene hydrochloride, the metal group acting as a protector
group in the synthesis of the first azo bridge. We built
the second azo bridge by amine diazotation on this metal-
lated intermediate after easy de-protection in mildly acid
solution. Thus, such use of the not isolated intermediate
complex allowed easy and fast one-pot synthesis of the C0

type chromophores (Scheme 1), that were used as precur-
sors of C type ones.

Starting from C0 chromophores, three different dyes (C
type compounds, Fig. 1) were easily obtained as acrylic
or hydroxylic derivatives. The trifunctional compounds,
CTriacr and CTriox, were designed to be employed in the syn-
thesis of two kinds of crosslinked materials.

The three chromophores are all crystalline greenish
gray solids, affording blue solutions in chloroform. The 1H
NMR spectra gave evidence of high purity for all products.
In particular, the singlet pertaining to the thiophene pro-
ton, observed at 8.36 ppm, can be considered diagnostic.
Thermodynamic data for C chromophores and their pre-
cursors C0 are reported in Table 1.

According to thermogravimetrical analyses, the 5%
weight loss temperatures are higher than 200 �C for all



Table 1
Thermodynamic data for the chromophores (C type compounds) and their
precursors (C0 type compounds).

Sample Tm (�C) DH (J/g) Tdec (�C)a

C0Diacr 199.5 15.6 218
C0Triacr 169.8 20.4 213
C0Triox 160.4 11.7 222
C0Diacr 148.0 b 215
C0Triacr 123.0 65.6 210
C0Triox 157.0 11.4 220

a Decomposition temperature, calculated as the 5% weight loss tem-
perature in N2.

b Not integrable.
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compounds. DSC–TGA curves for the acrylic derivatives
CDiacr and CTriacr are similar. Fig. 2 shows, as an example,
DSC and TGA curves for CTriacr.

It can be observed that the DSC curve shows the endo-
thermic peak related to melting immediately followed by a
broad exothermic signal, probably as a consequence of
thermo-induced breakage of the double bonds. A gradual
partial degradation not involving significant weight loss
occurs together with this transition, as confirmed by 1H
NMR, UV spectra, optical observation, DSC and TGA analy-
sis effected on a thermally treated sample. This behaviour
could be compared with the well known photochemical
degradation reaction of phenylazo-thiophenes containing
electron donors and attractors [25,26].

The OH-functionalised derivatives C0Triox and CTriox show
a larger range of stability after melting and no degradation
is detected till about 220 �C. This behaviour makes them
better candidates for NLO applications.

The difunctional dye CDiacr was most easily obtained in
pure form, and was considered as a ‘‘model” suitable for X-
ray and EFISH measurements.

The X-ray single crystal molecular structure of CDiacr is
shown in Fig. 3, selected bond lengths and angles are re-
ported in Table 2.

Except for the two acrylic groups, the molecule is over-
all planar and a bent shape is observed. The two N@N moi-
eties with E geometry are in mutual syn arrangement on
Fig. 2. Example of thermogravimetric and calorimetric curves for the
acrylic C type compounds. TGA (a) and DSC (b) curves for CTriacr.
the thiophene ring. Both acrylic groups are planar and sub-
stantially perpendicular to the mean plane of the molecule
(torsion angles around C4–O3 and N6–C20 bonds are
102.6(4)� and 95.4(4)�, respectively). The nitro group is al-
most co-planar with the attached phenyl ring, and a clear
trigonal planar geometry is observed around N6. The flat
shape of the molecule and the analysis of geometric
parameters are in keep with extension of conjugation to
the entire molecule.

The above results indicate that the core of the dyes sat-
isfies basic conditions required to exhibit good NLO prop-
erties. In fact, it was demonstrated that a long
conjugation path is expected to enhance second order non-
linear hyperpolarizability and a bent molecular shape is
claimed to favour efficient orientation of the chromophore
in the material under poling conditions [27]. The bent
shape, in addition to the presence of aliphatic chains, is
also expected to favour solubility in common organic sol-
vents. In fact, it is to remark that the dyes here described
display good solubility in organic solvents at variance with
most of the analogous rod-like all-benzenoid compounds
[7], whose solubility is often to be enhanced by introduc-
tion of suited substituents [28].

EFISH measurements were effected on compound CDiacr.
The lb value measured by EFISH technique in chloroform
solutions at k = 1.907 lm, is 4950 � 10�48 esu (6111 �
10�80 C2 m4 V�2). To our knowledge this is by far the high-
est value found for similar thiophene based dyes and is
about twice higher than the ones typically displayed by
analogous all-benzenoid compounds [29,30].

UV–vis spectra were also recorded on the model
chromophore CDiacr in solvents with different polarity
(see Table 3) and show the existence of a relevant solvato-
chromic shift as well as low levels of optical absorption at
some typical NLO operating wavelengths.

2.2. Polymeric networks

Covalently crosslinked polymeric networks (NET1 and
NET2) were obtained, respectively, from CTriacr and CTriox.

Our attempts to react the acrylic groups of CTriacr by
radicalic activation gave variable (by changing type of ini-
tiator and reaction temperature) amounts of decomposed
material. In fact, as for the radical induced reactivity of ac-
rylic monomers, it was demonstrated [25,26] that while
azobenzenes containing a push–pull donor–acceptor con-
jugated system are moderately robust, the corresponding
2,5-substituted azothiophenes easily undergo photodegra-
dation reactions.

Thus, in order to avoid damage to the system during
crosslinking and to preserve reproducibility of the NLO sig-
nal, we reacted CTriacr by use of a procedure not involving
radicals. It is well known [31] that primary or secondary
amines easily add to vinyl bonds activated by electron
attracting groups. The reaction is substantially a nucleo-
philic ionic addition. To obtain a network we used this
reaction in bulk between CTriacr and a secondary diamine,
4,40-trimethylene-dipiperidine. Eventually a passive co-
crosslinker was added. The two polyfunctional monomers
were layered by spinning as thin films and thermally cross-
linked during poling.



Scheme 2. Constituents of NET1 film.

Fig. 3. Molecular structure of CDiacr obtained from single crystal X-ray analysis (thermal ellipsoids are drawn at 30% probability level).

Table 2
Selected bond lengths (Å) and angles (�) for CDiacr with esd’s in parentheses.

Bond lengths (Å) Torsion angles (�)

S1–C10 1.731(4) N2–N3–C10–S1 0.2(4)
S1–C13 1.744(3) N5–N4–C13–S1 2.8(4)
N2–N3 1.278(4) C17–N6–C20–C21 95.4(4)
N2–C9 1.424(4) C9–C4–O3–C3 102.6(4)
N3–C10 1.395(4)
N4–N5 1.275(4)
N4–C13 1.388(4)
N5–C14 1.406(4)

Table 3
UV–vis data for the model chromophore CDiacr.

Solvent l (D)a kmax (nm)b e (L/cm mol)c

CDiacr

Ethyl acetate 1.78 599 45,500
Acetone 2.88 610 45,695
DMSO 3.96 639 45,270

a Solvent dipole moment by Handbook of Chemistry and Physics, 59th
ed., CRC Press, Inc.

b Wavelength of UV–vis absorbance maximum.
c Molar absorbance coefficient.
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Constituents of the crosslinked film NET1 are shown in
Scheme 2.

By this synthetic route we easily obtained homogeneous
crosslinked thin films either balancing stoichiometrically
the aminic functions of 4,40-trimethylene-dipiperidine only
with the acrylic groups of CTriacr, or employing also tris[2-
(acryloyloxy)ethyl]isocyanurate as a non NLO active co-
crosslinker. This component was added in order to dilute
the system and so contrast the depressing effect of di-
pole–dipole interactions on poling. In this case, the total
amount of aminic functions was stoichiometrically bal-
anced by the total acrylic functions, obtaining films at 5%,
10%, 20%, 30% by weight in chromophore. Although cross-
linked insoluble films were obtained, no relevant SHG sig-
nal were recorded on them. Since crosslinking started on
mixing of constituents, before thermal and electrical induc-
tion, it seems reasonable that the high rate of the reaction
prevents efficient poling. Studies on the mechanism of Mi-
chael reaction of acrylates with primary and secondary
amines gave evidence of possible sterical control of the
reaction rate [32]. However, attempts to lower the reaction
rate by use of encumbered amines did not result in substan-
tial improvements. The failure of the use of the passive co-
crosslinker supports the hypothesis of a too fast crosslink-
ing rate [33].

The presence of hydroxylic instead than acrylic func-
tions in CTriox, should reasonably imply a more moderate
reactivity of the dye, maintaining anyway good crosslink-
ing aptitude. We recall that a recently employed approach
[23] to stable NLO active materials is grounded on covalent
crosslinking of a tailored polymer with the chromophore
under poling conditions. We used CTriox substantially in
similar way, but in our case a very simple monofunctional
polymer was used and the covalent link was based on fac-



Fig. 4. The Maker fringes pattern of transmitted SH signal for NET2 (30%)
poled film. Open circle and full-line curve represent the experimental
data and the best-fit curve, respectively.
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ile epoxy chemistry [34] in absence of initiator. We
achieved (Scheme 3) the epoxy ring-opening of PGMA by
reaction with the alcoholic functions of the chromophore
and of the co-crosslinker to obtain the material NET2.

The total amount of epoxy functions was stoichiometri-
cally balanced by the total alcoholic functions [35]. The
glass transition temperature of pure PGMA (108 �C) is
low enough to allow the entire system to be fluid and
steerable at relatively low temperatures (about 10–20 �C
below the glass transition). In these conditions the cross-
linking reaction starts without catalyst while electric field
is applied. Differently than for NET1, in the best poling
conditions (140 �C for 4 h) the crosslinking rate results to
be slow enough to allow satisfactory polar order before
network ‘‘freezing”.

A set of crosslinked poled films was prepared according
to Scheme 3 at 5%, 10%, 20%, 30%, 40%, and 54% by weight
of chromophore, the latter corresponding to the stoichiom-
etric amount in absence of co-crosslinker. Second order
optical nonlinearity of NET2 was evaluated by determining
the d33 coefficient of the films by means of Maker fringe
technique. In the above range of dye loading the value of
d33 grows up to a maximum (at 30%), thereafter decreas-
ing. This behaviour is in agreement with assessed theoret-
ical expectation [36].

Fig. 4 shows the Maker fringe pattern for the 30% film,
where the full-line corresponds to the best-fit curve.

In spite of the high chromophore NLO activity the SHG
signal is in the average range for organic polymeric materi-
als [37]. In fact, the d33 coefficient reaches a value of 11
pm/V for a 30% film poled in the best conditions. This finding
could be related to the thermal epoxy ring-opening reaction
that partially binds the dyes even at low temperature.

On the other hand, the nonlinear activity is well re-
tained in time as demonstrated by thermal treatment of
Scheme 3. Constituents of NET2 film.
films with various chromophore weight. In particular,
Fig. 5 shows no detectable loss of activity within the exper-
imental error for a 30% sample kept at 85 �C in air during
several days.

This excellent stability of NET2 is not typical of simple
guest-host systems and is certainly due to strong degree
of crosslinking. Additional stabilising effect could also be
reasonably ascribed to the rigidity of naphthalene contain-
ing bridges from the passive co-crosslinker. It is to recall
that also crosslinked polyglycidylmethacrylate based NLO
polymers including chromophore pendants in the poly-
meric chains can attain high temporal stability of the non-
linear response. In fact, the SHG signal of poled samples
was reported to retain from about 80% [38] to 100% [39]
of its initial value. Our system attains in simple way a sim-
ilar result.

The intermolecular crosslinks deriving by the thermal
reaction of the hydroxyl groups of CTriox and of 2,20-(naph-
Fig. 5. SHG decay of NET2 (30%) poled film at 85 �C, showing the
temporal stability of the normalized NLO coefficient [d33(t)/d33(0)].



Fig. 6. IR spectra of NET2 (30%) film before (a) and after (b) crosslinking.
The characteristic epoxy signal at 903 cm�1 is marked.
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thalene-2,7-diylbis(oxy))diethanol with the glycidyl
groups of PGMA can be evidenced by FTIR spectroscopy
[38]. The decrease of epoxy signal (903 cm�1, see Fig. 6)
is diagnostic, indicating that a consistent thermo-cross-
linking has occurred in NET2 film.

3. Experimental part

3.1. Materials and methods

Thiophene, 2-amino-5-nitrophenol, N-phenyldiethanol-
amine, N-methyl aniline, acryloyl chloride, 4,40-trimethyl-
ene-dipiperidine, 2-bromoethanol, tris[2-(acryloyloxy)
ethyl]isocyanurate, tin powder, are commercially
available. All commercial products and solvents were used
without further purification.

2,20-(Naphthalene-2,7-diylbis(oxy))diethanol was
synthesised according to the procedure reported for the
2,6-isomer [40]. The synthesis of 2-nitrothiophene [8],
2-hydroxy-4-nitrobenzenediazonium chloride [41], 2-
(methyl(phenyl)amino)ethyl acrylate [42], 2,20-(pheny-
lazenedyl)bis(ethane-2,1-dyl)diacrylate [42], SnCl4-2-ami-
nothiophene hydrochloride [8] were performed according
to literature. PGMA was obtained by a typical radicalic
polyaddition in DMF at 70 �C with AIBN as initiator [42].

Optical observation was performed by using a Zeiss Axi-
oscop polarizing microscope equipped with FP90 Mettler
heating stage. Phase transition temperatures and enthal-
pies were measured using a DSC scanning calorimeter Per-
kin Elmer Pyris using a scanning rate of 10 �C/min, under
nitrogen flow. UV–vis absorption spectra were recorded
at room temperature by use of a Jasco V-560 Spectropho-
tometer. Thermogravimetric analysis was performed in
air by a TA Instruments SDT 2960 Simultaneous
DTA-TGA. 1H NMR spectra were recorded using Varian
Spectrometers operating at 200 and 300 MHz. The mass
spectra of the chromophores were recorded with a MALDI
TOF DE-PRO apparatus on a matrix of 2,5-dihydroxyben-
zoic acid. IR spectra were recorded on a FT/IR-430 JASCO
spectrophotometer.

Single crystals of CDiacr were obtained by slow evapo-
ration of chloroform/hexane solution. One suitable crys-
tal was mounted at room temperature on a Bruker–
Nonius Kappa-CCD diffractometer (Mo Ka radiation,
graphite monochromator, CCD rotation images, / + x
scans to fill asymmetric unit). The structure was solved
by direct methods (SIR97 package [43]) and anisotropi-
cally refined by the full matrix least-squares method on
F2 against all independent measured reflections (SHELXL
program of SHELX97 package [44]). Hydrogen atoms
were introduced in calculated positions and refined as
riding on their carrier atoms. Crystal data for CDiacr:
C25H22N6O6S, Mr = 534.55 triclinic, space group P�1,
Dcalcd = 1.362 g cm�3, Z = 2, a = 8.176(2) Å, b = 11.859(3)
Å, c = 15.016(3) Å, a = 67.61(2)�, b = 75.52(2)�, c = 85.57
(3)�, V = 1303.2(5) Å3. Approximate crystal dimensions
0.57 � 0.15 � 0.08 mm. Numbers of measured and un-
ique reflections were 15046 and 5362, respectively
(Rint = 0.0647). Final R1 = 0.0629, wR2 = 0.1630 for 344
parameters and 2575 reflections with I > 2r(I) and
2.80� < h < 26.62�. Largest difference peak and hole were
0.566 and �0.262 eÅ�3 [45].

3.2. Synthesis of the chromophores

3.2.1. C0 precursors
The synthesis of C0 precursors was performed by the

same general one-step procedure, and no two-rings inter-
mediate was isolated. As an example the synthesis of
C0Diacr is described.

3.2.1.1. C0Diacr. To a solution of 2-hydroxy-4-nitro-
benzenediazonium chloride (0.75 g, 2.78 mmol) in etha-
nol (80 mL) cooled at 10 �C, a solution of SnCl4-
aminothiophene hydrochloride (1.00 g, 2.78 mmol) in
water (20 mL) with HCl (1 mL, 37% solution) was added
under stirring. The mixture turned to dark red and was
kept under stirring for about 30 min. After this time HCl
(3 mL, 37%) and then a solution of NaNO2 (1.28 g,
18.5 mmol) in water (10 mL) were slowly added, and
the mixture was kept at room temperature for 15 min.
A solution of 2-(methyl(phenyl)amino)ethyl acrylate
(1.40 g, 6.82 mmol) in ethanol (20 mL) was added and
the mixture was stirred at room temperature for 1 h.
After this time, the mixture was poured on ice/water
and pH was regulated at about five with sodium acetate,
ensuing precipitation of a blue solid. The product was
recovered by filtration, washed twice with water, and
dried at 70 �C. The compound was dissolved in a mini-
mum amount of acetone and the solution adsorbed on
about 3 g of Florisil (100–200 mesh). The solvent was re-
moved by mild warming in an oven, and the solid was
layered on the top of a column containing about 200 g
of Florisil. Elution with chloroform afforded first an or-
ange fraction, and then the blue fractions containing the
product. By concentrating the blue solution to a small vol-
ume (about 10 mL) and adding hexane the product was
recovered. Two further crystallisations in CHCl3/hexane
(2:1) gave C0Diacr as a crystalline dark green solid (dark-
blue in solution). Yield: 45%.

1H NMR (CDCl3: Me4Si; 200 MHz) d: 3.20 (s, 3H), 3.79 (t,
2H, J = 5.8), 4.40 (t, 2H, J = 5.6), 5.86 (dd, 1H, J = 10.2,
J = 1.4), 6.20 (dd, 1H, J = 17.2, J = 10.5), 6.38 (dd, 1H,
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J = 17.4, J = 1.7), 6.82 (d, 2H, J = 9.0), 7.64 (d, 1H, J = 4.6),
7.85 (6H, m), and 11.73 (1H, s).

MS (m/s) 480.12 (M calc. 480.50).

3.2.1.2. C0Triacr. It was obtained by employing 2,20-(pheny-
lazenedyl)bis(ethane-2,1-dyl)diacrylate and purified by
the same pathway of C0Diacr. Yield: 50%.

1H NMR (CDCl3: Me4Si; 200 MHz) d: 3.69 (t, 2H, J = 6.0),
4.29 (t, 2H, J = 5.7), 5.77 (dd, 2H, J = 10.5, J = 1.4), 6.01 (dd,
2H, J = 17.1, J = 10.2), 6.30 (dd, 2H, J = 17.4, J = 1.6), 6.76 (d,
2H, J = 8.7), 7.55 (d, 1H, J = 4.5), 7.66 (d, 1H, J = 4.5), 7.73
(5H, m), and 11.00 (1H, s).

MS (m/s) 564.14 (M calc. 564.18).

3.2.1.3. C0Triox. It was obtained by employing N-phenyldi-
ethanolamine and purified by the same pathway of C0Diacr.
Yield: 44%.

1H NMR (DMSO; 200 MHz) d: 3.21 (8H, m), 4.79 (2H, s),
6.79 (d, 2H, J = 9.3), 7.60 (5H, m), 7.70 (1H, s), 7.94 (d, 1H,
J = 4.5), and 11.03 (1H, s).

MS (m/s) 456.12 (M calc. 456.20).

3.2.2. C dyes
CDiacr, CTriacr and CTriox were obtained by alkylation of

the phenolic function of the correspondent C0 precursors.
This alkylation, affording the C derivatives, was made with
minor modifications as reported elsewhere [42]. All com-
pounds were purified on a Florisil column.

3.2.2.1. CDiacr. Yield: 87%. 1H NMR (CDCl3: Me4Si;
200 MHz) d: 3.16 (3H, s), 3.80 (t, 2H, J = 6.0), 4.40 (t, 2H,
J = 5.9), 5.87 (dd, 1H, J = 10.2, J = 1.5), 6.10 (2H, m), 6.40
(2H, m), 6.76 (dd, 1H, J = 17.1, J = 1.0), 6.84 (d, 2H, J = 9.3),
7.62 (d, 1H, J = 4.4), 7.80 (d, 2H, J = 9.3), 7.92 (2H, m), and
8.35 (2H, m).

MS (m/s) 534.39 (M calc. 534.13).

3.2.2.2. CTriacr. Yield: 90%. 1H NMR (CDCl3: Me4Si;
200 MHz) d: 3.82 (t, 4H, J = 5.8), 4.41 (t, 4H, J = 5.7), 5.87
(dd, 2H, J = 10.4, J = 1.0), 6.15 (5H, m), 6.45 (4H, m), 6.74
(dd, 2H, J = 17.0, J = 1.5), 6.87 (d, 2H, J = 9.2), 7.68 (dd, 1H,
J = 4.4, J = 1.2), 7.87 (d, 2H, J = 9.0), and 7.80 (4H, m).

MS (m/s) 618.33 (M calc. 618.15).

3.2.2.3. CTriox. Yield: 80%. 1H NMR (DMSO; 200 MHz) d:
3.24 (12H, m), 4.77 (2H, s), 4.90 (1H, s), 6.77 (d, 2H,
J = 9.0), 7.67 (5H, m), 7.93 (2H, m).

MS (m/s) 500.42 (M calc. 500.15).

3.3. Poling and curing conditions of the crosslinked films

3.3.1. Preparation and poling of NET1 film (30% in
chromophore)

A solution of CTriacr (0.030 g, 0.048 mmol), tris[2-(acry-
loyloxy)ethyl]isocyanurate (0.031 g, 0.074 mmol) and of
4,40-trimethylene-dipiperidine (0.039 g, 0.184 mmol) in
chloroform (1 mL) was filtered on a 0.2 l PTFE filter and
spin-coated on glass substrate. The film was corona poled
by applying a voltage of 7 kV while temperature was raised
from 25 to 110 �C. After 2 h the sample was cooled to room
temperature and the electric field removed. The same pro-
cedure was followed for the systems with 5%, 10%, 20%
chromophore content.

3.3.2. Preparation and poling of NET2 film (30% in
chromophore)

A solution of PGMA (0.050 g, 0.352 mmol glycidyl
groups), CTriox (0.030 g, 0.059 mmol) and 2,20-(naphtha-
lene-2,7-diylbis(oxy))diethanol (0.021 g, 0.086 mmol) in
THF (2 mL) was filtered on a 0.2 l PTFE filter and spin-
coated on glass substrate. The film was corona poled by
applying a voltage of 7 kV while temperature was raised
from 25 to 140 �C. After 4 h the sample was cooled to room
temperature and the electric field removed.

The same procedure was followed for the systems with
5%, 10%, 20%, 40% and 54% chromophore weight content.

3.4. EFISH measurements

Measurement of lb nonlinearity of the chromophore
CDiacr was obtained by the EFISH technique. The set-up al-
lows the determination of the scalar lb product where l is
the ground state dipole moment and b the vector part of
the quadratic hyperpolarizability tensor. The light source
was a Q:switched Nd:Yag laser whose emission at
1.06 lm was shifted to 1.907 lm by stimulated Raman
scattering. Measurements were calibrated relative to a
quartz wedge: the experimental value of d11 = 1.2 � 10�9

esu at 1.06 lm was extrapolated to 1.1 � 10�9 esu at
1.907 lm. The projection b of the vector part of tensor bijk

along the direction of the dipole moment was finally deter-
mined, neglecting the purely electronic contribution com-
pared to the orientational part and allowing Kleinman
symmetry. Measurements were made in molar chloroform
solution at 5 kV. The lb value for CDiacr, at k = 1.907 lm, is
4950 � 10�48 esu (6111 � 10�80 C2 m4 V�2).

3.5. SHG measurements

SHG experimental data relative to p ? p experiments
(incident p-polarised wave ? detected p-polarised SH sig-
nal) were recorded as the incidence function at 1500 nm
wavelength (SH = 750 nm) and fitted according to Her-
mann and Hayden SH power equation [46]. The calibration
of the experimental setup was performed through SHG
measurements on a sample with known second order
NLO susceptibility. A 1 mm thick X-cut quartz plate was
used (d11 = 0.30 pm/V [47]). The conditions d15 = d31

(Kleinmann symmetry [48]) and d31 = 1/3d33 [49] were as-
sumed for the polymeric poled film and hence used in the
expression of deff [47].

Measurements of nonlinear coefficient d33 were per-
formed by means of the Maker fringes technique. The laser
beam at fundamental frequency was provided by an opti-
cal parametric oscillator (OPO) whose wavelength could
be tuned in the near-infrared range (800–1600 nm). The
OPO was pumped by a Q-switched Nd:YAG laser having
10 ns pulse duration and 10 Hz repetition rate. The laser
beam impinged on a variable attenuator made by a half-
wave retardation plate and a polarizing beam splitter cube,
allowing continuous variation of optical power impinging
on the sample. The fundamental beam reflected by the
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polarizing beam splitter cube was directed on a potassium
dideuterophosphate (KDP) crystal, whose second harmonic
signal, detected by a photodiode, was employed as a refer-
ence signal in order to take into account of the power fluc-
tuations of the fundamental laser beam. A double Fresnel
rhomb selected the proper polarization direction of the
fundamental beam impinging on the sample, which was
placed on a goniometric stage to allow variation of the inci-
dence angle. A coloured filter absorbed the unwanted fun-
damental wavelength signal transmitted through the
sample, while the second harmonic signal was detected
by a high sensitivity amplified photodiode. Both the elec-
tric signals coming from photodiodes were acquired by a
computer interfaced Tektronix TDS540 500 MHz band-
width digitizing oscilloscope.

4. Conclusions

Our results show that the use of disazo-thiophene based
chromophores can afford unprecedented NLO active cross-
linked materials with excellent temporal stability of pol-
ing. The level of the NLO properties displayed by the
‘‘model” dye is higher than for analogous known benzenoid
structures, while NLO properties of crosslinked films are in
medium range displayed by similar polymeric systems.
The approach used for the attainment of the material is
grounded on covalent bonding of the chromophore with
a simple reactive polymer. Crosslinking was attained with
straightforward epoxy chemistry in absence of initiator by
reaction of the dye with the monofunctional polymer. The
synthesis of the trifunctional chromophores was simplified
with respect to previous related protocols by direct use of
tin intermediates in the coupling step.
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The thermal stability of thin (50 nm) PEDOT:PSS films, was investigated by dc conductivity
measurements, X-ray and UV photoelectron spectroscopies as a function of heating tem-
perature and heating time. The mechanism of electrical conductivity as a function of tem-
perature is consistent with a hopping type carrier transport. The electrical conductivity
decreased, as a function of time, in agreement with a granular metal type structure, in
which aging is due to the shrinking of the PEDOT conductive grains. XPS and UPS spectra
indicate that conformational changes of the PEDOT:PSS film are responsible for this behav-
iour and a model for these modifications is proposed.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Organic semiconductors are of increasing interest as
new materials for optoelectronic devices. This class of
semiconductors is processed from solution, offering a huge
potential for low fabrication costs and flexibility. Polymer
emitting diodes (PLEDs), photodiodes and solar cells are
the optoelectronic applications under intense study [1].
One of the fundamental requirements for reliable opera-
tion of all organic optoelectronic devices is a stable anode
interface. Indium tin oxide (ITO) has been the preferred an-
ode for all organic optoelectronic devices due to its optical
. All rights reserved.

x: +30 2610 997428.
itoratos).
transparency and high conductivity [1–3]. However, the
work function of ITO is quite low (even after special ITO
treatment procedures such as plasma or oxygen treatment)
[4]. The most common way to improve hole injection/col-
lection is to incorporate a hole transporting layer (buffer
layer) on top of the ITO surface [4,5]. The most common
buffer layer is the poly(ethylenedioxythiophene):polysty-
rene sulphonate (PEDOT:PSS) [5].

Poly(3,4-ethylenedioxythiophene) (PEDOT), a p-conju-
gated polymer, combines high electrical conductivity with
excellent optical transparency [6]. The problem with its
low solubility is solved by the use of the water soluble
polyelectrolyte poly(styrene sulfonic acid) PSS as a charge
balancing dopant. PEDOT mixed with PSS forms an easily
processible colloidal solution in water. For organic
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optoelectronic applications PEDOT:PSS is an essential part
of the bottom electrode providing a high selective carrier
contact. The stability of PEDOT:PSS layer is of high impor-
tance and determines the lifetime performance of organic
optoelectronic devices. Despite the common use of
PEDOT:PSS the correlation between the electrical conduc-
tivity and the morphology and especially the irreversible
structural changes occurring during thermal degradation
are not fully understood [7,8]. The purpose of this investi-
gation is to study the thermal aging of the electrical con-
ductivity of PEDOT:PSS thin films and correlate this with
the morphological, composition and electronic structure
changes occurring during the thermal degradation.
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Fig. 1. Thermal degradation of the d.c. electrical conductivity of a 50 nm
thick PEDOT:PSS film heated at 120 �C under environmental conditions
for times between 0 and 55 h.
2. Methods

2.1. Materials

All measurements performed on 50 nm PEDOT:PSS
films coated on pristine plastic substrates (PET). An aque-
ous dispersion of PEDOT:PSS (CLEVIOS PH 500, H.C. Starck)
was used, where the ratio PEDOT-to-PSS was 1:2.5 by
weight.

2.2. Conductivity measurements

Temperature dependence d.c conductivity measure-
ments r = r(T) performed using a four-probe method. For
the temperature dependent studies a He filled cryostat
was used [9]. Samples from the same PEDOT:PSS film were
thermally treated at 120 �C in a thermostated oven under
environmental conditions for different times. The 0 h time
includes only the annealing step during the preparation
process 20 min. The conductivity versus temperature was
then measured after the heat treatment at every time.
These successive measurements give a set of r = r(T)
curves and the whole procedure is repeated until satura-
tion in conductivity is observed.

2.3. X-ray photoelectron and ultra-violet photoelectron
spectroscopies

X-ray photoelectron spectroscopy (XPS) was used to
investigate the variation in the chemical structures of the
sample surface of the PEDOT:PSS films before and after
the thermal degradation, while the variation of the
PEDOT:PSS valence band was investigated by ultra-violet
photoelectron spectroscopy (UPS). The photoelectron spec-
troscopy measurements were carried out in a commercial
ultra-high vacuum (UHV) system which consists of a fast
entry specimen assembly, a preparation and an analysis
chamber. The analysis chamber is equipped with a hemi-
spherical electron analyzer (SPECS LH-10), a twin anode
X-ray gun and a discharge lamp for X-ray and ultra-violet
photoelectron spectroscopy (XPS and UPS) measurements.
The base pressure was 5 � 10�10 mbar. The XPS measure-
ments were carried out with a non-monochromatic Mg
Ka line at 1253.6 eV and a constant analyzer pass energy
of 36 eV, while for UPS the HeI (21.22 eV) radiation was
used. The spectrometer was calibrated by the Au4f7/2 core
level (84.00 ± 0.05 eV) for a clean Au foil. The XPS resolu-
tion, measured by the full width at half maximum (FWHM)
of the Au4f7/2, was 1.10 eV for a constant pass energy of
36 eV. The analyzer resolution for the UPS measurements
is determined from the width of the Au Fermi edge and
is found 0.16 eV. A negative bias of 12.30 V was applied
to the sample during UPS measurements in order to sepa-
rate sample and analyzer high binding energy cut-offs and
estimate the absolute work function from the UV photo-
emission spectra.

3. Results and discussion

In Fig. 1 the d.c. conductivity r as a function of temper-
ature T is shown for PEDOT:PSS exposed to thermal
treatment times ranging from 0 to 55 h at 120 �C. The
mechanism of carrier (hole polarons) transport in
PEDOT:PSS is determined by its morphology. Conductive
PEDOT oligomers consisted of 5–15 repeat units are elec-
trostatically attached to twisted long insulating PSS chains,
which form grains 20–70 nm in diameter, whose surfaces
are rich in PSS [10,11]. So, in PEDOT:PSS, with its granular
structure of conductive PEDOT-rich grains enclosed in
insulating PSS-rich shells, the electrical conductivity is
not determined only from the hole polarons transport into
the PEDOT segments, but also by their hopping between
segments and grains.

Despite different interpretations of the temperature
dependence of the experimentally obtained conductivities,
typically r = r(T) is given by

rðTÞ ¼ r0 exp � T0

T

� �a� �
ð1Þ

which generally describes a hopping transport, where T0 is
a measure of the potential barrier height, as carriers get
thermally activated hopping among localized states at dif-
ferent energies [12–14]. On the other hand r0 is related to
the intrinsic conductivity of the grains, their size contribu-
tion, mean volume occupied by the conducting grains in
the material, etc. [15].
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In a material consisting of conductive grains embedded
into an insulating matrix, thermal degradation can be con-
sidered as a corrosion – a process which is reducing the
size of the grains and consequently enhancing their dis-
tance, or equivalently increasing the potential barrier for
polaron transport between them. In this case the conduc-
tivity can be described by the following equation

ln r ¼ r1 exp½�ðt=sÞ1=2� ð2Þ

in which t is the time of the thermal treatment and s is a
parameter characteristic of the aging rate. The higher the
s value, the slower the rate of degradation [16].

In the variable-range hopping (VRH) model of transport
the exponent a in Eq. (1) does not depend only on the
number of the hopping process dimensions D, but also on
the exponent l of the density of states g(E) / (E�EF)l near
the Fermi energy level EF, according to the formula
a = l + 1/(l + D + 1) [17].

In disordered systems, in which a self-assembled net-
work of conductive polymer, PEDOT in our case, spreads
in a matrix of insulating PSS, the carrier eigenstates display
spatial fluctuations described by a multifractal analysis, in
which the electrical conductivity follows Eq. (1) with the
exponent a decreasing systematically from 1 to 0.25 with
increasing the volume fraction of the conductive compo-
nent [18,19]. The exponent a = 1 indicates a nearest-neigh-
bor hopping (nn-H) between PEDOT particles [12]. On the
other hand, hopping conductivity in granular disordered
systems follows Eq. (1) with the exponent a ranging from
0.25 to 1 depending on the distribution of grain sizes. The
decrease of the particle size results in the reduction of the
exponent a from values about unity to 0.5 or 0.25 [20]. An
exponent a = 0.25 is consistent to a three-dimensional
VRH, though an exponent a = 1/2 can be attributed to many
cases. For example, the existence of an energy gap caused
by Coulomb interactions between the carriers results in a
a = 1/2. However, the non-zero density of states at the Fer-
mi level reveals that such an energy gap does not exist in
PEDOT:PSS [12]. Another explanation for the a = 1/2 value
is in the framework of the charging-energy limited tunnel-
ling (CELT) model, where carriers tunnel between small
conductive grains separated by insulating material
[21,22]. From the above it is apparent that the exponent
a can reveal valuable information about the conduction
mechanism in PEDOT:PSS.

In Fig. 2 the exponent a of Eq. (1) is shown for increas-
ing heat treatment time at 120 �C. For the fresh samples
(t = 0 h) a � 1 decreasing with thermal aging to the value
a � 0.5 at the end of it, after 55 h of heat treatment. Taken
into account the morphology of PEDOT:PSS, this means
that for the first stages of the heat treatment, the near-
est-neighbor hopping prevails, though later the charging-
energy limited tunnelling between adjacent conductive
grains determines the conduction. For a � 1, Eq. (1) takes
the well known Arrhenius formula, from which the mean
of the potential barrier height can be estimated to
E � 0.022 ± 0.001 eV for the fresh samples.

XPS and UPS were used to investigate the composition
and electronic structure changes due to the thermal aging
process. In Fig 3 the XPS spectra S 2p for PEDOT:PSS sam-
ples (a) fresh and (b) after heat treatment at 120 �C for 55 h
are shown. In both cases the S 2p spectrum appears in two
components. The component at lower binding energies is
attributed to the contribution of PEDOT and in particular,
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to sulphur atoms linked to carbon in the chemical struc-
ture of PEDOT and the peak at higher binding energies cor-
responds to the sulphur atoms in the PSS polymer. The
spectra were fitted with mixed Gaussian–Lorentzian peaks
after Shirley background subtraction The PEDOT compo-
nent is fitted in all cases with a single spin-orbit doublet
at 164.0 ± 0.1 eV and 165.2 ± 0.1 eV binding energy and a
2p3/2 to 2p1/2 ratio of 2:1, the splitting of 1.2 eV being
that expected for S 2p. The contribution of PSS to the S
2p peak is due to the doping ions PSS�H+ (spin-orbit dou-
blet at 168.4 eV and 169.6 eV binding energy) and to the
PSS�Na+ salt [23,24] (spin-orbit doublet at 168.0 eV and
169.2 eV binding energy). Na+ residues originate from
Na2S2O8 oxidizing agent used during the polymerization
of PEDOT [25]. The original ratio of PSS-Na to the PSS-H
in the PSS layer is found equal to 1.5 and it drops to 0.6
after the heat treatment. From them it can be seen that
there is a decrease of the PSS-Na bond in the PSS chains
due to thermal aging. The PEDOT-to-PSS ratio in the sur-
face region can be calculated from the total area under
the S2p core level spectra and it was found 1:2.9 for the
PEDOT:PSS before thermal degradation. After thermal deg-
radation up to 55 h at 120 �C this ratio becomes 1:2.4. As
has also reported before for the fresh PEDOT:PSS the spec-
tra indicate that there is phase segregation with an excess
of PSS [25]. During this work we show that after 55 h at
120 �C the excess of PSS is slightly reduced.

In order to estimate the thickness d of the outermost
PSS layer, we consider PSS and PEDOT as two separated
polymers growing in the form of a ‘‘layer over layer” struc-
ture ending in a pure PSS layer and compare the intensities
from the contribution to the S2p peak of each polymer. The
thickness is given by the expression

d ¼ k ln½ðIPSS=I0
PSSÞ=ðIPEDOT=I0

PEDOTÞ þ 1� ð3Þ

where k = 2.7 ± 0.3 nm, is the electron inelastic mean free
path, and Ix, I0

X are the measured and expected signal inten-
sities from species X, respectively [23]. The above equation
yields an outermost PSS layer thickness of 3.6 nm for the
PEDOT:PSS before thermal degradation and 3.4 nm after
thermal aging at 120 �C for 55 h, verifying that there is a
thinning of the PSS layer on the surface.

From UPS spectra of the same PEDOT:PSS sample before
and after the heat treatment at 120 �C, it can be seen that
the density of the electronic states near the Fermi level
slightly increases, although the work function of the sur-
face decreases from 4.7 eV for the fresh sample to 3.7 eV
at the end of the heat treatment. These can be attributed
to the removal of the insulating PSS from the surface,
which leaves an area enriched in PEDOT, from which is eas-
ier to remove carriers and as a p-doped conjugated poly-
mer has occupied valence band states near the Fermi
level [26].

From Fig. 3 it can also be seen that the peaks corre-
sponding to the PSSH bond diminish with aging. This indi-
cates that there is enough energy for the breaking of the
electrostatic bonding between PSS and PEDOT, which grad-
ually leads to the reeling off the PSS chains and on the
other hand to the formation of PEDOT-rich clusters be-
tween the PSS chains [13,23].
From Fig. 4 it is shown that for heating temperature
120 �C the experimental data follow very well Eq. (2).
Moreover, from the fitting of the experimental data, the
parameter s takes the value 96 h and from Eq. (2) it can
be calculated that the time of heating, for the conductivity
of the sample to become half of its original value, is 46.1 h,
in excellent agreement with the experiment, from which
this time is 46.3 h. This is consistent with a granular struc-
ture of PEDOT:PSS and an electrical conductivity degrada-
tion, in which the main contribution comes from the
progressive increase of the potential barriers between the
conductive grains with heat treatment.

The above experimental results can be explained by the
following model of conformational changes during the
thermal aging. At the first stage of heating, the PSS chains
are perplexed, as it is shown in Fig. 5 and the agitation of
the Cl� ions (their existence is verified by EDX spectro-
grams) attached weakly to the hole polarons on the PEDOT



Fig. 6. The ionic bonds between PEDOT and the PSS chains start to break.
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oligomers, makes them to wander further away from the
polaron vicinity, increasing the mobility of the latter. This
makes the grains more conductive as it is revealed from
the decrease of the exponent a and the increase of r0.

At a second stage of the heat treatment, shown in Fig. 6,
the ionic bonds between the PEDOT oligomers and the PSS
chains start to break.

The remaining negative charges on the PSS chains re-
pulse each other resulting in an improvement of their
alignment. In this stage the conductive PEDOT oligomers
concentrate between the aligned PSS chains forming grains
of enhanced conductivity, as it is shown in Fig. 7.

The hydrophilic character of PSS, makes it to be concen-
trated at the surface of the grains, increasing the height of
the potential barriers, as this stage progresses, in contrast
to the hydrophobic PEDOT, which is accumulated in
increasing numbers in the interior of the grains. This can
explain the continuous decrease of the exponent a and
the decrease of r0, although T0, the measure of the barriers
height increases continuously with the thermal aging. At
the end of the heat treatment, most of the electrostatic
bonding between PEDOT and PSS is removed, as it is re-
vealed by the XPS spectrograms.
Fig. 7. PEDOT oligomers start to form conducting grains.
From Fig. 4 it is shown that for heating temperature
120 �C the experimental data follow very well Eq. (2).
Moreover, from the fitting of the experimental data, the
parameter s takes the value 96 h and from Eq. (2) it can
be calculated that the time of heating, for the conductivity
of the sample to become half of its original value, is 46.1 h,
in excellent agreement with the experiment, from which
this time is 46.3 h. This is consistent with a granular struc-
ture of PEDOT:PSS and an electrical conductivity degrada-
tion, in which the main contribution comes from the
progressive increase of the potential barriers between the
conductive grains with heat treatment.

From the total areas below the peaks representing the
contribution of PSS and PEDOT to the XPS peak of S2p,
the PEDOT-to-PSS molar ratio in the surface region
(�10 nm) for the fresh samples was estimated to 1:2.9,
though for the samples at the end of the heat treatment
was 1:2.4. This indicates that in fresh samples there is an
excess of PSS at the surface, which is removed by the heat
treatment, in agreement with previous measurements
[23–25].

From UPS spectra of the same PEDOT:PSS sample before
and after the heat treatment at 120 �C, it can be seen that
the density of the electronic states near the Fermi level
slightly increases, although the work function of the sur-
face decreases from 4.7 eV for the fresh sample to 3.7 eV
at the end of the heat treatment. These can be most likely
attributed to the removal of the insulating PSS from the
surface, which leaves an area enriched in PEDOT, from
which is easier to remove carriers and as a p-doped conju-
gated polymer has occupied valence band states near the
Fermi level [26]. As has already been reported by differen-
tial scanning calorimetry (DSC) and other thermal degra-
dation studies [27,28], decrease of the work function due
to the decomposition of PEDOT:PSS, as Diels–Alder reac-
tion (SO2-extrusion), starts at higher temperatures (225–
230 �C) from the ones used in this study (120 �C).

4. Summary and conclusions

The aging of PEDOT:PSS films 50 nm thick was
investigated by dc conductivity measurements, X-ray
and UV photoelectron spectroscopies for thermal
treatment at 120 �C under environmental conditions. The
electrical conductivity versus T followed the formula
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r = r0 exp[� (T0/T)a], consistent with a carrier transport of
the hopping type. The exponent a, decreased with aging
from a value of �1 for the fresh samples to a value �0.5
at the end of the thermal treatment. This indicates a
change in the conduction mechanism from the nearest-
neighbour hopping at the beginning of the heat treatment
to the charging-energy limited tunnelling between the
conductive grains as thermal aging progresses. On the
other hand the electrical conductivity at room temperature
vs. t, the time of the heat treatment, decreased following
the formula r = r1exp[�(t/s)1/2], in agreement with a gran-
ular metal type structure, in which aging is due to the
shrinking of the conductive grains, with s = 96 h. From
the last formula the time t for which r becomes half of
its original value, is calculated to be 46.1 h in agreement
with the value 46.3 h obtained from the r = r (N) curves
for different t. Moreover, the XPS and the UPS spectra
before and after thermal degradation revealed a slight
decrease of the insulating PSS from the surface. According
to the proposed model thermal aging starts with an in-
crease of the mobility of the hole polarons in PEDOT oligo-
mers attached to insulating PSS chains, improving
conductivity into the grains, which reduces a and increases
r0. At a second stage, the ionic bonds between PEDOT and
PSS start to break, the PSS chains bearing negative charge
at intervals align better themselves and PEDOT oligomers
concentrate between them, further enhancing the conduc-
tivity of the grains. At the final stage the bonds between
PEDOT and PSS break down, as XPS spectograms reveal.
The conducting PEDOT being hydrophobic concentrates
into the interior of the grains, although the insulating PSS
being hydrophilic concentrates at the borders of the grains
enhancing the potential barriers between the grains. These
can explain the increase of r0 and T0 with thermal
treatment.
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a b s t r a c t

Herein, we investigate the effects of the solvents used in the passivation process on the
behavior of pentacene field-effect transistors (FETs) and report on the fabrication of a pas-
sivation layer for pentacene FETs via inkjet-printing using photocrosslinkable poly(vinyl
alcohol), N-methyl-4(40formylstyryl) pyridinium methosulfate acetal (SbQ-PVA). The pas-
sivated pentacene FETs – composed of inkjet-printed SbQ-PVA containing polystyrene/
SiO2 and poly(4-vinyl phenol)/SiO2 dual-layer gate dielectrics – retain their electrical prop-
erties for much longer periods than the unpassivated devices. Studies of the device perfor-
mance show that inkjet-printed passivation is better than spin-coated passivation.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction backs, including long processing times and high costs.
In recent years, pentacene field-effect transistors (FETs)
exhibiting high-performance have been reported by many
research groups. The behaviors of some of these devices
are comparable to those of amorphous silicon transistors
[1,2]. However, although pentacene FETs show good per-
formance in the short term, their electrical properties are
significantly degraded over time by water and oxygen spe-
cies present in ambient air [3–6]. Accordingly, the intro-
duction of a passivation layer is necessary to protect the
devices from the effects of water and oxygen. There are
two representative ways to form a passivation layer,
namely, vacuum deposition [7–9] and solution deposition
[10,11]. To date, vacuum deposition processes, such as
atomic layer deposition [7] and chemical vapor deposition
[8,9], have been predominantly used to produce passiv-
ation layers. However, these processes have many draw-
. All rights reserved.

x: +82 54 279 8298.
Solution-deposition processes, by contrast, have the
advantages of allowing simple and low-cost processing in
short times. Therefore, in this study, we fabricate two dis-
tinct kinds of solution-processed passivation layers by
means of inkjet-printing and spin-coating. Our results
show that the inkjet-printing technique has many advan-
tages over spin-coating. In the former case, no photolithog-
raphy process is required, because it is possible to pattern
directly on the surface. Therefore, inkjet-printing can be
conveniently applied to active-matrix displays and inte-
grated circuits [12].

It is very important to choose appropriate solvents for
the fabrication of solution-processed passivation layers,
because the performance of the pentacene FETs is signifi-
cantly affected by the solvent used. Gundlach et al. [13]
showed that exposure of a pentacene film to solvents, such
as acetone, isopropanol, and ethanol, induces a phase tran-
sition within the film from the thin-film to the bulk phase.
Here, we investigate the solvent effects on the structure
and morphology of pentacene films by using atomic force

mailto:cep@postech.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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microscopy (AFM) and X-ray diffraction (XRD). We also
fabricated passivation layers for pentacene FETs, using
photocrosslinkable poly(vinyl alcohol), N-methyl-
4(40formylstyryl) pyridinium methosulfate acetal
(SbQ-PVA) (Polysciences, Inc.), and characterized the
time-dependent electrical performance of the devices.

2. Experiments

We fabricated high-performance pentacene FETs using
a heavily doped Si wafer as gate substrate (see Fig. 1a). A
dual-layer composed of thermally grown 300-nm-thick
SiO2 and spin-coated 40-nm-thick polymer films of
polystyrene (PS) or poly(4-vinyl phenol) (PVP) was used
as gate dielectric. PVP was thermally crosslinked (at
200 �C for 2 h) using poly melamine-co-formaldehyde as
crosslinking agent. Subsequently, a 50-nm-thick pentacene
film was deposited onto the dielectric layer by means of
organic molecular beam deposition under high vacuum
(i.e., 10�7 Torr) and at a rate of 0.2 Å/s through shadow
mask. For the top-contact geometry of the pentacene FETs,
we deposited the source/drain electrodes by thermally
evaporating gold through a shadow mask on the active
layer. We used two kinds of shadow masks, with channel
width (W)/length (L) ratios of 10 and 15.

To investigate the effects of the solvent on the crystal-
linity of the pentacene films, the organic-semiconductor
layers were exposed to deionized (DI) water, ethanol, and
toluene (by spin-coating), and the film morphologies and
molecular orderings were investigated using an AFM (Dig-
ital Instruments Multimode SPM) and an XRD (Pohang
Accelerator Laboratory 10C1 beam line), respectively. The
polymer SbQ-PVA was dissolved in DI water and either
inkjet-printed or spin-coated onto the pentacene FETs.
The inkjet printer was equipped with a drop-on-demand
piezoelectric print head with a nozzle size of 50 lm (man-
ufactured by Microfab Technologies, Inc.). Uniform drop-
lets of 1.3 wt% SbQ-PVA in DI water were gained at a
frequency of 200 Hz and a substrate temperature of
50 �C. The dot-to-dot distance was 50.8 lm. An optical
microscopy (OM) image of the inkjet-printed passivation
layer is shown in Fig. 1b. A 200-nm-thick SbQ-PVA layer
was deposited by spin-coating a 6.3 wt% solution in DI
water at 1500 rpm. This film was then exposed to a fluo-
rescent lamp for one hour and to UV light (k = 365 nm,
Fig. 1. (a) Schematic representation of a pentacene FET and (b) OM imag
power = 7 W, ENF-240C, Spectroline�) for 20 min to con-
duct photocrosslinking. The thickness of the film was mea-
sured with a surface profiler (Alpha-step� 500, KLA
Tencor). A UV–vis–NIR spectrophotometer (Cary 5000,
Varian Co.) was used to study the UV absorbance and the
degree of crosslinking. The electrical characteristics of the
pentacene FETs were measured with Keithley 2400 and
236 source/measure units. The capacitances were charac-
terized using a 4284A LCR meter (Agilent Tech.).

3. Results and discussion

Fig. 2 shows the effects of varying the solvent on the
studied pentacene films. Specifically, Fig. 2a displays the
height-mode AFM topography of a nonexposed pentacene
surface, and Fig. 2b–d shows images of the pentacene film
after exposure to DI water, ethanol, and toluene. Fig. 2e
shows XRD analyses of pentacene films before and after
exposure to different solvents. After exposure to DI water,
the film exhibits the morphology similar to that of the pris-
tine pentacene layer, with a root-mean-square (Rq) rough-
ness of 7.4 nm (see Fig. 2a and 2b). In addition, the DI
water-exposed film is characterized by a thin-film phase
with an interlayer spacing d001 of 15.5 ± 0.1 Å, which is
similar to that of the pristine layer. The pentacene films ex-
posed to other solvents exhibit high Rq roughnesses (be-
tween 15 and 30 nm). The XRD results indicate a phase
transition from the thin-film to the bulk phase after etha-
nol and toluene exposure. Therefore, DI water is the most
suitable solvent for the passivation of pentacene FETs, be-
cause the organic solvents damage the pentacene thin-
film. These results coincide with those recently reported
by Han et al. [11]. Thus, water-soluble SbQ-PVA can be
used as a passivation layer. SbQ-PVA has powerful advan-
tages over poly(vinyl alcohol) (PVA), which is commonly
employed as a passivation layer, as the latter material is
not completely adequate for this purpose due to its ultra-
hydrophilic properties and high water-vapor transmission
rate [14]. Therefore, an additional crosslinking agent and/
or the introduction of another hydrophobic layer must be
used in conjunction with PVA. SbQ-PVA can be photocross-
linked via a [2+2]-cycloaddition [15,16], which enhances
its barrier properties (see Fig. 3a). Fig. 3b shows UV–vis
absorption spectra of the SbQ-PVA film before and after
UV exposure. The absorbance of the UV-exposed film is
e of an inkjet-printed passivation layer on a pentacene FET (�200).



Fig. 2. Height-mode AFM images of (a) a pristine pentacene film, (b) a DI water-exposed pentacene film, (c) an ethanol-exposed pentacene film, (d) a
toluene-exposed pentacene film, and (e) XRD patterns of a pristine pentacene film and of various solvent-exposed pentacene films.
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remarkably diminished relative to that of the pristine film,
which verifies photocrosslinking due to quenching of the
C@C double bond of the 4(40formylstyryl) pyridinium
methosulfate salts to form the [2+2]-cycloaddition prod-
ucts. The crosslinked SbQ-PVA film was found to be robust,
even after 20 min of ultrasonication in DI water, which
indicated that it had been photocrosslinked by fluorescent
light.

In previous studies, the degradation of pentacene FETs
was mainly due to water present in ambient air rather than
to oxygen [17,18]. Therefore, we focus here on the effect of
water on the degradation of the devices. Fig. 4 shows the
degradation of the electrical characteristics of pentacene
FETs (PS/SiO2 dual-layer gate dielectrics) without, with
inkjet-printed, and with spin-coated passivation layers
after 10 days. The field-effect mobility (l) was obtained
from the slope of a plot of the square root of the drain
current (ID) versus the gate voltage (VG) in the saturation
regime using the following equation: ID = (WCi/2L)l
(VG�Vth)2, where ID is the drain current, Ci is the
capacitance per unit area of dielectrics (10 nF/cm2 at
100 kHz), and Vth is the threshold voltage in ambient air
(with a humidity of 60–80%) at room temperature. The
pentacene FETs lacking a passivation layer showed a signif-
icant decrease in mobility, from the initial value (l0) of
0.71 cm2/Vs to 0.22 cm2/Vs (30% of l0), as shown in
Fig. 4a. Water molecules in ambient air have been reported
to diffuse into the grain boundaries of the polycrystalline
semiconductor layer and/or the interface between the
semiconductor and the gate dielectric, thereby generating
both donor- and acceptor-like traps and leading to a signif-
icant degradation of the mobility [18].

The devices containing a passivation layer did not un-
dergo a significant change in mobility when compared
with the unpassivated devices (see Fig. 4b and 4c). The
changes in Vth, the on/off ratio (Ion/off), and the subthresh-
old swing (SS) were negligible. The device containing the
inkjet-printed passivation layer showed a better electrical
performance than that based on the spin-coated film. Since
inkjet-printing allows the deposition of well-defined,



Fig. 3. (a) Chemical structures of SbQ-PVA (left) and photochemically
crosslinked SbQ-PVA (right) and (b) Changes in the UV–vis absorption
spectra of a SbQ-PVA film.
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high-resolution lines (with dimensions of several tens of
micrometers), while spin-coating takes place on the whole
semiconductor area, less passivation solvent will come in
contact with the semiconductor in the first case, which re-
sults in less degradation of the performance of the inkjet-
printed devices.
Fig. 4. Transfer characteristics and mobility drops of pentacene FETs (PS/SiO2

printed passivation layer, and (c) with a spin-coated passivation layer. The char
represent the square root of ID versus VG, whereas the right ones are ID versus V
Fig. 5 shows the transfer characteristics of pentacene
FETs (PVP/SiO2 dual-gate dielectrics) without a passivation
layer, and with inkjet-printed and spin-coated layers. The
characteristics are reported for a period of 100 days in
ambient air (with a humidity of 60–80%) at room temper-
ature. The ID–VG transfer curves of the pentacene FETs were
obtained in the linear regime (VD = �6 V). The l0 values for
the devices without, with inkjet-printed, and with spin-
coated passivation layers were 0.21, 0.22, and 0.24 cm2/
Vs, respectively. These values were calculated by fitting
the experimental data to the following equation: l =
(L/WCiVD)(oID/oVG), where Ci was 9.4 nF/cm2 at 100 kHz.
After 100 days, the relative mobility (l/l0) of the penta-
cene FETs without a passivation layer dropped to 0.6,
whereas those of the devices containing inkjet-printed
and spin-coated passivation layers decreased to 0.7 and
0.65, respectively. In particular, the changes in the values
of the turn-on voltage (Vturn-on), Vth, and IOFF are much
larger in the devices without passivation than those with
passivation (see Fig. 6). Vturn-on is the voltage where sub-
threshold current starts increasing exponentially.

These results can be attributed to the presence of ab-
sorbed water molecules on the pentacene layer close to
the gate dielectrics, which act as acceptor-like traps that
can be filled with injected electrons at positive VG values,
thus leading to the accumulation of negative charges. As
a consequence, extra holes are required to balance the
stored negative charges, and Vturn-on and Vth move to more
positive values. Moreover, the value of IOFF at positive VG is
higher than that of the devices without acceptor-like traps
[19,20].

In addition to the variations in Vturn-on, Vth, and IOFF, the
time dependence of SS also shows certain differences be-
tween the passivated and unpassivated devices. The
dual-gate dielectrics) (a) without a passivation layer, (b) with an inkjet-
acteristics were measured for 10 days. In the top graphics, the left curves
G.



Fig. 5. Transfer characteristics of pentacene FETs (PVP/SiO2 dual-gate dielectrics) (a) without passivation layer, (b) with an inkjet-printed passivation layer,
and (c) with a spin-coated passivation layer. The characteristics were followed for 100 days. The ID–VG transfer curves were measured in the linear regime
(VD = �6 V).

Fig. 6. Time-dependent changes of the (a) Vturn-on, (b) relative Vth, and (c)
IOFF values of pentacene FETs (PVP/SiO2 dual-gate dielectrics) with and
without passivation layer.
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parameter SS is an important factor determining the volt-
age swing when a device is turned from the ‘‘off” to the
‘‘on” state and should be kept as low as possible. As men-
tioned above, the water molecules in the semiconductor
act as trap sites, thus resulting in an increase of SS [20].
The SS value of the unpassivated device changed from 1.4
to 2.75 V/decade, whereas that of the device containing
the inkjet-printed passivation layer only showed a small
variation (from 1.3 to 1.7 V/decade).

We can conclude that the water-repellent properties of
SbQ-PVA can protect the passivated devices from water
molecules present in ambient air, so that the values of
Vth, IOFF, and SS are less affected in this case relative to
the unpassivated devices. Since the FETs based on inkjet-
printed passivation layers show the most stable electrical
properties, we can affirm that inkjet-printing is a promis-
ing solution-processing passivation technique with the
advantage that it allows direct patterning with high-
resolution.
4. Summary

We investigated how the solvent used for passivation
affects pentacene thin-films. The results showed that
water is the most adequate solvent because it does not dis-
rupt the pristine crystalline structure of the pentacene
films. We introduced water-soluble and photocrosslink-
able SbQ-PVA as a passivation material for pentacene FETs.
Although this material normally dissolves well in water, it
shows good water-resistant properties after photocross-
linking. Pentacene FETs containing an inkjet-printed and
photocrosslinked SbQ-PVA passivation layer showed good
time-dependent electrical performance, even after 100
days of aging in ambient air with 60–80% humidity. In
addition, we found that inkjet-printing is a better proce-
dure than spin-coating, because it leads to better device
performance and offers additional advantages during the
manufacturing process, for example, direct patterning
and high-resolution.
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a b s t r a c t

The authors fabricated thin films by solution processes using liquid-crystalline (LC) semi-
conductors, 5-alkyl-5’’-(4-hexyltetrafluorophenyl)-2,2’:5’,2’’-terthiophene (2–5). Films of
5-propyl-5’’-(4-hexyltetrafluorophenyl)-2,2’:5’,2’’-terthiophene (2) show similar molecular
packing as their non-fluorinated counterparts. However, the degree of molecular packing
ordering from X-ray diffraction measurement is higher, and the films exhibit a more crys-
tal-like structure. Moreover, fluorination has a remarkable effect on their mesomorphic
behaviors. Films of 2 consist of large size LC domains (in the range of 100 lm) at room tem-
perature. Thin-film transistors (TFTs) of 2 show p-type operation with good hole mobility
up to 0.027 cm2/Vs as well as improved operation stability under ambient conditions and
high on/off ratio. Tetrafluorophenyl substitution leads to lowering of HOMO energy by
0.15 eV for 2 and 0.35 eV for 5, resulting in operation stability. Variable-temperature
current-voltage measurements indicate intrinsic carrier transport in films of 2.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In the quest for commercially successful organic field-
effect transistors (OFETs), device fabrication by a solution
process will be favorable due to its potential for large-area
applicability and low cost production. However, the mobil-
ity of OFETs prepared by such a process is usually lower
than that of devices fabricated by vacuum deposition.
In addition, soluble conjugated polymers [1–3], solution-
. All rights reserved.

ax: +81 3 5841 8661.
ac.jp (M. Funahashi),
processable pentacene [4], and soluble precursors that
can be converted into polycrystalline thin films [5] have
been utilized to fabricate OFETs; however, a number of de-
fects that inhibit smooth carrier transport are formed
when polycrystalline thin films are formed.

Recently, liquid-crystalline (LC) semiconductors have
emerged as promising materials for organic electronics
[6–8]. They are solution-processable because of the ther-
mal movement of the long alkyl chains attached to the
LC molecules, which can self-assemble into large-area do-
mains with a crystal-like structure and low defect density.
Thus, the influence of grain boundaries, which seriously
hinder charge carrier transport in polycrystalline materials,

mailto:funahashi@chembio.t.u-tokyo.ac.jp
mailto:n.tamaoki@aist.go.jp
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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is significantly suppressed [9]. Such capability of LCs to
self-organize into ordered thin films is also favorable to
electronic applications requiring homogeneity over large-
area.

Bulk carrier mobility in columnar [10–12], smectic [13–
16], nematic, and cholesteric [17–20] phases has been
determined by the time-of-flight (TOF) technique. High
carrier mobility, in excess of 0.1 cm2/Vs, has been observed
in highly ordered columnar and smectic phases of LC mol-
ecules with a large p-conjugated system. It should be
noted that a domain structure with size exceeding several
lm is often formed in LC phases, and the domain boundary
does not inhibit electronic carrier transport [9] when
compared with molecular crystals. Recently, large-area LC
thin-film transistors (TFTs) were fabricated [21–23] by
utilizing the self-organization properties of LC semicon-
ductors, although most LC semiconductors recrystallize at
room temperature, leading to an increase in the density
of defects and carrier traps.

Recently, our group developed the LC material: 5-pro-
pyl-5’’-(4-pentylphenyl)-2,2’:5’,2’’-terthiophene (1) [23].
It exhibits a highly ordered smectic phase at room temper-
ature and fast ambipolar transport with the hole and
electron mobility of 0.07 cm2/Vs and 0.2 cm2/Vs in the bulk
state, respectively. LC thin films with a thickness of 50 nm
were fabricated by the spin-coating method and they can
be applied to TFTs. The hole mobility of 0.04 cm2/Vs was
achieved on TFTs using this solution-processable LC semi-
conductor [24]. This good performance of the devices could
be attributed to the highly ordered structure of the LC thin
films with low defect density and domain size as compared
to the channel length.

The stabilization of the LC thin films against oxidation is
indispensable for the realization of practical FET devices
working under ambient air for long time periods. For this,
an increase in the oxidation potential by the introduction
of electron withdrawing moieties is effective. The tetraflu-
orophenyl group has moderate electronegativity and does
not deteriorate molecular linearity because of the small
van der Waals radius of the fluorine atoms and its symme-
try. In addition, it is known that when the terafluorophenyl
moiety is introduced in LC molecules, it lowers their phase
transition temperatures and increases their mobility [25].
It is expected that this property would result in the forma-
tion of large domains during LC thin-film formation. The
effect of the tetrafluorophenyl group on the liquid crystal-
linity of phenylbithiophene derivatives [25] and conju-
N,N-dimethylacet
C6H13
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F F
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Scheme 1. Synthetic route of tetrafluor
gated polymers [26] has been studied. However, no
examples of LC semiconductors with low molecular weight
for TFTs exist.

In this work, we developed LC terthiophene derivatives
with the tetrafluorophenyl group, 5’’-(4-hexyltetrafluoro-
phenyl)-2,2’:5’,2’’-terthiophene derivatives (2–4), as well
as a more electronegative LC terthiophene compound with
both tetrafluorophenylene and perfluoroalkyl groups
5-perfluoro-hexyl-5’’-(4-hexyl-tetrafluorophenyl)-2,2’:5’,
2’’-terthiophene (5), both of which are analogues of com-
pound 1. We performed a detailed investigation of the
fluorination effect on LC phase transition, molecular pack-
ing, and film structure as well as their relationship with
carrier transport in the TFTs.

2. Results and discussion

2.1. Material design and synthesis

As shown in Scheme 1, 5-(4-hexyl-2,3,5,6-tetrafluoro-
phenyl)-5’’-alkyl-2,2’:5’,2’’-terthiophene (2–4) and
5-(4-hexyl-2,3,5,6-tetrafluorophenyl)-5’’-perfluorohexyl-
2,2’:5’,2’’-terthiophene (5) were synthesized by a cross-
coupling reaction between 5-bromo-5’’-alkyl-2,2’:5’,
2’’-terthiophene and 1-hexyl-2,3,5,6-fluorobenzene
catalyzed by palladium (II) acetate and di-tert-butylmeth-
ylphosphonium tetrafluoroborate in N,N-dimethylacet-
amide, a process reported by Fagnou et al. [27], because
of the low reactivity of tetrafluorophenyl borate under a
conventional Suzuki coupling reaction. In contrast, non-
fluorinated compound 1 can be synthesized by the conven-
tional Suzuki coupling reaction between alkylphenylboric
acid and 5-bromo-5’’-alkyl-2,2’:5’2’’-terthiophene [23].
Tetrafluorophenylterthiophene derivatives 2–5 were
obtained in satisfactory yield and the crude products were
purified by silica gel column chromatography and recrys-
tallization from n-hexane.

2.2. Mesomorphic behaviors

The phase transition temperature was determined by
differential scanning calorimetry (DSC) and the observa-
tion of optical textures under a polarized light microscope
(POM). The LC phase structure was investigated by X-ray
diffraction (XRD).

Compound 2 exhibits an enantiotropic nematic (N)
phase and a highly ordered mesophase (M), as well as a
amide, 120 oC

2 R = C3H7: 46 %, 3 R = C6H13: 66 %, 4 R =  C12H25: 57 %, 5 R = C6F13 48 %
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ophenylterthiophene derivatives.



Table 1
Phase transition temperature of 5-(4-hexyltetrafluorophenyl)-5’’-alkyl-2,2’:5’,2’’-te

Heating

2 R = C3H7 M 112 �C N 142 �C Iso
3 R = C6H13 M 114 �C SmA 130 �C N 139 �C
4 R = C12H25 M2 89 �C SmA 135 �C Iso
5 R = C6F13 Cryst. 149 �C SmA 209 �C Iso

M, M1, and M2 are unidentified mesophases.
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Fig. 1. (a) DSC profile of tetrafluorophenylterthiophene derivative 2. (b)
Micrographic textures in the mesophase of compound 2 at room
temperature under a polarized light microscope. (c) X-ray diffraction in
the mesophase of compound 2 at room temperature.
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monotropic smectic A (SmA) phase. In the DSC curve of
compound 2, shown in Fig. 1(a), two peaks corresponding
to an isotropic-N phase transition at 141 �C and a N-SmA
at 106 �C with small transition enthalpies of 0.2 J/g as well
as a peak corresponding to SmA-M transitions at 75 �C
with a transition enthalpy of 8.4 J/g were observed in the
cooling process. In the heating process, the curve exhibits
one strong peak corresponding to the transition between
the M phase and the N phases at 112 �C as well as a weak
peak corresponding to the transition between the N and
isotropic phases at 142 �C. When the M phase was cooled
to �50 �C, no glass transition was observed. From the
schlieren and fan-like textures under the observation of a
polarized light microscope, the two phases that appear in
the high-temperature region were identified as N and
SmA phases, respectively. The result of X-ray diffraction
also supports that these two phases are nematic and smec-
tic phases, respectively. In the M phase, mosaic texture
with defect lines as shown in Fig. 1b was observed. In the
X-ray diffraction of the M phase of compound 2 (Fig. 1c),
which appears below 75 �C in the cooling process, the
strong diffraction (100) at 2h = 4.14� indicates a layer
structure whose spacing is 23.1 ÅA

0

. This value is slightly
smaller than the molecular length (29.8 ÅA

0

) with all-trans
conformation, determined by MM2 calculation. And a
number of peaks were observed between 2h = 10� and
30�, indicating that this phase has crystal-like 3-D struc-
tures. However, this phase exhibits fluidity above 100 �C
on heating, below phase transition to the N phase, indicat-
ing that this is a mesophase with a freedom of molecular
thermal movement. The optical micrographic texture re-
vealed domains with a relatively large size exceeding sev-
eral ten lm. Such a mesophase of 3-D order was observed
in dithenylbenzene derivatives reported by Shimizu et al.
[28]. It should be noted that this mesophase is retained be-
low room temperature and compound 2 possessed no
phase transition when it was cooled to �50 �C. The free-
dom of molecular thermal movement in the mesophase
should cause the reorientation of molecules in the thin-
film state in a thermal annealing process, resulting in large
domain formation in the thin films.

Compound 3 also exhibits N, SmA, and highly ordered
mesophase in both heating and cooling processes. Com-
pound 4, which has a long alkyl chain, exhibits a SmA and
a highly ordered mesophase in a heating process. In a cool-
ing process, an additional mesophase appears between the
smectic A phase and the highly ordered mesophase. The
phase transition temperatures are summarized in Table 1.
The highly ordered mesophases of compounds 3 and 4 also
exhibit fluidity to some extent below the phase transition
rthiophene derivatives.

Cooling

Iso 141 �C N 106 �C SmA 75 �C M
Iso Iso 138 �C N 130 �C SmA 90 �C M

Iso 134 �C SmA 78 �C M1 67�C M2

Iso 206 �C SmA 130 �C Cryst.
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temperature between the highly ordered mesophase and
the SmA phase. Therefore, the mesophases should also be
a kind of plastic crystal phase with some extent of molecular
thermal movement.

The phase transition temperatures were lowered by ca.
50 �C as compared with the non-fluorinated counterpart
5-(4-alkylphenyl)-5’’-alkyl-2,2’:5’,2’’-terthiophene [23]. For
example, compound 2 exhibited a nematic phase between
112 �C and 142 �C and a highly ordered smectic phase be-
low 112 �C, in contrast to 5-(4-propylphenyl)-5’’-hexyl-
2,2’:5’,2’’-terthiophene (1), which exhibits a nematic phase
between 217 �C and 202 �C and a highly ordered smectic
phase below 202 �C [23]. Such a lowering of the phase
transition temperature was reported in tetrafluorophenyl-
bithiophene derivatives [25].

Compound 5, which has a perfluoroalkyl chain, does not
exhibit mesophases at room temperature. The phase at
room temperature has a 3-D crystal-like order and no flu-
idity even near the phase transition to the SmA phase.

2.3. Structural characterization of mesomorphic thin films

The tetrafluorophenyl substituted compounds 2-4 show
high solubility in common organic solvents. In this work,
the investigation of the fabrication of the films and TFTs
was focused on compound 2 due to the high similarity of
molecular structure to non-fluorinated compound 1.
Fig. 2. Polarized-light microscopic textures at room temperature of thin film o
topographic and (d) phase images of thin film of compound 2.
Homogeneous thin films of compounds 2 could be depos-
ited on the surface of a SiO2 layer treated with hexameth-
yldisalazane (HMDS) from their chlorobenzene solution by
the spin-coating method. The polarized optical micrograph
of as-prepared films of compound 2 in Fig. 2a shows the
fine-threaded texture consisting of small domains with
submicron size. Upon annealing at 85–90 �C for 10 min, a
mosaic texture appears, corresponding to a highly ordered
smectic phase (in Fig. 2b). This indicates that the thermal
movement of the LC molecules caused the reorganization
of macroscopic molecular alignment during the thermal
annealing process below the phase transition temperature
between the mesophase and the smectic A phase. This phe-
nomenon should be associated with the freedom of molec-
ular thermal movement in the mesophase. In particular,
the films exhibited very large size of LC domains, exceed-
ing several hundred lm, which was much larger than that
in the film of non-fluorinated molecule 1 [23,24]. The tet-
rafluorophenyl group should increase molecular mobility
in the mesophase because of weak intermolecular
interaction.

The above facts were further confirmed by an atomic
force microscope (AFM) observation. The film consists of
large-area grains in the range of 20–50 lm (and even lar-
ger) with a lamellar structure. Fig. 2c and d show the
AFM images within an individualized grain exhibiting a
terrace structure on the surface. The height of the steps
f compound 2 (a) as-cast and (b) annealed at 85 �C for 10 min. (c) AFM



Fig. 3. (a) POM texture and (b) AFM topographic image of film of compound 5 from solution casting. The circled part is the less-ordered region.
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separating the terraces is ca. 2.1 nm, corresponding to the
thickness of one smectic layer of molecule 2 (vide infra).
And the layers are thus parallel to the surface of the sub-
strate. The large domain size is due to the higher mobility
of the fluorinated molecules that originates from the weak
interaction between tetrafluorophenyl groups. The high
mobility of molecule 2 also causes partial dewetting of
the film from the hydrophobic surface of the substrate dur-
ing the annealing.

Homogenous thin films of compound 5 could not be
fabricated by the spin-coating method at room tempera-
ture. Relatively homogenous films of the compound were
prepared from the solution cast at 70 �C. They consist of
domains with various sizes under POM observation, as
shown in Fig. 3a. The AFM graph in Fig. 3b reveals the large
Table 2
Molecular length, d-spacing, and molecular tilt angle in thin films of
compounds 2, 5, and 1.

Compound Molecular length d-Spacing Tilt angle

2 2.8 nm 2.104 nm 38�
5 3.2 nm 2.660 nm 43�
1 2.7 nm 2.315 nm 31�
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Fig. 4. X-ray diffraction of thin films of compounds 2 and 5. (a) Out-of-plane
size domains with a layer structure. The height of the steps
is 2.5 nm, corresponding to the molecular length, larger
than that in the film of compound 2. However, we found
some less-ordered regions (the circled part in Fig. 3b) be-
tween the highly ordered grains. In the less-ordered re-
gions, the layers should be perpendicular to the surface,
in contrast to the ordered regions, in which the layers are
parallel to the surface of the substrate. In the FET devices,
carriers move within the layers, and carrier movement
should be inhibited in the less-ordered regions. This may
be attributed to the stiffness of the rod-like fluoroalkyl
chains in molecule 5, which hinders effective molecular
assembly during film growth Table 2.

In the specular (h/2h) X-ray diffraction patterns (in
Fig. 4a and b), the as-deposited films of compound 2 show
two distinct series of intense peaks, suggesting the pres-
ence of two different LC phases. The dominant phase (de-
noted as Phase I) has an interlayer spacing (d-spacing) of
2.8 nm, larger than the second phase (phase II). Such a d-
spacing value is nearly the same as that in the bulk meso-
phase (2.83 nm), in agreement with the POM observation.
After the thermal annealing, phase I disappears completely
and the intensity of the reflection peak from phase II is
considerably enhanced, corresponding to complete phase
transition into the mesophase. The annealed film shows a
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pattern of film based on 2, (b) out-of-plane pattern of film based on 5.



Fig. 6. Optical absorption spectra of compounds 1, 2, and 5 as films (inset
shows optical absorption in chlorobenzene).
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strong reflection peak at an angle of 2h = 3.8� and three
higher-order reflections attributed to (00n) reflections,
indicating a clear layer structure. Using Bragg law, the
interlayer spacing was calculated as 2.1 nm, in agreement
with the step height of the molecular layers measured by
AFM. This indicates that the molecular layer in the film is
parallel to the substrate surface with the tilting of the
molecular long axis with respect to the surface normal.
In contrast, the XRD pattern exhibits only two (00n) reflec-
tion peaks for the film from fluorine-free molecule 1
[23,24]. These results indicate that the ordering of the
stacking between the layers is enhanced by the fluorina-
tion of the phenyl group. The tilt angle of molecule 2 in-
creases to 43� as compared to 31� in the case of molecule
1 (the molecular length of compound 1 is 2.7 nm), as
shown in Table 1. The interdigitation of the alkyl chains
of the LC molecules also lead to the shorter layer spacing.
However, similar enhancement of the molecular tilt angle
was found on films of fluoroarene-thiophenes [29].

For films of compound 5 with both tetraflurophenyl and
fluoroalkyl substitutions, the XRD pattern (in Fig. 4(b))
shows more higher-order (00n) reflection peaks up to
n = 6, suggesting a highly orientated film structure. The
d-spacing is 2.7 nm, as calculated from the first-order
reflection at an angle of 3.8�. Compared with the films of
compound 2 (with only fluorophenyl ring), the tilt angle
of molecule 5 is reduced to 38� (Fig. 5).

The in-plane structure of the films was studied using
grazing incidence XRD (in Fig. 4). The annealed films of
compound 2 show a reflection peak at an angle of about
16� (corresponding to a d-spacing of 0.56 nm). A few
reflections appear in the range of the higher angle for the
film of compound 5, suggesting a long-range ordering
within the molecular layers of films of compounds 2 and
5. However, weak intensity of the diffraction peaks (due
to the limitation of intensity of X-ray source) prevents de-
tailed structural analysis. In addition, a strong peak ap-
pears at the low angle corresponding to a d-spacing of
1.9 nm. This indicates the possible existence of a minor
phase with the molecular layer perpendicular to the sub-
strate surface. Such a phase may be located at less-ordered
5 10 15 20 25 30
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Fig. 5. In-plane X-ray diffraction patterns of films of compounds 2 and 5
(after annealing). The crystallographic assignments of the peaks are
labeled.
regions between the highly ordered grains or at the dielec-
tric-organic interface. Further investigation is required to
elucidate its origin.

2.4. Absorption spectra of these compounds

Optical absorption spectra of compounds 1, 2, and 5
were measured both in solution and on thin films to study
the effect of fluorophenyl and perfluoroalkyl-substitution
on molecular packing and optical energy gap. The UV–VIS
absorption spectra of the solutions (inset of Fig. 6) are free
of fine structures. The absorption maximum (kabs) corre-
sponds to the p�p* absorption band of the conjugated p-
electron system of the core. The kabs of compound 2 in
chlorobenzene is located at the same position as that of
fluorine-free compound 1.

UV–VIS data for the thin films of compounds 2 and 5 are
shown in Fig. 6. The baselines of the spectra exhibit non-
zero-values because of the light scattering. If the influence
of the light scattering is excluded, the baselines should ex-
hibit zero. All films show a similar absorption feature with
a blue-shift of the maximum and a simultaneous red-shift
of the onset compared to the solution spectra. The absorp-
tion maxima of films of compounds 2 and 5 are almost the
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Fig. 7. Cyclic voltammogram of compounds 1, 2, and 5 in 0.05 M
tetraethyl ammonium tetrafluoroborate/CH2Cl2 solution with an Ag/AgCl
standard electrode. The scan rate was 0.01 V/min.
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same and the optical band gap is estimated to be 2.6 eV for
compounds 2 and 5. This suggests a similar patterning of
molecular packing in films of fluorinated molecules 2 and
5 as well as non-fluorinated material 1.

A similar feature was observed for different kinds of oli-
gothiophene films and it was attributed to the formation of
H aggregates [22,30].

2.5. Measurement of oxidation potential

Fig. 7 shows cyclic voltammetry (CV) plots of com-
pounds 1, 2, and 5. Non-fluorinated molecule 1 and
fluorinated molecules 2 and 5 exhibit quasi-reversible
one-electron oxidation at 0.65 V, 0.80 V, and 0.99 V, respec-
tively (vs. Ag/AgCl in 0.05 M TEABF4/CH2Cl2 solution). This
indicates the lowering of the HOMO energy by 0.15 eV
and 0.35 eV upon substitution with the tetrafluorophenyl
group and both the tetrafluorophenyl and perfluoroalkyl
groups, respectively. Considering the similar optical gap
for compounds 2 and 5, as observed from the UV–VIS spec-
tra, the LUMO level is also lowered by 0.15 eV and 0.35 eV
for compounds 2 and 5 with respect to liquid crystal 1,
respectively. Considering the similar optical gap for com-
pounds 1, 2, and 5, as observed from the UV–VIS spectra,
the LUMO level is also lowered by 0.15 eV and 0.35 eV
for 2 and 5 with respect to 1, respectively. This is consis-
tent with the results of oligothiophene systems with a
strong electron withdrawing tetrafluorophenyl or perfluo-
roalkyl group [31,32]. Such modification of the HOMO
and LUMO levels will have a significant effect on the car-
rier transport process of organic semiconductors. The low-
ering of the HOMO levels of compound 2 should contribute
to the stabilization of LC semiconductors for oxidation
under air.

2.6. Time-of-flight measurement

The bulk carrier mobility in the mesophase of tetraflu-
orophenylterthiophene derivative 2 was measured by the
conventional time-of-flight technique [33].

Under the application of an electric field, the photogen-
erated carriers drift across the bulk of the sample, inducing
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Fig. 8. Transient photocurrent curves in the mesophase of compound 2 at room
25 lm.
a transient photocurrent through the serial resistor. When
the charge carriers reach the counter electrode, the in-
duced photocurrent decays to zero. Therefore, a kink point
in the transient photocurrent curve corresponds to the
transit time tT. Using Eq. (1), the carrier mobility (l) can
be calculated from the values of tT, sample thickness d,
and applied voltage V:

l ¼ d2

VtT
ð1Þ

Illuminating the electrode under a positive or negative
bias facilitates the determination of positive or negative
carrier mobility, respectively.

When the absorption coefficient of a sample is suffi-
ciently large, the excitation pulse is absorbed and a sheet
of photo-carriers is generated at the interface between
the illuminated electrode and the liquid crystal layer. In
this study, a neat film of the compound exhibits a strong
absorption band at around 370 and 250 nm in the smectic
phase; the depth of penetration of the excitation light at
356 nm was estimated to be less than 0.5 lm, i.e., it was
much smaller than the sample thickness (25 lm).

The highly ordered smectic phase of the compound has
a relatively rigid structure with high viscosity; further, no
change in the micrographic texture is observed when an
electric field of the order of 105 V/cm is applied to the sam-
ple. The liquid crystal molecules in the sample are aligned
parallel to the electrode surface; therefore, carrier trans-
port within a smectic layer perpendicular to the electrode
surface should be observed in the TOF measurement.

Fig. 8a shows transient photocurrents for the hole in the
mesophase of compound 2 at room temperature. The ob-
tained photocurrents are dispersive; however, transit times
are estimated in a double logarithmic plot. The hole mobility
is 0.07 cm2/Vs, which is independent of the electric field and
temperature between 100 and 50 �C. Below 50 �C, it de-
creases to 0.03 cm2/Vs at room temperature. This decrease
in the hole mobility should be attributed to the formation
of defects that are caused by shrinkage when the sample
was cooled, but not the intrinsic property of the liquid crys-
tal material. If the defects are not formed with volume
shrinkage, the hole mobility would be maintained constant.
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Fig. 8b shows transient photocurrents for the electron
in the highly ordered mesophase around room tempera-
ture. The electron mobility at room temperature is
0.02 cm2/Vs, which is independent of the electric field
but not the temperature. The electron mobility is lower
than that of the hole, suggesting that the electron transport
process should be influenced from the electron traps in the
bulk state.

In the crystal phase of compound 5, only photocurrent
decay is observed. Because of the crystallinity of com-
pound 5, the sample contains a number of defects that
form deep traps, in contrast to the low defect density of
the mesophase of compounds 1 and 2.

2.7. FET characterization

The TFTs from compounds 2 and 5 were fabricated in
the top-contact configuration. As shown in the section of
the structural characterization of mesomorphic thin films,
molecules are perpendicular to the substrates in the meso-
morphic thin films. Therefore the carriers should move
within the layers consisting of the liquid crystal molecules
in the channel area. Fig. 9a shows the ID–VD characteristics
for TFTs of compound 2 measured in ambient air. The de-
vices exhibit a typical p-type operation. The hole mobility
is calculated as 1.6–2.1 � 10�2 cm2/Vs for most devices in a
saturation region (see Fig. 9b). The current on/off ratio is
more than 106. The highest value of the mobility is up to
2.7 � 10�2 cm2/Vs in the best devices. Such a value is close
to that obtained from the time-of-flight (TOF) measure-
ment in the bulk state (0.07 cm2/Vs at 50 �C), which repre-
sents the upper limit of transport properties of the TFTs
[24]. This should be attributed to the formation of highly
ordered LC domains with size larger than the channel
length (20–30 lm) of the TFTs and thus, the effect of the
grain boundary is significantly suppressed. The mobility
is also comparable to that of the TFTs of non-fluorinated
compound 1 [23,24]. Moreover, the TFTs of compound 2
exhibit enhanced stability of operation in ambient air. They
can switch on continuously with less decay of drain cur-
rent and mobility as compared to the TFTs of 1. The devices
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Fig. 9. (a) The output and (b) transfer characteristics of the TFT of compound 2
respectively.
using compound 2 can maintain characteristics such as
mobility, on/off ratio, and threshold voltage for 1 month.
The on/off ratio is also higher than those of devices using
compound 1 (105–106) fabricated under the same condi-
tion (on HMDS-treated SiO2). This may be due to the strong
electron withdrawing characteristics of the tetrafluorophe-
nyl group, which raises the oxidation potential of the aro-
matic core to make the material less susceptible to air
oxidation.

The TFTs of compound 3 and 4 also exhibited p-type
operation with the lower carrier mobilities. The mobilities
were 1 � 10�2 cm2/Vs for compound 3 and 8 � 10�3

cm2/Vs for compound 4, respectively.
On the other hand, TFTs of compound 5 show a much

lower performance. The hole mobility is only about
1 � 10�5 cm2/Vs and on/off ratio is 102. Presently, the exact
origin of this low performance is not clear. One possible
reason may be the existence of disordered regions and
the smaller size of grains in the film, by which large
amounts of electrical traps will be formed to hinder charge
transport.

To evaluate the conduction mechanism and trap states
in the films of compounds 2 and 5, temperature-variable
electrical characterization was performed for the TFTs
from room temperature to 120 �C in a hot stage (in
Fig. 10). The hole mobility of the TFTs of 2 remains nearly
constant from room temperature to 70 �C and then de-
creases slightly (measurement was not performed at tem-
peratures above 80 �C because of the dewetting of the film
from the substrate). The threshold voltage also remains
unchanged. Such behavior is in contrast to the thermally
activated behavior observed on normal OTFTs of polycrys-
talline films [34–37], but similar to the characteristic car-
rier transport of LC semiconductors in the bulk, where
field- and temperature-independent mobility are often ob-
served [10–15]. This indicates that the electrical trap may
not be a dominant factor to control carrier transport in
such LC films, although some amount of trap states still ex-
ists at the dielectric-LC interface [38]. This should be due to
the formation of highly ordered domains with a large size
that exceeds the electrode gap. Such a behavior is attrib-
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uted to self-healing of the positional disorder by thermal
movement of the LC molecules. It should be emphasized
that this introduction of the tetrafluorophenyl moiety
should increase the mobility of the liquid crystal mole-
cules, resulting in the formation of large domains greater
than the channel length and a reduction in the defect
density.

However, the mobility of the TFTs of compound 5 shows
thermally activated behavior. It increases nearly exponen-
tially with temperature (l / exp (EA/kT)) at an activation
energy EA of 50 meV. Therefore the carrier transport is
trap-dominated, indicating the presence of large amounts
of traps in the films. This is consistent with the microscopic
observation shown above.

In this work, n-type operation was not observed in TFTs
of compound 2 in ambient air and even in vacuum
(10�3 Torr) although the gold, calcium, and samarium were
used as the source and drain electrodes. This is different
from the ambipolar behavior in their bulk state with an
electron mobility of 0.02 cm2/Vs, as obtained by the TOF
technique. The result is also in contrast to cases of TFTs
from dipentafluorophenyloligo thiophene or diperfluoro-
hexyloligothiophene [29,39,40], in which a high electron
mobility of 0.4 cm2/Vs was obtained. It should be noted
that our compound 2 showed a similar lowering of the
LUMO energy relative to its non-fluorinated counterpart
1, as observed in the cases of perfluoroarene substitution.

The absence of n-type behavior in the TFTs may be par-
tially attributed to the high barrier of electron injection
due to the relatively high-lying LUMO level of our materi-
als. However, the dominant factor must lie in the attack by
environmental oxygen because the solution processing of
our TFTs was done in ambient air. For molecule 2, an alkyl-
tetrafluorophenyl group on one side of terthiophene is un-
able to provide sufficient screening of environmental O2 or
residual oxygen to the dielectric, which inhibits electron
transport near the organic-dielectric interface [41]. Simi-
larly, the absence of electron transport was observed in
TFTs of oligthiophenes bearing a central tetrafluorophenyl-
ene ring [29,32]. For compound 5 with both tetrafluor-
ophenyl and perfluoroalkyl substitutions, the absence of
n-type behavior may be attributed to a large amount of
structural defects during film growth; these defects act
as electron traps. Improved processing conditions (e.g., in-
ert atmosphere) and better control of growth parameters
of thin films should be provided to reduce the defect den-
sity in the LC domains as well as oxygen attack, in order to
achieve n-type operation in the TFTs.

3. Experimental section

3.1. Synthesis

All solvents were used as obtained. 5-Propyl-5’’-bro-
mo-2,2’:5’,2’’-terthiophene; 5-hexyl-5’’-bromo-2,2’:5’,
2’’-terthiophene; and 5-dodecyl-5’’-bromo-2,2’:5’,2’’-ter-
thiophene were synthesized by the procedure reported
by Y. Geng et al. [42]. Other chemicals were used as
obtained without further purification. 1H NMR spectra
were measured on a Varian NMR-300 spectrometer using
chloroform-d as a solvent. IR spectra were measured using
a Shimadzu IR-600 spectrometer. Mass spectra were re-
corded on a Voyager MALDI TOF Mass equipment.

3.2. 5-Propyl-5’’-(4-hexyl-2,3,5,6-tetrafluorophenyl)-
2,2’:5’,2’’-terthiophene (2)

A mixture of 5-bromo-5’’-propyl-2,2’:5’,2’’-terthio-
phene, 0.49 g (1.3 mmol); 1-hexyl-2,3,5,6-tetrafluoroben-
zene, 0.49 g (2.1 mmol); palladium acetate, 16.6 mg
(0.074 mmol); di(t-butyl)methylphosphonium tetrafluoro-
borate, 40.3 mg (0.16 mmol); and potassium carbonate,
2.3 g (17 mmol), was dissolved in dimethyl acetamide,
10 ml, and stirred for 2 h at 130 �C. After cooling to room
temperature, water was added to the reaction mixture.
The precipitates were filtered off and the crude product
was purified by column chromatography on silica gel with
hot hexane. Recrystallization of the product from hexane
afforded 0.25 g (0.59 mmol, 46%) of pure product as yellow
crystals.

1H NMR (300 MHz, CDCl3) d (ppm): 0.89 (3H, t,
J = 6.8 Hz), 1.00 (3H, t, J = 7.4 Hz), 1.26–1.44 (6H, m),
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1.56–1.66 (2H, m), 1.72 (2H, sext, J = 7.4 Hz), 2.74 (2H, t,
J = 7.8 Hz), 2.78 (2H, t, J = 7.4 Hz), 6.69 (1H, d, J = 3.6 Hz),
7.00 (1H, d, J = 3.8 Hz), 7.01 (1H, d, J = 4.0 Hz), 7.12 (1H,
d, J = 3.8 Hz), 7.18 (1H, d, J = 4.0 Hz), 7.50 (1H, d,
J = 4.0 Hz). 13C NMR (300 MHz), CDCl3) d (ppm): 13.7,
14.1, 22.6, 22.9, 24.9, 29.0, 29.3, 31.5, 32.3, 119.1, 119.3,
123.4, 123.7, 123.8, 125.0, 125.1, 130.6, 130.7, 130.8,
134.4, 134.6, 137.8, 139.5, 139.6, 145.7. IR (KBr disc)
2957.3, 2927.4, 2869.6, 2858.9, 1652.7, 1477.2, 1442.5,
1394.3, 1378.9, 1251.6, 1224.6, 1196.6, 1155.2, 1123.3,
1055.8, 1024.0, 944.9, 856.2, 787.8, 735.7, 725.1,
479.2 cm–1. MS (MALDI): m/z (%): 522.6 (100%), 523.6
(29.5%), 524.6 (13.6%), 525.6 (4.9%) [M+] (C27H26F4S3). Anal.
Calcd. for 522.68: C 62.04, H 5.01, F 14.54, S 18.40; found: C
62.52, H 4.99.

3.3. 5-Hexyl-5’’-(4-hexyl-2,3,5,6-tetrafluorophenyl)-
2,2’:5’,2’’-terthiophene (3)

A mixture of 5-bromo-5’’-hexyl-2,2’:5’,2’’-terthiophene,
0.51 g (1.2 mmol); 1-hexyl-2,3,5,6-tetrafluorobenzene,
0.51 g (2.15 mmol); palladium acetate, 18.1 mg
(0.081 mmol); di(t-butyl)methylphosphonium tetrafluoro-
borate, 46.3 mg (0.18 mmol); and potassium carbonate,
0.55 g (4 mmol), was suspended in dimethyl acetamide,
5 ml, and stirred for 2 h at 130 �C. After cooling to room
temperature, water was added to the reaction mixture.
The precipitates were filtered off and the crude product
was purified by column chromatography on silica gel with
hot hexane. Recrystallization of the product from hexane
afforded 0.45 g (0.80 mmol, 67%) of pure product as yellow
crystals.

1H NMR (300 MHz, CDCl3) d (ppm): 0.89 (3H, t,
J = 6.8 Hz), 1.00 (3H, t, J = 7.4 Hz), 1.24–1.44 (12H, m),
1.56–1.66 (2H, m), 1.72 (2H, sext, J = 7.4 Hz), 2.75 (2H,
t, J = 7.8 Hz), 2.80 (2H, t, J = 7.4 Hz), 6.69 (1H, d,
J = 3.6 Hz), 7.00 (1H, d, J = 3.8 Hz), 7.02 (1H, d,
J = 4.0 Hz), 7.13 (1H, d, J = 3.8 Hz), 7.19 (1H, d,
J = 4.0 Hz), 7.50 (1H, d, J = 4.0 Hz). 13C NMR (300 MHz),
CDCl3) d (ppm): 13.6, 13.7, 22.1, 22.2, 22.4, 28.3, 28.4,
28.5, 28.8, 29.8, 31.0, 31.1, 118.6, 118.8, 122.9, 123.2,
123.3, 124.5, 124.6, 130.1, 130.2, 130.3, 133.8, 134.1,
137.3, 139.1, 139.5, 145.5. IR (KBr disc) 2957.3, 2926.5,
2891.5, 2855.1, 1652.7, 1476.2, 1444.4, 1389.5, 1377.9,
1225.5, 946.9, 858.2, 787.8, 758.9, 505.3, 490.8,
476.3 cm�1. MS (MALDI): m/z (%): 564.6 (100%), 565.6
(29.5%), 566.6 (13.6%), 567.6 (4.9%) [M+] (C30H32F4S3).
Anal. Calcd. for 564.76: C 63.80, H 5.71, F 13.46, S
17.03; found: C 64.30, H 5.70.

3.4. 5-Dodecyl-5’’-(4-hexyl-2,3,5,6-tetrafluorophenyl)-
2,2’:5’,2’’-terthiophene (4)

A mixture of 5-bromo-5’’-dodecyl-2,2’:5’,2’’-terthio-
phene, 0.52 g (1.05 mmol); 1-hexyl-2,3,5,6-tetrafluoroben-
zene, 0.46 g (1.9 mmol); palladium acetate, 18.1 mg
(0.081 mmol); di(t-butyl)methylphosphonium tetrafluoro-
borate, 49.5 mg (0.20 mmol); and potassium carbonate,
0.4 g (4 mmol), was dissolved in dimethyl acetamide,
5 ml, and stirred for 2 h at 130 �C. After cooling to room
temperature, water was added to the reaction mixture.
The precipitates were filtered off and the crude product
was purified by column chromatography on silicagel with
hot hexane. Recrystallization of the product from hexane
afforded 0.45 g (0.69 mmol, 66%) of pure product as yellow
crystals.

1H NMR (300 MHz, CDCl3) d (ppm): 0.89 (3H, t,
J = 6.8 Hz), 1.00 (3H, t, J = 7.4 Hz), 1.22–1.44 (24H, m),
1.56–1.66 (2 H, m), 1.72 (2H, sext, J = 7.4 Hz), 2.75 (2H, t,
J = 7.8 Hz), 2.79 (2H, t, J = 7.4 Hz), 6.69 (1H, d, J = 3.6 Hz),
7.00 (1H, d, J = 3.8 Hz), 7.02 (1H, d, J = 4.0 Hz), 7.13 (1H,
d, J = 3.8 Hz), 7.19 (1H, d, J = 4.0 Hz), 7.50 (1H, d,
J = 4.0 Hz). 13C NMR (300 MHz), CDCl3) d (ppm): 13.6,
13.7, 22.1, 22.3, 22.4, 28.5, 28.7, 28.8, 28.9, 29.1, 29.2,
29.3, 29.4, 29.8, 31.0, 31.2, 31.5, 118.5, 118.8, 122.9,
123.2, 123.3, 124.4, 124.5, 130.1, 130.2, 130.3, 133.8,
134.1, 137.3, 139.1, 145.5. IR (KBr disc) 2956.4, 29871.5,
2848.4, 1480.1, 1468.5, 1446.4, 1227.5, 1130.1, 993.2,
944.0, 856.2, 810.0, 801.3, 791.6, 727.6, 478.3 cm�1. MS
(MALDI): m/z (%): 648.7 (100%), 649.7 (29.5%), 650.6
(13.6%), 651.7 (4.9%) [M+] (C36H44F4S3). Anal. Calcd. for
648.92: C 66.63, H 6.83, F 11.71, S 14.82; found: C 67.04,
H 6.94.

3.5. 5-Perfluorohexyl-5’’-(4-hexyl-2,3,5,6-tetrafluorophenyl)-
2,2’:5’,2’’-terthiophene (4)

A mixture of 5-bromo-5’’-perfluorohexyl-2,2’:5’,2’’-ter-
thiophene, 0.52 g (1.05 mmol); 1-hexyl-2,3,5,6-tetraflu-
orobenzene, 0.46 g (1.9 mmol); palladium acetate,
18.1 mg (0.081 mmol); di(t-butyl)methylphosphonium
tetrafluoroborate, 49.5 mg (0.20 mmol); and potassium
carbonate, 0.4 g (4 mmol), was dissolved in dimethyl acet-
amide, 5 ml, and stirred for 2 h at 130 �C. After cooling to
room temperature, water was added to the reaction mix-
ture. The precipitates were filtered off and the crude prod-
uct was purified by column chromatography on silicagel
with hot hexane. Recrystallization of the product from hex-
ane afforded 0.45 g (0.69 mmol, 66%) of pure product as
yellow crystals.

1H NMR (300 MHz, CDCl3) d (ppm): 0.96 (3H, t,
J = 6.9 Hz), 1.24–1.45 (6H, m), 1.69 (2H, sext, J = 6.3 Hz),
2.82 (2H, t, J = 7.5 Hz), 7.25–7.33 (4H, d, m), 7.52 (1H, d,
J = 4.0 Hz), 7.69 (1H, d, J = 4.0 Hz). 13C NMR (300 MHz),
CDCl3) d (ppm): 13.7, 14.1, 22.6, 22.9, 24.9, 29.0, 29.3,
31.5, 32.3, 119.1, 119.3, 123.4, 123.7, 123.8, 125.0, 125.1,
130.6, 130.7, 130.8, 134.4, 134.6, 137.8, 139.5, 139.6,
145.7. IR (KBr disc) 2960.2, 2939.9, 2930.3, 2910.1,
2856.1, 1476.3, 1456.0, 1361.5, 1234.2, 1210.1, 1179.3,
1138.8, 787.8 cm�1. MS (MALDI): m/z (%): 766.4 [M-S+]
(C30H19F17S2).

3.6. Characterization of mesomorphic behaviors

Phase transition behaviors of the liquid crystals were
observed in micrographic optical textures under a polar-
ized light microscope (Nikon OPTIPHOT2-POL) with a hot
stage (Mettler F82HT hot stage) and thermograms were re-
corded by DSC (Seiko Instrument DSC-330). X-ray diffrac-
tion patterns were recorded on a Rigaku-denshi
diffractometer RINT (Cu Ka: 1.541 A) with an imaging
plate.
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3.7. Characterization of thin-film structure

Out-of-plane and in-plane X-ray diffraction (XRD) of
thin films was acquired using a Rigaku RINT-Ultima X X-
ray diffractometer with Cu Ka1 (k = 1.5418 Å). The surface
morphology of thin films was measured in air using a Vec-
co Dimension 3100 atomic force microscope (AFM). UV-vis
absorption spectra were obtained using JASCO V-570 UV–
VIS–NIR spectro-photometer. The optical texture of thin
films and bulk compounds was observed using an Olympus
BX 60 polarized optical microscope.

3.8. Time-of-flight measurement

The time-of-flight setup comprised an Nd:YAG pulse
laser equipped with a THG non-linear optical crystal
(Continuum Minilite I FN, wavelength = 356 nm, pulse
width = 2 ns), hand-made hot stage, source measurement
unit (Advantest R-8252) as a DC voltage source, and digital
oscilloscope (Tektornics TDS3044B). The liquid crystal
compounds were capillary-filled into cells consisting of
two ITO-coated glass plates on a hot stage heated above
the mesophase–isotropic phase transition temperature.
The liquid crystal cell was mounted on the hot stage. Under
the application of the electric field by the DC voltage
source, the pulse laser light was illuminated on the liquid
crystal cell. The induced transient photocurrent was re-
corded in the digital oscilloscope through a serial resistor
(100 X).

3.9. Fabrication and characterization of field-effect transistors

Thin films of compound 2 were prepared by the spin-
coating method. Then, 0.5–0.7% chlorobenzene solution
was spun on doped Si wafers with a 300-nm SiO2 layer.
Thin films of compound 5 were grown by solution casting
of 0.1–0.2% solution in chlorobenzene at 70 �C. The prepa-
ration by spin-coating was not successful because the films
prepared were too thin (<10 nm) and uncontinuous even at
a low rotation speed of the spin coater. Prior to film depo-
sition, the wafer was cleaned in a UV ozone cleaner and
subsequently treated with hexamethyldisilazane (HMDS).
After film deposition, samples of 2 and 5 were annealed
in a vacuum oven at 85–90 �C and 110 �C for 10 min,
respectively. Gold source and drain electrodes with a thick-
ness of 60 nm were deposited under high vacuum
(10�4 Pa) through a shadow mask to define the top-contact
FET structure with a channel length of 20–30 lm and
channel width of 5 mm. Transistor characteristics were
measured using a two-channel source meter (Kethley
2612) in a light-shield box under ambient conditions with
low humidity or in a vacuum of 10�3 Torr. The tempera-
ture-dependent electrical measurement of the TFTs was
performed over a temperature range of 25 �C to 120 �C
on a hot stage, where the temperature was controlled
using a PID thermo-controller with an accuracy of 0.1 �C.
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a b s t r a c t

Unimolecular rectification behavior of a known amphiphilic fullerene derivative,
1,4,11,15,30-pentakis(4-hydroxyphenyl)-2H-1,2,4,11,15,30-hexahydro-[60]fullerene, (4-
HOC6H4)5HC60 (referred to here as the fullerene pentapod), is reported. The HOMO and
LUMO energy levels of the pentapod were determined by density functional theory calcu-
lations (B3LYP/6-31G**). It was found that the HOMO of the donor moiety and the LUMO of
the acceptor are in the same fullerene cage, quite unlike the fullerene derivatives so far
reported as molecular rectifiers. The molecule formed a stable Langmuir-Blodgett film at
the air–water interface. Characterization of the film indicated that it constitutes mostly a
monolayer of molecules with the hydrophobic C60 moiety pointing upwards. The LB film
was transferred over Au(111) substrate and electrical conductivity of the film was mea-
sured by conducting atomic force microscopy. An asymmetric electrical rectification
behavior was observed in the voltage range of ±1.0 V to ±2.0 V. Beyond a bias voltage of
±2.0 V, rectification ratio decreased steadily, until at ±2.5 V the current–voltage curve
became symmetric. The observed electrical rectification behavior was ascribed to resonant
electron tunneling between the Fermi level of the electrode and the molecular orbital lev-
els of the fullerene pentapod. Charge transport in the preferred direction under a suitable
applied bias was facilitated due to efficient electronic interactions of the molecular orbitals
through a combined effect of homo- and peri-conjugation. This constitutes a new class of
donor–acceptor system and a step forward in the field of molecular electronics.

� 2008 Published by Elsevier B.V.
1. Introduction

Stable molecular diodes neatly arranged without de-
fects are a viable answer to continued quest for ultimate
device miniaturization in electronics [1,2]. The possibility
that a single molecule could function as a rectifier was pro-
posed by Aviram and Ratner with an exemplary theory of
rectification [3]. This initial theory, modified subsequently
y Elsevier B.V.

ax: +82 62 970 2304.
jslee@gist.ac.kr (J.-S.
[4], led to a wide interest in the field of unimolecular rec-
tification for over a decade [5]. ‘Unimolecular rectification’
is a conventional terminology, which in reality concerns
the rectification behavior of an ordered assembly of mole-
cules, since isolating and probing the electrical behavior of
a single molecule is rather impractical. A number of sys-
tematic studies have been devoted to understand the rec-
tification behavior of an organized array of molecules in
Langmuir-Blodgett (LB) films, or self-assembled monolay-
ers (SAM) of organic molecules. The molecules invariably
contained an electron donor moiety (D) bound to an elec-
tron acceptor (A) through an insulating saturated r- or

mailto:samal@gist.ac.kr
mailto:jslee@gist.ac.kr
http://www.sciencedirect.com/science/journal/15661199
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conjugated p-bridge. Most devices involved monolayers of
such archetypal organic molecules sandwiched between
two metal-electrodes, one bottom electrode plate and the
tip of the atomic force microscope as the top contact elec-
trode, or an ordered assembly of molecules in a nanopore
or a nanogap connected to two electrodes [6]. Unimolecu-
lar rectification across a LB monolayer was first demon-
strated for hexadecylquinolinium tricyanoquinodi-
methanide [5,6d,7], a D-p-A-type molecule.

Fullerenes are ideal materials for various nanoscale
electronic devices. These molecules have a very strong
affinity towards electrons. C60 is known as one of the stron-
gest electron acceptors. When a suitable donor molecule is
covalently or non-covalently bound to it, the donor–accep-
tor assembly shows many interesting properties with
promising applications. For the rectification studies involv-
ing C60 derivatives, there should be an ordered assembly of
preferably a monolayer of molecules over a suitable sub-
strate. One of the deterrent factors, however, is that these
molecules have a strong tendency to aggregate due to the
hydrophobic fullerene–fullerene interactions [8]. This
aggregation problem could easily be circumvented by
attaching strong hydrophilic head groups to the fullerene
[8f,9], blocking the contact of fullerene core by encapsula-
tion [8g,10], and introducing structural constraints in the
molecule [11]. Indeed, several amphiphilic fullerene deriv-
atives are now known to form stable LB films at the
air–water interface [12,13]. Similarly SAMs of fullerene
derivatives, particularly those with appended thiol moiety,
have produced highly ordered and densely packed struc-
tures on gold substrate [11]. The first C60-based compound,
dimethylaminophenylazafullerene [14], the LB film of
which was sandwiched between two gold electrode layers,
showed a tremendous apparent rectification ratio as high
as 20,000, which was ascribed to the defects that grew at
the domain boundaries. A Langmuir-Schaefer monolayer
of another fullerene derivative [15] exhibited pronounced
rectification with rectification ratio up to 16.5 when
compared to the sample from the LB film. Interest in fuller-
ene-based rectifier molecules with donor organic moiety
Fig. 1. Energy minimized structure of 1,4,11,15,30-pentakis(4-hydroxy-
phenyl)-2H-1,2,4,11,15,30-hexahydro-[60]fullerene, (4-HOC6H4)5HC60,
the amphiphilic fullerene pentapod, with molecular dimensions. Color
code: grey – carbon, green – hydrogen, and red – oxygen. (For interpre-
tation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
attached to the acceptor C60 through a suitable spacer con-
tinues unabated [16].

Herein, we report our studies on the monolayer of LB
film of the fullerene pentapod formed at the air–water
interface. The energy minimized structure of the molecule
is shown in Fig. 1. This amphiphilic fullerene derivative is
expected to form stable LB film at the air–water interface
and afford a very robust structure through the five –OH
groups anchored to the substrate. The electrical behavior
of the film on Au(111) substrate measured using conduct-
ing atomic force microscopy (CAFM) showed that the mol-
ecule behaves as a rectifier when an appropriate bias
voltage was applied. A suitable mechanism of rectification
is proposed.

2. Experimental

2.1. Materials

The fullerene pentapod, (4-HOC6H4)5HC60, synthesized
following the procedure reported by Nakamura and
coworkers [17–19] was isolated in gram quantities in
highly pure form. The compound is readily soluble in polar
solvents like tetrahydrofuran, N-methyl pyrrolidinone,
pyridine, and N,N0-dimethyl formamide. In nonpolar sol-
vents like toluene solubility is low (�0.001 g/ml). The com-
pound is very stable towards oxidation under ambient
conditions as studied by 1H NMR monitoring the C–H peak
intensity at 5.6 ppm. No change in spectral pattern was ob-
served over a period of several weeks.

2.2. Computations

The geometry of free (4-HOC6H4)5HC60 was optimized
using the density functional theory (DFT) method with
the B3LYP functional [20] and the 6-31G** basis set. The
HOMO and LUMO energy levels were determined on the
final geometry by reading the DFT eigenvalues as well as
by calculating the ionization potential (IP = ECATION �
ENEUTRAL MOLECULE � �EHOMO) and electron affinity
(EA = ENEUTRAL MOLECULE � EANION � �ELUMO). In order to esti-
mate roughly the error attributable to the functional-
dependence of DFT, the energy levels were estimated using
both B3LYP (hybrid) and PBE (GGA) functionals [21]. It
should be noted that though the device in the present case
is metal-organic-metal type, the shift and broadening of
the energy levels due to the substrate (Au) were not taken
into account in our calculations on this ‘‘free” isolated mol-
ecule. All the calculations were done with Jaguar v6.5
(Schrodinger Inc., Portland, OR).

2.3. Langmuir-Blodgett film

The LB film was cast using a PC controlled KSV MINIT-
ROUGH instrument attached to a constant temperature
bath. The quality of the LB monolayer at the air–water
interface was monitored by KSV Win LB computational
program. A 70 ll dilute solution of the fullerene pentapod
(0.0235 mg/ml in toluene) was spread on the air–water
interface and the trough area decreased at a rate of
200 cm2/min. The film was transferred at a constant rate
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of 5 mm/min and a surface pressure of 20 mN/M onto a
freshly prepared hydrophilic Au(111) substrate, which
was submerged in the subphase before spreading and com-
pressing the LB film. All the experiments were performed
at 21 �C using pure deionized water as the subphase.

2.4. Atomic force microscopy

The LB film was examined by atomic force microscopy
(AFM) to determine the height of the particles. The AFM
images were acquired with a Nanoscope III dimension
(Digital Instruments Inc. Santa Barbara, CA). Super sharp
silicon taping mode with a cantilever (Nanosensor, Wetz-
lar-Blankenfeld, Germany) having resonance frequency of
ca. 330 kHz and scan rate of 0.5 Hz was used. The tip of
the cantilever has a normal radius of ca. 2 nm. The samples
for AFM measurement were prepared by LB deposition
method at the air–water interface over Au(111) substrate.

2.5. Ellipsometry

Variable angle spectroscopic ellipsometry measure-
ment was done on a NFT I-ELLI 2000 ellipsometer equipped
with a Nd:YAG LASER at 65o, 70o and 75o angles of inci-
dence in the wavelength range of 300–1000 nm. The opti-
cal constants for bare gold were measured immediately
before measuring the fullerene pentapod film-coated sub-
strate. A refractive index of 1.533 was assumed for all mea-
surements. The thickness of the film using three samples
was calculated from variation of the ellipsometric parame-
ters D and W. Repeated measurements were made at dif-
ferent positions all through the substrate for obtaining
accurate results.

2.6. Contact angle measurement

The wettability of the LB film was investigated by mea-
suring the contact angle of water of a freshly prepared
sample using CA-S150, KYOWA instrument. Ten microlitre
of ultra pure water (Barnstead Easypure LF, 18.3 MX cm)
was used throughout the experiment. The contact angle
was read only on one side of the drop.

2.7. Conducting atomic force microscopy

Samples for CAFM measurements are the fullerene pen-
tapod LB films transferred over Au(111) substrate. These
were dried in a vacuum desiccator for 48 h prior to the
electrical measurements. Precautions were taken to pre-
vent damage to the film in view of its fragile nature by
thermal radiation. Current–voltage (I–V) measurement
was performed using a commercially available AFM system
(PSIA, XE-100 model) with conductive AFM tips that were
made from Au (20 nm)/Cr (20 nm) coating around conven-
tional AFM tips. Two terminal DC I–V data were acquired
using a semiconductor parameter analyzer (HP4145B).
Voltage was applied to CAFM tip while the Au substrate
was grounded. All the electrical measurements were car-
ried out inside a covered AFM chamber through which
nitrogen gas was passed to minimize the formation of con-
taminants on the surface of the film. From Johnson–Ken-
dall–Roberts (JKR) model [22] the radius of the contact
area under the CAFM tip was estimated to be less than
10 nm [23].

3. Results and discussion

3.1. Computations

The outer diameter of C60 is �1 nm estimated by tak-
ing into account the size of the p-electron cloud associ-
ated with the carbon atoms [24]. This value was taken
as the diameter of the fullerene moiety in the pentapod
(see Fig. 1). The five phenolic groups form a circular
face, the diameter of which was �1.78 nm. The differ-
ence between the diameters of the top fullerene moiety
and bottom circular face is 0.78 nm. This is large en-
ough to prevent fullerene–fullerene interaction among
the neighboring molecules if uniformly oriented in a
monolayer. Similar observations have been made for ful-
lerene derivative C60-MPPA [11] where aggregation was
prevented due to the difference in size between the ful-
lerene head group attached to a relatively larger MPAA
unit.

In the study of molecular electronics, computational
calculations of the molecular energy levels relative to
metal-electrode energies bear specific significance. Such
calculations have been made for several fullerene deriva-
tives [14,15,25]. Even though the device in the present
case is metal-organic-metal type, the shift and broaden-
ing of these energy levels due to the substrate (Au)
was not taken into account in our calculations on the
‘‘free” isolated molecule. Thus, the calculated HOMO
and LUMO levels, shown in Fig. 2, should be taken as
approximate.

The two functionals of DFT, B3LYP and PBE, result in
essentially the same electronic structure. Both of them pre-
dict the same molecular energy diagram. The HOMO and
HOMO � 1 are very close in energy and hence considered
as degenerate MOs, and similarly the LUMO and LUMO + 1
constitute a pair of degenerate orbitals. The energy levels
taken from the B3LYP eigenvalues are as follows (in eV):
�5.45 (EHOMO), �5.47 (EHOMO � 1), �5.63 (EHOMO � 2),
�5.84 (EHOMO � 3), �5.94 (EHOMO � 4), and �5.96 (EHOMO � 5)
for the HOMO levels; �2.47 (ELUMO), �2.45 (ELUMO + 1), and
�2.32 (ELUMO + 2) for the LUMO levels. Both functionals also
predict that the frontier MOs of the molecule are essen-
tially localized on the same C60 moiety, which is in sharp
contrast to other fullerene derivative-based donor–accep-
tor systems studied for molecular rectification where the
donor HOMO is located on the exocyclic group and the
acceptor LUMO is on C60 [14–16,26].

The two functionals, however, show discrepancy in
the precise locations of these energy levels (Table 1).
The HOMO–LUMO gaps calculated with B3LYP are signif-
icantly larger than those calculated with PBE, as ob-
served previously [27]. Interestingly this discrepancy
becomes small when estimated from the IP and EA val-
ues. Since the PBE functional is known to underestimate
the HOMO–LUMO gap, we focus on analyzing the exper-
imental data only based on the two B3LYP values in the
following discussion.



Fig. 2. Molecular orbitals of the fullerene pentapod generated by DFT calculations (B3LYP/6-31G**). (a) LUMO (�2.47 eV) (b) LUMO + 1 (�2.45 eV), (c)
HOMO (�5.45 eV), and (d) HOMO � 1 (�5.47 eV). Color code: grey – carbon, white – hydrogen, and red – oxygen. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
HOMO–LUMO gap calculated by B3LYP and PBE functionals.

Method EHOMO (eV) ELUMO (eV) HOMO–LUMO gap (eV)

B3LYP �5.5 �2.5 3.0
B3LYP IP/EA �6.3 �1.6 4.7
PBE �4.8 �3.0 1.8
PBE IP/EA �5.9 �1.7 4.2
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Fig. 3. Pressure–area isotherm (P-A) of the LB film at the air–water
interface obtained by spreading the fullerene pentapod solution in
toluene.
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3.2. LB film

The LB pressure-area isotherm of the fullerene
pentapod is shown in Fig. 3. From the isotherm, the mean
molecular area per molecule, A0, obtained by extrapo-
lating the pressure-area isotherm to zero pressure was
0.98 nm2 molecule�1, which corresponds to a mean diam-
eter of 1.117 nm per molecule. The LB films of unmodified
dilute C60 solution show a limiting area of 0.98 nm2 mole-
cule�1 [8a,8c,8e], as against the theoretically predicted va-
lue of 0.866 nm2 molecule�1 for a monolayer of the
molecule [9b,28]. This suggested that the pentapod formed
a monolayer at the air–water interface rather than an irre-
versible aggregation of the fullerene clusters [12]. The
mean molecular area at the inflection point (Ac) calculated
at the collapse pressure Pc of 33 mN/M was 0.83 nm2 mol-
ecule�1. Above the collapse pressure, the nature of the
curve changed indicating phase transition, possibly from
one closely packed structure to another. The pentapod
was transferred atop the Au(111) substrate at a transfer
pressure, Ptr, of 20 mN/M. The mean molecular area at
the transfer pressure, Atr, was 0.90 nm2 molecule�1, from
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which the mean diameter per molecule was calculated to
be �1.07 nm.

The diameter of the bottom circular face of the molecule
calculated from computational measurement is �1.78 nm.
This should be the nearest neighbor distance between the
molecules if they are in direct contact. However, an exam-
ination of the energy minimized structure of the molecule
showed that there is enough space between the phenolic
rings to allow the neighboring molecules to interdigitate
as schematically shown in Fig. 4. This evidently means that
the molecules could be packed more closely than 1.78 nm,
i.e., even when the mean molecular diameter was 1.07 nm,
the molecules could still form a monolayer without verti-
cal stacking. It may be noted here that the molecules in
the LB film though seem to interdigitate at the transfer
pressure could get organized further while drying to opti-
mize the intermolecular order. The mean molecular area of
1.07 nm is in close agreement with the nearest neighbor
distance in a close-packed (111) plane of the C60 molecules
[8e]. The LB film of C60, C60O and C61H2 showed (111)
close-pack arrangement for the molecules with nearest
neighbor distances of 1.002, 1.003 and 1.003 nm, respec-
tively. Hexagonal (111) face-centered cubic lattice with
Fig. 4. Schematic arrangement of fullerene pentapods in the LB film. (a) Top view
interdigitate resulting in close-packing of the molecules. (b) Side view of the mol
row of molecules).
neighboring distance of 0.95 nm is reported for other ful-
lerene derivatives [29].

The thickness of the LB film, determined from ellipsom-
etry (1.5 ± 0.01 nm) and the height image of atomic force
microscopy (AFM) studies (Fig. 5), was consistent with
the height of the molecule from computational measure-
ment. Thus, the LB film is mostly a monolayer of the mol-
ecules. Water contact angle of the film on Au(111)
substrate was 97o. The high contact angles of H2O on LB
film suggested the hydrophobic nature of the film, which
is expected of the film with the fullerene moieties exposed
to air. Thus the molecule on the substrate surface formed a
homogeneous monomolecular film with the five functional
groups anchored to the substrate leading to a robust struc-
ture without aggregation. Recently Nakamura and cowork-
ers [30] have reported the photophysical properties of the
monolayer of the benzoic acid derivative of a series of ful-
lerene penta-addition derivatives, which show the same
anchoring behavior to the substrate.

Control experiments were performed using two other
fullerene penta-addition derivatives, (C6H5)5HC60 and
(4-CH3SC6H4)5HC60. From the pressure-area isotherms, A0

was 1.98 nm2 molecule�1 for (C6H5)5HC60 and
of the molecules showing the phenolic groups of neighboring molecules to
ecules showing arrangement at the air–water interface (shown for a single



Fig. 5. Atomic force microscopy picture of the (4-HOC6H4)5HC60 LB film on Au(111) substrate showing particle height of 1.445 nm.

Fig. 6. Schematic representation of the I–V measurement of the fullerene
pentapod by CAFM. The arrow indicates the direction of electron
transport when positive bias is applied to the CAFM tip (top electrode).
The Au substrate (bottom electrode) is grounded.
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2.09 nm2 molecule�1 for (4-CH3SC6H4)5HC60, which corre-
spond to mean diameters of 1.587 nm and 1.631 nm per
molecule, respectively. In comparison, the mean diameter
of (4-HOC6H4)5HC60 was 1.117 nm per molecule. The
large molecular diameters of (C6H5)5HC60 and
(4-CH3SC6H4)5HC60 imply that the derivatives are ran-
domly oriented at the air–water interface due to their poor
amphiphilic nature.

3.3. I–V measurement

The I–V measurements for the LB films of the fullerene
pentapods performed using CAFM method [31] with gold
as the top and the bottom electrodes is schematically
shown in Fig. 6. The LB monolayer exhibited electrical rec-
tification when a positive bias was applied to the CAFM tip
(Fig. 7). The I–V characteristics showed current rectifica-
tion at bias voltage of ±1.0 V measured at different mono-
layer junctions, with high rectification ratios (RR)
registered at each junction. The LB monolayer exhibited
larger current flow when a positive bias was applied to
the CAFM tip. In this condition, current flows from the
CAFM tip top electrode to the bottom gold electrode. The
direction of electron transport as shown in Fig. 6 is oppo-
site to that seen in previous unimolecular rectifiers using
either Al or Au electrodes [6b,6d,6g,7c,14]. Our observation
on the direction of rectification is consistent with elastic
transport model [32] and opposite to that predicted by Avi-
ram–Ratner inelastic transport model [3].

Fig. 8 represents the I–V curves of the pentapod LB film
measured up to higher bias voltages of ±1.5 V, ±2.0 V,
±2.5 V, and ±3.0 V. In the bias voltages ±1.0 V, ±1.5 V, and
±2.0 V high current asymmetries were observed with recti-
fication ratios of 1.3–48.0, 2.0–32.6, and 2.0–19.5, respec-
tively. However, further increase of voltage sweep up to
±2.5 V led to gradual increase in current in the negative bias
direction with lowering of rectification ratios to 1.0 at ±2.5 V
and 0.9 at ±3.0 V. Thus current asymmetricity was substan-
tially reduced for higher voltage sweeps. The best results
were obtained at bias voltages of ±1.0 V and ±1.5 V, when
there was negligible current flow in the negative bias direc-
tion. Current started flowing in the negative direction once
the bias voltage exceeded ±1.5 V. The asymmetric nature
persisted with gradual lowering of RR and at ±2.5 V the I–V
curve became symmetrical (RR � 1). A plausible explana-
tion for such behavior is presented (see below).



Fig. 7. I–V characteristics of the LB film of the fullerene pentapod
showing current rectification at bias voltage of ±1.0 V measured at
different junction positions, with high rectification ratios (RR) registered
at each junction.
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The I–V measurements were taken repeatedly by
changing the position of the CAFM tip and the rectification
ratio for each position was recorded. It was observed that
the molecule showed rectification behavior in almost 80%
of the devices measured. From the statistical histograms
(Fig. 9) the mean rectification ratios were 10.8 and 14.7,
at bias voltages of ±1.0 V and ±1.5 V, respectively.

The I–V characteristics of LB films from fullerene penta-
derivatives, (C6H5)5HC60 and (4-CH3SC6H4)5HC60 were
studied. For these molecules no rectification was observed
in the same applied tip bias voltage ranges in which the
fullerene pentapod (4-HOC6H4)5HC60 showed rectifica-
tion. Evidently, in the LB films, (C6H5)5HC60 and
(4-CH3SC6H4)5HC60 are not as uniformly oriented as the
highly amphiphilic (4-HOC6H4)5HC60. Furthermore, the
I–V characteristics of the alkane thiol SAMs under a similar
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Fig. 8. Typical I–V plots measured up to a higher bias than ±1.0 V. (a) RR = 12.0
±3.0 V.
experimental set up used for the present study were sym-
metric with a mean RR value of 1.17 [33a]. Thus, the ob-
served current rectification behavior of (4-HOC6H4)5HC60

is a characteristic attributable to the typical structural fea-
ture of the pentapod.

3.4. Mechanism of electron transport

The mechanism of the electron transport is explained
by the interaction between the molecular energy levels ob-
tained from the DFT calculation of the fullerene pentapod
and the Fermi level of the electrode. Here the work func-
tion of Au was taken as �4.6 eV though in the literature
there is considerable variation of this value from
�4.70 eV to �5.40 eV [34], depending upon the crystal face
of Au and the method of measurement.

According to the B3LYP eigenvalues the HOMO and
LUMO energies of the free molecule are separated by
2.98 eV, but this separation is expected to be smaller in
the actual device as the interaction with the electrodes
would broaden the molecular energy levels. At zero bias,
the HOMO and HOMO � 1 levels of the free molecule are
located �0.9 eV below the Fermi level (EF) of Au, and the
LUMO and LUMO + 1 levels are located �2.1 eV above the
EF.

When a bias of +1.0 V is applied to the top electrode, EF

of Au goes down approximately by 1 eV relative to the
cathode and becomes �5.6 eV, approaching resonance
with the HOMO and HOMO � 1 levels of the molecule
(EHOMO = �5.45 eV, EHOMO � 1 = �5.47 eV) (Fig. 10). Hence
current flow in the forward direction is favored. When a
negative bias voltage (�1.0 V) is applied to the top elec-
trode, the EF of Au goes up to �3.6 eV, and neither the
HOMOs nor the LUMOs are aligned with the electrode en-
ergy levels, thus impeding current flow in the reverse
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Fig. 9. Statistical histograms of rectification ratio data showing mean RR values of (a) 10.8 at ±1.0 V and (b) 14.7 at ±1.5 V.

Fig. 10. Energy levels of the device under applied bias voltage. (a) A forward bias voltage of +1.0 V facilitates the electron transport from the bottom Au
electrode to the top CAFM tip electrode, and (b) a reverse bias voltage of �1.0 V impedes it in the opposite direction. The HOMO and HOMO � 1 levels are of
nearly similar energy and so are LUMO and LUMO + 1. Hence these are shown to take part in the electron tunneling process as though they are degenerate
orbitals.
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direction. When a bias voltage of +2.0 V is applied
(EF = �6.6 V), lower HOMO levels, such as HOMO � 10
(EHOMO � 10 = �6.22 eV), become energetically favorable
and participate in the current flow process. At �2.0 V the
LUMO levels (ELUMO = �2.47 eV, ELUMO + 1 = �2.45 eV) ap-
proach resonance with EF of Au (�2.6 V). Hence, some cur-
rent starts flowing in the reverse direction as well.
Apparently, for higher bias voltages, lower HOMO � X
and upper LUMO + X levels had energies aligned to a sim-
ilar extent with EF of Au, facilitating current flow in both
the directions with equal ease.

It may be pointed out here that the conventional use of
the one-electron molecular orbitals from a DFT calculation
may be an approximation to the many-electron states that
will influence the real transport processes. Nevertheless, it
is not actually the reaching of resonances that leads to the
rectification but rather the approaching of resonances.
Hence the explanation of charge transport in a preferred
direction based on alignment of calculated orbital energies
with those of the Fermi levels of the electrodes using the
present method of computation, though qualitative, is a ra-
tional approach at the moment.
Besides, in the present case, there is homo-conjugation
[35] between the cyclopentadiene moiety with the rest of
the 50 sp2 carbon atoms of the fullerene and peri-conjuga-
tion [36] between the pz-p orbitals of phenolic groups and
orbitals of adjoining fullerene carbon atoms. Thus, the phe-
nolic groups, the cyclopentadiene moiety, and the rest of
the fullerene molecule in the pentapod electronically inter-
act. From the B3LYP calculation it was found that the ful-
lerene pentapod has a high ground state dipole moment
of 3.23 debye (4.53 debye calculated from PBE), and hence
the molecule is quite polar. C60 accepts six electrons elec-
trochemically to form hexa-anion whereas oxidation is rel-
atively difficult [37]. The electron affinity of C60 is
2.65 ± 0.05 eV and the first ionization potential is 7.58 eV
[38]. The values for the hydroxypentapod, calculated using
B3LYP/6-31G**, are 1.6 eV and 6.3 eV, respectively (1.7 eV
and 5.9 eV from PBE/6-31G**). Thus, the pentapod has re-
tained to a significant extent the characteristic electron-
withdrawing ability of C60. Considering that the C50 moiety
of the pentapod is still strongly electron-withdrawing, the
direction of the dipole moment must be towards the fuller-
ene moiety. Besides, the molecule could undergo further
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polarization in this direction when a positive bias is ap-
plied to the CAFM tip electrode. Hence electron transport
in the forward bias condition should be facilitated, as has
been actually observed. Similar rectification behavior has
been explained by polarization of the electron cloud of
the molecule under an applied potential [39].

Three mechanisms, S-, A- or U-types, have been sug-
gested to explain current rectification in metal-organic-
metal devices [5,7a]. When the current passing through a
molecule involves electron transfer between its own
molecular orbitals, or asymmetry in the molecule itself
causes asymmetry in current flow it is called the U-type
of electrical rectification. Previously, the mechanism of
electrical rectification in fullerene derivatives involve elec-
tron transfer in which C60 acts as an acceptor and exohe-
dral functional groups attached to it act as donors
[14,16,26]. The donor is attached to the acceptor by a
r-bond and there is through-bond electron transfer from
the HOMO of the donor to the LUMO of the acceptor. How-
ever, in the present case, both the HOMO and the LUMO
are in the same fullerene cage interacting with each other
through homo-conjugation. Under a suitable applied bias,
electron from the HOMO level is transferred to the LUMO
level through the fullerene cage itself. This is completely
a new case observation in the field of molecular rectifica-
tion of the fullerene derivatives and a novel example of a
true U-type unimolecular rectifier.
4. Conclusions

An amphiphilic fullerene pentapod, (4-HOC6H4)5HC60,
formed well-defined LB film at the air–water interface
and constitutes mostly a monomolecular arrangement
with C60 facing upwards. The LB film transferred over
Au(111) substrate afforded a robust structure through
anchoring of the five phenolic –OH groups. When the de-
vice was subjected to a forward bias using the CAFM tip
as the top electrode in contact with the fullerene moiety,
electrons moved from the bottom negative electrode to
the top electrode through the fullerene molecule. When a
negative bias was applied to the CAFM tip electron trans-
port was significantly less in the opposite direction. The
rectification was appreciable up to an applied bias of
±2.0 V; decreasing thereafter until at ±2.5 V there was no
rectification. Two other fullerene derivatives, (C6H5)5HC60

and (4-CH3SC6H4)5HC60, did not show any electrical rectifi-
cation. These molecules are not as uniformly oriented on
the substrate surface in contrast to (4-HOC6H4)5HC60. Thus,
(4-HOC6H4)5HC60 constitutes a new class of molecule, in
which the donor HOMO and acceptor LUMO levels are on
the same fullerene cage and hence represent true unimo-
lecular U-type rectifier.
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Organic semiconductor blends are commonly used in organic based (opto-) electronic
devices. They are composed of two types of (macro-) molecules, referred to as the guest
and host. To achieve optimum device operation, the chemical nature, electronic structure,
molecular order and the relative concentration of the guests and host are crucial. Here, we
present simulation results of the current density versus the voltage (J–V) behavior of a two
terminal device based on a variable-range hopping model in which the electronic states of
the guest and host are represented by two Gaussian distributions. The J–V behavior is
investigated for various energetic mismatches between guest and host states, widths of
the distribution as well as the guest concentrations. Finally, a simple tool enabling easy
prediction of the J–V behavior of organic host–guest diodes is derived.

� 2008 Published by Elsevier B.V.
1. Introduction traps have been demonstrated in diodes consisting of
The introduction of guest molecules into a host matrix
has become a successful approach to improve efficiency
and to define new functionalities of organic electronic de-
vices. For instance, blending donor and acceptor materials
improves exciton dissociation and enables high-efficiency
of photovoltaics [1]. Blending phosphorescent dyes into an
electroluminescent matrix provides harvesting of triplet
states, thus improving the efficiency of light-emitting
diodes [2,3]. Tuning the emission wavelength in light-emit-
ting diodes and lasers have been achieved in tailor-made
blends combining luminescent dyes, or inorganic nanopar-
ticles, and organic semiconductors [4,5]. Switchable charge
y Elsevier B.V.

: +46 11 363270.
blends of a semiconductor host and photochromic guest
molecules [6,7].

Organic electronic devices are commonly fabricated in
less rigorously controlled environments than traditional
inorganic electronic devices, increasing the risk of contam-
ination of the materials. Moreover, organic materials are
prone to degradation if not processed and operated in inert
atmosphere and under proper light conditions. The result-
ing organic semiconductor can be regarded as an uninten-
tional blend of a pristine intrinsic material, the host, and an
ensemble of impurity molecules or degraded molecules
considered as the guest.

Several factors govern charge transport in host–guest
systems. First, if the highest occupied molecular orbital
(HOMO) of the guest molecule (lowest unoccupied molecu-
lar orbital, (LUMO)) is above (below) the HOMO (LUMO) of
the host molecule, the guest site is energetically more favor-
able for holes (electrons). Therefore, in a device at thermal

mailto:xavcr@itn.liu.se
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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equilibrium, the guest sites have a higher probability to be
occupied than the host sites; the guest sites acts as a traps
for the charge carriers (Fig. 1a) [8]. Second, a guest molecule
with a large dipole moment reshapes the surrounding
electrostatic landscape due to charge-dipole interactions.
The energy of some host sites near the guest is lowered,
and these sites might act as traps for carriers (Fig. 1b)
[7,9]. Note however, dipole-charge interaction acts over a
long range, which results in a smoother transition from
the unperturbed host energy levels to the bottom of the
trap. Therefore it is reasonable to assume that dipole traps
might be less severe than energy level traps. Finally, in a sit-
uation where the host and guest have similar transport
energy level, the difference in charge hopping rate between
guess-host and host-host transitions can affect the charge
transport behavior. This can originate from a different
electronic coupling between guest–host and host–host, or
reorganization energy between hosts and guests [10].

In order to optimize organic host–guest systems for
(opto-) electronic devices, it is highly desirable to under-
stand and to be able to predict the current-voltage behav-
ior of devices. In this report, we focus on the case of guests
acting as energy level traps and investigate how they affect
the J–V behavior diodes (Fig. 1a). We assume that the di-
pole moments of the guest and host molecules are similar,
so that the electrostatic potential felt by the host mole-
cules is not affected by the presence of guest molecules.
Furthermore, the electronic coupling between the guest
and host are considered to be the same as between hosts.

In general, the J–V behavior of diodes in the presence of
traps can be divided into three regimes (Fig. 1c). At low
voltages (trap-limited regime (i)), the carrier concentration
is significantly lower than the trap concentration. The traps
Fig. 1. Frontier energy levels of the organic semiconductor host–guest
system where the guest molecule creates a charge trap: (a) either because
its frontier level is more stable than the host; (b) or because its strong
dipole moment perturbs the electrostatic landscape of the host. The
general J–V characteristic of a device with one type of charge traps is
depicted in (c). In (d) the device layout is shown.
are to a large extent empty and therefore the transport is
strongly limited by the traps. In this regime the current
density is low and proportional to V2 and the mobility is
approximately constant. For higher but intermediate volt-
ages (trap-filling regime (ii)), the carrier concentration is
high enough to increase significantly the occupancy of
the traps. Equivalently, the Fermi level, EF, is shifted to-
wards higher energies and moves through the trap distri-
bution. The sites that are below EF are filled and do not
contribute to the transport anymore. In other words, there
are fewer active trap states to limit the mobility. Therefore
the current density is increased rapidly in this region, with
J–Vb and b >> 2. b increases as the energy distribution of
the trap levels is widened. As EF is shifted above the energy
levels of the traps practically all trap states are filled and
the mobility is no longer suppressed by trapping (trap-free
regime (iii)). In this regime, the current density follows the
familiar J–V2 behavior in the case of an otherwise constant
mobility. The voltage at which the J–V behavior transits
from the trap-filling to the trap-free behavior is tradition-
ally called the trap-filled limit, VTFL.

An analytical relation for the J–V behavior in the trap-fill-
ing regime was first deduced by Mark et al. [11], assuming
an exponential distribution of traps extending into the band
gap from the conduction band edge and freely moving carri-
ers in the conduction band. The resulting J–V behavior fol-
lows a J–Vr+1/t2r+1 dependence, where r = Tt/T is a measure
of the width of the trap distribution and t is the thickness
of the active layer of the device, see Fig. 1d. This model
was recently extended by Mandoc et al. [12] to the case of
a Gaussian distribution of the host states and an exponential
distribution of the guest states, energetically well below the
distribution of host states. Several numerical models have
been suggested to describe the J–V behavior over the whole
voltage range (i.e. for all charge transport regimes) [13–19].
The common denominator in those models is the concept of
multiple-trapping [8]; i.e., the carriers move in extended
states, with constant mobility, but are repeatedly trapped
and released. At any given moment only carriers that are
free, i.e. that does not reside at a trap site, contribute to
the charge transport. Using this approach, the device behav-
ior have been investigated for several archetypal trap
distributions; e.g. discrete- [19], exponential- [17] and
Gaussian- [13] trap distributions. A disadvantage with mul-
tiple-trapping models is the need to distinguish between
trapped and free carries. In disordered organic materials
all states are localized and there are no free charge carriers.
Therefore, the concept of trapped and free carriers is ambig-
uous for these materials.

In this report, we use a carrier concentration dependent
mobility model derived by Martens et al. [20] and further
elaborated on by Coehoorn et al. [21,22]. In this model all
carriers reside in a density of states (DOS) composed of
states from the guest and the host. In this way, the occu-
pancy of the states is explicitly taken care of in the mobility
model and the concept of trapped versus free carriers is
circumvented. Both the host and the guest states are repre-
sented with a Gaussian DOS distribution, and the total DOS
equals the sum of the two Gaussians, see Fig. 2a. We inves-
tigate the impact of (i) the width of the Gaussian guest- and
host DOS (Fig. 2b), the position of the center of the guest DOS



Fig. 2. (a) The total density of states, g(E), consists of the sum of the host DOS, gh(E), and the guest DOS, gg(E). In this case rg = rh = 100 meV, D = 500 meV
and x = 10�4. This gives ETFL = �434 meV, Eh

eq = �394 meV and Eg
eq = �894 meV. The ODOS is shown in dashed lines, starting with EF = 0 meV for the

rightmost ODOS and with decreasing EF by 50 meV for each successive ODOS. The effects of various parameters of the organic host–guest system on the
device behavior are investigated; (b) the width r of the DOS; (c) the energy difference D (or trap depth) between the guest DOS and the host DOS; and, (d)
the guest concentration x. In (b), (c) and (d) the total DOS is plotted in bold and the guest DOS is plotted in dashed lines. ES is the position of the optimal
transport energy, ETFL marks the trap-filled limit (red down triangles). Eg

eq (blue up triangles) and Eh
eq (green rhombs) are the guest- and host equilibrium

energy, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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with respect to the host DOS (Fig. 2c) and the concentration
of guests (Fig. 2d).
2. Methodology

2.1. Mobility model

The Martens model [20] is an extension of the variable-
range-hopping model introduced by Mott [23] but for arbi-
trary density of states. Despite its relative simplicity, the
mobility is in good agreement with more sophisticated
models [21,22]. The total DOS, g(E), is the sum of the guest-
and host-Gaussian DOS:

gðEÞ ¼ ghðEÞ þ ggðEÞ

¼ ð1� xÞNtffiffiffiffiffiffiffi
2p
p

rh

exp � E2

2r2
h

 !
þ xNtffiffiffiffiffiffiffi

2p
p
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exp �ðEþ DÞ2

2r2
g

 !

ð1Þ
where gh(E) and gg(E) are the host and guest DOS, respec-
tively; x is the concentration of guest sites, and Nt is the to-
tal density of sites. (1�x)Nt and xNt are the density of host
and guest sites; rh and rg are the width of the host and
guest distributions. D is the energy difference between
the center of gg(E) and gh(E) (Fig. 2a). The energy disorder
is assumed to be mainly due to electrostatic fluctuations
arising from molecular electric dipoles or quadrupoles
[24,25]. Furthermore, the guest molecules are considered
to be well dispersed in the host matrix, i.e. no phase sepa-
ration. Also, the guest and host molecules experience the
same electrostatic environments and the width of both
DOS distributions can be assumed to be the same (rg =
rh = r).

The charge transport is governed by carriers hopping
from an initial state near the Fermi level, EF, to a final state
lying at an optimal transport energy, ES, over an optimal
spatial hopping distance, Rs. The activation energy for the
hopping process can be defined as EA = ES–EF. Given the car-
rier concentration, p, the Fermi level is found by solving:
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p ¼
Z 1

�1
gðEÞfFDðE; EFÞdE ð2Þ

where fFD is the Fermi-Dirac distribution. The mobility is
given by:

l ¼ r0

ep
exp �aRs �

EF � Es

kBT

� �
ð3Þ

where e is the elementary charge, T is the temperature and
r0 is a constant prefactor. a is the inverse localization
length and describes the spatial extent of the localized
state. a�1 is proportional to the decay of the electronic den-
sity away from the molecules. In all simulations, a = (0.1a)
�1 and Nt = a�3, where a is the average site-to-site distance
and is assumed to be a = 1 nm.

According to Mott’s model, there is only one state to hop
to within the optimal hopping distance Rs with energy low-
er than the optimal transport energy, Es. In other words
within the volume Vs = 4pRs

3/3, there is only one available
(i.e. one unoccupied) final state with energy less than Es.
This can also be expressed as Vs N(Es) = 1, where N(Es) is
the number of available final states per unit volume with
energy less than Es. Coehoorn et al. [22] have suggested that
this should be modified to Vs N(Es) = B in order to take into
account the percolative nature of charge transport in organ-
ic disordered materials. B is a parameter introduced to rep-
resent the average number of sites within the volume when
percolation is achieved. In this study, B = 1.969 is used as
suggested by Coehoorn.

The mobility is found by optimizing the right-hand side
of Eq. (3) with respect to Rs and Es. In the case of a bi-modal
Gaussian distribution, this translates into first solving the
following Eq. (4) to get Es:
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Rs is then given by the relation VsN(Es) = B:
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Finally, the mobility is found by inserting ES and RS into Eq.
(3).

For a given r, a realistic carrier concentration for diodes
(p < 10�3Nt) and at low- to moderate guest concentrations
(x < 10�2), both RS and ES are to a very good approximation
constant and are positioned slightly below the center of
the host DOS. Physically, this means that the final state
of the jumps is within the host distribution, and therefore
the limiting processes for charge transport are guest-to-
host or host-to-host jumps. As the guest concentration is
increased above x � 10�1, Es shifts towards the center of
the guest DOS (towards –D), indicating that hopping di-
rectly between guest states becomes important. In this pa-
per, we assume that the guest concentration is low enough
so that direct guest-to-guest hopping can be neglected, i.e.
x < 10�2. In this case, both Rs and Es are nearly constant and
therefore the carrier concentration dependence of the
mobility originates from the dependence of EF on p, and
from the relative position of EF to Es.

In general, the charge carrier mobility in disordered or-
ganic semiconductors depends on both the charge carrier
concentration and the electric field. In the above described
model by Martens, the charge carrier concentration depen-
dence of the mobility is well modeled, while the effect to of
the electric field is neglected. In our study, the charge car-
rier concentration is the most important parameter for the
mobility in order to understand the effect of filling of deep
guest (trap) states on the J–V behavior. Furthermore, the
carrier concentration dependence of the mobility is much
stronger than the electric field dependence in disordered
organic materials at low and intermediate fields [26]. Devi-
ations from the calculated J–V behavior can be expected at
low temperatures due to the effect of the electric field on
the activation barrier for charge hopping. To avoid that,
all calculations are performed for a temperature set to
295 K.
2.2. Simulation of the J–V behavior

This study is restricted to the case of a single carrier de-
vice, consisting of a single organic host–guest layer with
ideal ohmic contacts. The contacts can supply the bulk
with unlimited amount of charges, i.e. the current is only
limited by the charge transport phenomenon in the bulk
of the organic material. The J–V behavior is found by simul-
taneously solving the drift-diffusion equation:

J ¼ epðxÞlðpðxÞÞEðxÞ � eDðpðxÞÞ dpðxÞ
dx

ð6Þ

and the Poisson’s equation:

d2WðxÞ
dx2 ¼ � e

e0er
pðxÞ ð7Þ

where er and e0 are the relative permittivity and the per-
mittivity of vacuum, respectively; and, W is the electric po-
tential. The diffusion coefficient is estimated through the
Einstein relation D = (kBT/q)l.

Ohmic contacts are modeled by assuming that the car-
rier concentration at both contacts is fixed at a sufficiently
high value. No difference to the solution of Eqs. (6) and (7)
is found for carrier concentrations greater than p =
1025 m�3, and therefore this carrier concentration is used
as the boundary conditions at the contacts. The voltage is
applied to the injecting contact and the extracting contact
is grounded. These four boundary conditions can be sum-
marized as: (i) W(0) = VAppl; (ii) W(t) = 0; (iii) p(0) = p0;
and (iv) p(t) = p0, where p0 = 1025 m�3 and t is the thick-
ness of the organic layer. To eliminate the effect of filling
of deep states due to diffusion from the electrodes into
very thin films [15,27], all simulations have been per-
formed for 300 nm-thick organic layers. In the following
discussion, the carrier concentration in the middle of the
device (i.e. p(x = t/2)) is considered if not else explicitly
stated.
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3. Results and discussion

3.1. General features of the modeled J–V behavior

3.1.1. J–V behavior in the absence of guests
In order to identify the effect of guests, it is illustrative

to first consider the simple case of a single-compound sys-
tem. This corresponds to a pristine host system, without
guests, described by a single Gaussian DOS (Fig. 3a). To
visualize the occupation of the DOS, the occupied density
of states (ODOS = product of the Fermi-Dirac distribution
and the DOS) is also plotted. The evolution of the mobility
versus charge carrier concentration is depicted in Fig. 3c
(dashed line); while the expected J–V behavior is shown
in Fig. 3d (dashed line).

Let us first assume that the majority of the carriers,
contributing to the charge transport, have their initial states
close to the maximum of the ODOS and their final states for
hopping at the transport level ES. At high carrier concentra-
tions, the maximum of the ODOS is to a good approximation
near EF. Hence, an increase of the carrier concentration is
accompanied by a shift of EF (and the maximum of the
ODOS) towards higher energy, thus reducing the activation
energy defined by EF–ES; the mobility increases with p.
Fig. 3. (a) The DOS of an organic layer without guests, i.e. composed only of sim
r = 70 meV of the Gaussian. (b) The DOS of a host–guest system described by th
below the center of the host DOS. Mobility and J–V behavior for the case with
corresponds to the three carrier concentrations in (c) and the three voltages in (d
in an experiment.
However, at low carrier concentration, the increase of the
Gaussian DOS matches the fall-off of the Fermi-Dirac distri-
bution, in such a way that the ODOS peak stays in the same
position at the so-called equilibrium energy, given by
Eeq = –r2/kBT [28]. In this case, the activation energy for
transport is instead given by Eeq–ES. Since both Eeq and ES

are constant with p, the activation energy is constant; the
mobility is independent of p. This regime of constant mobil-
ity occurs when EF is several kBT below Eeq. This can also be
understood mathematically by replacing the Fermi-Dirac
distribution in Eq. (2) with the Boltzman distribution, which
is a reasonable approximation for low values of p. The
resulting carrier concentration is proportional to p � ex-
p(EF/kBT); and consequently, the EF-dependences in Eq. (3)
cancel out and the mobility becomes constant. Note that
this is a property of the Gaussian shape of the DOS [22],
and it is in general not the case for an arbitrary shape of
the DOS. For example, in the case of an exponential DOS,
the maximum of the ODOS follows EF also for small carrier
concentrations and there is no well-defined Eeq.

EF is below Eeq for the entire voltage range in Fig. 3d
(dashed line) and therefore the mobility is approximately
constant. As a consequence, the J–V behavior follows the
J–V2 behavior described by the Mott-Gurney law. Note that
ilar molecular levels with a certain disordered represented by the width
e sum of a Gaussian host DOS and a Gaussian guest DOS located 500 meV

and without guest (c and d). Three marked Fermi-levels in (a) and (b)
). Note that the voltage range in (d) is much wider than what is accessible
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in the case of Fig. 3d the width of the Gaussian DOS is only
r = 70 meV, i.e. at the lower limit reported for organic dis-
ordered materials [29]. As disorder increases the mobility
becomes dependent on the carrier concentration at lower
voltage, resulting in a deviation from the Mott-Gurney
behavior.

3.1.2. The J–V behavior in presence of guests
Fig. 3b shows the DOS of a host–guest system described

by a bi-modal Gaussian distribution. The mobility versus
carrier concentration and the J–V behavior are displayed in
Figs. 3c and d (solid line). The presence of guests does not
modify the average density of charge carriers significantly
but strongly changes the energy distribution of the carriers.
The presence of guest states shifts the ODOS towards lower
energy, which results in a lower EF for the same carrier con-
centration as in the guest-free case. As a consequence, the
activation energy for hopping increases and the mobility
diminishes (Fig. 3c). The overall change in mobility due to
the presence of guests depends on the degree of deforma-
tion of the total DOS caused by the guest states.

In order to explain qualitatively the mobility depen-
dence on the carrier concentration in host–guest systems,
we use a similar approach as adopted for the guest-free
case. The carrier concentration sets the position of the Fer-
mi level with respect to the defined equilibrium energy.
The latter is an indicator to identify the region of constant
mobility. For the host–guest system, two different equilib-
rium energies are worth defining (Fig. 3b):

Eg
eq ¼ �D� r2=kBT ð8aÞ

Eh
eq ¼ �r2=kBT ð8bÞ

At sufficiently low carrier concentrations, the maximum of
the ODOS is in the guest DOS at Eg

eq, and the mobility is
constant as long as EF < Eg

eq. Since Eg
eq is lower in energy

than Eeq in absence of guests, the transition to a carrier
dependent mobility occurs at lower EF or equivalently at
lower carrier concentrations as compared to the guest-free
case. When EF is shifted above �D (EF2), the density of
states starts to decrease again. As a consequence, a small
change in carrier concentration results in a larger shift of
EF and thus a reduction of the activation barrier for the
jumps (EF–ES). Therefore, the mobility increases strongly
with carrier concentration in this region of the DOS. As
the guest states are filled up, the ODOS moves into the part
of the total DOS that is dominated by host states (EF = EF3).
If the host and guest DOS are well separated and if the
guest concentration is low, there is an intermediate carrier
concentration regime where the mobility again becomes
approximately independent on p. This occurs when EF

has passed into the host DOS but is still several kBT below
Eh

eq. If EF is increased above Eh
eq the mobility again becomes

dependent on the carrier concentration.
At low voltages (V < V1 in Fig. 3d), the carrier concentra-

tion is low and the carriers occupy states within the tail of
the guest DOS, near Eg

eq. Hence, p is in the Boltzmann limit,
the activation energy for hopping is high, and the mobility
is effectively constant and low. This corresponds to the
trap-limited regime. As the voltage is increased, EF is shifted
above Eg

eq, and the mobility becomes strongly carrier con-
centration dependent. This corresponds to the trap-filling
regime. The increase in mobility results in a steeper slope
of the J–V behavior, peaking at V = V2 before it increases less
steeply again. At even higher applied voltages (V > V3), the
guest states start to be filled up significantly, such that EF

transits into the part of the DOS dominated by the host
states. At this point the slope of the J–V curve is reduced
and the behavior approaches the trap-free case. This corre-
sponds to the trap-free regime.

Since the DOS is not a discrete function, the filling of the
guest states is a continuous process. Therefore the transi-
tion from the trap-filling regime to the trap-free regime
is smooth and the definition of a trapped-filled limit, VTFL,
is ambiguous. We have chosen to define VTFL as the voltage
when EF is equal to the crossing point, ETFL, between the
individual guest- and the host DOS. At ETFL, the guest
DOS and host DOS has the same magnitude; the initial
states for hopping is equally probable to be a guest state
as a host state. When EF is further increased, the transport
process becomes dominated by charge carriers hopping
from states within the host DOS, i.e. by host-to-host hop-
ping. Assuming that rg = rh = r, it is straight-forward from
gg(ETFL) = gh(ETFL) to derive the following expression for
ETFL:

TFL ¼ r2

D
ln

x
1� x

� �
� D

2
ð9Þ

Note that the definition of ETFL and Eg
eq is only meaningful

as long as ETFL > Eg
eq, since otherwise the difference be-

tween the trap-limited and the trap-free regimes vanishes
and the guests do no longer act as traps. Above the VTFL, the
J–V behavior approaches the trap-free case.

The evolution of the J–V behavior as states are filled in
the DOS can be summarized by:

(1) Trap-limited regime (EF < Eg
eq; i.e., V < Veq

g): the
ODOS is in the tail of the guest DOS and the mobility
is approximately constant.

(2) Trap-filling regime (Eg
eq < EF < ETFL; i.e., Veq

g < V <
VTFL): the mobility is strongly p-dependent and the
slope of the logJ–logV is larger than

(3) Trap-free regime (ETFL < EF; i.e., VTFL < V): Most guest
states are filled and the J–V behavior approaches the
trap-free case.

There are two appealing reasons for this definition of
the three different regimes. First, both Eg

eq and ETFL are
well-defined, which circumvents the problem with ambig-
uous definitions conceivable in the case of smooth transi-
tions as with disordered materials [30]. Second, this
definition is consistent with the traditional definition of
the regimes, in that J follow a V2–relationship (since the
mobility is constant) in the trap-limited and trap-free re-
gimes, and follows a considerably stronger V-dependence
in the trap-filling regime.

3.2. J–V behavior and mobility for various shapes of the DOS

In the following sections the J–V behavior for varying
shape of the DOS is investigated. The width of the Gaussian
DOS (r), the energy difference between the frontier levels



Fig. 4. The progression of the J–V behavior for r = 10 meV, 70 meV,
100 meV and 140 meV. The DOS is shown in (a), and the mobility and J–V
behavior in (b) and (c). The guest equilibrium point Eg

eq and trap-fill limit
ETFL are marked with blue up triangles and red down triangles, respec-
tively. The mobility and J–V behavior in the absence of guests are shown
in dashed. The ODOSs in (a) and the mobilities and concentrations at the
dotted lines in (b) corresponds to the voltages at the dotted lines in (c), i.e.
V = 1 V, 5 V, 20 V and 50 V.
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of the guest and host molecules in the blend (D) and the
concentration of guest molecules in the host matrix (x) is
varied one at a time.

3.2.1. Influence of the Gaussian DOS width
Tuning the width of the Gaussian partial DOS for host

and guest molecules (Fig. 4a) is a way to simulate the
importance of energetic disorder in molecular host–guest
systems. In the case of a very ordered and homogeneous
system (r = 10 meV), EF shifts negligibly until the guest
DOS is almost filled. When the carrier concentration is fur-
ther increased, the charge carriers start to occupy the host
states, resulting in an abrupt shift of EF into the host DOS.
As a consequence, the activation barrier for jumps (i.e.
ES–EF) is dramatically reduced and the mobility
becomes significantly enhanced (Fig. 4b). In the J–V behav-
ior, this appears as a narrow trap-filling regime and a steep
transition from the trap-limited to the trap-free regime
(Fig. 4c).

When disorder is increased to a realistic value for
organic semiconductors (70–140 meV [26,29]), the trap-
filling regime becomes stretched out, and the slope of the
J–V behavior in the trap-filling regime becomes less steep.
Since the range of carrier concentration is still the same (10
�6Nt < p < 10�3Nt), the impact on the diode J–V behavior be-
comes less dramatic. This implies that as r becomes larger,
the J–V behavior becomes less sensitive to the presence of
the guest DOS. As r is increased, Eg

eq is shifted towards low-
er energy. Therefore, for r > 100 meV the trap-limited re-
gime is most likely not accessible within the electric field
span of real experiments.

3.2.2. Influence of the host–guest energy mismatch
The impact of D on the J–V behavior depends on the

width of the distributions (r). If D is small compared to
r, the guest DOS is almost entirely engulfed in the host
DOS and the associated effect on the charge transport is
small. In Fig. 5a, four different cases are shown: no guests,
D = 300 meV, 500 meV and 700 meV for r = 100 meV and
x = 10�4. The host states are completely dominating the
DOS when D 6 300 meV (i.e. r/D 6 3). In this case, the
shape of the ODOS and the position of EF follow that of
the guest-free case when V is varied. As a result, guests
have very little impact on both the mobility (Fig. 5b) and
the J–V behavior (Fig. 5c). For D values larger than 300
meV, the guest DOS is now clearly visible in the total
DOS. The ODOS and EF are at lower energy as compared
to the guest-free case, resulting in an increased activation
barrier for hopping and a reduced mobility. Increasing D
from 300 meV to 500 meV decreases the current density
in the trap-limited regime with three orders of magnitude
and increases the slope of the log J vs. log V curve from 4.5
to 16.5 in the trap-filling regime.

3.2.3. Influence of the guest concentration
As the guest concentration is increased, the shoulder in

the total DOS grows (Fig. 6a). This is accompanied with a
shift of the l–p curve towards higher carrier concentration
values (Fig. 6b) and a dramatic drop of the mobility for low
charge carrier concentration. The shift of the p-dependent
mobility implies that the trap-limited and trap-filling re-
gimes extend into higher carrier concentrations. When the
carrier concentration reaches the same order of magnitude
as the guest concentration, the mobility starts to increase



Fig. 5. The progression of the J–V behavior for D = 0 meV, 300 meV,
500 meV and 700 meV, for r = 100 meV and x = 10�4. The DOS is shown in
(a) and the mobility and J–V behavior in (b) and (c). The ODOSs in (a) and
the mobilities and concentrations at the dotted lines in (b) corresponds to
the voltages at the dotted lines in (c), i.e. V = 1 V, 5 V, 20 V and 50 V. The
trap-fill limit and the host equilibrium point are marked with red down
triangles and green diamonds, respectively. In this case the guest
equilibrium point occurs for very low carrier concentrations and is
therefore not visible in the figure.

Fig. 6. The progression of the J–V behavior for x = 10�5, 10�4, 10�3 and
10�2, for r = 100 meV and D = 500 meV. The DOS is shown in (a) and the
mobility and J–V behavior in (b) and (c). The ODOSs in (a) and the
mobilities and concentrations at the dotted lines in (b) corresponds to the
voltages at the dotted lines in (c), i.e. V = 1 V, 5 V, 20 V and 50 V. In all the
graphs, the trap-fill limit is marked with a red down triangle and the
guest equilibrium limit is marked with a blue up triangle. (For interpre-
tation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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towards the guest-free value and eventually reaches the va-
lue of the trap-free regime. The J–V behavior in Fig. 6c fol-
lows the mobility behavior. At 5 V, the current density is
two orders of magnitude lower with a guest concentration
of x = 10�4 than in the guest-free case. VTFL is shifted from
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6.4 V to 48.6 V when the guest concentration is changed
from x = 10�5 to 10�4.

It is worth noting two limiting cases for the example
considered. First, it is unlikely that the trap-filled limit
can be reached for x > 10�2 in a diode configuration since
the diode would likely break down before the transition
is reached. Second, for very low guest concentrations
(x < 10�4), the current transition is so smooth that it is
hardly discernable. Note that if the guest concentration is
increased above x > 10�2, guest-to-guest hopping eventu-
ally starts to dominate the charge transport process.
Assuming that the guest–guest electronic coupling is on
the same order as (or even higher than) the host–host elec-
Fig. 7. Isodensity contours of pg
eq (left column) and pTFL (right column) for rh = r

bold lines correspond to pg
eq or pTFL= 10�3Nt, 10�4Nt, 10�5Nt and 10�6Nt. The das

that in the case of pg
eq the contour lines are only plotted for Eg

eq < ETFL, since oth
tronic coupling, the mobility will then increase with the
guest concentration [21]. However, as noted above, this sit-
uation is outside the scope of this study.

3.3. Prediction of the dominant regime

3.3.1. Estimation of pg
eq and pTFL for organic host–guest

systems
Since the J–V behavior is dramatically different in the

trap-limited, trap-filling and trap-free regimes, it is desir-
able to be able to predict the dominant regime for a diode
based on a certain organic host–guest system character-
ized by a set of r, D and x. In order to do that, a correlation
g = 10 meV, 70 meV, 100 meV and 140 meV, as a function of x and D. The
hed lines correspond to one decade change of carrier concentration. Note
erwise the definition of Eg

eq is not relevant.



Fig. 8. Five possible cases for host–guest systems illustrated with
sketches of the DOS (a) and the J–V behavior (b) of the diode. The
horizontal bars represent the energy- and voltage range corresponding to
the carrier concentration range of 10�6Nt < p < 10�3Nt. Note that this is
only a sketch and the energy- and voltage ranges are mapped onto one
DOS to fit all the cases into the same figure.
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is needed between the range of the applied voltage and the
range of accessible charge carrier densities in the device.
With the definitions given above, the device is in the
trap-filling regime when Eg

eq < EF < ETFL. Using Eq. (2), this
condition translates into carrier concentrations as pg

eq < p
< pTFL, where pg

eq and pTFL are the carrier concentrations
when EF = Eg

eq and EF = ETFL, respectively. At lower carrier
concentrations (p < pg

eq), the device is in the trap-limited
regime, while at higher carrier concentrations (p > pTFL),
the system is in the trap-free regime. The isodensity con-
tours of pg

eq and pTFL as a function of D and x are extracted
from Eq. (2) and given in Fig. 7. The difference between two
neighboring lines in the figure corresponds to one decade
difference in carrier concentration. In the case of pg

eq, the
contour lines are only plotted for Eg

eq < ETFL, since otherwise
the definition of Eg

eq is not relevant.
When the contacts are ohmic, the carrier concentration

profile in the device at thermal equilibrium is determined
by the build-up of charge near the injecting contact, irre-
spective of the transport mechanism in the bulk of the
material. The amount of charge stored in the material is
given by the product of the geometrical capacitance,
Cg = ere0/t [F/m2], and the applied voltage, VAppl. At interme-
diate to high carrier concentrations, an approximation of
the average charge carrier concentration, pav, is then given
by pav � CgVappl/e = ere0VAppl/et2 [8]. This simple estimate
of the average charge concentration is independent on the
DOS parameters (r, D and x), thus not rigorously accurate.
However, it gives the same order of magnitude as the true
value, with the shape of the DOS taken into consideration,
of the carrier concentration in the center of the device.
For a thickness of the organic layer of a few hundred nano-
meters and with an applied voltage close to the breakdown
voltage of the organic layer, the realistic upper-limit for the
carrier concentration in a diode is on the order of pav � 10
�3Nt. With the same thickness, the lower limit of the carrier
concentration in the device is pav � 10�6Nt due to diffusion
of carriers from the ohmic contacts [27]. With this motiva-
tion, we conclude that the carrier concentration in diodes
under realistic voltages is in the range of 10�6Nt < p < 10
�3Nt. In Fig. 7, pg

eq and pTFL belonging to this accessible range
of carrier concentrations are plotted in bold lines, while
those outside this range appears as dotted lines.

For large D (e.g. D = 700 meV in Fig. 5a), the guest and
the host DOSs are well separated and ETFL is low. Few car-
riers occupy states in the host DOS and most states in the
guest DOS are filled, according to the definition of ETFL.
Consequently, pTFL � xNt and is independent on D. This ap-
pears in Fig. 7 as horizontal isodensity lines for large en-
ough D. When D diminishes (e.g. D = 500 meV in Fig. 5a),
ETFL is sliding upwards along the crossing between the
guest and the host DOS. As long as ETFL < Eh

eq, an approxima-
tion for pTFL in this intermediate range of D can be found
using Eq. (2), according to:

pTFL ¼
Z 1

�1
gðEÞfFDðE; ETFLÞdE

� xNt þ Neff expððETFL � Eh
eqÞ=kBTÞ ð10Þ

where Neff �
R

gh(E)fFD(E, Eh
eq)dE is the effective density of

states of the host DOS at Eh
eq [31]. The two terms in Eq.
(10) corresponds to the charge carriers residing in the
guest states (first term) and the host states (second term).
As D decreases further, ETFL–Eh

eq becomes larger and the
second term in Eq. (10) increases abruptly. In order to stay
on the same isodensity contour, pTFL must be kept constant
by decreasing x. This appears as a downward bending of
the pTFL isodensity contours for intermediate D.

For small D (e.g. D = 300 meV in Fig. 5a), the guest DOS
is almost entirely engulfed in the host DOS. The number of
charge carriers residing in the guest states is therefore no
longer accurately described by the first term in Eq. (10).
In this case, a better estimate of pTFL is given by the second
term alone, i.e. pTFL � Neffexp((ETFL–Eh

eq)/kBT). The only way
to maintain pTFL constant while reducing D is to keep ETFL

constant, since both Neff and Eh
eq are constant. From Eq.

(9), it follows that this can only be accomplished by
increasing x. This trend is depicted as isodensity contours
bending upwards towards larger x for small D.

For large and intermediate D, Eg
eq < ETFL and most of the

carriers contributing to pg
eq are located on guest molecules.

Therefore, the pg
eq isodensity contours are constant with x
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in this D range. For small D, such that Eg
eq > ETFL, states from

the host DOS contribute significantly to pg
eq. In order to

keep pg
eq constant while decreasing D, the guest concentra-

tion x is reduced and the isodensity contours diverge into
vertical lines.

3.3.2. Organic host–guest systems classified in cases
On one hand, two key carrier concentrations pg

eq and
pTFL, characterize a specific organic host–guest system, i.e.
they are defined by a particular set of r, D and x (see
Fig. 7). On the other hand, the carrier concentration in a
diode typically varies with the applied voltage from
10�6Nt to 10�3Nt. Depending on where pg

eq and pTFL are lo-
cated within the range of the accessible p, six different
cases of organic host–guest systems can be identified.
While examples for each case can be found in the previous
Section 3.2, we have here chosen a simplified representa-
tion in order to be able to represent all cases in one graph.
Fig. 8 is not a rigorous scientific representation of the dif-
ferent cases, but a sketch that helps the reader to under-
stand the physical origin of the mobility behavior of
these different organic systems. The accessible carrier con-
centration span (10�6Nt–10�3Nt) in the device is translated
into the accessible energy range for the Fermi level in the
DOS of each specific system, which is represented by a hor-
izontal bar in Fig. 8. The six cases are:

(1) 10�3Nt < pg
eq: Only the trap-limited regime is accessi-

ble. A requirement for a large pg
eq is that Eg

eq is in a
high-density part of the DOS, i.e. either close to the
center of the guest DOS (if x is large) or well within
the host DOS (a small D). Since Eg

eq is proportional to
the square of r, this is only satisfied if r is small, i.e.
for an ordered film. Interestingly, this situation is
not observed in the simulations performed with
realistic r values for disordered organic semicon-
ductor (r > 70 meV).

(2) 10�6Nt < pg
eq < 10�3Nt < pTFL: The J–V behavior starts

in the trap-limited regime, transits into the trap-fill-
ing regime, but never reaches the trap-free limit.

(3) 10�6Nt < pg
eq < pTFL < 10�3Nt: The J–V behavior starts

in the trap-filled regime, proceeds into the trap-fill-
ing regime and eventually reaches the trap-free
regime.

(4) pg
eq < 10�6Nt < pTFL < 10�3Nt: The trap-limited regime

is not accessible; the J–V behavior begins in the trap-
filling regime, and transits into the trap-free regime.

(5) pg
eq < pTFL < 10�6Nt: Only the trap-free regime is

accessible, i.e. the guest states have little impact on
the J–V behavior.

(6) pg
eq P pTFL, or equivalently Eg

eq P ETFL: The trap-filling
regime vanishes and the guests no longer acts as
traps.

4. Conclusions

Organic semiconductor blends, obtained by introducing
guest molecules into a host matrix, have been demon-
strated to improve efficiency and give new functionality
in two terminal devices, like diodes. Here, the evolution
of the mobility vs. charge carrier concentration and the
current density-voltage behavior of the device are ex-
plained and simulated by following how the charge carri-
ers reside in a density of states of the organic host–guest
system.

An organic semiconductor host–guest system is defined
by three parameters: the width of the Gaussian guest– and
host DOS, the position of frontier energy levels of the guest
molecules compared to those of the host molecular matrix,
as well as the concentration of guests. The impact of the
guest states on the J–V behavior is determined by the level
of modification of the total DOS introduced by the guest
DOS. Several major trends are observed: Firstly, when
molecular disorder is increased, the transition from the
trap-limited to the trap-free regime becomes smoother.
In a strongly disordered system, the guest DOS needs to
deviate strongly from the host DOS to have an impact on
the J–V behavior. Secondly, the transition from the trap-
limited to the trap-free regimes occurs over approximately
the same voltage range, but the transition is much steeper
for larger energy mismatch between guest and host fron-
tier p-levels. Thirdly, an increase of guest concentration
in the organic system shifts the J–V behavior towards high-
er voltages.

From the above analysis, we propose simple criteria
to predict the J–V behavior of a two terminal device
composed of an organic semiconductor host–guest system
defined with its three parameters (r, D, x). An organic
host–guest system is characterized by two key charge car-
rier concentrations, pg

eq and pTFL, easily accessible in this
report. The position of pg

eq and pTFL within the range of
charge carrier concentration accessible in device [10�6Nt–
10�3Nt] allows to predict the regimes of charge transport
(trap filing, trap-filled, trap free) accessible for that specific
organic host–guest system. We believe these criteria will
help device scientists to select the right molecular host–
guest pair and host/guest ratio to access the desired J–V
behavior for a given (opto) electronic application.
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a b s t r a c t

We have fabricated solution-processed pentacene thin film transistor arrays with mobili-
ties as high as 1.0 cm2/V s, evaluated at a low drain voltage of �10 V. This is achieved by
controlling the growth direction of the pentacene films from solution, and by optimizing
conditions for drop casting. Crystal growth of the solution-processed pentacene films is
found to proceed in one direction on a tilted substrate. Grazing incidence X-ray diffraction
and electron diffraction reveal that the crystal growth azimuth corresponds to the direction
along the minor axis of the a–b plane in the unit cell of the pentacene crystal. This direc-
tional growth method is extended to solution processing on large glass substrates with an
area of 150 � 150 mm2, thereby yielding transistor arrays with two-dimensional unifor-
mity and high carrier mobility.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, thin film transistors (TFTs) based on or-
ganic semiconductors have attracted significant attention
because of the relatively high mobility up to 10 cm2/Vs of
single crystals and applicability to flexible substrates
[1–5]. Solution processing can be applied using organic
semiconductors with flexible substrates at much lower
temperatures compared to conventional processes for
inorganic semiconductors, thus allowing for studies using
novel soluble materials [6–10]. One of the organic semi-
conductors under investigation, pentacene, has shown
high carrier mobility comparable to amorphous silicon
[11]. However, it has been typically used as the source
for vacuum deposition due to its low solubility. To obtain
higher solubility, it is necessary to modify the molecular
. All rights reserved.

x: +81 545 62 3179.
(Y. Natsume).
structure of pentacene by adding some functional groups
to the parent structure. Diels–Alder-adducted pentacene
derivatives [12,13] and 6,13-bis(triisopropyl-silylethynyl)
pentacene [14], for example, were investigated and exhib-
ited high field effect mobilities of 0.1–1 cm2/Vs.

We have investigated and reported direct solution pro-
cessing of organic thin films, without the need for particu-
lar syntheses to obtain pentacene derivatives [15]. These
organic thin film transistors (OTFTs) fabricated by direct
solution processing also exhibited high carrier mobilities,
up to 0.5 cm2/Vs. Moreover, our solution-processed penta-
cene films had widespread crystalline domains up to sev-
eral hundred micrometers and exhibited an interlayer
spacing of d(001) similar to that of the bulk phase
(d = 14.4 Å). Although the maximum carrier mobility in
our previous reports was sufficiently high to be applicable
in electronic devices, such as the active-matrix of a liquid
crystal display and electronic paper, little attention has
been paid to controlling the quality of the films, thereby

mailto:natsume.yc@om.asahi-kasei.co.jp
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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obtaining reproducibly high carrier mobilities. To this end,
it is important to clarify the crystal growth mechanism in
the solution process and to extract key parameters for opti-
mum growth conditions.

In this report, we focus on the crystal growth of penta-
cene from a solution, and discuss the application of direc-
tional growth of pentacene thin films. In the solution
process, the surface-area-normalized amount of dropped
solution and the concentration of the pentacene solution
were optimized as primary parameters. The obtained TFT
arrays showed uniformly high carrier mobilities, and
accordingly this solution process was utilized for the prep-
aration of transistor arrays for 5-inch-diagonal-sized liquid
crystal displays (LCDs) [16].
2. Experimental procedure

Pentacene was purchased from Tokyo Chemical Indus-
try Co. (refined product by sublimation) and used without
further purification. Commercially available 1,2,4-trichol-
orobenzene (TCB) was used as the solvent after distillation.
Pentacene was added to the TCB and heated at 200 �C to
obtain 0.01–0.07 wt% solutions in a glove box under a
nitrogen atmosphere. The solution was coated onto a sub-
strate previously heated to 200 �C to form a pentacene thin
film by evaporating the TCB. To enhance wetting of the
solution on the substrate surface, we added poly-
dimethylsiloxane (PDMS), obtained from Aldrich, to the
pentacene solution to a concentration less than 50 ppm.

We used glass substrates with a 280 nm-thick silicon
dioxide film as an insulator, which was prepared from
polysilazane spin-coated over the 100 nm-thick Cr gate
electrode and heated to 300 �C [16]. The source and drain
electrodes were prepared using photolithography meth-
ods, electron beam deposition of 22/3 nm-thick Au/Ti,
and cleaning by reactive-ion etching after a lift-off process.
The bottom-contact configuration was adopted as the
geometry of the electrode with a channel width (W) of
500 lm for all devices, and the channel length (L) was var-
ied from 5 to 50 lm. The substrates were cleaned with
oxygen plasma prior to the preparation of the pentacene
thin films.

The electrical properties of the OTFTs were measured
with a semiconductor parameter analyzer (Keithley
4200SC). The field effect mobility l was calculated in the
saturation region from the slope of the linear part of the
I1=2
D;sat vs. VG plot in the saturation region, using the following

equation:

ID;sat ¼
WCox

2L
l VG � V thð Þ2; ð1Þ

where Cox is the capacitance of the insulator per unit area,
VG is the gate voltage and Vth is the threshold voltage,
which can be estimated from the intercept of a line drawn
through the linear part of the I1=2

D;sat vs. VG plot.
In-situ observations of crystal growth were carried out

using an optical microscope with a heating and cooling
stage (1002LS, Japan High Tech Co. Ltd.). The dispersed
pentacene in TCB was enclosed in a cell of the stage unit
under a nitrogen atmosphere, and the cell was mounted
on the microscope stage. The dispersion in the cell was
heated initially to 200 �C to form a uniform ca. 0.07 wt%
solution of pentacene. Thereafter, the solution was cooled
to yield crystal growth at a cooling rate of 2 or 15 �C/
min. The grown crystal domains were observed by polar-
ized light.

Electron diffraction (ED) studies of the flat domain of
the solution-processed pentacene thin films were carried
out using a transmission electron microscope (TEM; HF-
2000, Hitachi Ltd.). The pentacene films were covered
with a water-soluble resin and were exfoliated together
from the substrate. This was then floated on water to dis-
solve the resin, and the pentacene films left behind were
picked up with a copper grid. The electron beam
(k = 0.0251 Å) was irradiated onto the sample in a perpen-
dicular direction to the pentacene films on the copper
grid. The stripe patterns on the pentacene film,
corresponding to the growth direction, were checked
prior to the ED analysis to confirm the direction of crystal
growth.

The in-plane structure of the solution-processed thin
films was investigated by grazing incidence X-ray diffrac-
tion (GIXD) [17], to confirm the relationship between the
direction of the thin film formation in the process and
the crystallographic structure. The GIXD measurement
was performed using an ATX-GSOR diffractometer with
synchrotron radiation (k = 1.00 Å) at the BL46XU in the
SPring-8. The incident X-ray beam is radiated onto the
sample surface at a grazing angle (typically <0.5�). The X-
ray detector is scanned in the in-plane direction to observe
in-plane diffraction of the films. In this measurement, lat-
tice planes perpendicular to the film surface can be de-
tected. In addition, the in-plane two-dimensional
azimuth of the pentacene crystalline film was subse-
quently analyzed by rotating the sample (/ axis) with a
fixed angle of the detector at 2hv = 18.0�, wherein the
strongest diffraction was obtained in the previous mea-
surements of the //2hv scan. Here, the origin of the sample
rotation was set as the direction of the stripe patterns on
the thin film surface.
3. Results and discussion

3.1. Directional growth of the solution-processed film

In-situ observations of pentacene crystal growth in the
TCB solvent were carried out using the optical microscope
with the thermally controllable stage unit. Fig. 1 shows the
crystal morphology for different cooling rates. The low
cooling rate of 2 �C/min leads to plate-like crystal growth,
while the high cooling rate of 15 �C/min results in dendritic
pentacene crystals. The cooling rate is related to supersat-
uration of the solution, in other words, a fast cooling rate
provides high supersaturation and vice versa. Furthermore,
the plate-like crystal growth should evolve into flat do-
mains of the solution-processed pentacene films, which al-
ways exhibit the stripe pattern. Here, we call these
structures macro-stripe patterns. We have assumed that
the macro-stripe patterns are related to the growth direc-
tion of the pentacene crystalline films.
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The solution-processed films, in which the flat do-
mains showed different directions of the macro-stripe
patterns, were observed by a polarizing microscope. Some
domains could be distinguished from the polarized image,
with each domain having a different direction of the
macro-stripe pattern. This implies that the macro-stripe
patterns correspond to the crystal azimuth of the respec-
tive flat domains. We considered that the directionality of
crystal growth is related to the evaporation direction.
Drop casting was therefore carried out on a tilted sub-
strate with a tilt angle of up to 0.5�. With a tilted
substrate, the growth of the thin film proceeds approxi-
mately in one direction, since the thickness of the solution
has a one-dimensional gradient. As shown in Fig. 2,
the obtained films showed a directionality of the macro-
stripe patterns, with the direction of the macro-stripes
mostly oriented towards the direction of the thin film
growth.
Fig. 1. Crystal morphologies of pentacene obtained by solution growth using a
represent the growth directions.

Fig. 2. Optical microscope image for the solution-processed pentacene film o
direction. The macro-stripe patterns were structured along the evaporation dire
3.2. Growth azimuth of the pentacene crystalline film

To investigate the relationship between the growth
direction and crystal azimuth in the pentacene solution-
processed films, we employed TEM measurements, and
the TEM images obtained are shown in Fig. 3. Another
stripe pattern of ca. 0.2 lm width was observed in the
TEM images; we named this the micro-stripe pattern.
Although the direction of the micro-stripe patterns did
not necessarily correspond to that of the macro-stripe pat-
terns, we focused on the regions where the direction of
both stripe patterns corresponded to each other in the azi-
muth. The inset image in Fig. 3 represents the ED pattern
observed simultaneously in the TEM measurement. In
addition, the obtained ED pattern was compared with ED
simulation [18] using the solution-grown crystal structure
reported by Campbell et al. with the lattice parameters of
a = 7.90 Å, b = 6.06 Å, c = 16.01 Å, a = 101.9�, b = 112.6�,
cooling rate of (a) 2 �C/min and (b) 15 �C/min. The arrows in the images

btained with directional growth. The arrow represents the evaporation
ction. The rectangles in the figure represent source and drain electrodes.



Fig. 3. TEM image of the solution-processed pentacene film. The inset
image is the electron diffraction pattern observed simultaneously with
TEM. The direction of the micro-stripe pattern is in agreement with the
growth direction of the solution-processed pentacene film in this case
(the arrow in the figure).

110 Y. Natsume et al. / Organic Electronics 10 (2009) 107–114
and c = 85.8� [19], in order to assign the respective diffrac-
tions. Recently, Siegrist et al. reported that the high-tem-
perature pentacene polymorph is stable above 190 �C,
Fig. 4. Crystal structure of pentacene (a) determined by Cam
and that the unit cell parameters of this polymorph were
similar to those reported by Campbell [20]. Furthermore,
Della Valle et al. suggested that the structure reported by
Campbell corresponds to the deepest minimum structure,
using energy-minimization calculations with the quasi-
Monte-Carlo sampling method [21]. These reports imply
that pentacene crystal grown above 190 �C tends to have
the structure reported by Campbell. In fact, the solution-
processed pentacene thin film in our earlier work was
found to have a structure close to that determined by
Campbell [22]. Therefore, in the following, the crystal
structure of pentacene will be discussed on the basis of
the Campbell’s structure. In the ED simulation, Campbell’s
structure was redefined as a = 6.06 Å, b = 7.90 Å,
c = 14.88 Å, a = 83.26�, b = 100.54�, and c = 85.80�, since
the original structure is not a reduced cell, namely, the c
axis of the original cell is much inclined. The difference
in the definition of a unit cell is displayed in Fig. 4. The
ED measurement in Fig. 3 revealed that the direction of
the stripe patterns on the film surface corresponded to
(100) direction in the reduced Campbell’s structure, that
is, the (010) direction of the original one.

As further verification of the growth azimuth of the
pentacene films, GIXD measurements were also carried
out using synchrotron radiation at the SPring-8
(k = 1.00 Å). The GIXD pattern of the //2hv scan for the
solution-processed pentacene film with directional growth
is shown in Fig. 5a. A very strong peak is observed at
2hv = 18.0�, which corresponds to the d spacing of
0.32 nm. This diffraction peak is assigned to the (1�2�1)
pbell et al. and (b) redefined structure in this study.



Fig. 5. (a) GIXD pattern (k = 1.00 Å) of the solution-processed pentacene thin film with directional growth. (b) In-plane distribution of diffraction at 2hv
= 18.0�, fixing the position of the detector during sample rotation of the / axis.
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lattice plane of the reduced Campbell’s structure (calcu-
lated to be 2hv = 18.0�). The (1�2�1) plane is confirmed
to be almost perpendicular to the (001) plane, since the
angle between these planes is calculated to be 90.4� from
crystal structure data of the reduced Campbell’s structure.
In order to avoid confusion, the (120) and (1�20) planes,
which were also confirmed in the ED measurement, should
be mentioned here. The calculated angle between (120)
and (001) is 90.3�, almost perpendicular; however, the
corresponding d spacing is 0.34 nm which should be ob-
served at 2hv = 16.8�. The (120) diffraction was actually
confirmed at 2hv = 16.82� with a low intensity of 103 cps
in this measurement. On the other hand, simulations indi-
cated that the (1�20) plane was at 2hv = 18.42� (d spac-
ing = 0.31 nm) with low intensity, and the dihedral angle
toward the (001) plane was estimated to be 78.0�. The
(1�20) plane cannot be detected in the GIXD measure-
ment. Thus, it is reasonable to assign the peak at 18.0� to
the (1�2�1) lattice plane. As shown in Fig. 5b, the in-
plane distribution of the strong peak at 2hv = 18.0� was
subsequently investigated by rotating the sample (/ axis)
with the fixed angle of detector at 2hv = 18.0�. In this mea-
surement, we set the origin of the rotation angle approxi-
mately to the direction of the macro-stripe patterns,
which was visible to the eye. It was revealed that the stron-
gest peak was obtained in the narrow angle region from
�56� to �52� with the peak top at �53.6�, while several
peaks were detected in the other azimuth. In addition,
the angle between (100) and (1�2�1) was calculated to
be 54.9� from the crystal structure data. Since the differ-
ence in the azimuthal angle is only 1.3�, we conclude that
the pentacene crystal growth from a solution proceeds
along the minor axis (ca. 6 Å) in the a-b plane of the crystal
structure of pentacene.

Using density functional calculations, Northrup et al.
predicted an equilibrium crystal shape in terms of the sur-
face energy of the crystal structure [23]. They employed
the original Campbell’s structure without any structural
redefinition, and calculated the surface energies for the
(001), (100), (010), (110), and (1–10) surfaces. In addi-
tion, the theoretical form of the crystal can be derived from
the relative growth rates of various low-index faces, since
the growth rate of the crystal face is assumed to be propor-
tional to its surface-formation energy [24,25]. The corre-
sponding formation energies were also calculated to be
0.15, 0.45, 0.75, 0.71, and 0.72 eV/cell respectively in Ref.
[23], that is, the (010) surface has the largest surface-for-
mation energy. Therefore, pentacene molecules in a solu-
tion are likely to cohere to the (010) surface, and this
facet will disappear from the equilibrium crystal shape
[23]. It is worth noting again that the (010) surface men-
tioned here corresponds to the (100) surface of the re-
duced Campbell’s structure in the present study. Hence,
the crystal growth was theoretically predicted to proceed
preferably along the minor axis in the a-b plane of the
pentacene crystal under equilibrium condition. This
prediction implies that the flat domain growth in this
process takes place under nearly equilibrium condition.
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3.3. Fabrication of transistor array

The solution process with directional growth was ap-
plied to a glass substrate with an area of 150 � 150 mm2,
wherein 10,000 transistors (W = 500 lm) were prepared
in the center region of 100 � 100 mm2 area (cf. Fig. 7).
The glass substrate was placed on a hot plate with a slight
tilt and was sufficiently heated at 200 �C before drop cast-
ing of the pentacene solution. The direction of thin film
growth was parallel to that of the channel.

First, we emphasize that wetting of the solution on the
substrate is important to stably provide two-dimensional
growth of thin films. Since the drop casting itself is essen-
tially a non-equilibrium process, it was difficult to control
and restrain a phenomenon such as stick and slip movement
at the edge of dropped solution without additives. It was
found that the addition of PDMS of less than 50 ppm to
the pentacene solution provides preferable wetting of the
solution on the substrate, and that the solution on the
tilted substrate can continuously evaporate from the upper
side to the lower side of the dropped solution, even in the
case of large-area substrates. Moreover, the evaporation
rate becomes moderate after starting the two-dimensional
growth. The enhancement of wetting can be attributed to
appropriate lowering of the surface tension of the solution
and the interfacial tension between the solution and the
substrate due to the presence of an appropriate amount
of PDMS. Although the exact mechanism for the enhance-
ment in wetting has not been fully investigated at the pres-
ent stage, this treatment was clearly found to make the
drop casting controllable with simple experimental param-
eters as described below.

We focused on the surface-area-normalized amount of
dropped solution and the concentration of the solution as
process parameters to control the quality of the thin films.
It is possible to apply the same condition to substrates with
different sizes, by defining the surface-area-normalized
amount of the dropped solution. These two parameters
were optimized so that the best transistor characteristics
were obtained. The optimum conditions for the amount
Fig. 6. (a) Distributions of carrier mobility as a function of threshold voltage for
each part of the TFT array. (b) Transfer characteristic of OTFT with the best carrier
TFTs was W/L = 500/10 lm, and the applied drain voltage was �10 V for all mea
and concentration of the dropped solution were found to
be 0.058 ml/cm2 and 0.05 wt%, respectively. In Fig. 6a, dis-
tributions of the transistor characteristics, mobility and
threshold voltage in the TFT arrays fabricated using the
best condition (condition 2) are displayed, and compared
with conditions of 0.044 ml/cm2 and 0.07 wt% (condition
1). The characteristics of transistors with L = 10 lm were
evaluated at a drain voltage of �10 V, wherein 40 TFTs
were randomly sampled from the TFT array of
100 � 100 mm2 area. For condition 2, the characteristics
converged well within a small distribution ranging from
0.2 to 1.1 cm2/Vs for the carrier mobility (0.62 cm2/Vs on
average with standard deviation of 0.19 cm2/Vs), and from
�2.6 to �0.9 V for the threshold voltage (�1.8 V on average
with standard deviation of 0.2 V), respectively. Moreover,
the on/off ratio and the subthreshold slope showed good
values of more than 104 and ranging from 0.5 to 1.1 V/dec-
ade, respectively. The transfer characteristics of OTFTs with
the highest carrier mobility are shown in Fig. 6b. The max-
imum carrier mobility of 1.1 cm2/Vs obtained may be one
of the highest values ever reported measured at a low drain
voltage in solution-processed OTFTs. In contrast, condition
1 resulted in low carrier mobility ranging from 0.01 to
0.52 cm2/Vs with an average mobility of 0.13 cm2/Vs.

The area with lower carrier mobility in the array is com-
prised of dendritic domains. The formation of dendritic do-
mains occurs at the initial stage of film growth owing to
high supersaturation accompanied by fast evaporation. In
addition, the smaller amount of dropped solution results
in widespread dendritic domains. Solution-processed films
on 150 � 150 mm2 glass substrates obtained using both
conditions are shown in Fig. 7. In the pictures, a part of
the thin film is clouded due to the presence of dendritic do-
mains or large roughness of the thick domains. In the case
of condition 2, most of the area in the TFT arrays was cov-
ered with flat domains, and at the same time, the area of
the dendritic domain was restricted to the edge of the glass
substrate (Fig. 7b), while the dendritic and thick domains
covered a considerable area of the substrate when condi-
tion 1 was used (Fig. 7a). In the course of the evaporation,
conditions 1 and 2. In both cases, 40 TFTs were randomly sampled from
mobility from the TFT array fabricated using condition 2. The geometry of
surements.



Fig. 7. Solution-processed pentacene thin film on a glass substrate of area 150 � 150 mm2, fabricated using (a) condition 1 and (b) condition 2. Both
substrates were placed on a cover case for a 6-inch-square photomask. The outer area of the TFT array in the glass substrates was partially covered with gold
in the electron beam deposition.
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the increasing vapor pressure should reduce the evapora-
tion rate to change the growth mode from dendritic
growth to two-dimensional growth, owing to lowering of
the supersaturation. A similar phenomenon was confirmed
in the in-situ observations of pentacene crystal growth.

The directionally grown films have color gradation from
blue to violet, as seen in Fig. 7. This color gradation is
attributed to the gradient of the film thickness. The distri-
bution of the film thickness obtained using condition 2 is
displayed in Fig. 8b. The thickness was measured from
cross-sectional profiling of the films, and 45 points (five
points per division and nine divisions in an array) were
evenly sampled from the respective area of the TFT array
in the substrate. The TFT array was classified into nine divi-
sions by separating three sections for each side, as a–c for
the x-axis and 1–3 for the y-axis, respectively. The film
growth proceeded in the direction from a to c along the
x-axis. The thickness increased from 100 to 200 nm,
accompanied by film growth, and the averaged thickness
was approximately 150 nm. The distribution of the film
thickness using condition 1 is also shown in Fig. 8a. The
thickness gradually increased from 150 to 250 nm, accom-
panied by film formation, and the average thickness was
ca. 200 nm. The concentration of the solution is roughly
correlated with the thickness of the pentacene films. The
dense solution yielded thick films particularly at the end
of evaporation, resulting in large roughness of the films.
The rough surface could be an impediment in the post-pro-
cessing of pentacene film formation, for example the seal-
Fig. 8. Distribution of thickness for the solution-processed pentac
ing process for the liquid crystal layer. Thus, the
intermediate concentration of 0.05 wt% was found to be
desirable for application to TFT arrays [16].

The optimized process parameters thus successfully
provided high quality solution-processed pentacene films,
yielding high carrier mobilities. The directional growth
also contributes to the high uniformity of TFT characteris-
tics, even on large-area substrates, since the pentacene
crystal has been reported to exhibit anisotropic carrier
mobility both theoretically and experimentally [26,27].
This solution process was applied for the preparation of
transistor arrays for 5-inch-diagonal-sized LCDs, which
were also driven successfully [16].

4. Conclusions

We have successfully fabricated directional-solution-
grown pentacene TFT arrays with high carrier mobilities,
up to 1.1 cm2/Vs, at a low drain voltage of �10 V. In addi-
tion, the distribution of TFT performance in an array
showed high uniformity for both carrier mobility and
threshold voltage, which were respectively 0.62 cm2/Vs
on average with standard deviation of 0.19 cm2/Vs and
�1.8 V on average with standard deviation of 0.2 V.

We found that the crystal growth direction in the penta-
cene film was accompanied by the thin film growth direc-
tion, and that crystal growth proceeded preferably along
the minor axis of the a-b plane in the crystal structure of
pentacene. We applied this phenomenon to our solution
ene film prepared using (a) condition 1 and (b) condition 2.
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process by dropping the solution onto tilted substrates,
thereby obtaining high directionality of film growth.

This solution process with directional growth was ap-
plied to a large glass substrate with an area of
150 � 150 mm2. To enhance the wetting of the pentacene
solution on the substrate, we added a small amount of
PDMS to the solution. With this treatment, good wetting
on the substrate was realized, thereby making the drop
casting process controllable. We optimized the amount of
the dropped solution and the concentration of the solution
as prime parameters in the process to obtain the preferred
films. This method was applicable to TFT arrays for LCDs. In
summary, we have demonstrated the possibility of appli-
cation of the direct solution process to electronic devises.
We believe that OTFT using small molecules is the most
promising candidate for flexible displays manufactured
by printing technologies.
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a b s t r a c t

We report the dynamic admittance, both in the dark and under illumination, of heterojunc-
tions made of poly(3-hexyl thiophene)/1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]C61

(P3HT:PCBM) blends, which are used in efficient organic solar cells. In the dark there
appears a huge low frequency negative capacitance which we associate with slow electron
hole bimolecular recombination at the heterojunction interfaces. Surprisingly, under pho-
toexcitation the negative capacitance gradually disappears with increasing light intensity.
We attribute this positive photoinduced capacitance to the combined effect of (1) long
lived photogenerated charges at the P3HT:PCBM interfaces that increase electron-hole
bimolecular recombination rate, which in turn renders the capacitance less negative and
(2) trapped photogenerated charges that increase the capacitance upon re-emission.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

We report a huge dark negative capacitance (NC) and its
disappearance under illumination in organic bulk hetero-
junction devices made of poly(3-hexylthiophene)(P3HT)
and 1-(3-methoxy carbonyl)propyl-1-phenyl[6,6]C61

(PCBM). Photovoltaic cells based on P3HT:PCBM blends
are among the most efficient in this class of devices [1–
4]. The NC phenomenon in various devices, such as
inorganic Schottky diodes, inorganic homojunction photo-
detectors, organic light emitting devices and more, has
been reported previously, while its origin is still under de-
. All rights reserved.

ent, Technion, Israel
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freund).
ergerstrasse 69, 4040
bate [5–9]. In many cases, the frequency, x, dependence of
the NC spectrum, C(x), has been shown to be directly re-
lated to current relaxation [5,6] or electron–hole (e–h)
recombination in bipolar organic devices [7,9]. The pri-
mary cause for the NC is probably different in different sys-
tems. In the present case of organic heterojunction devices,
the NC is observed under bipolar charge injection condi-
tions. At low enough frequencies the NC saturates reaching
(in absolute value) up to �500 times the geometrical
capacitance at low frequencies. The bias voltage and fre-
quency dependencies of NC enable us to determine the
e–h bimolecular recombination (BMR), which is responsi-
ble for the spectral behavior of the NC and the correspond-
ing dynamic sample conductance.

Upon photoexcitation the NC diminishes in magnitude
and the capacitance reaches even positive values under
sufficiently intense illumination. We attribute this positive
photoinduced capacitance to the combined effect of (1)
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Fig. 2. The frequency dependence of DGðf Þ=f � ½Gð20 HzÞ � Gðf Þ�=f for the
same device as in Fig. 1, showing the typical bell shaped loss function
behavior. Symbols: data points at various bias voltages (in V) as marked.
Inset: G(f) vs f for Vbias ¼ 1:5 V.
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long lived photogenerated charges at the P3HT:PCBM
interfaces that increase e–h BMR rate, which in turn
renders the capacitance less negative and (2) trapped
photogenerated charges that increase the capacitance
upon re-emission.

2. Experimental

Thoroughly cleaned indium tin oxide (ITO) covered
glass slides are used as substrate. An L � 800 nm thick
photo-active layer made from a regio-regular (rr)-
P3HT:PCBM solution (1:1, 2% in chloroform) was cast by
the doctor blade technique on the substrate. The Al top
contacts were applied by vacuum deposition, followed by
an annealing step (5 min at 120 �C). The diodes (active area
A ’ 12 mm2) showed a rectification ratio of ’104 at ±1 V
(Fig. 4, inset). Forward (positive) bias conditions are ob-
tained when the ITO is wired (+) and Al wired (�). An HP
4284A LCR-meter operated in the frequency range
f ¼ x=2p ¼ 20� 106 Hz (20 mV ac voltage) was used to
measure the complex admittance Y(x), from which the
capacitance C(x) = ImY(x)/x and the conductance
G(x) = ReY(x) were extracted. We carefully analyzed the
low frequency regime in order to make sure that the ex-
tracted C(x) and G(x) are not influenced by any parasitic
circuit reactance [10]. The 532 nm line of a Nd:YVO4 laser
was used as light source for the photoinduced admittance
measurements. All measurements reported here were
done at room temperature.

3. Results

In Fig. 1 we display the measured frequency dependent
capacitance of the ITO-P3HT:PCBM-Al device in the dark at
various applied forward bias voltages. For Vbias > 0:3 V, we
observe a negative contribution to the capacitance and re-
late it to current relaxation [5] due to e–h recombination in
the bipolar injection regime [6,9]. This negative contribu-
tion becomes more dominant as the voltage increases
above 0.35 V, where C(x) becomes more negative as the
Fig. 1. Frequency dependent capacitance measured on an ITO-
P3HT:PCBM-Al device shown for various forward bias from 0.3 to 1.5 V
(as marked). Symbols: data points, solid lines: fits to the data. The 0.3 V
data is multiplied by 10 for clarity. Inset: C(50 Hz) vs bias voltage. Black
squares – data points and red stars – fit (see text).
bias increases. The effect of increasing bias on NC is shown
in the inset of Fig. 1 where the measured capacitance at
50 Hz, C(50 Hz), is plotted as a function of Vbias. At 1.5 V,
C(50 Hz) � �200 nF, which is (in absolute value) ’500
times the geometrical capacitance, Cg ¼ eA=L ’ 0:4 nF
(e ’ 3e0 is the sample static dielectric constant and e0 is
the vacuum permittivity).

The decrease in capacitance as f decreases below �5–
10 kHz, is accompanied by a corresponding increase in
the conductance, as shown in the inset to Fig. 2. The zero
value Gðf � 0Þ corresponds to the static conductance dI/
dV. Denoting DGðf Þ � Gð0Þ � Gðf Þ, the quantity DG(f)/f (up
to f � 10 kHz) is proportional [11] to the corresponding
changes in e00(f), the imaginary part of the dielectric func-
tion associated with the process. In Fig. 2, DG(f)/f is dis-
played for various bias voltages, showing the bell shaped
curves characteristic to e00. Note the shift of the curves’
maximum towards higher frequencies for higher bias; this
is consistent with the observed faster recombination pro-
cess at higher voltages (see discussion below).
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We now turn to the effect of photoexcitation on NC. In
Fig. 3 the measured capacitances of a ITO-P3HT:PCBM-Al
device under 532 nm continuous irradiation ðClightÞ are
shown in the bipolar charge injection regime for various
light intensities, IL. A significant increase in the capacitance
due to illumination is observed at low frequencies. Above
15 kHz up to 1 MHz the photoinduced changes in the
capacitance are very small (not shown in Fig. 3). The pho-
toinduced changes in the capacitance, DC � Clight � Cdark,
are sensitive to both the light intensity and applied bias.
Inset (a) to Fig. 3 shows the dependence of DC(50 Hz) on
IL at fixed Vbias. The observed DC / I1=2

L for both Vbias ¼
0:35 and 0.5 V is indicative of a BMR mechanism for the
photoinduced carriers. Inset (b) to Fig. 3 shows the depen-
dence of DC(50 Hz) on Vbias at fixed IL. Below Vbias � 0:35 V
DC(50 Hz) 6 3–4 nF, then a sharp rise at Vbias � 0:35 V fol-
lowed by a plateau (where DC(50 Hz) P 100 nF for
IL P 100 lW=cm2) above �0.6 V are evident.

4. Discussion

The negative contribution to the dark C(x) is observed
here only at Vbias > 0:3 V, under the conditions of bipolar
injection. NC is more pronounced at higher forward bias
voltages, where the conductance of the device is higher.
The maximum frequency at which NC is observed is re-
stricted approximately to f < 2 kHz at Vbias ¼ 1:5 V where
NC is most pronounced. Such low frequencies represent
time scales which are much longer than the single carrier
transit time in this device (’5 ls at 1 V). It is therefore
plausible to analyze the NC as a separate process dominat-
ing the other transport processes in this frequency range.
Previously, such an approach was used by Penin [5] in or-
der to account for NC in semiconductor Schottky diodes via
impact ionization of impurity atoms and in GaAs homo-
junctions via interface states mediated recombination [6].
In our previous publication [9] we have shown that the
NC spectrum measured in organic semiconductor devices
could be accurately described when treating NC as a sepa-
rate mechanism in addition to the effect of space charge. In
all these approaches the recombination plays an important
role. Under bipolar injection conditions (with dc conduc-
tance G0 = dI/dV) and for a finite recombination time, sr , a
negative contribution (of the order of srG0) to the capaci-
tance should be expected at frequencies x < s�1

r ; this is
similar to the negative contribution to the capacitance
which occurs simultaneously with an increase in conduc-
tance at frequencies below the reciprocal transit time in
a unipolar SCLC device. The effect of recombination on
the capacitance and conductance can be summarized as
follows [5,6,9]:

CrðxÞ ¼ �
Gr0sr

1þx2s2
r

; GrðxÞ ¼ Gr0 �
Gr0x2s2

r

1þx2s2
r
; ð1Þ

where Gr0 is the conductance associated with the process.
As can be seen from Eq. (1), the maximum of the conduc-
tance (and most negative capacitance) occurs for x� s�1

r

near x � 0; at higher frequencies the conductance de-
creases due to the diminishing carrier density (/ ðxsrÞ�2

for x� s�1
r ) and the capacitance becomes less negative.
It is important to note that the shorter is the recombination
time, the wider is the frequency range in which NC can be
observed experimentally. We can now use Eq. (1) in order
to fit the data in the bipolar injection regime
(Vbias P 0:35 V in Fig. 1). In the relevant range where the
NC is dominant (up to 5 kHz), the fits (solid lines, Fig. 1) ac-
count very well for C(x). In particular, we notice the exper-
imentally observed leveling off of C(f) below 30–40 Hz,
that is very well accounted for by Eq. (1). Furthermore,
the voltage dependence of C is also fully explained by our
analysis, as can be seen in the inset to Fig. 1, where the
stars denote the capacitance calculated using the parame-
ters obtained from the frequency fits at each voltage.

The losses due to e–h recombination in the bipolar
injection regime are clearly revealed in the DG(f)/f plots
shown in Fig. 2. The changes De00ðxÞ � ½Grð0Þ � GrðxÞ�
=x ¼ Gr0xs2

r =ð1þx2s2
r Þ (Eq. (1)), can be ascribed to the

losses due to recombination. As formally expected from
the inter-relation between C(f) and G(f), exactly the same
parameters, sr and Gr0, obtained from the C(x) fits in
Fig. 1, account accurately for the peak frequency and peak
height of DG(f)/f in Fig. 2.

Interestingly, the voltage dependence of the fitted con-
ductance, Gr0, follows exactly that of the static conduc-
tance, dI/dV, as seen in Fig. 4, where we find that
Gr0ðVÞ / dI=dV for the entire bias range. The proportional-
ity of the fitted Gr0 (from the complex admittance experi-
ment, Figs. 1 and 2) and the measured dI/dV (from the dc
I–V experiment, Fig. 4, inset) further supports the inter-
consistency of the experimental results.

The recombination rate, s�1
r , extracted from the fits

shows a linear dependence on Vbias, as shown in Fig. 4.
From the dI/dV curve we see that bipolar injection (as well
as NC) starts at Vbias ’ 0:35 V; thus the actual injection
voltage is V ¼ Vbias � 0:35 V. The straight dashed line in
Fig. 4 is a linear fit to the data. The linear dependence on
V implies a BMR mechanism under bipolar injection, where
the average BMR rate, s�1

BM, may then be written as [12]
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s�1
BM ¼ c�n ¼ 4V

L2

lnlpec
2eðln þ lpÞ

" #1=2

; ð2Þ

where c ¼ �vrR is the BMR coefficient, �v is the average e–h
microscopic relative velocity, rR is their recombination
cross section, and �n is the average carrier density. The mea-
sured mobility of the carriers in annealed rrP3HT:PCBM is
of the order l � 10�3 cm2/Vs for both electrons and holes
[13]. The linear fit of the data in Fig. 4 then yields
c ’ 10�12 cm3/s, similar to the value observed by other
techniques [7,14,15]. This BMR coefficient, c, is ’103 times
smaller than the Langevin BMR coefficient: cL ¼
2eðln þ lpÞ=e. Obviously, a high recombination coefficient
inhibits the efficiency of organic photovoltaic devices.
The reduced BMR coefficient has been suggested to be
the result of different pathways for electrons and holes in
the heterojunction device [14,16]. Being confined to differ-
ent phases or pathways, electrons and holes would recom-
bine only at the interfaces between the phases. Thus the
volume in which the recombination occurs is only a small
fraction of the total volume in which the current flows.

Under bipolar injection, where the NC is dominant, it is
surprising that by adding photoinduced carriers the NC de-
creases in magnitude, as shown in Fig. 3. Moreover, the
reduction in NC, DC, increases dramatically in forward bias
as seen in Fig. 3 (inset (b)). Inset (a) of Fig. 3 shows that
DC / I1=2

L . Assuming that DC is proportional to the steady
state density of the photogenerated carriers, the square
root dependence on IL implies that the photogenerated car-
riers undergo BMR process, in agreement with previous
observations [14].

The photoinduced positive contribution DC increases
sharply at the onset of bipolar injection. It may therefore
be related to the phenomenon of negative capacitance,
which also appears only under bipolar injection. Such inhi-
bition of the negative capacitance may be due to an in-
crease in recombination rate by the photoinduced
carriers decreasing thereby the magnitude of the NC,
according to Eq. (1). Such photo-enhancement of the
BMR may not be surprising since the photoinduced charges
are predominantly created at the heterojunctions, where
the local electric field breaks the photoexcited excitons.
The increased carrier density at the heterojunction, where
most of the bimolecular recombination takes place, short-
ens thus the recombination time. Alternatively, positive DC
may arise from trapped photoinduced carriers: upon re-
emission from the traps the capacitance increases [17].
The effect of traps may be more evident from the maxi-
mum observed in the spectrum of Clightðf Þ at around
f ’ 1 kHz (Fig. 3 at IL = 100 and 250 lW). It is plausible that
the 532 nm illumination excites deep compensated donors
or acceptors, which may then become deep traps for the
injected carriers. If the emission rate from these photogen-
erated traps (PGT) is ePGT, then the increase of the capaci-
tance due to the traps is DCPGTðxÞ / 1=ð1þx2=e2

PGTÞ [18].
Taking now into consideration both the effect of NC inhibi-
tion (i.e. reduced NC under light) and the PGT contribution
ðDCPGTÞ, the frequency dependent admittance data under
illumination at IL = 0.1 and 0.25 lW is very well accounted
for with ePGT ’ 3� 104 s�1 (Fig. 3, solid lines). Emission
rates of the same order of magnitude were previously
found for deep traps in organic diodes [19].

5. Summary

In summary, we have shown that in bulk heterojunction
diodes made of annealed composites of rrP3HT and PCBM
and under forward bias conditions a huge (up to ’500Cg)
negative capacitance is observed. We show that finite elec-
tron hole recombination times make it possible to observe
the negative capacitance in the bipolar injection regime.
We extract the bimolecular recombination coefficient and
show that it is �1000 smaller than the Langevin value. Un-
der illumination, the total capacitance becomes less nega-
tive reaching even positive values at sufficient intensities.
This phenomenon may arise from an enhancement of the
BMR rate at the heterojunction interfaces due to the extra
carrier photoinduced density at exactly these donor–
acceptor interfaces. Alternatively, it may arise from
trapped photoinduced carriers.
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In this paper we show that thiolated self-assembled monolayers (SAMs) can be used to
anchor source–drain gold electrodes on the substrate, leading to excellent electrical perfor-
mances of the organic field-effect transistor (OFET) on a par with those using a standard
electrode process. Using an amorphous semiconductor and a gate dielectric functionalized
with SAMs bearing different dipole moments, we demonstrate that we can tune the thresh-
old voltage alone, while keeping nearly unchanged the other electrical properties (hole car-
rier mobility, Ion/Ioff ratio, subthreshold swing). This differs from previous studies for which
SAMs functionalization induced significant changes in all the OFET electrical performances.
This result opens doors to design organic circuits using reproducible amorphous semicon-
ductor based OFETs for which only the threshold voltage can be tuned on demand.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

During the past decade, research on new materials for
organic thin film transistors (OTFT) has received a fast
growing interest, resulting in significant improvements of
the electrical performances and leading to promising
demonstrators [1]. Various organic materials have been
developed due to their electronic tunability by molecular
design. Good intrinsic properties are now accessible, but
interestingly the interface properties of these new organic
. All rights reserved.

: +33 438785117.
. Simonato).
species with other materials have been less studied whilst
they can lead to dramatic changes in OTFT behaviour [2].

For instance, it is possible to modulate charge injection
from the electrodes into the semiconductors by modifying
the surfaces of electrodes with self-assembled monolayers
(SAMs) [3–6]. Chemically modifying the interface proper-
ties between organic semiconductor (OSC) and insulator
can also lead to phenomena of overwhelming importance.
One of the most remarkable effects was reported in 2005:
Chua et al. showed that trapping of electrons at the semi-
conductor–dielectric interface by hydroxyl groups pre-
vented most conjugated polymers to yield n-channel
field-effect transistor conduction [7]. Interface engineering
by SAMs to achieve control of channel conductance and/or
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charge carrier density has been reported, but the role of the
SAMs is still controversial since it can result in several
effects such as (i) changes in the molecular orientation in
the OSC, (ii) neutralization of surface defects, (iii) modifica-
tion of surface roughness, interface dipole and surface
energy. In most cases, a combination of these effects is
likely, some of them being certainly dependent on both
the dielectrics and the OSCs. As a consequence, several
transistors parameters are modified simultaneously, and
this feature prevents a clear understanding of the effect
of the SAMs.

For further development of organic electronics, it is
mandatory to find a way to precisely control the threshold
voltage of OFET. This is a strong constraint to allow a reli-
able design of organic circuitries. It could be very interest-
ing to fabricate and study organic transistors with similar
electrical properties (i.e. charge carrier mobility, Ion/Ioff

ratio and subthreshold swing) except for the threshold
voltage, this latter being precisely controlled and adjusted.
Up to now, gate dielectric interface variations leading to
modification of the threshold voltage came-along with
charge carrier mobility changes that have mainly been
attributed to modifications of the semiconductor morphol-
ogy [8–10]. The chain alignment of polymeric OSCs at the
interface is a well known process which can induce signif-
icant improvement of the mobility. For instance, poly-
(3-hexylthiophene) (P3HT) enhancement in mobility by
SAM-treated silicon oxide is linked to the highly oriented
crystals at the interface between the polymer and the
dielectric [11–16]. A similar effect was also observed for
other molecules such as thermally evaporated pentacene
[10,13,17,18], PQT-12 [18] and more recently on a fused-
ring thieno–thiophene polymer [19]. For instance, surface
modification of the gate dielectric by surface chemistry
(using SAMs) can lead to a better p–p stacking, resulting
in an increase of the charge carrier mobility.

In the meantime, threshold voltage shifts were consis-
tently observed, depending on the chemical nature of the
SAMs. Thus, it was not possible to modify selectively the
threshold voltage without modification of the overall elec-
trical performances of the OFET, due to the interplay with
changes in the structural organization of the OSCs.

In order to avoid any molecular ordering or crystalliza-
tion effects, we decided to study the impact of organosi-
lane self-assembled monolayers on OTFT fabricated with
an amorphous OSC material. Despite the moderate hole
mobility observed with PolyTriArylAmine (PTAA), this
semiconductor material presents several advantages. It is
easy to handle, to spin-coat from organic solutions, and
thin films of PTAA exhibit excellent stability to air and
light, thus, avoiding doping side-effect [20–25].

In addition to gate dielectric functionalization, SAMs
have also been investigated to modify the surface proper-
ties of metal source–drain surfaces. This treatment im-
proves the charge injection in the OSC, it can also help
getting a better structural organization in the OSC film
[26]. In this paper, we present an approach in which SAMs
are used underneath the source–drain electrodes as an
anchoring layer. Gold electrodes are made by metal evap-
oration directly on thiolated self-assembled monolayers.
We demonstrate electrical performances identical to the
commonly used Ti/Au contacts made by lift-off. The benefit
is a simplified one-step process, compatible with many
substrates, including plastic ones.

Using these electrodes, we studied the effect of different
SAMs at the dielectric/organic semiconductor interface on
the electronic performances of the transistor, with the
amorphous organic semiconductor PTAA. We demonstrate
that threshold voltage can be significantly changed by
choosing the orientation and magnitude of the molecule
dipole, while other important parameters (charge carrier
mobility, on/off ratio, subthreshold swing) are slightly
affected, in contrast with previous results [8–17].
2. Thiol based SAM as anchoring layer for electrodes

Two types of devices with bottom gate/bottom contact
geometry were fabricated on a heavily doped (100) silicon
wafer (n++, 2–5 mX cm) covered by a thermally grown
silicon dioxide (200 nm). The source and drain electrodes
of the first device were patterned by optical photolithogra-
phy, followed by Ti (10 nm) and Au (90 nm) evaporation
and lift-off. The second substrate was treated with piranha
solution (H2SO4/H2O2, 1/1 (v:v)), followed by oxygen plas-
ma treatment (20 mTorr, 10 sccm O2, 10 W, 300 s) and
immersion in a HCl/H2O2/H2O (1:1:8) mixture. The sample
was then exposed to vapour-phase of 3-mercaptopropyltri-
methoxysilane (MPTS) for 6 h under vacuum (10�2 mBar).
The water contact angle measured on the SAM was
60� ± 2� (Kruss DSA-10), which is in fair agreement with
reported values [27,28]. The surface morphology of the or-
ganic layer was determined by imaging using a Veeco
Dimension 3100 atomic force microscope (AFM) in tapping
mode. We measured a root-mean square surface roughness
of �1 Å over a 1 lm2 area (2.3 Å over a 10 lm2 area), iden-
tical to the roughness of silicon oxide. Gold (90 nm) was
then deposited by evaporation using photolithography
techniques and etched by a solution of KI/I2. The measured
RMS roughness value of the gold electrode surface was
�7 Å, which is much better than the roughness (�18 Å) ob-
tained by Au deposition on Ti. These results are consistent
with those reported recently by Janes and Coll [29], and
in addition to the stability tests mentioned in this paper
we tried the commonly used ‘‘Scotch� tape peel test”. We
observed no difference between the two types of elec-
trodes, both of them remaining unaffected by this test. A
schematic device structure is presented in Fig. 1.

A 1 wt% solution of PTAA in toluene was spin-coated on
both substrates and devices were annealed at 100 �C for
20 min. In both cases, uniform thin films of 50 nm, as
measured by ellipsometry (Sopra ES4G spectroscopic
ellipsometer) were obtained. No particular care was taken
to prevent atmosphere contact since PTAA is an air-stable
polymer. Electrical measurements were carried out on
interdigitated source–drain transistors with channel
length of 10 lm and channel width of 10,000 lm
(W/L = 1000) with an Agilent 4156b semiconductor param-
eter analyser.

Typical transfer curves of both devices are presented
in Fig. 2 in the saturation regime (VDS = �60 V). The
performances measured on 10 devices indicated that both



Fig. 1. Schematic structure of the devices with MPTS as anchoring layer for gold electrodes.

Fig. 2. Transfer curves of devices fabricated with PTAA as semiconductor, in the saturation regime (VDS = �60 V) (a) Diamonds: Ti (10 nm)/Au (90 nm) (b)
Circles: MPTS/Au (100 nm) (c) Triangles: MPTS/Au (100 nm) after removal of organics in the channel by O2 plasma.
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source–drain technologies led to very similar perfor-
mances. The effective mobility of the devices is extracted
from the slope of the current voltage characteristics
according to the following equation

Ids ;sat ¼
W
2L

lsatCiðVg � V thÞ2 ð1Þ

where L is the channel length of the device, W is the chan-
nel width, and Ci is the gate dielectric capacitance. Capac-
itance of the SAM was neglected with regard to the
200 nm thickness of silicon dioxide, and according to re-
cent results [9]. Charge carrier mobility values for both
types of devices were similar (2–5 � 10�4 cm2 V�1 s�1), as
well as Ion/Ioff ratios (>104). A slight change of the threshold
voltage was observed, this point will be discussed
thereafter.

These results demonstrate that it is possible to fabricate
substrates for OTFT using thiolated SAMs to anchor gold
electrodes instead of chromium or titanium. Moreover,
smooth surfaces for electrodes and channel are obtained
by this technique, which might be advantageous since sur-
face roughness may be a critical parameter for organic
transistor fabrication [30,31]. No significant differences
were observed between the two systems, indicating that
charge injection is not altered by this unconventional fab-
rication process.

3. Effect of different gate dielectric functionalization

As discussed in the introduction, self-assembled
monolayers are known to strongly modify the OFET
characteristics, leading generally to significant changes
of electrical properties, notably for charge carrier
mobility.

To study the effect of SAM molecules at the interface
between dielectric and PTAA, we used devices made with
the previously described MPTS/Au electrodes. The remain-
ing SAMs in the channel were removed by O2 plasma and
trialcoxy or trichlorosilane reagents were used to synthe-
size SAMs with different terminal groups.



Table 1
Advancing water contact angle after different functionalizations of the
channel.

Water contact angle (h)

O2 plasma PFTS MPTS APTS TAATS OTS
ND 91.7 ± 1.2 60.1 ± 1.8 72.3 ± 0.7 89.0 ± 1.4 110.0 ± 1.2
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Six chemically different surfaces were prepared be-
tween source and drain electrodes. The hydroxyl rich
surface was obtained after oxygen plasma, and C6F5-
(CH2)3-SiCl3 (3-perfluorophenyl-propyl-trichlorosilane,
PFTS), HS-(CH2)3-Si(OMe)3 (MPTS), H2N-(CH2)3-Si(OEt)3

(3-aminopropyl-triethoxysilane, APTS), 4-(Ph2N)-C6H4-
NHC(O)NH-(CH2)3-Si(OEt)3 (1-(4-(diphenylamino)-phe-
nyl)-3-(2-(triethoxysilyl)-propyl)-urea, a triarylamine
triethoxysilane derivative, TAATS), and CH3-(CH2)17-SiCl3

(octadecyltrichlorosilane, OTS) were used as starting mole-
cules for the SAMs (Fig. 3) [32]. TAATS was synthesized in
three steps [33].

APTS and MPTS were deposited under vacuum
(10�2 mBar, respectively, 15 min and 6 h) whereas OTS,
FTS and TAATS were grafted by immersion of the sub-
strates in a 10�3 M organic solution for 2 h. After synthesis,
SAMs were characterized by advancing water contact an-
gle measurements. Values reported in Table 1 were in good
agreement with those reported in the literature [34,35].

A similar procedure as described previously (vide supra)
was carried out for PTAA film formation. Homogeneous
OSC thin films were achieved for all SAMs, except for the
OTS one. In this case, we observed dewetting of the PTAA,
which may probably be related to the highly hydrophobic
nature of the long alkyl chains grafted on the silicon oxide
surface (h = 110�).

Fig. 4a depicts the I–V characteristics of a typical OFET
with PTAA, which conformed to the conventional transis-
tor behaviours in both linear and saturated regimes.

In this figure, the MPTS self-assembled monolayer was
used. Similar curve shapes were obtained for all devices.
The output curves showed good saturation behaviours
with no observable contact resistance (see inset of
Fig. 4a), while the transfer curve in the saturated regime
shown in Fig. 4b exhibited a near quadratic increase in cur-
rent as a function of gate biases (see inset of Fig. 4b). The
extracted mobility in the linear regime was slightly lower
than that in the saturated regime, and this was quite sim-
ilar to OFETs with most organic semiconductors. Table 2
Fig. 3. Chemical structures of organosilane mo
summarizes the mean mobility values in the saturation
regime, threshold voltages, subthreshold slopes and cur-
rent Ion/Ioff current ratios, with their standard deviation ob-
served at least on five similar structures for each SAM. No
significant deviation was observed for the hole carrier
mobility values, which differs strongly from the poly-crys-
talline materials for which mobilities can vary by a factor
of a few hundreds, depending both on the chemical for-
mula of the SAMs and on the OSC material [8,18,19]. The
Ion/Ioff ratios (�104 to 105) as well as the subthreshold
swing values were also in the same range, with low devia-
tion. These results are in good agreement with the fact that
the OSC remains mainly unaffected by the SAMs at the
interface with the dielectric. As expected, the fact that
PTAA is an amorphous material avoids any morphologic
effect and, thus, any charge carrier mobility variation
inherent to the crystal packing of the OSC.

In sharp contrast, the Vt values were strongly modified
by the SAMs (Fig. 5).

A significant modulation was obtained, spanning over a
70 V range. PFTS SAM tends to shift positively the Vt values
whereas amine derivatives (APTS and TAATS) lead to very
negative values. Depending on their functional groups,
SAMs are known to generate a built-in electric field [6,8],
which modify the charge carrier density in the transistor
channel. Fluorinated SAMs have tendency to generate local
electric field that accumulates holes, and on the contrary,
devices with APTS or TAATS accumulate electrons, leading
to the need of a very large negative gate bias to turn on the
PTAA into hole accumulation mode.
lecules used for the synthesis of SAMs.



Fig. 4. Typical curves of devices fabricated with PTAA as semiconductor, with MPTS in the channel and as anchoring layer for gold electrodes (channel
length = 10 lm, channel width = 10,000 lm). (a) Output characteristics at different gate voltages and zoom in the VDS = 0 region (inset); (b)
Transconductance characteristics in the saturated regime at constant source–drain voltage of �60 V and square root of the absolute value of current as
a function of gate voltage (inset).

Table 2
Summarized electrical properties as a function of the channel modification.

SAM l (cm2 V�1 s�1) Ion/Ioff S (V/dec) Vt (V)

PFTS 5.2 (±1.3) � 10�4 1.0 (±2.7) � 104 5.0 (±0.6) 18.6 (±2.5)
MPTS 5.2 (±1.5) � 10�4 3.0 (±4.4) � 105 2.7 (±1.1) 5.5 (±2.7)
– 1.9 (±0.8) � 10�4 1.5 (±2.3) � 104 5.5 (±2.4) 13.1 (±5.2)
APTS 1.4 (±0.7) � 10�4 7.0 (±5.3) � 104 5.4 (±4.0) �32.0 (±5.6)
TAATS 2.0 (±0.1) � 10�4 2.1 (±0.7) � 105 2.8 (±1.6) �41.5 (±0.7)
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This local electric field is related to the dipole moment
of the molecules. We calculated the dipole moment using
MOPAC [36] and the semi-empirical method PM3. The
dipole values (see Table 3) were calculated for isolated
molecules with a SiH3 group at the bottom. We considered
that the leaving groups of the silane derivatives (OMe, OEt,
Cl) are not present after the grafting reaction, and, there-
fore, no longer contribute to the molecular dipole. From
these dipole moment values, we calculated the surface
charge density according to the following equation

Q s ¼
NlD cos h

d
ð2Þ
where N is the surface density of molecule, lD the dipole
moment, d the length of the molecule and h the (average)
angle between the long axis of molecule and the normal



Fig. 5. Vt as a function of the channel modification.

Table 3
Calculated dipole moment along the long axis of the molecule, molecule
length and steric hindrance, calculated with MOPAC (PM3). The positive
(negative) dipole points upstairs (downstairs) leading to positive (negative)
charges at the surface of the monolayer. The surface charge density is
calculated according to Eq. (2). Dipole moment of the APTS is calculated for
the ammonium derivative. Dipole moment of the TAATS is calculated for
the cationic form of the triphenylamine group.

SAM Dipole moment (D) Length (Å) Area (Å2) QS (cm�2)

PFTS �1.66 9.9 37 �1.2 � 1013

MPTS �1.6 7.2 23 �2.7 � 1013

APTS 7 7.3 21 9.6 � 1012

TAATS 7.7 18.3 61 1.4 � 1013
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at the surface. The lengths d were calculated for the opti-
mized conformations of the molecules (energy minimum
optimization performed with MOPAC, see Table 3).

Without a precise knowledge of the molecular organi-
zation and packing inside the SAM, we assume here that
h = 0, and we consider an average molecular density
N = 2.5 � 1014 molecules cm�2 (±1 � 1014 cm�2). This value
corresponds to an average surface per molecule of 40 Å2

(steric hindrance calculated with MOPAC ranges from
�20–60 Å2 (from APTS to TAATS, respectively). To explain
the negative threshold voltage, we have to assume that
APTS and TAATS molecules, or a fraction of them, are in a
cationic form. In ambient and usual pH condition, only
ca. 10% of the APTS molecules are in the ammonium form,
and we used in Eq. (2) an effective dipole of 1/10 of the cal-
culated one [37,38]. Similarly, we assume 50% for the
TAATS which is more easily converted into its cationic
form [39,40].

Fig. 6 shows the experimental threshold voltage versus
the surface charge density deduced from the dipole calcu-
lation. A rough (according to the assumption done for the
dipole calculation) linear relationship can be estimated
(solid line). A slope of ca. �2.5 � 10�12 V cm2 is estimated,
as well as, a zero-charge threshold voltage VT0 of �15 V. In
an organic FET working in accumulation regime, the
threshold voltage corresponds to the so-called flat-band
voltage of the metal–insulator–semiconductor structure.
Thus, we can write

VT ¼ UMS �
QB

Cox
� Q S

Cox
¼ VT0 ¼

Q S

Cox
ð3Þ

where UMS is the work-function difference between the
gate (here Si) and the semiconductor, QB the bulk density
of charges in the gate dielectric, QS the surface charge den-
sity and Cox the gate oxide capacitance. UMS cannot be eas-
ily calculated (it depends on the doping level in the
semiconductor, which is not known here), but a negative
VT corresponds to QB > 0 as expected for SiO2 due to the
well known presence of positively-charged traps and/or a
possible positive ions contamination [41].

Notice that the measured VT in the case of the pristine
SiO2 (Fig. 5) is positive. This is due to the negative charges
at the surface (QS) trapped by the hydroxyl surface groups.
With a 200 nm thick oxide, the theoretical slope (�1/Cox) is
9.4 � 10�12 V cm2, i.e. a factor 3.7 larger than the experi-
mental determination. In addition to the crude estimate
of the dipole and charge (Section 2), another feature can
explain this difference. The dipoles were calculated for iso-
lated molecules, and it is well known that in a monolayer,
the dipole is reduced due to the Coulomb interaction
between the parallel dipoles. For instance, more detailed
calculations have predicted a screening of the dipole by a
factor of ca. 3 [42]. Such an effect reduces the surface
charge density and, thus, increases the slope towards the
expected value.
4. Conclusion

In conclusion, we have shown how thiolated SAMs can
be used for anchoring source and drain gold electrodes. We
have demonstrated that this simple process leads to OFETs
with similar performances as those using standard tita-
nium anchoring layer. We have also fabricated OFETs with
an amorphous semiconductor (PTAA) deposited on a gate



Fig. 6. Measured threshold voltage shift versus the calculated surface charge. The solid line is a linear fit, y = �15.2�2.54x. The dotted line is the expected
slope given by (�1/Cox) where Cox is the oxide capacitance.
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dielectric functionalized by different SAMs. By virtue of the
amorphous nature of the OSC, the molecular organization
in the OSC is not strongly affected by the chemical nature
of the SAM, and this feature allowed us to study the effect
of the SAM on the threshold voltage, all the other parame-
ters (hole carrier mobility, Ion/Ioff ratio, subthreshold
swing) remaining almost unchanged. By choosing mole-
cules bearing different dipole moments, we observed an al-
most linear relationship between the surface charges at the
monolayer/OSC interface and the threshold voltage, in
agreement with the expected field-effect. This result opens
the way for fabricating circuits with identical transistors,
based on amorphous organic semiconductors, that can be
adjusted to switch on at different selected voltages. The
proposed method can also be extended to crystalline or-
ganic semiconductors by designing organosilanes that con-
tain various dipoles embedded in the organic structure, but
with an identical end group to ensure constant interface
with the OSC.
Appendix A. Supplementary material

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.orgel.2008.10.007.
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Organic amorphous films fabricated by vacuum deposition have been widely used in
organic light-emitting devices, making use of their high-performance optical and electrical
characteristics and taking advantage of the easy fabrication of pinhole-free thin smooth
layers of a desired thickness. However, random orientation in amorphous films often
makes it difficult to utilize their best optical and electrical potential. Here the authors dem-
onstrate that the linear-shaped molecules of fluorescent styrylbenzene derivatives are hor-
izontally oriented in organic amorphous films fabricated by conventional vacuum
deposition even when the molecules are doped in an isotropic host matrix film. The longer
the molecular length is, the larger the anisotropy of the molecular orientation becomes.
The weak interaction between adjacent molecules and the linear-shaped molecular struc-
ture probably cause the horizontal orientation. The fact that the horizontal molecular ori-
entation occurs on any underlying layers shows the high versatility of the horizontal
orientation for various applications. Their findings will provide a new guideline for molec-
ular designs that can be used to improve optical and electrical characteristics of organic
optoelectronic devices, such as organic light-emitting diodes and organic laser devices.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Organic amorphous films fabricated by vacuum deposi-
tion have played a important role in the development of
organic light-emitting diodes (OLEDs) [1] and organic laser
devices [2,3]. Amorphous films that have smooth inter-
faces are essential in the fabrication of fine structures in
devices that control as planned light and charge carriers
because randomly rough interfaces—for example, due to
polycrystalline texture—cause undesirable light scattering
or leak current. The vacuum-deposited amorphous films
. All rights reserved.
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dachi).
also greatly contribute to the manufacture of practical pin-
hole-free multilayer films using simplified fabrication
techniques that have in turn significantly increased the
rate of development of organic thin film devices in the past
20 years.

However, it has been taken for granted that the full
optical and electrical potential of organic molecules cannot
be achieved because the molecules in organic vacuum-
deposited amorphous films are randomly oriented and
the films themselves are isotropic. In OLEDs fabricated by
vacuum deposition, for example, light out-coupling effi-
ciency is limited by the randomly oriented transition di-
pole moments of the emitting molecules [4–6]. If we can
make the orientation of the transition dipole moments of
the emitting molecules in OLEDs completely parallel to
the substrate, the light out-coupling efficiency becomes

mailto:adachi@cstf.kyushu-u.ac.jp
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Fig. 1. (Color online) Schematic illustrations of experimental setup of two independent methods for detection of anisotropy in organic amorphous films. (a)
Variable angle spectroscopic ellipsometry (VASE) [7]. Linearly polarized light is incident to an organic film deposited on a Si substrate with different
incident angles of H. The ellipsometry parameters W and D, which represent the ratio of amplitudes of s- and p-polarized components of the incident light
and the phase difference between them, respectively, are obtained for multiple incident angles and wavelengths. (b) Cutoff emission measurement (CEM).
Organic films on glass substrates were optically pumped near the edges of the substrates by ultraviolet light from a cw He–Cd laser. Spectral shapes of edge
emissions often significantly differ from the normal PL spectral shapes, and the peak wavelengths of the narrowed bands are in good agreement with the
cutoff wavelengths of the slab waveguides composed of the glass substrate (with a refractive index of n1), organic film (n2) and air (n3). The cutoff emission
occurs as a boundary phenomenon between the cases where light is guided and where light is leaky, which means that the incident angle in the organic film
h2 corresponds to the critical angle of the waveguide hc.
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�50% higher than when the orientation of the transition
dipole moments is random [6]. In organic semiconductor
laser devices, the random orientation is also not favorable
because the alignment of transition dipole moments of
emitting molecules makes it easy for stimulated emissions
to occur. Furthermore, the alignment of molecules can
facilitate charge career transport because it makes the
overlap of p-orbitals of adjacent molecules larger.

Although complete alignment of molecules is natural in
organic single crystals, it is not easy to prepare single crys-
tal thin films having a desired thickness and a smooth flat
surface on a nm-scale by a simple fabrication technique.
Therefore, instead of preparing ideal molecular single crys-
tal films, realization of quasi-molecular orientation in
smooth organic amorphous films is a right strategy to fab-
ricate large-area organic high-performance devices with
low cost. In this study, we pay attention on this viewpoint
and investigate the molecular orientation in neat and
doped organic amorphous films and its mechanism.

The molecular orientation in thin films can be detected
by measuring the optical anisotropy in the films. One of the
best methods of investigating the optical properties of thin
films is spectroscopic ellipsometry [7]. In particular, vari-
able angle spectroscopic ellipsometry (VASE) is very sensi-
tive to optical anisotropy in films and has been widely used
to determine optical constants of anisotropic films. Vari-
able angle spectroscopic ellipsometry has also been used
to investigate many kinds of anisotropic films made from
spin-coated polymers [8–11], and is reliable technique
for determining optical properties not only of inorganic
films but also of organic films. Because a smooth surface
of a film makes it easier to analyze and determine optical
constants, organic amorphous films are also good subjects
for VASE measurement. Recently, Lin et al. [12] first re-
ported the application of this technique to vacuum-depos-
ited organic amorphous films and detected uniaxial
anisotropies in ter(9,9-diarylfluorene)s thin films. They
also demonstrated that the molecular orientation affect
the amplified spontaneous emission thresholds of the films
[13].

The other method used to detect anisotropy in films is
measurement of emissions at cutoff wavelengths [14] from



Fig. 2. Molecular structures of materials used in this study.
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edges of substrates though it can only be applied to light-
emitting films having a smooth surface [15–22]. With this
method, a characteristic spectrum having a narrow band at
the cutoff wavelength can be observed in the direction par-
allel to the substrate surface. Because the polarization
characteristics of the emissions are related to the direction
of the transition dipole moments of the emitting mole-
cules, optical anisotropy in films can be detected. Using
this cutoff emission measurement (CEM), anisotropy of
spin-coated polymers has been investigated [15–20]. How-
ever, detailed analysis of the relation between peak wave-
lengths of the emissions and anisotropic refractive indices
has not yet been completed.

Recently, we observed spectrally narrow emissions
from organic vacuum-deposited amorphous films [21,22]
and found that they originate in the cutoff phenomenon
[22]. Here, we demonstrate that there are large anisotro-
pies in vacuum-deposited amorphous films of fluorescent
bis-styrylbenzene derivatives and that the ordinary refrac-
tive indices of the films of the bis-styrylbenzene deriva-
tives are significantly higher than the extraordinary ones,
showing the horizontal orientation of the molecules in
the amorphous films fabricated by vacuum deposition.
Using VASE, we proved the large anisotropy in the films
of the bis-styrylbenzene derivatives. We also show the
dependence of the anisotropy on molecular structures
and underlying layers and discuss the mechanism causing
the anisotropy in vaccum-deposited amorphous film. Fur-
thermore, we demonstrate the optical anisotropy in the
films of the bis-stylylbenzene derivatives by using CEM
in addition to VASE. Detailed analysis of the relation be-
tween peak wavelengths of the cutoff emissions and aniso-
tropic refractive indices is also performed. Although the
two methods are completely independent of each other,
as shown in Figs. 1a and b, there was excellent agreement
between their results, showing the reliabilty of the results
obtained by the two methods. By using CEM on doped
amorphous films, furthermore, we also found the horizon-
tal orientation of doped molecules even in isotropic host
matrix films.

2. Results and discussion

2.1. VASE analysis

Molecular structures of materials studied in this study
are listed in Fig. 2. We selected styrylbenzene derivatives
(materials 3–9) having carbazole or diphenylamine groups
at both ends of the molecules. Although it seems from the
formulas that these styrylbenzene derivatives have planar
structures, they actually twist to avoid steric repulsion. We
also previously demonstrated that bis-styrylbenzene deriv-
atives are laser-active materials whose doped films have ex-
tremely low ASE thresholds [23,24]. The neat films
fabricated by vacuum deposition are amorphous except
material 9. Tris(8-hydroxyquinoline)aluminum (Alq3, mate-
rial 1) was used as a reference having an isotropic optical
property. 4,4’-bis(N-carbazole)-biphenyl (CBP, material 2)
was used as a material having a short molecular length.
CBP was also used as a host material for the doped films.

Figures 3a–c show the experimental and simulated elli-
psometric parameters W and D of the Alq3, CBP and 4,4’-
bis[(N-carbazole)styryl]biphenyl (BSB-Cz, material 5 in
Fig. 2) films with the thickness of �100 nm on silicon sub-
strates, respectively. Their surface appearances are very
smooth and they are amorphous. The values of root mean
square (RMS) of the surface roughness of the Alq3, CBP and
BSB-Cz films measured by atomic force microscope (AFM)
were 0.5, 0.9 and 0.4 nm, respectively.

All the ellipsometric parameters of the Alq3 film ob-
tained by VASE measurement were exactly simulated
using an isotropic model. As shown in Fig. 3a, the experi-



Fig. 3. (Color online) Experimental and simulated ellipsometric parameters W and D, and determined refractive indices of organic films. (a)–(c)
Experimental (black dots) and simulated (green and red lines) ellipsometry parameters at incident angles from 45� to 75� in steps of 5� in the spectral region
from 245 to 1000 nm for Alq3 (a), CBP (b) and BSB-Cz (c). Because only the values simulated with an isotropic model (green lines) of the BSB-Cz film are not
in good agreement with the experimental values, a uniaxial anisotropic model (red lines) is also used in the case of BSB-Cz. (d) Refractive indices and
extinction coefficients of Alq3 (green lines), CBP (blue lines) and BSB-Cz (red solid and broken lines) films. The ordinary refractive index of the BSB-Cz film is
much higher than the extraordinary refractive index, meaning that there is horizontal orientation of BSB-Cz molecules in the BSB-Cz films.
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mental and simulated curves exactly overlap. As well as
the Alq3 film, the ellipsometric parameters of the CBP film
were also simulated using an isotropic model as shown in
Fig. 3b.

In contrast to the Alq3 and CBP films, the ellipsometric
parameters of the BSB-Cz film could not be well simulated
using an isotropic model even if many oscillators were in-
cluded in the analysis. Other complicated models could
also not compensate the deviation. For example, we tried
to simulate the parameters on the assumption of a non-
uniform refractive index in the film or existence of the
interface layer between the substrate and the organic
layer, but a good fitting could not be obtained. The ellipso-
metric parameters of the BSB-Cz film could be well simu-
lated only using a uniaxial anisotropic model. This shows
the uniqueness of analysis by VASE. As shown in Fig. 3c,
the ellipsometric parameters simulated using the uniaxial
anisotropic model were in excellent agreement with the
experimental parameters whereas the parameters simu-
lated using the isotropic model do not correspond well.
These results demonstrate the anisotropy in the BSB-Cz
film. We also checked whether the in-plane anisotropy ex-
ists in the BSB-Cz film by rotating the sample, resulting in
no in-plain difference.

The degree of fitting can be relatively quantified by a
mean square error (MSE) [25]. The MSE values for the
Alq3, CBP and BSB-Cz films obtained using the isotropic
models were 5.8, 8.2 and 35, respectively. The much higher
value for the BSB-Cz film means that the parameters could
not be well simulated by the isotropic model. The MSE va-
lue for the BSB-Cz film obtained using the uniaxial aniso-
tropic model was 4.2, which is comparable to that for the
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Alq3 film obtained using the isotropic model. The slightly
higher MSE value for the CBP film than that for the Alq3

film indicate the very slight anisotropy in the CBP film, as
shown later. Actually, the MSE value for the CBP film be-
came 2.8 when using a uniaxial anisotropic model.

The refractive indices and the extinction constants of
the Alq3, CBP and BSB-Cz films are shown in Fig. 3d. The
BSB-Cz film has uniaxial anisotropy, and the ordinary
refractive index is much higher than the extraordinary
one. The difference between them at 550 nm (near the cen-
ter of visible wavelength), Dn, is 0.23, which means a very
large birefringence of the film. The validity of the obtained
refractive indices is demonstrated again by CEM, as shown
later. The ordinary extinction constant is also much higher
than the extraordinary one.

Because the transition dipole moment of the BSB-Cz
molecule is almost along the molecular long axis, the or-
dinary extinction constant that is higher than the
extraordinary one means that the BSB-Cz molecules in
the film lie nearly parallel to the silicon substrate sur-
face. The ordinary refractive index is also much higher
than the extraordinary one because p-electrons in mole-
cules can be moved by external electric fields more eas-
ily in the direction of the molecular long axis than in the
direction perpendicular to it. Furthermore, no in-plane
anisotropy means that the BSB-Cz molecules lie in ran-
dom directions in the film. In our separate experiment,
we could not observe apparent peaks in the X-ray dif-
fraction (XRD) patterns of the BSB-Cz film as well as
the Alq3 films. From these results, we conclude that the
BSB-Cz film is in a ‘‘horizontally oriented amorphous
state”, where molecules are horizontally oriented on
the substrate, but there is no crystallographic structure
because the in-plain molecular orientation is random.
The similar results of the horizontal molecular orienta-
tion in ter(9,9-diarylfluorene)s thin films using VASE
were reported by Lin et al. [12].

We further investigated the dependence of the anisot-
ropy on molecular structures of styrylbenzene derivatives
to determine the mechanism causing anisotropy in vac-
uum-deposited amorphous film. The anisotropies in the
amorphous films made from the materials in Fig. 2 are
summarized in Table 1. Variable angle spectroscopic ellips-
ometry measurement and analysis of each film were car-
ried out in the same way as for the BSB-Cz film to
compare the results equally. We found that the films of
all the styrylbenzene derivatives (materials 3–8) also have
smooth surfaces and optical anisotropies except material 9
which forms a polycrystalline state with a rough surface by
vacuum deposition. First, we focused attention on molecu-
lar length because the anisotropy in vacuum-deposited
polycrystalline films of paraffin changes depending on
the molecular length [26,27]. By comparison of the anisot-
ropy in the film of materials 2–5, we found that a long
molecular structure is essential for large anisotropy. Fig-
ures 4a–d show the optical constants of the film of materi-
als 2–5 determined by VASE using uniaxial anisotropic
models. The longer the molecular length is, the larger the
birefringence Dn becomes.

The birefringence of the films, however, does not di-
rectly reflect the anisotropy of the molecular orientation
because each molecule itself has the anisotropy of molecu-
lar polarizability. To clarify the relation between the
molecular orientation and the molecular structure, we
introduced an orientation order parameter S as an index
of molecular orientation [28]; that is

S ¼ P2ðcos hÞ ¼ 1
2
h3 cos2 h� 1i ¼ ke � ko

ke þ 2ko
; ð1Þ

where P2(x) is the second Legendre polynomial, h. . .i indi-
cates ensemble average, h is the angle between the molec-
ular long axis and the direction perpendicular to the
substrate surface, and ko and ke are the ordinary and
extraordinary extinction coefficients at the peak wave-
length, respectively. S = �0.5 if the molecules are com-
pletely parallel to the surfaces, S = 0 if they are randomly
oriented, and S = 1 if they are completely perpendicular
to the surface. The last term in Eq. (1) can be calculated
using extinction coefficients determined by VASE using
uniaxial anisotropic models, which is based on the
assumption that the transition dipole moment of the mol-
ecule is parallel to the molecular axis. The values of S are
also summarized in Table 1. The results of materials 2–5
clearly demonstrate the relation between the molecular
orientation and the molecular length; that is, the longer
the molecular length is, the larger the anisotropy of the
molecular orientation becomes. From the results of materi-
als 6 and 7, we found that bis-styrylbenzene derivatives
having diphenylamine groups at both ends are also hori-
zontally oriented in the films. Furthermore, the difference
in S of materials 5 and 8 shows that the introduction of
bulky central moieties makes anisotropy small.

Interestingly, we found that the horizontal molecular
orientation can occur on any underlying layers, as shown
in Table 2. The large anisotropies in the BSB-Cz films on a
silicon substrate, a glass substrate, a 50-nm-thick CBP
layer, a 100-nm-thick Ag layer, and a 30-nm-thick smooth
ITO layer with an RMS of 0.6 nm were obtained. These re-
sults are very important because they mean the high versa-
tility of the horizontal orientation for various applications
to organic devices, such as OLEDs, in which an emitting
layer is usually sandwiched between electrodes and/or
other organic layers.

From the above results, it is reasonable to assume that
the molecular orientation in amorphous film is caused only
by the weak interactions between the molecule and the
underlying layer and the successive weak interaction be-
tween the adjacent molecules. As shown in Fig. 5a, in the
case of a molecule which has a linear-shaped structure
with no bulky substituent, such as material 9, there is a
very strong interaction between the molecules. We think
that although the molecules are horizontally oriented just
after deposition due to the van der Waals interaction be-
tween the molecule and the underlying layer, successive
aggregation and crystallization occur due to the strong
interaction between the molecules. In contrast, in the case
of a molecule which has a linear-shaped structure and
bulky substituents, such as BSB-Cz, the bulky substituents
avoid aggregation and crystallization, resulting in keeping
the horizontal orientation, as shown in Fig. 5b. The van
der Waals interaction between the molecules is not so



Fig. 4. (Color online) Dependence of ordinary and extraordinary refractive indices (red lines) and extinction coefficients (blue lines) on molecular length. (a)
Material 2 (CBP), (b) material 3, (c) material 4, (d) material 5 (BSB-Cz). The longer the molecular length is, the larger the differences of ordinary and
extraordinary optical constants become.

Table 2
Dependence of ordinary and extraordinary refractive indices of BSB-Cz films at wavelength of 550 nm and orientation order parameters on underlying layer.

Underlying layer Ordinary refractive
index no

Extraordinary refractive
index ne

Birefringence
Dn = no–ne

Orientation order
parameter S

Si substrate 1.94 1.71 0.23 �0.33
Glass substrate 1.97 1.74 0.23 �0.45
CBP layer (50 nm) on Si substrate 1.93 1.70 0.23 �0.39
Ag layer (100 nm) on glass substrate 1.90 1.71 0.19 �0.36
ITO layer (30 nm) on glass substrate 1.93 1.76 0.18 �0.31

Table 1
Ordinary and extraordinary refractive indices of films on Si substrates at wavelength of 550 nm and orientation order parameters.

Material Molecular
length (Å)

Ordinary refractive
index no

Extraordinary
refractive index ne

Birefringence
Dn = no–ne

Orientation order
parameter S

2 (CBP) 19 1.78 1.74 0.04 �0.07
3 21 1.83 1.76 0.08 �0.17
4 28 1.94 1.72 0.23 �0.29
5 (BSB-Cz) 32 1.94 1.71 0.23 �0.33
6 27 1.98 1.73 0.24 �0.26
7 28 1.95 1.70 0.25 �0.26
8 31 1.86 1.76 0.10 �0.28
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Fig. 5. (Color online) Schematic illustrations of horizontal molecular orientation. (a) Aggregation of molecules having linear-shaped structure without bulky
substituents, (b) horizontal orientation of molecules having linear-shaped structure with bulky substituents, and (c) independent depositions of guest and
host molecules on flat surface of doped film in which guest molecules having linear-shaped structure are horizontally oriented in a host matrix.
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strong due to the presence of rather bulky substituents of
carbazole or diphenylamine groups and the primary van
der Waals interactions between the molecule and the
underlying layer induce horizontal orientation to minimize
the surface energy. After the formation of the horizontal
orientation of the first molecular layer on the underlying
layer, successive molecular orientations would occur due
to the weak van der Waals interaction between the mole-
cules without significant aggregation and crystallization.

2.2. CEM analysis

Next, we demonstrate that the molecular orientation
based on the results of CEM. Figures 6a–d show cutoff
emission spectra of the Alq3, CBP, BSB-Cz and 6 wt%-BSB-
Cz-doped CBP films with 15 different thicknesses on glass
substrates under optical excitation. We observed spectrally
narrow bands that were strongly polarized in transverse
electric (TE) mode or transverse magnetic (TM) mode.
The electric field in TE mode is polarized parallel to the
substrate surface, and that in TM mode is polarized in
the plain perpendicular to it. All the TE and TM spectra in
Figs. 6a–d are normalized such that the peak intensities
of the TE spectra become unity while keeping the ratios
of the intensities of the TE and TM spectra. The ratios of
the intensities of the TE and TM emissions reflect both
the direction of the transition dipole moment of the emit-
ting molecules in the organic film and the intensity of the
normal photoluminescent (PL) spectrum of the film at the
peak wavelengths of the narrow TE and TM emissions. In
the case of the isotropic Alq3 and CBP films, the intensities
of the TE and TM emissions were almost identical on the
whole, as shown in Figs. 6a and b. In contrast, Fig. 6c shows
that the intensities of the TE emissions of the BSB-Cz films
are much higher than those of the TM emissions. This re-
sult means that the transition dipole moments of the mol-
ecules in the film are nearly parallel to the polarization
direction of the TE emissions. Thus, the horizontal orienta-
tion of the molecules on glass substrates is demonstrated
by CEM independently of VASE.

Furthermore, because the weak interaction between
molecules causes the horizontal orientation, guest mole-
cules having a linear-shaped structure can be horizontally
oriented in host films. Fig. 6d shows the cutoff emissions
from the edges of 6 wt%-BSB-Cz-doped CBP films. It should
be noted that the TM emissions from the BSB-Cz-doped
CBP films were depressed compared to the TM emissions
from the neat CBP films shown in Fig. 6b. (Although the
high TM intensities are apparently seen at the thicknesses
of �100 and �380 nm in Fig. 6d, it does not mean random
orientation or normal orientation. Because the cutoff
wavelengths of TE modes at these thicknesses are acciden-
tally out of the PL spectral region, as shown later, the abso-
lute intensities of the TE emissions became low.
Furthermore, because the cutoff wavelengths of the TM
emissions are inside the PL region, the intensities of the
TM emissions became relatively high compared to those
of the TE emissions at these thicknesses.) This result shows
the horizontal orientation of the guest BSB-Cz molecules
even in the isotropic host matrix of the CBP film. It can
be well understood with assumptions that the surface of
the films is always smooth on nm-scale during co-deposi-
tion and that the depositions of each BSB-Cz and CBP mol-
ecules are independent due to the weak interaction



Fig. 6. (Color online) Dependence of cutoff emission spectrum on polarization direction and thickness of organic film. (a) Alq3, (b) CBP, (c) BSB-Cz, and (d)
6 wt%-BSB-Cz-doped CBP. Insets: Schematic illustrations of molecular orientations in films. All the TE and TM spectra are normalized such that the peak
intensities of the TE spectra become unity while keeping the ratios of intensities of the TE and TM spectra. Normal PL spectra are shown by black broken
lines. In the case of the isotropic films (Alq3 and CBP), the intensities of the TE and TM spectra are not so different on the whole. In contrast, the intensities of
the TE spectra are higher than those of the TM spectra on the whole in the case of BSB-Cz and 6 wt%-BSB-Cz-doped CBP, showing the orientation of BSB-Cz
molecules.
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between them, as shown in Fig. 5c. The BSB-Cz molecules
are horizontally deposited on the surface of the doped film,
as in the case where BSB-Cz molecules are deposited on a
CBP underlying layer (see Table 2).

The validity of the results obtained by VASE and CEM
is also shown in Fig. 7a–d, in which the peak wavelength
of the cutoff emissions and the calculated cutoff wave-
length of the films with different thicknesses are both
shown. The former was obtained by CEM, and the latter
was obtained by calculations according to the process
written in Section 4 using refractive indices obtained
by VASE (shown in Fig. 3d). They were obtained by the
two independent methods using different substrates.
The cutoff wavelengths of the slab waveguide composed
of a glass substrate, an isotropic organic film (Alq3 or
CBP), and air were directly calculated using Eqs. (6)
and (7) in Section 4. As shown in Figs. 7a and b, the peak
wavelength of the cutoff emissions and the calculated
cutoff wavelength are in good agreement with each
other. The peak wavelengths shift in the spectral region
of the normal PL spectrum with an increase in the film
thickness, and then the narrow emission having the next
mode number appear from the short-wavelength side.
The peak wavelengths of the TE and TM emissions are
adjacent to each other and the wavelengths of the TE
emissions are slightly longer than those of the TM emis-
sions, which are the characteristics of a slab waveguide
with an isotropic layer.

In contrast, the peak wavelengths of the emissions from
the neat BSB-Cz films change in a different way, depending
on the thickness, as shown in Fig. 5c. The peak wavelengths
of the TE and TM emissions are not always adjacent. Here,
we succeeded in simulating this behavior by a calculation
in which we took into account the anisotropy in the BSB-



Fig. 7. (Color online) Agreement of experimental peak wavelengths of cutoff emissions and calculated cutoff wavelengths of slab waveguides. The peak
wavelengths of the TE and TM emissions (red and blue squares, respectively) and the cutoff wavelengths calculated using the refractive indices (red and
blue lines, respectively) are indicated. (a) Alq3, (b) CBP, (c) BSB-Cz, and (d) 6 wt%-BSB-Cz-doped CBP. The cutoff wavelengths in (d) are calculated using
isotropic optical constants of a neat CBP film. Except for BSB-Cz, the peak wavelengths of the TE and TM emissions are always adjacent to each other. This is
a characteristic of a slab waveguide with an isotropic core layer. Only the peak wavelengths of the emission from the neat BSB-Cz films change in a different
way depending on the thickness and can be simulated using the equation of the index ellipsoid of the anisotropic film.
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Cz film according to the process using the equation of the
index ellipsoid, as shown in Section 4. The peak wave-
lengths and the calculated cutoff wavelength exactly corre-
sponded, demonstrating the validity of the results obtained
by both VASE and CEM.

The peak wavelengths of the cutoff emissions from the
BSB-Cz-doped CBP films nearly corresponded to the calcu-
lated cutoff wavelengths of the waveguide with the isotro-
pic CBP film though slight deviations were found, as shown
in Fig. 5d. The deviation of the TE modes in the short-wave-
length region is due to perturbation by the doped BSB-Cz
molecules because the ordinary refractive index of the
BSB-Cz film is much higher than that of the CBP film. This
result demonstrates the horizontal orientation of doped
emitting molecules in the host film having the low ordin-
ary refractive index, which is necessary to improve out-
coupling efficiency of OLEDs. The out-coupling efficiency
is affected not only by the orientation of transition dipole
moments but also by the refractive index of emitting layer
nem with the 1=n2

em relation [6]. Thus, a high ordinary
refractive index is not favorable because it cancels out
the effect of the horizontal orientation on the out-coupling
efficiency. In addition, the horizontal orientation of emit-
ting molecules in doped film is important because doping
techniques are frequently used in the fabrication of OLEDs
and organic laser devices to avoid concentration
quenching.
3. Conclusions

In this study, we found that the linear-shaped mole-
cules of fluorescent styrylbenzene derivatives are horizon-
tally oriented in organic amorphous films fabricated by
conventional vacuum deposition even when the molecules
are doped in an isotropic host matrix film. The weak inter-
action between adjacent molecules and the linear-shaped
molecular structure probably cause the horizontal orienta-
tion. The fact that the horizontal molecular orientation oc-
curs on any underlying layers shows the high versatility of
the horizontal orientation for various applications. Our
findings will lead to an improvement in optical and electri-
cal characteristics of organic amorphous films and opto-
electronic devices made from them. Moreover, there is a
possibility that the horizontal molecular orientation in-
heres in many amorphous films having high-performance
optical or electrical characteristics though it has not yet
been noticed. Actually, we recently also detected the aniso-
tropies in the films of many hole and electron transport
materials having long or planar structures [29]. We think
that it is meaningful to reevaluate the optical and electrical
properties of organic materials in terms of their molecular
orientation.
4. Experimental and calculations

All samples of organic films for ellipsometry measure-
ment were prepared by vacuum deposition. Silicon (100)
substrates were cleaned using detergent and organic sol-
vents. Glass substrates with and without a 30-nm-thick
ITO layer were cleaned using detergent and organic sol-
vents and then subjected to UV-ozone treatment. A glass
substrate with a 100-nm-thick Ag layer was also prepared
by deposition of Ag on the cleaned glass substrate at an
evaporation rate of �0.1 nm/s in a vacuum of
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<1 � 10�3 Pa and kept without air exposure. All organic
films were thermally evaporated on the substrates in a
vacuum of <3 � 10�3 Pa at an evaporation rate of
�0.2 nm/s. A 6 wt%-BSB-Cz-doped CBP film was also fabri-
cated by co-deposition. The thicknesses of all the samples
were �100 nm.

Surface roughness of the films was measured using an
AFM (D-3000, Veeco Instruments Inc.). Out-of-plane and
in-plane XRD patterns of the Alq3 and BSB-Cz films on sil-
icon substrate were measured using a high-resolution XRD
diffractometer (SmartLab, Rigaku Corporation).

Variable angle spectroscopic ellipsometry was per-
formed using a fast spectroscopic ellipsometer (M-2000U,
J. A. Woollam Co., Inc.). Measurements were taken at seven
multiple angles of the incident light from 45� to 75� in
steps of 5�. At each angle, experimental ellipsometric
parameters W and D were simultaneously obtained in
steps of 1.6 nm throughout the spectral region from 245
to 1000 nm. All measurements for one sample were done
only at �90 s.

The analysis of the data was performed using the soft-
ware ‘‘WVASE32” (J. A. Woollam Co., Inc.), which can per-
form a batch analysis of all the data at all the different
incident angles and wavelengths. The model function sys-
tem of dielectric constants e1 and e2 of the organic films,
which satisfies the Kramers-Kronig consistency, was com-
posed of Gaussian and Tauc-Lorentz oscillators [30] with a
Sellmeier background. Physically reasonable values were
adopted as the initial values of the structural and optical
parameters of the model functions. Then, the parameters
were optimized to fit the simulated values of W and D to
the experimental values to minimize the value of the
MSE [25]. The complex refractive indices of the films
N = n + ik were also calculated using the values determined
for e1 and e2. Analysis using uniaxial anisotropic models [7]
was also performed to determine the anisotropy in the
films of the styrylbenzene derivatives. Only the amplitudes
of the oscillators were independently changed in the mod-
el function systems of the ordinary and extraordinary
dielectric constants. The other parameters were changed
while keeping the common values in these systems. The
dielectric constants of the ITO layer were estimated in ad-
vance using Drude and Tauc-Lorentz oscillators. Through-
out all the above analysis, we assumed a uniform optical
property of the films with a smooth surface, and compli-
cated models, such as a surface roughness layer, a non-uni-
form layer, or an interface layer, were not used because
they make the uniqueness of analysis low.

Molecular lengths of materials were roughly estimated
from the optimized geometries obtained by density func-
tional theory calculations using GAUSSIAN 03 program
[31]. B3LYP calculations were performed using 6-31G(d)
basis.

All samples of organic films for measurement of cutoff
emissions were also prepared by vacuum deposition under
the same conditions. The organic films, which had 15 dif-
ferent thicknesses, were deposited on the clean glass sub-
strates having a refractive index of 1.524. The glass
substrates with the organic film were cleaved, and the or-
ganic films were optically pumped near the edge of the
cleavage face using a cw He–Cd laser (IK3102R-G, Kimmon
Electric Co.). An incident beam with a wavelength of
325 nm was focused on the surface of the organic films
by a lens. The excitation energy of the beam was 60 W/
cm2. The edge emissions were collected using a multichan-
nel spectrometer (PMA-11, Hamamatsu Photonics Co.) that
has an optical fiber with a receiving diameter of 1 mm. The
polarization characteristics of the edge emissions were
measured through a polarizing filter placed between the
sample and the end of the fiber.

The cutoff wavelengths of waveguides with an isotropic
and uniaxial anisotropic organic core layers were calcu-
lated as below. The wavelength of the light that propagates
in a waveguide should satisfy the phase matching condi-
tion represented by

4pn2d cos h2

k
þ /21 þ /23 ¼ 2mp; ð2Þ

where d is the thickness of the core layer, k is the free space
wavelength of light, /21 and /23 are the phase shifts at
interfaces 21 and 23, respectively, and m is the mode num-
ber (m = 0, 1, 2, . . .) (see also Fig. 1b). The phase shifts de-
pend on the polarization direction and are represented for
the TE and TM modes by

/TE
2i ¼ �2 tan�1 ðn2

2 sin2 h2 � n2
i Þ

1=2

n2 cos h2
ði ¼ 1 or 3Þ ð3Þ

and

/TM
2i ¼ �2 tan�1 n2ðn2

2 sin2 h2 � n2
i Þ

1=2

n2
i cos h2

ði ¼ 1 or 3Þ ð4Þ

respectively. If the wavelength of light is very close to the
cutoff wavelength, incident angle h2 corresponds to the
critical angle hc, that is

h2 ¼ hc ¼ sin�1ðn1=n2Þ: ð5Þ

From Eqs. (2)–(5), we obtain the cutoff wavelength for
the TE and TM modes,

kTE
c ¼

2pdðn2
2 � n2

1Þ
1=2

tan�1 n2
1�n2

3
n2

2�n2
1

� �1=2
þmp

ð6Þ

and

kTM
c ¼ 2pdðn2

2 � n2
1Þ

1=2

tan�1 n2
2

n2
3
ðn

2
1�n2

3
n2

2�n2
1
Þ1=2

h i
þmp

; ð7Þ

respectively. Here, d is the thickness of the organic film,
and n1, n2, and n3 are the refractive indices of the glass sub-
strate (n1 = 1.524), the organic film, and air (n3 = 1), respec-
tively. The refractive indices of the organic films n2 in all
the above equations depend on the wavelength of light.
Using Eqs. (6) and (7), we can directly calculate cutoff
wavelengths of a waveguide with an isotropic core layer
at a certain thickness. When a core layer has a uniaxial
anisotropic property, the calculations become more com-
plicated because the refractive indices for the light of the
TE and TM modes are different. The refractive index for
the light of the TE mode nTE

2 is simply equal to the ordinary
refractive index, while that of the TM mode nTE

2 depends on
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angle h2 according to the equation of an index ellipsoid.
They are represented by

nTE
2 ¼ no; ð8Þ

and

1

nTM
2 ðh2Þ2

¼ cos2h2

n2
o
þ sin2 h2

n2
e

; ð9Þ

respectively [32]. The cutoff wavelength for the TE mode is
obtained by substituting Eq. (8) into Eq. (6). To calculate
the cutoff wavelength for the TM mode, it is necessary to
determine angle h2 at each wavelength because the refrac-
tive index depends on this angle. The equation for the cut-
off condition, Eq. (5), is replaced with

h2 ¼ sin�1ðn1=nTM
2 ðh2ÞÞ: ð10Þ

From (9) and (10) we obtain the equation for determin-
ing h2,

n1 � noneðn2
o sin2 h2 þ n2

e cos2 h2Þ�1=2 sin h2 ¼ 0: ð11Þ

Eq. (11) can be solved for h2 numerically at each wave-
length, and the nTM

2 determined by Eq. (9) is substituted
into Eq. (7). In this way, we can calculate the cutoff wave-
length in both cases: when the core layer is isotropic and
when it is anisotropic.
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Electrical bistability is demonstrated in organic memory devices based on tris-(8-hydroxy-
quinoline)aluminum (AlQ3) and aluminum nanoparticles. The role of the thickness of mid-
dle aluminum layer and the size of the nanoparticles in device performance is investigated.
Above a threshold voltage, the device suddenly switches from a low conductivity OFF state
to a high conductivity ON state with a conductivity difference of several orders of magni-
tude. The OFF state of the device could be recovered by applying a relatively high voltage
pulse. The electronic transition is attributed to an electric field induced transfer of charge
between aluminum nanoparticles and AlQ3. The type of charge carriers responsible for con-
ductance switching is investigated. The charge carrier conduction mechanism through the
device in ON and OFF states is studied by temperature dependent current–voltage charac-
teristics and analyzed in the framework of existing theoretical models. The conduction
mechanism in the OFF state is dominated by field-enhanced thermal excitation of charge
carriers from localized centers, whereas it changes to Fowler–Nordheim tunneling of
charge carriers in the ON state. The device exhibited excellent stability in either conductiv-
ity states. The results indicate the strong potential of the device towards its application as a
nonvolatile electronic memory.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction demonstrated memory effects in a three layer organic/me-
During the past fifteen years, tremendous work has
been done in the field of organic semiconductor based
electronic devices. Devices such as light emitting diodes
[1–3], field effect transistors [4–6] and solar cells [7–9]
have shown great potential towards future technologies.
Organic semiconductor based devices exhibit unique
advantages such as low fabrication cost, high mechanical
flexibility and versatility of the material chemical structure
compared with the inorganic semiconductor devices. How-
ever, to widen the application of organic semiconductors to
varieties of electronics systems, organic based memory de-
vices are essential [10–16]. The basic feature of a memory
device is to exhibit bistable behavior having two different
resistance states at the same applied voltage. Ma et al. have
. All rights reserved.

x: +91 3222 255303.
ar).
tal nanoparticle/organic structure embedded between two
electrodes [17]. Bozano and coworkers have studied the
important role of different metal nanoparticles in a three
layer memory structure [18]. During the device operation,
when applied voltage exceeds a certain value, the device
suddenly switches from a low conductivity ‘OFF’ state to
a high conductivity ‘ON’ state, with a conductivity differ-
ence of several orders of magnitude. This high conductivity
state will be memorized until an ‘OFF’ voltage is applied to
erase it. Despite the superior performance of organic mem-
ory devices, the charge carrier transport mechanism in the
‘ON’ and ‘OFF’ states and the type of carriers responsible for
bistability are not understood clearly.

In this paper, we describe the fabrication and operation
of the tri-layer organic/metal/organic and the single layer
memory structures sandwiched between two electrodes.
The effect of the thickness of intermediate metal layer
and the size of the nanoparticles in device performance is

mailto:adhar@phy.iitkgp.ernet.in
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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investigated. The charge carrier conduction mechanism
through the device in ‘ON’ and ‘OFF’ states is studied by
temperature dependent current–voltage characteristics
and analyzed in terms of existing theoretical models. The
type of carriers responsible for conductance switching is
also investigated.

2. Experimental

In present investigation, three different types of device
structures were studied. The first type (type-I) is the tri-
layer AlQ3/Al nanoislands/AlQ3 structure sandwiched be-
tween two electrodes (hereafter called tri-layer device),
the second one (type-II) is a single AlQ3 layer embedded
between two electrodes (hereafter called single layer de-
vice), and the third type (type-III) is the ITO/Poly(3,4-ethyl-
enedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)/
AlQ3/Al nanoislands/AlQ3/Al device. For all types of de-
vices, patterned indium tin oxide (ITO) (SPI Inc.) with sheet
resistance 10 X/h was used as the bottom electrode. Prior
to AlQ3 deposition, ITO substrates were cleaned thoroughly
in acetone, isopropyl alcohol and de-ionized water in se-
quence by an ultrasonic cleaner followed by drying with
nitrogen gas. For the fabrication of tri-layer structure, both
the AlQ3 and Al middle layers were deposited by thermal
evaporation at a base pressure of 5 � 10�6 mbar. The thick-
ness of the each AlQ3 layer was about 50 nm and that of the
middle Al layer was varied between 5 and 20 nm. The
deposition rate of the middle Al layer was controlled by a
quartz crystal thickness monitor. In order to obtain the
nanoscale metal islands, a low evaporation rate of less than
0.1 nm/s was used. For the single layer device structure,
AlQ3 (100 nm) was thermally evaporated on ITO elec-
trodes. For the fabrication of ITO/PEDOT:PSS/AlQ3/Al
nanoislands/AlQ3/Al device, a 40 nm thick PEDOT:PSS layer
was spin coated on ITO substrates from a 2.8 wt.% water
solution (Aldrich). Post baking was done for 1 h at around
110 �C to remove the solvent completely. Deposition of all
other layers of this device was done in the same manner as
the tri-layer device. Finally, aluminum top electrode strips
were deposited by thermal evaporation through a shadow
mask.

The thickness of different layers was monitored by
quartz crystal monitor and was verified by stylus profilom-
eter (Veeco Dektak3). Cross sectional scanning electron
Fig. 1. Cross sectional SEM image of the tri-layer m
microscopy (SEM) images of the device were taken using
a ZEISS SUPRA 40 field emission (FE) microscope. Atomic
force microscopy (AFM) (Veeco Nanoscope-IV) in tapping
mode was used to evaluate the surface morphology of
the middle Al layer. Fourier-transform infrared (FTIR)
spectra of the middle Al layer in the wave number range
400–4000 cm�1 were obtained using a Nexus 870 Thermo
Nicolet spectrometer. The optical transmission spectra
were measured in the wavelength range 300–1100 nm
using a UV–vis–NIR spectrophotometer (Perkin–Elmer
Lambda 45). The dc current–voltage characteristics of the
devices were obtained using a Keithley 485 Pico ammeter
and an Advantest R6144 programmable dc voltage
generator.

3. Results and discussion

Fig. 1 shows the cross sectional view of a typical tri-
layer memory structure (type-I) sandwiched between ITO
and Al electrodes. The FE–SEM micrograph clearly indi-
cates ITO, two AlQ3 layers and Al layer with sharp inter-
faces. The thickness of bottom AlQ3, top AlQ3, ITO and Al
layers are estimated to be 70 nm, 50 nm, 400 nm and
200 nm, respectively.

The performance of organic bistable device is sensitive
to metal nanoparticles and the thickness of the middle me-
tal layer. The ON/OFF current ratio, for example, depends
strongly on the size and density of the nanoparticles. Mor-
phology and the thickness of the middle Al layer depends
on the evaporation rate and is controlled by quartz crystal
monitor. Films deposited with a higher deposition rate led
to continuous films and, hence, non-switching devices. A
deposition rate less than 0.1 nm/s resulted in island like
growth and bistable devices. Detailed information about
the nanostructure of the middle Al layer has been obtained
by AFM. Fig. 2a illustrates the surface morphology of the
middle Al layer of thickness 5 nm. It clearly shows discon-
nected metal islands of various sizes. The size distribution
of nanoislands is estimated from this AFM image and is
shown in Fig. 2b. The island size varies from 5 nm to about
25 nm with peak of the distribution at 15 nm. When the
thickness of the film is increased to 10 nm, the size of
nanoislands increases slightly as shown in Fig. 2c. For this
film the island size distribution ranges from 8 nm to about
35 nm and peaks at 20 nm, as shown in Fig. 2d. The gaps
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Fig. 2. Surface morphology and island size distribution of the middle aluminum layer of thickness (a, b) 5 nm; (c, d) 10 nm and (e, f) 15 nm.
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between the islands are of the order of 3–7 nm. Coales-
cence of nanoislands is observed with further increase in
film thickness as shown in Fig. 2e. Here the thickness of
the middle Al layer is about 15 nm. A large variation in
the size of the nanoislands (from 15 to 60 nm) is observed
in Fig. 2f, with the peak of the distribution at 30 nm.

Though the deposition of Al nanoparticles is performed
at 5 � 10�6 mbar, there is a time delay between the depo-
sition of nanoparticles and top AlQ3 layer. During this time
a thin oxide shell is formed on the nanoparticles. Since the
deposition is done under high vacuum, a large fraction of
the aluminum remains as a metallic core surrounded by
a thin oxide shell [18]. Formation of oxide shell was also
mentioned by other authors. Ma et al. have performed
in situ X-ray photoemission spectroscopy measurements
and confirmed the formation of 16 Å oxide shell [11].
Fig. 3a shows the FTIR spectra of the middle Al layer of
thickness 10 nm in the range 400–2000 cm�1. The strong
band observed at 538 cm�1 (labeled A) is assigned to octa-
hedral Al–O stretching vibrations, whereas the broad band
centered at 812 cm�1 (labeled B) is assigned to tetrahedral
Al–O stretching vibrations [19–21]. These results clearly
indicate the presence of oxide shell on the metal islands.

In addition to AFM and FTIR, UV–vis transmission spec-
tra have been used to study the middle Al layer deposited
on AlQ3. Fig. 3b shows the transmission spectra of the mid-
dle Al layer of different thickness deposited on 50 nm thick
AlQ3 film. Transmission spectrum of pure AlQ3 film is also
shown as a reference. For the Al film that appears in nor-
mal metallic color, the transmission is relatively low in
the UV–vis region. It indicates that most of the radiation
from the light source is reflected away by the continuous
metal film. The film containing Al nanoislands appears in
deep blue color and shows relatively high transparency
in the UV–vis region, as shown in Fig. 3b. The devices fab-
ricated using this deep blue color Al films have shown
bistable behavior.

Fig. 4 shows typical current–voltage (I–V) characteris-
tics of the tri-layer nanoparticle memory device (type-I)
on a semi logarithmic scale obtained by sweeping the volt-
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Fig. 3. (a) FTIR spectra of the middle Al layer of thickness 10 nm, and (b) transm
AlQ3 film.
age from –5 to +5 V and then back to –5 V. Here the thick-
ness of the middle Al layer is about 15 nm. Almost
symmetric I–V characteristics are observed for both the
polarities of the voltage. This figure can be used to define
the key parameters of the device. Initially, the device re-
mains in the high resistance ‘OFF’ state at a smaller bias.
When the applied voltage reaches a threshold value (Vth),
resistance of the device decreases abruptly and the device
current increases by several orders of magnitude. The va-
lue of Vth is in the range 1.7–2.3 V. As shown in Fig. 4,
the device current switches between the states of high
and low resistance at the threshold, reaches the maximum
(VON), and then goes through a negative differential resis-
tance (NDR) region to a minimum (till VOFF), after which
it increases again almost exponentially. When the voltage
is decreased towards zero, the current follows the upper
curve and the device is set in its ‘ON’ state until the voltage
near VOFF is applied. An ‘‘N-shaped” I–V curve is obtained in
the ‘ON’ state of the device. The low voltage region below
Vth is the region of bistability, in which the state of the de-
vice can be read (Vread). The ‘ON’ state of the device is ob-
tained by applying a voltage near VON and the ‘OFF’ state is
recovered by applying a voltage beyond VOFF.

Fig. 5 shows the current–voltage characteristics of the
tri-layer devices ITO/AlQ3/Al/AlQ3/Al (type-I) with differ-
ent thickness of middle Al layer. The characteristics of
the device without middle Al layer, is also shown for com-
parison. Both the devices show bistable properties. The
bistability is attributed to the presence of metal nanoparti-
cles in the AlQ3 matrix. For tri-layer devices, the middle
thin Al layer contains the nanoparticles. In case of single
layer devices, metal nanoparticles are incorporated in
AlQ3 layer by diffusion during the evaporation of top elec-
trode [22]. The threshold voltage is in the range 1.7–2.3 V
for the devices with different thickness of middle Al layer.
The ON/OFF current ratio is very small (�10) for single
layer device and increases with increasing thickness of
the middle Al layer till 10 nm. The devices with 10 nm
thick middle Al layer have shown better switching proper-
ties with large ON/OFF current ratio (>105) at a read volt-
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Fig. 4. Current–voltage characteristics of the tri-layer memory device,
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age of 1 V. If the thickness of the middle Al layer is in-
creased beyond 10 nm, the ON/OFF ratio decreases sharply
and the switching properties almost vanish at a thickness
of 20 nm as shown in Fig. 5. At higher thicknesses of mid-
dle Al layer, for example at 15 nm, Al nanoparticles grow in
size and join with the neighboring particles as shown in
AFM image (Fig. 2f). Then the number of isolated particles
that can store charge becomes less and hence the ON/OFF
ratio goes down. Single layer devices exhibit lower current
because of the mismatch of electrode work functions to the
HOMO and LUMO levels of AlQ3. The current in both ON
and OFF states increases with increasing thickness of the
middle Al layer. These results suggest that the nanoparti-
cles not only induce bistability, but also contribute to the
conduction process.

The retention of the ON and OFF states and device per-
formance under electrical stress is important for practical
applications. Stress tests have been performed by subject-
ing the device to a low bias of 1 V over prolonged periods
of time in both ON and OFF states and by recording the cur-
rents at different times. When subjected to stress test, the
device in the OFF state retains its conductivity and do not
undergo any transition to the ON state, as shown in Fig. 6.
Similar tests have been performed on the device in the ON
state. The current in both ON and OFF states remains con-
stant even after a prolonged period of continuous stress
test. It shows that there is no significant degradation of
the device in both ON and OFF states, indicating the stabil-
ity of both material and material/electrode interfaces.

To understand the conduction mechanism through the
device in both ON and OFF states, the current–voltage
characteristics at different temperatures have been
measured and analyzed in the framework of existing theo-
retical models. Fig. 7 shows the current–voltage character-
istics of the device, ITO/AlQ3/Al(10 nm)/AlQ3/Al (type-I), at
different temperatures. The threshold voltage of the device
decreases with increasing temperature. The device current
in the OFF state has shown strong temperature depen-
dence. This thermally activated charge transport may be
either due to Poole–Frenkel (PF) emission of charge carri-
ers or to the Schottky contact at the Al/AlQ3 interface.
The PF emission is due to the field-enhanced thermal exci-
tation of charge carriers from localized centers or potential
wells within the bulk of the semiconductor, whereas the
Schottky effect results from the injection of charge carriers
from the electrode into the semiconductor. In order to dif-
ferentiate between these two conduction mechanisms,
current–voltage characteristics are measured at both the
polarities of voltage. In present study, an asymmetric elec-
trode structure (ITO and Al electrodes) is used for the fab-
rication of all the devices. The difference between the work
functions of ITO and Al is 0.6 eV (the work functions of ITO
and Al are 4.9 and 4.3 eV, respectively). For the Schottky
controlled conduction in an asymmetric electrode struc-
ture, the current–voltage characteristics should also be
asymmetrical when the voltage is reversed. However, all
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the devices have shown symmetric current–voltage char-
acteristics in the OFF state as shown in Fig. 4. Therefore,
the current conduction is dominated by PF emission in
the OFF state of the device.

This PF mechanism is further confirmed by analyzing
the current–voltage characteristics. The reported values
of HOMO and LUMO levels of AlQ3 are around 5.8 and
3.0 eV, respectively [18,23]. In case of PF emission, the the-
oretical energy barrier for the emission of electrons is
1.3 eV. The current through the device in case of PF emis-
sion is given by [24]

I ¼ CV exp � q
kT

U� qV
pel

� �1=2
 !" #

ð1Þ

where q is the electronic charge, U is the ionization energy
of the traps, e is the dynamic permittivity of AlQ3, k is the
Boltzmann constant, T is the temperature, and C is a con-
stant. A linear relation between log(I/V) and V1/2 is ob-
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Fig. 8. (a) Variation of log(I/V) with V1/2 in the OFF state of the device, and (b) va
experimental data and the solid lines are the fitting data using theoretical mode
served in the OFF state of the device as shown in Fig. 8a.
The experimental activation energy obtained from the
temperature dependant current characteristics is 1.6 eV,
which is in close agreement with the theoretical ionization
energy of PF emission. These results confirm the predomi-
nance of PF emission in the OFF state of the device.

The current–voltage and current–temperature relations
have changed after electrical transition to the ON state. A
linear relation is observed between log(I/V2) and 1/V as
shown in Fig. 8b. In addition, the current in the ON state
is insensitive to temperature. These results suggest that
the current conduction in the ON state is probably due to
Fowler–Nordheim tunneling of charge carriers through a
triangular barrier. The current in case of Fowler–Nordheim
tunneling is given by [24]

I ¼ C1V2 exp �4dðqUÞ3=2ð2m�Þ1=2

3q�hV

" #
ð2Þ

where U is the energy barrier height, d is the tunneling dis-
tance, m* is the reduced mass of the charge carrier, and C1

is a constant. Thus, the current conduction mechanism
changed from the Pool–Frenkel emission in the OFF state
to Fowler–Nordheim tunneling in the ON state.

In order to investigate the type of carriers (either elec-
trons or holes) responsible for conductance switching, a
hole injecting material PEDOT:PSS is deposited between
ITO electrode and bottom AlQ3 layer. The current–voltage
characteristics of ITO/PEDOT:PSS/AlQ3/Al(10 nm)/AlQ3/Al
device exhibit slight hysteresis and no obvious switching
behavior as shown in Fig. 9. Moreover, emission of light
from the device is observed after the incorporation of
PEDOT:PSS layer. In case of ITO/AlQ3/Al(10 nm)/AlQ3/Al
device, electrons injected from the Al electrode are trapped
inside Al nanoislands and produces bistability. Probability
of electron-hole recombination is very small because of
the less number of available holes. PEDOT:PSS enhances
the injection of holes into the AlQ3 layer and hence in-
creases the probability of electron-hole recombination
[25]. The process of recombination results in smearing
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out of bistability and emission of light. Thus the electrons
are majority carriers and holes are minority carriers in case
of our organic bistable devices.

In the light of above experimental results, we propose
that the electronic transition is due to an electric field in-
duced transfer of charge between aluminum nanoparticles
and AlQ3. When the applied electric field is high enough,
electrons in the AlQ3 may gain enough energy and tunnel
through aluminum oxide shell into the core of aluminum
nanoparticles. The charge on the aluminum nanoparticles
may be stable due to the presence of insulating aluminum
oxide shell, which prevents the recombination of charge
after the removal of external electric field. The OFF state
of the device can be recovered by applying a voltage near
VOFF, which is due to the removal of charge from the core
of the aluminum nanoparticles.

4. Conclusions

In conclusion, electrically bistable devices using AlQ3

and aluminum nanoparticles have been demonstrated.
The effect of the thickness of middle aluminum layer and
the size of the nanoparticles on device performance is
investigated. It is observed that the bistability is very sen-
sitive to nanostructure of the middle aluminum layer. For
obtaining the devices with well controlled bistability, the
middle aluminum layer should have island like structure,
instead of continuous metal layer. These nanoislands act
as the charge storage elements, which enable the nonvola-
tile electrical bistability when biased to a sufficiently high
voltage. The charge carrier conduction mechanism through
the device in ON and OFF states is studied by temperature
dependent current–voltage characteristics and analyzed in
the framework of existing theoretical models. The charge
conduction for the device in the OFF state is mainly due
to the field-enhanced thermal excitation of charge carriers
from localized centers, whereas it changes to Fowler–
Nordheim tunneling of charge carriers in the ON state.
Present study reveals that the electrons are majority carri-
ers in these organic bistable devices. The devices exhibit a
repeatable bistable behavior and stability in either state.
These characteristics indicate that the tri-layer device has
a strong potential towards its application as nonvolatile
electronic memory.
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a b s t r a c t

Langmuir–Schaefer transfer was used to fabricate ultrathin films of ferroelectric copoly-
mer, poly(vinylidene fluoride-trifluoroethylene) (70–30 mol%), for non-volatile memory
application at low operating voltage. Increasing the number of transferred monolayers
up to 10 led to improved film crystallinity in the ‘‘in-plane” direction, which reduced sur-
face roughness of the semicrystalline film. Treatment of the substrate surface by plasma
results in different film coverage which was subsequently found to be governed by inter-
action of the deposited film and surface condition. Localized ferroelectric switching was
substantially attained using piezo-force tip at 10 V on 10-monolayer films. Integrating this
film as a dielectric layer into organic capacitor and field effect transistor yields a reasonably
good leakage current (<10�7 A/cm2) with hysteresis in capacitance and drain current with
ON/OFF ratio of 103 for organic ferroelectric memory application at significantly reduced
operating voltage of |15| V.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction number of transfers at a certain compressing pressure
Polyvinylidene fluoride (PVDF) and copolymer with tri-
fluoroethylene P(VDF-TrFE) are well-known for their ferro-
electric properties in crystalline forms [1,2]. The polymers
have a vast application in sensors, actuators [3,4], and
non-volatile memory [5–8]. These applications usually re-
quire a thin film fabricated by spin-coating or mechanical
pressing. Crystallization of the polymer chains can be re-
sulted from either post-process annealing or recrystalliza-
tion from melting. Recently, a new method of forming
P(VDF-TrFE) copolymer films has been reported using Lang-
muir–Schaefer transfer mechanism [9,10]. The method
includes two main steps – first, compressing to form mono-
layer (ML) of compact polymer chains at the air-liquid
interface and second, transferring the monolayer onto a
substrate surface. Film thickness can be controlled by the
. All rights reserved.

Nguyen), pslee@ntu.
[11]. Film crystallinity can be enhanced by annealing at
temperatures below melting point similar to those of
spin-coated films [12]. In addition, Langmuir–Schaefer
(LS) method has a potential for realizing a polymer mono-
layer by aligning and packing its molecular chains without
anneal crystallization.

Forming and transferring the LS-films of P(VDF-TrFE)
copolymer have been intensively performed by Nalwa
[9]. Different properties and characteristic of monolayer
P(VDF-TrFE) can be observed including ferroelectricity,
optical and energy band etc., as well as the proposed
intrinsic switching polarization [9]. While Ducharme
et al. have advocated for the intrinsic switching mecha-
nism based on both experimental data and theoretical pre-
diction [9], some other researchers have been expressing
concerns regarding to the theoretical conditions of the data
interpretation. Recent experimental works by Kliem et al.
revealed that the switching process below a certain critical
thickness could not be sufficiently explained by either
intrinsic or extrinsic model alone [13]. Especially, Naber

mailto:acnguyen@ntu.edu.sg
mailto:pslee@ntu.edu.sg
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http://www.sciencedirect.com/science/journal/15661199
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et al. have been able to obtain the experimental evidence
of ferroelectric switching with bulk characteristics for
ultrathin films with thickness ranging from 3 to 10 nm
[14]. They have attributed this observation to the im-
proved surface interfacing between the metal electrodes
and the ultrathin ferroelectric polymer film. The intrinsic
switching mechanism in the PVDF nanostructures and
ultrathin films is beyond the scope of this report. However,
it can be seen that various important properties of ferro-
electric materials remain to be explored in spite of the tre-
mendous efforts and achievements have been obtained in
the field.

The application of LS-transfer P(VDF-TrFE) for non-vol-
atile memory using hybrid device with Si-technology has
been shown but limited to rather thick film of 100 ML
[10]. A unique feature of the LS-transfer film is being
strongly governed by the interfacial interaction with sub-
strate that leads to formation of different nanostructures
by simple annealing process [15]. It has been well postu-
lated that the nucleation in ferroelectrics substantially oc-
curs at defects or crystal boundaries. For the mesa
nanostructures or ultrathin films, the domain-wall motion
is in the film plane due to the highly anisotropic dimen-
sions. It hence allows more precise control of nucleation
locations and domain-wall motion direction in the switch-
ing process. With the lateral size in the range of less than
200 nm, a group of these separately and accurately posi-
tioned nanostructures can serve as an equivalent memory
element (1 bit) that can improve the storage density as
well as reduce cross-talk noise between bits. These under-
standings are potentially useful for memory application in
terms of enhanced device density and performance [10]. To
date, demonstration of non-volatile memory behavior of
thin LS-transfer films (<100 ML) has been lacking and the
memory functionality of the ultrathin P(VDF-TrFE) is not
fully explored. Furthermore, realization of organic ferro-
electric field effect transistors (FeFET) with LS-transfer film
has not yet been reported.

In this paper, we investigate the crystallization of the
polymers upon annealing in the paraelectric phase, as a
function of the number of transferred layers. We attained
localized area switching using piezo-force microscopy
and demonstrate a low voltage ferroelectric memory
(<15 V) using 10 ML of the LS-transfer P(VDF-TrFE) film
as dielectric layer in capacitors and ferroelectric field effect
transistors. The electrical behavior and memory function-
ality is correlated to polarization properties of the LS-
transfer films.
2. Experimental

P(VDF-TrFE) (70–30 mol%) was purchased from Solvay
and used without purification. Copolymer pellets were dis-
solved in methyl ethyl ketone (MEK) at concentration of
0.1 mg/cc. The solution was then filtered by using 0.2 lm
pore-size Teflon filter and promptly used for deposition
to maintain a consistent concentration. N-type Silicon wa-
fer was used as transfer substrates. The wafers were
cleaned with Piranha solution (1H2O2:2H2SO4), SC2 solu-
tion (1NH4OH:1HCl:10H2O), followed by acetone, metha-
nol and DI water and blow-dried by N2 gas. Plasma
treatment was done on cleaned substrates with ambient
medium for 2 min.

LS-transfer film fabrication was done using Langmuir
KSV5000 trough. Ultra-purified water with resistivity of
18.2 MX cm was used as subphase medium. The copoly-
mer solution was manually spread onto the subphase sur-
face between the two automatically moving barriers with
surface pressure measured by a platinum Wilhelmy plate.
The monolayers were manually transferred onto substrates
horizontally at 25 �C and surface pressure of 5 mN/m. All
transferred samples were then annealed in the ambient
at 120 �C for 1 h using a slow ramping oven (1 �C/min).
Film crystallinity was determined by Rigaku X-ray diffrac-
tometer (XRD) (40 KV, 30 mA) with an incident angle of
0.5� and step of 0.02. The surface morphology of all layers
was characterized by atomic force microscopy (AFM) (dig-
ital instruments) in tapping mode using nonconductive tip.

Polarization switching of the transferred films was ob-
served by piezo-force microscopy (PFM) with conductive
Si tip in contact mode. The closed circuit of sample and
PFM equipment was made through the contact from the
conductive tip to the LS-film surface and the back of the
Si-wafer substrate using silver paste to reduce contact
resistance. The surface morphology was first scanned with
10 � 10 lm2 dimensions. Next a voltage of +10 V was ap-
plied to an area of 6 � 6 lm2 and a reversed voltage of
�10 V was lastly applied to area of 2 � 2 lm2 as shown
in Fig. 2. The metal-ferroelectric-semiconductor (M-F-S)
capacitor devices were fabricated by thermal evaporation
of gold (99.9% purity) through a shadow mask (diameter
of 300 lm) onto annealed film samples. The leakage cur-
rent was measured by Keithley 4200 analyzer and capaci-
tance data was obtained by using HP4284 LCR meter (AC
signal of 50 mV and 1 kHz). Ferroelectric field effect tran-
sistor (FeFET) was fabricated using Si-wafer with 5 nm
thick thermal oxide. The transistor was formed by evapora-
tion of pentacene on top of the transferred P(VDF-TrFE)
layers in vacuum (5 � 10�7 torr) at 1–2 Å/s rate. It was
then followed by evaporation of gold electrodes for source
and drain formation using shadow mask. The transistor
operation was then characterized by the Keithley analyzer
in dark vacuum ambient.
3. Results and discussion

To examine the formation of continuous thin film by LS-
transfer method, multiple monolayers were transferred
onto cleaned Si-wafer followed by annealing as described.
Fig. 1 presents the surface morphology and crystalline
structure of films with thickness from 2 to 10 ML. After
annealing, it can be seen that nano-mesas and nanowells
were formed for 2 and 6 ML thick film, respectively, as well
as fully covered film for 10 ML thick sample. Final thick-
ness of the nano-mesa and nanowell samples is below
20 nm while that of the 10 ML sample is in the range of
20 ± 2 nm as determined by AFM line-profiling. Both the
nanostructure formations and dimensions are in agree-
ment with the previously reported data (1.8 nm per mono-
layer) especially in the case of fully covered film of 10 ML



Fig. 2. PFM images of 10 ML LS-transfer sample (a) d33 coefficient image and (b) phase image. The dashed and dotted boxes in (a) indicate the scanning
areas of different voltage application and the contrast difference in (a) and (b) represents the polarization switching.
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layer [16]. The small variation in thickness suggests the
crystallization of P(VDF-TrFE) copolymer occurred in a pla-
nar manner with crystallinity increasing with more trans-
ferred layers. While the 6 ML-film appears with vertical
holes through the film thickness, no specific grain forma-
tion is observed on the covered regions by the copolymer.
On the other hand, grain formation can be seen on the fully
covered 10 ML film. The film surface mainly consists of
small and round-shaped grains, which results in roughness
value (RMS) less than 9 nm. Besides, occasional appearance
of rod-like crystals is also observed as shown in Fig. 1c. At
the locations of the rod-like grain, the vertical dimension
can eventually reach up to 50 nm indicating the crystalli-
zation propagates along the normal direction to the film
only after the substrate surface had been fully covered.
The rod-like grains with polymer lamellas packing along
the grain direction appears as vertical walls which inter-
cept each others leading to rough topography and deep
valleys usually found on thicker film fabricated by spin-
coating [17]. Formation of the 10 ML thin film (10 ML) with
limited rod-like grain and good crystallinity (Fig. 1) is
anticipated to improve the quality of multilayer ferroelec-
tric memory device.
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The XRD data (Fig. 1d) of 2, 6 and 10 ML samples show
that both ferroelectric and paraelectric phases coexist
[1,2]. Previous report [18] suggested that formation of
nanostructures had only taken place in the copolymer
paraelectric phase. The observation of ferroelectric phase
here is hence believed to be due to the slow cooling pro-
cess after annealing that resulted in paraelectric–ferroelec-
tric phase transition even in the nanostructures.
Measurement to confirm polarization properties was
hence done by PFM method on all the samples shown in
Fig. 1. It was found that only fully covered sample with
10 ML transferred possessed switchable regions under
the tip bias application while it was unable to capture
any responsive signals from samples with nanostructures
(2 and 6 ML). We attribute this to the limitation of applied
voltage in the PFM system (maximum applied voltage of
|10| V) as compared to the much higher value of intrinsic
coercive field (�0.5 GV/m) which has been estimated for
ultrathin (<15 nm) Langmuir–Blodgett film [19]. Polariza-
tion switching examined in a 10-ML sample on Si-wafer
substrate by the d33 coefficient and phase images are pre-
sented in Fig. 2. The experiment was performed in two
steps – first, 6 � 6 lm2 (dotted box) scan with +10 V that
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ent J-V curve. The electrode area is 7.07 � 10�4 cm2. The inset shows the
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registered ‘‘down” dipoles (point towards substrate)
appearing as dark contrast, and then 2 � 2 lm2 scan
(dashed box) that reversed the polarization to ‘‘up” dipoles
(pointing away from substrate) appears as different con-
trast in Fig. 2b. The bright contrast in the dashed box of
Fig. 2a clearly indicates the strong dipolar response which
could only be resulted from the orientation switching as
compared to the outer areas where polarization was not
disturbed. The stable existence of the switched region
(2 � 2 lm2 box) after continuous scanning enables the
storing of information in an ultrathin film device without
the adverse effects by depolarization.

Non-volatile memory behavior was studied using M-F-S
device with 10 ML thick P(VDF-TrFE) film as a dielectric
layer. Fig. 3a shows the leakage current profile which is
reasonably low (less than 10�7 A/cm2) for device applica-
tion with the inset showing a typical diode behavior. It
can be seen the current is asymmetric across the vertical
axis but has the minimum value at 0 V. The asymmetric
shape of the current curve is believed to be caused by dif-
ferent barrier heights at P(VDF-TrFE)/Au and P(VDF-TrFE)/
Si interfaces. With potential applied at the bottom elec-
trode to the silicon substrate, higher current obtained by
positive biases means the apparent barrier height of charge
injection at the top electrode (Au) is lower than that at bot-
tom one (Si). The minimum current at 0 V possibly indi-
Fig. 4. Comparison of surface morphology of (a) spin-coated film (200 nm thick)
layers grown on both films are shown in (c) and (d), respectively.
cates the absence of detrapping current by charges
existing near the interfacial regions. The memory function
is hence mainly resulted from the switching polarization of
the P(VDF-TrFE) dipoles as explained by the capacitance
hysteresis below.

Fig. 3b presents the capacitance hysteresis data ob-
tained by different sweeping voltages with the first curve
(�5 V to +2 V) as reference curve. As voltage was swept
in the reversed direction (+2 V to �5 V, dash curve), a
capacitance hysteresis was obtained with a shift in flat-
band voltage of 0.7 V to the negative potential. This can
be explained from the direction of dipole vectors. The po-
sitive bias (+2 V) at the top metal electrode caused the di-
pole pointing down towards the Si substrate and led to
accumulation in Si. As the voltage was swept to negative
bias (�5 V), the field across the device must overcome
the dipolar coercive field to revert the dipole direction.
As a result the charges were accumulated in the Si until
coercive field was reached and led to depletion as dis-
played in the insets of Fig. 3b. The charge accumulation
and depletion in the semiconductor can be treated as ON
and OFF state, respectively, for the non-volatile memory.
An estimation of the switching field for this device includ-
ing voltage of |1| V over thickness of 18 nm yields a value
of |56| MV/m similar to previous report [2] for spin-coated
films. Furthermore, Fig. 3b also displays variability of
and (b) 10 ML (�20 nm thick) LS-transfer film. Morphology of pentacene
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flat-band voltage shift or memory window of the device
with the application of different voltage amplitudes. When
the ‘‘writing” voltage was increased to +4 V, the voltage
shift could be extended up to 1.3 V (dot curve). To bring
the device back to the original state, an ‘‘erasing” voltage
was applied at �6 V (dash-dot curve). To read the data in
the device, a small ‘‘reading” voltage should be used e.g.
�0.5 V without destroying or reversing the polarization
state, which will result in a capacitance difference of up
to 40 pF for +4 V ‘‘writing” voltage. Hence this proves the
versatility and applicability of thin ferroelectric polymer
for low voltage non-volatile memory application.

It can be seen that the accumulation in the M-F-S device
is unstable which coincides with the high leakage current
in the device (Fig. 3). In order to improve the device stabil-
ity during accumulation for field effect transistor, the semi-
conducting layer of Si is replaced with pentacene which is
an organic p-type semiconductor with lower charge carrier
concentration (�3 � 1017 cm�3 [20]) while the n-type Si-
wafer serves as an electrode. Surface morphology of the
evaporated pentacene layer (50 nm thick) on spin-coated
and LS-transfer (10 ML) films are shown for comparison
in Fig. 4. The surface roughness of the spin-coated P(VDF-
TrFE) film is about 17–20 nm as previously reported [6].
For the 10-ML LS-transfer film, pre-scans of surface mor-
phology by AFM were performed to select regions with
minimal appearance of the rod-crystallite. As a result, the
effective surface roughness of the LS-film was maintained
below 10 nm. The average size of pentacene grains is found
from the AFM profile to be around 100 nm for both types of
P(VDF-TrFE) films. However the pentacene grain-growth is
seen to follow the morphology of the rod-like grains on the
spin-coated film (Fig. 4c), which limits the intergrain con-
nection in the thin (�50 nm) semiconductor layer. This re-
sulted in weak semiconducting behavior of the pentacene
film and negligible transistor device characteristics. In
the contrary, pentacene grains on the LS-transfer film
(Fig. 4d) are generally in circular shape and unaffected by
the underneath surface morphology. The average small
grain size is probably due to the low surface energy of
the P(VDF-TrFE) copolymer [21,22].

The electrical characteristics (ID–VD, ID–VG) of the FeFET
device fabricated on the LS-transfer film are shown in
Fig. 5. Both of drain and gate voltages were applied
in ascending order for ID–VD. The mobility is calculated in
the saturation regime from Fig. 5a yielding value of
0.003 cm2/Vs for device with an effective capacitance of
3.1 � 10�7 F/cm2 and channel length and width of 75 and
4000 lm, respectively. The value of mobility is likely af-
fected by the smaller grain size [23] and the lower dielec-
tric constant of SiO2 (j = 3.9 as compared to j = 13 of
P(VDF-TrFE)) in the composite insulating layer. The trans-
fer characteristic shows hysteresis in drain current (ON/
OFF ratio around 2 � 103 at zero gate bias) which follows
the polarization switching of the copolymer dipoles and
is in agreement with previously reported devices fabri-
cated by spin-coating P(VDF-TrFE) film [5,6]. As switching
current peaks seen from the inset of Fig. 5b are around
VG = |5| V, a sweeping gate voltage of |15| V is hence suffi-
cient to induce saturated polarization in the ferroelectric
layer. One of the clear advantages is hence the saturating
of polarization at low bias (�|15| V) which results in low
voltage application device.

The formation of nanostructures from the first few
monolayers is governed by both of the elastic and surface
energy density [18]. We attempted to improve the contact
formation between the LS-transferred film and the sub-
strate surface by briefly subjecting the Si surface to ambi-
ent plasma for 2 min. The obtained result was a more
hydrophilic surface (with smaller contact angle of 7.72�
as compared to 25.27� of normally cleaned Si-wafer). The
higher surface energy led to pattern coarsening to mini-
mize the interface area during annealing in paraelectric
phase [18]. Examination by AFM of annealed 1 ML sample
on both types of treated surfaces shows different nano-
structure formation. While separating nano-islands were
seen on the normally cleaned sample, percolating nano-
mesa with larger coverage of substrate surface was ob-
tained for the plasma-modified sample as previously de-
scribed [15]. FeFET device with 10 ML film transferred
onto the plasma-modified surface shows similar drain cur-
rent hysteresis and carrier mobility in the semiconductor
channel as the ones on normally cleaned substrate (Fig
5b). However the ON/OFF ratio is reduced to 350 due to
lower current retention at zero gate bias. It is possibly
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resulted from the defects generated during plasma-modifi-
cation. The plasma ion bombardment partially removed
the topmost oxygen-bonding layer and left unsaturated
bonds on the Si surface that makes it more susceptible to
trapping of mobile charges during the transfer of first
few layers. The existence of trapped charges between the
SiO2 and the P(VDF-TrFE) layer subsequently caused the
non-switching polarization which induced higher drain
current during strong accumulation but did not retain
the current as gate voltage drop to 0 V [6]. It is hence re-
quired further improvement in the engineering of interface
between substrate and the transferred films to obtain den-
ser dielectric layer of ultrathin thickness.

4. Conclusion

We have demonstrated the fabrication of good quality
ultrathin Langmuir–Schaefer films for the application in
non-volatile memory device. Study of crystallinity evolu-
tion and surface morphology in the process of film forma-
tion indicates planar crystallization occurring in the
LS-film with transferring of up to 10 ML. The good cover-
age of this film with high crystallinity of small flat grains
allows the demonstration of non-volatile memory devices.
The memory behavior was presented in MFS capacitor as
well as FET with the retention by the dipolar polarization.
Different states of data storing and erasing was demon-
strated with operation voltages less than 15 V. One of the
detrimental defects has been identified as mobile charge
trapping at the interface that worsens the current reten-
tion when the substrate is plasma treated to improve the
LS-film coverage. This hence prompt for more attention
in optimizing the crystallization of the LS-film and the
engineering of the surface morphology. In spite of those
shortcomings, the LS-transfer method offers the advanta-
ges of simple processing conditions and small volume of
consumed material. The ferroelectric LS-film is proven to
be versatile and applicable for device application that re-
quires low operation voltages.
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Efficient solution-processed electrophosphorescent devices using two blue-emitting ionic
iridium complexes (complex 1 and complex 2) were fabricated, with poly(N-vinylcarbaz-
ole) (PVK):1,3-bis(5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl)benzene (OXD-7) as the
host and Cs2CO3/Al as the cathode. Using complex 1 as the dopant, we obtained efficient
blue-green electrophosphorescence from single-layer devices with a maximum efficiency
of 12.2 cd A�1, a maximum brightness of 12,600 cd m�2 and CIE (Commission Internatio-
nale de l’Éclairage) coordinates of (0.19, 0.45). And the maximum efficiency of the device
based on complex 1 can be further improved to 20.2 cd A�1, when a thin 1,3,5-tris(1-phe-
nyl-1H-benzo[d]imidazol-2-yl)benzene (TPBI) layer was inserted between the light-emit-
ting layer and the cathode. Using complex 2 as the dopant, we obtained deep-blue
electrophosphorescence with the emission peak at 458 nm and CIE coordinates of (0.16,
0.22). Our work suggests that ionic iridium complexes are promising phosphors for obtain-
ing efficient electrophosphorescence in the blue region.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The past two decades have witnessed the great devel-
opment of organic light-emitting diodes (OLEDs), which
are promising candidates for display and solid-state light-
ing applications [1]. Through the recombination of holes
and electrons, singlet and triplet excitons are generated
in OLEDs. For OLEDs containing fluorescent dopants, only
singlet excitons can generate light; while for OLEDs con-
taining phosphorescent dopants, both singlet and triplet
excitons can generate light [2]. In theory, the efficiency of
electrophosphorescent devices is nearly three times higher
than that of electrofluorescent devices, given that the ratio
between singlet and triplet excitons generated in OLEDs is
about 1:3 [2,3]. To achieve high efficiency, electrophospho-
. All rights reserved.

x: +86 10 62795137.
iu).
rescent devices containing phosphorescent dopants are
more favorable choices.

Phosphorescent dopants commonly used in OLEDs are
transition metal complexes [2,4]. The involvement of tran-
sition metal ions is essential because they can provide
strong spin-orbit coupling which allows the spin-forbidden
triplet excitons to decay radiatively. Many kinds of transi-
tion metal complexes, i.e., rhenium, osmium, ruthenium,
platinum and iridium complexes, have been developed
and utilized as efficient phosphorescent dopants in OLEDs
[4]. These transition metal complexes are mostly neutral
and, thus, evaporable to fabricate vacuum-deposited de-
vices. In recent years, ionic transition metal complexes
(iTMCs), including ionic copper, ruthenium, osmium and
iridium complexes, have drawn more and more attention
[5,6]. The application of iTMCs in organic electrolumines-
cence have resulted in another kind of device, named
light-emitting electrochemical cells (LECs), which have

mailto:qiuy@mail.tsinghua.edu.cn
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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many advantages (i.e., single-layer, solution-process and
air-stable cathodes) over conventional multilayer OLEDs,
though they suffer from long response time and limited de-
vice stability [5,6]. To obtain highly efficient LECs, various
iTMCs with controllable emission colors and high photolu-
minescent quantum yields (PLQY) have been developed
[5,6,8]. Surprisingly, these iTMCs, despite their impressive
photophysical and electrochemical characteristics, have
seldom been used as phosphorescent dopants in OLEDs.
For LEC devices, the light-emitting layer is composed of
neat iTMCs, which results in severe excited-state quench-
ing and, thus, depressed device performance [7,8]. It is ex-
pected that the severe excited-state quenching in LEC
devices will be significantly relieved as the iTMCs are used
as dopants in OLEDs. Carlson et al. reported single-layer
polymer OLEDs with ionic osmium complexes as dopants,
which gave red light emission with a maximum external
quantum efficiency of 2.2% [9]. Zhang et al. used ionic cop-
per complexes as dopants in multilayer polymer OLEDs,
which emitted green light with a maximum efficiency of
10.5 cd A�1 [10]. Plummer et al. reported yellow-emitting
polymer OLEDs using an ionic iridium complex as the dop-
ant, which gave a maximum efficiency of 22.5 cd A�1 [11].
However, as far as we know, there is no report on blue-
emitting OLEDs with iTMCs dopants till now, as iTMCs
emitting light in the blue region are rare [6,8]. In this pa-
per, we report efficient electrophosphorescent devices
using two blue-emitting ionic iridium complexes as the
dopants (Scheme 1). Previously, we used these two ionic
iridium complexes to fabricate blue LECs and found severe
excited-state-quenching in LEC devices, though blue light
emission was achieved [8]. In single-layer devices with
the host of poly(N-vinylcarbazole) (PVK):1,3-bis(5-(4-
tert-butylphenyl)-1,3,4-oxadiazol-2-yl)benzene (OXD-7)
and the cathode of Cs2CO3/Al, we obtained efficient blue-
green electrophosphorescence with a maximum efficiency
of 12.2 cd A�1, a maximum brightness of 12,600 cd m�2

and CIE (Commission Internationale de l’Éclairage) coordi-
nates of (0.19, 0.45) when complex 1 was used as the
dopant. After a thin 1,3,5-tris(1-phenyl-1H-benzo[d]imida-
zol-2-yl)benzene (TPBI) layer was inserted between the
light-emitting layer and the cathode, the maximum effi-
ciency of the blue-green device was further improved to
20.2 cd A�1. We also obtained deep-blue electrophospho-
rescence with the emission peak at 458 nm and CIE coordi-
nates of (0.16, 0.22) when complex 2 was used as the
dopant.
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Scheme 1. Chemical structures of the ionic iridium complexes.
2. Experimental

2.1. Photophysical characterization

Complex 1 and complex 2 were synthesized according
to our previous publication and were further purified by
recrystallization from acetonitrile and ether before use
[8]. Thin films with the thickness of approximate 100 nm
for photophysical characterization were deposited onto
quartz substrates by spin-coating from 1,2-dichloroethane
solutions. Absorption spectra were recorded with a UV–vis
spectrophotometer (Agilent 8453) and PL spectra were
recorded with a fluorospectrophotometer (Jobin Yvon,
FluoroMax-3).

2.2. Fabrication and characterization of
electrophosphorescent devices

Film thickness and surface morphology of thin films
were determined with the atomic force microscopy (AFM,
SPA-400). The ITO substrates with sheet resistance of
15 X/h were sufficiently cleaned by ultrasonication in
detergent and then in deionized water and treated with
oxygen plasma before use. The PEDOT:PSS layer was
spin-coated in ambient atmosphere and then baked at
200 �C for 10 min, yielding a smooth film with a thickness
of approximate 60 nm and a root mean square (RMS) value
of 1.25 nm (for an area of 5 � 5 lm2). The light-emitting
layer was then spin-coated onto the PEDOT:PSS-coated
substrate from a mixed solution of PVK:OXD-7:complex 1
(or complex 2) in 1,2-dichloroethane in a nitrogen atmo-
sphere glove box. The film was then baked at 80 �C for
30 min, yielding a smooth film with a thickness of approx-
imate 85 nm and a RMS value of 0.93 nm (for an area of
5 � 5 lm2). The substrate was then transferred into an
evaporation chamber, where the TPBI (if needed) was
evaporated at an evaporation rate of 1–2 Å/s under a pres-
sure of 4 � 10�4 Pa and the Cs2CO3/Al bilayer cathode was
evaporated at evaporation rates of 0.2 and 10 Å/s for
Cs2CO3 and Al, respectively, under a pressure of
1�10�3 Pa. The current–voltage–brightness characteristics
of the devices were characterized with Keithley 4200 semi-
conductor characterization system. The electrolumines-
cent spectra were collected with a Photo Research PR705
Spectrophotometer. All measurements of the devices were
carried out in ambient atmosphere without further
encapsulations.
3. Results and discussion

3.1. Photophysical characterization

Fig. 1 depicts the absorption and photoluminescent (PL)
spectra of complex 1, complex 2 and PVK:OXD-7 in thin
films. The intense absorptions at the ultra-violet region
from 200 to 350 nm are ascribed to 1p–p* transitions from
the ligands while the relatively weak absorptions from
350 nm to the visible region are ascribed to metal-to-
ligand charge-transfer transitions (MLCT) of the com-
plexes. As Fig. 1 shows, the overlap between the emission



Fig. 1. Absorption and emission spectra of complex 1 (5% doped in
PMMA), complex 2 (5% doped in PMMA) and PVK:OXD-7 (2:1, weight
ratio) in thin films.
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spectra of PVK:OXD-7 and the MLCT absorption bands of
complex 1 is quite large, indicating that the Förster energy
transfer from PVK:OXD-7 to complex 1 would be efficient.
As for complex 2, the overlap is relatively weak. When
lightly doped at 5 wt.% into poly(methyl methacrylate)
(PMMA), complex 1 and complex 2 both give blue light
emission with the emission peak at 476 and 452 nm,
respectively. More photophysical characterizations of com-
plex 1 and complex 2 can be found in our previous publi-
cation [8].

3.2. Electrophosphorescent devices based on complex 1

PVK:OXD-7 (2:1, weight ratio) was selected as the host
for the ionic iridium complexes. The electron-transporting
material OXD-7 was mixed into PVK to facilitate the elec-
tron transport in the light-emitting layer [12–14]. The de-
vice structure is ITO/PEDOT:PSS (60 nm)/PVK:OXD-7:x%
complex 1 (85 nm)/Cs2CO3 (y nm)/Al (200 nm), where the
doping concentration of complex 1 and the thickness of
Cs2CO3 layer were varied to optimize the device
performance.
Fig. 2. Current density–voltage characteristics of ITO/PEDOT:PSS
(60 nm)/PVK:OXD-7:x% complex 1 (85 nm)/Cs2CO3 (2 nm)/Al (200 nm)
with different doping concentrations (x%) of complex 1. The inset shows
the corresponding brightness–voltage curves of the devices.
Fig. 2 shows the current density–voltage characteristics
of devices with different doping concentrations of complex
1. The inset in Fig. 2 depicts the corresponding brightness–
voltage curves of the devices. Detailed electrical character-
istics of the devices are summarized in Table 1. For all
devices, the thickness of the Cs2CO3 layer was fixed at
2 nm. As Fig. 2 shows, the current density–voltage curves
shift towards the low voltages as the doping concentration
of complex 1 increases. This can be explained by the energy
level diagram of the device (Scheme 2). The lowest unoccu-
pied molecular orbital (LUMO) energy level of complex 1
(�3.2 eV) is much lower than that of PVK (�2.2 eV) and
comparable to that of OXD-7 (�3.0 eV). Thus, as the doping
concentration of complex 1 increases, electrons are ex-
pected to be able to move along the LUMO orbitals of com-
plex 1. Consequently, the electron transport in the device is
facilitated, which explains the increased current density at
a fixed voltage as the doping concentration of complex 1 in-
creases. Noticeably, as the doping concentration of complex
1 increases, the brightness of the device at a fixed voltage
also increases (see the inset of Fig. 2). The net result is that
the efficiency of the devices does not vary very much as the
doping concentration of complex 1 varies from 2% to 12%
(Table 1). At a doping concentration of 8%, the device
reaches a maximum efficiency of 10.5 cd A�1 and a maxi-
mum brightness of 10,080 cd m�2. Besides, all devices show
low turn-on voltages at around 4.0 V, indicating that both
the hole injection from the ITO/PEDOT:PSS anode and the
electron injection from the Cs2CO3/Al cathode into the
light-emitting layer are efficient.

All devices show bright blue-green light emission with
the emission peak at around 482 nm and CIE coordinates
varying a little from (0.19, 0.45) to (0.20, 0.48) as the dop-
ing concentration of complex 1 varies from 2% to 12%
(Table 1). Fig. 3 shows the electroluminescent (EL) spectra
of the devices and the inset shows the corresponding PL
spectra of the light-emitting layers. In the PL spectra of
thin films of PVK:OXD-7:2% or 4% complex 1, the emission
from PVK:OXD-7 (around 410 nm) was observed, indicat-
ing incomplete energy transfer from PVK:OXD-7 to com-
plex 1 at a low doping concentration of the dopant.
However, in the EL spectra, the emission from PVK:OXD-
7 disappears completely, indicating that the charge-trap-
ping plays an important role in the operation of the devices
[15]. The charge-trapping mechanism mainly corresponds
to the trap of electrons considering the low-lying LUMO
energy level of complex 1 (Scheme 2).

To further improve the device performance, the thick-
ness of the Cs2CO3 electron-injection layer was also opti-
mized [16,17]. Fig. 4 depicts the current density–voltage
characteristics of devices with Cs2CO3 layers of different
thicknesses. The inset in Fig. 4 depicts the corresponding
brightness–voltage curves of the devices. Detailed electri-
cal characteristics are also summarized in Table 1. For all
devices, the doping concentration of complex 1 was fixed
at 8%. As the thickness of Cs2CO3 layer increases, the cur-
rent density–voltage curves shift towards the high volt-
ages. And, at the same time, the brightness–voltage
curves shift slightly towards the low voltages. As a result,
the efficiency of the device increases as the thickness of
Cs2CO3 layer increases (Table 1). With a 4 nm thick Cs2CO3



Table 1
Electrical characteristics of devices based on complex 1.

Devicea Von (V)b J at 9 V, 11 V (A m�2)c gc,max (cd A�1)d Bmax (cd m�2)e CIE (x, y)

x (%) y (nm)

2 2 4.0 162.6, 508.1 10.5 8400 (0.19, 0.45)
4 2 3.9 179.9, 501.2 9.4 8300 (0.20, 0.47)
8 2 4.2 177.6, 536.6 10.5 10,080 (0.20, 0.48)
12 2 4.0 189.7, 603.5 10.1 9600 (0.20, 0.48)
8 1 4.1 219.4, 649.0 7.6 7200 (0.20, 0.48)
8 3 4.0 163.5, 568.4 11.2 10,400 (0.20, 0.48)
8 4 4.1 121.0, 448.2 12.2 12,600 (0.20, 0.48)
8 2f 3.8 180.8, 590.1 20.2 >26,000 (0.18, 0.47)

a The device structure is ITO/PEDOT:PSS (60 nm)/PVK:OXD-7:x% complex 1 (85 nm)/Cs2CO3 (y nm)/Al (200 nm).
b Von denotes the turn-on voltage.
c J denotes the current density.
d gc,max denotes the maximum current efficiency.
e Bmax denotes the maximum brightness.
f For this device, a 30 nm thick TPBI layer was inserted between the light-emitting layer and the Cs2CO3 (2 nm) layer.

Scheme 2. Energy level diagram of ITO/PEDOT:PSS/PVK:OXD-7:complex
1(or complex 2)/Cs2CO3/Al, where the highest occupied molecular
orbitals (HOMO) and LUMO values of complex 1 (or complex 2) were
calculated from their oxidation potentials in CH3CN solutions together
with their optical band gaps obtained from the absorption spectra [8].

Fig. 3. EL spectra of ITO/PEDOT:PSS (60 nm)/PVK:OXD-7:x% complex 1
(85 nm)/Cs2CO3 (2 nm)/Al (200 nm) with different doping concentrations
(x%) of complex 1. The inset shows the corresponding PL spectra of the
light-emitting layers.

Fig. 4. Current density–voltage characteristics of ITO/PEDOT:PSS
(60 nm)/PVK:OXD-7:8% complex 1 (85 nm)/Cs2CO3 (y nm)/Al (200 nm)
with different thicknesses (y nm) of Cs2CO3 layer. The inset shows the
corresponding brightness–voltage curves of the devices.
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layer, the device reaches a maximum efficiency of
12.2 cd A�1 and a maximum brightness of 12,600 cd m�2.

Generally, for single-layer devices, severe exciton-
quenching exists at the cathode interface, resulting in de-
graded device performance. To improve the performance
of the device based on complex 1 further, a thin (30 nm) TPBI
electron-transporting/exciton-confining layer was inserted
between the light-emitting layer and the cathode [11,18].
As shown in Fig. 4, the brightness of the device with a TPBI
layer was significantly increased compared with those of
single-layer devices. After the insertion of the TPBI layer,
the maximum efficiency of the blue-green device was lar-
gely improved to 20.2 cd A�1 (Table 1), demonstrating that
complex 1 is a promising phosphor for achieving highly effi-
cient blue-green electrophosphorescence.

3.3. Electrophosphorescent devices based on complex 2

Complex 2 with fluorine-substituted cyclometalated li-
gands shows further blue-shifted emission spectra (Fig. 1).
As blue phosphorescent dopants with saturated color pur-
ity are rare, we used complex 2 to fabricate deep-blue elec-
trophosphorescent devices. The device structure is ITO/
PEDOT:PSS (60 nm)/PVK:OXD-7:x% complex 2 (85 nm)/
Cs2CO3 (2 nm)/Al (120 nm), where the doping concentra-
tion of complex 2 was varied to optimize the device
performance.

Fig. 5 depicts the EL spectra of the devices and the inset
depicts the corresponding PL spectra of the light-emitting
layers. All devices show deep-blue light emission with



Fig. 5. EL spectra of ITO/PEDOT:PSS (60 nm)/PVK:OXD-7:x% complex 2
(85 nm)/Cs2CO3 (2 nm)/Al (200 nm) with different doping concentrations
(x%) of complex 2. The inset shows the corresponding PL spectra of the
light-emitting layers.

Fig. 6. Current density–voltage characteristics of ITO/PEDOT:PSS
(60 nm)/PVK:OXD-7:x% complex 2 (85 nm)/Cs2CO3 (2 nm)/Al (200 nm)
with different doping concentrations (x%) of complex 2. The inset shows
the corresponding brightness–voltage curves of the devices.
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the emission peak at 458 nm and CIE coordinates of (0.16,
0.22), which is, to the best our knowledge, the bluest elec-
trophosphorescence from ionic iridium complexes. This
light emission is also much bluer compared to the elec-
trophosphorescence from the widely used blue phospho-
rescent dopant of bis[(4,6-difluorophenyl)-pyridinato-
N,C2] iridium(III) (picolinato) (FIrpic), which shows
sky-blue electrophosphorescence with the emission peak
at around 474 nm [19]. Interestingly, the PL spectra of
the light-emitting layers show considerable emission
intensity from PVK:OXD-7 (around 410 nm) even at a dop-
ing concentration up to 10%, indicating that the energy
transfer from PVK:OXD-7 to complex 2 is not complete.
This is consistent to the weak overlap between the emis-
sion spectrum of PVK:OXD-7 and the absorption spectrum
of complex 2 in thin films (Fig. 1). However, in EL spectra,
only light emission from complex 2 was observed, indicat-
ing that charge-trapping plays an important role in the
operation of the devices based on complex 2 [15]. The
charge-trapping mechanism mainly corresponds to the
trap of electrons considering that the LUMO energy level
of complex 2 (�3.3 eV) is much lower than that of PVK
(�2.2 eV) (Scheme 2).

Fig. 6 shows the current density–voltage characteristics
of the devices with different doping concentrations of com-
Table 2
Electrical characteristics of devices based on complex 2.

Devicea Von (V)b J at 9 V, 11 V (A m�2)c

x (%) d (nm)

5 85 5.3 41.5, 112.0
10 85 5.1 69.6, 208.0
15 85 4.6 151.3, 411.0
10 140 8.5 0.36, 2.0
10 85f 4.1 155.1, 515.7

a The device structure is ITO/PEDOT:PSS (60 nm)/PVK:OXD-7:x% complex 2 (d
b Von denotes the turn-on voltage.
c J denotes the current density.
d gc,max denotes the maximum current efficiency.
e Bmax denotes the maximum brightness.
f For this device, a 30 nm thick TPBI layer was inserted between the light-em
plex 2 and detailed electrical characteristics are summa-
rized in Table 2. As the doping concentration of complex
2 increases, the current density–voltage curves shift to-
wards the low voltages. Though complex 2 has a LUMO en-
ergy level (�3.3 eV) much lower than that of PVK (�2.2 eV)
(Scheme 2) and, thus, would behave as strong electron
traps, the doping of complex 2 would also facilitate the
electron transport when the doping concentration of com-
plex 2 is beyond the percolation where electrons are ex-
pected to be transported by directly hoping between
molecules of complex 2. Noticeably, the current density
of the devices based on complex 2 is much lower than that
of the devices based on complex 1, suggesting that com-
plex 2 might behave as much stronger electron traps than
complex 1 does. The efficiency of the devices based on
complex 2 does not vary very much either as the doping
concentration of complex 2 varies from 5% to 15% (Table
2). At a doping concentration of 10%, the device reaches a
maximum efficiency of 1.5 cd A�1 and a maximum bright-
ness of 595 cd m�2. When the film thickness of the light-
emitting layer was increased to 140 nm, the efficiency of
the device was improved to 2.4 cd A�1 at the expense of
a higher driving voltage and degraded color purity (due
to the microcavity effect [14,20]) (Table 2). When a thin
(30 nm) TPBI layer was inserted between the light-
gc,max (cd A�1)d Bmax (cd m�2)e CIE (x, y)

1.1 568 (0.16, 0.22)
1.5 595 (0.16, 0.22)
1.3 572 (0.16, 0.23)
2.4 995 (0.16, 0.28)
2.5 1950 (0.16, 0.27)

nm)/Cs2CO3 (2 nm)/Al (200 nm).

itting layer (85 nm) and the Cs2CO3 (2 nm) layer.
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emitting layer and the Cs2CO3 layer, the device efficiency
was improved to 2.5 cd A�1 at the expense of degraded col-
or purity (also due to the microcavity effect [14,20]) (Table
2). The relatively low efficiency and brightness of the de-
vices based on complex 2 are presumably due to the rela-
tively low triplet-energy of the PVK host [21,22] or the
inefficient energy transfer from PVK:OXD-7 host to com-
plex 2 (vide supra). Further work is to dope complex 2 into
a host with higher triplet-energy to improve the efficiency
of the deep-blue device.

4. Conclusion

Efficient electrophosphorescent devices were fabricated
using two blue-emitting ionic iridium complexes as the
dopants and PVK:OXD-7 as the host. For single-layer de-
vices, we obtained efficient blue-green electrophosphores-
cence with a maximum efficiency of 12.2 cd A�1, a
maximum brightness of 12,600 cd m�2 and CIE coordinates
of (0.19, 0.45). After a thin TPBI layer was inserted between
the light-emitting layer and the cathode, the maximum
efficiency of the blue-green device was further improved
to 20.2 cd A�1. We obtained deep-blue electrophosphores-
cence with the emission peak at 458 nm and CIE coordi-
nates of (0.16, 0.22). Our work suggests that ionic iridium
complexes are promising phosphors for obtaining efficient
electrophosphorescence in the blue region.
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a b s t r a c t

A novel blue emitter, In2Bt, featured with a rigid and coplanar distyryl-p-phenylene back-
bone flattened by two different bridging atoms (i.e. carbon and sulfur) exhibits high ther-
mal and morphological stability (Tg � 192 �C) and ambipolar charge carrier mobilities in
the range of 10�4 � 10�5 cm2 V�1 s�1. OLED device: ITO/PEDOT:PSS (300 Å)/a-NPD
(200 Å)/TCTA (100 Å)/In2Bt (200 Å)/TPBI (500 Å)/LiF (5 Å)/Al (1500 Å) utilized In2Bt as
an emitter gave a maximum brightness as high as 8000 cd m�2 (12 V) and saturated-blue
emission with CIE chromaticity coordinates of (0.16, 0.08), which is very close to the
National Television Standards Committee (NTSC) standard blue gives an enlarged palette
of colors for color displays.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the development of deep blue emitters
for OLED, which can match the National Television System
Committee (NTSC) standard blue CIE (x,y) coordinates of
(0.14, 0.08) has drawn considerable attentions [1–5]. Such
a device not only can effectively reduce the power con-
sumption of a full-color OLED but also can be utilized to
generate emission of other colors through energy transfer.
However, the molecular design for a deep blue emitter is
. All rights reserved.

ax: +886 2 33661667

.-Y. Hung), kenwong@
quite challenging in terms of molecular structures. Mole-
cules that can emit deep blue light normally have a re-
stricted p-conjugated length, which consequently limits
the spaces for tailoring the desired chromophore with suf-
ficient thermal and thin film morphological stability. Thus,
only few materials can meet these requirements so far [1–
5]. Recently, the ladder-type oligomers and polymers [6–
14], due to their rigid and coplanar structures which can
enhance the p-conjugation, charge mobility, and lumines-
cence intensity have emerged as potential materials for
optoelectronic applications. In this regard, the physical
properties and possible applications of ladder-type oligo-
or poly(p-phenylene)s with various heteroatom bridges
have been extensively studied [15–18]. More importantly,
the physical properties of ladder-type materials can be

mailto:wenhung@mail.ntou.edu.tw
mailto:kenwong@ntu.edu.tw
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http://www.sciencedirect.com/science/journal/15661199
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tailored by modulating the degree of conformational flexi-
bility between consecutive backbone units or, more effec-
tively, manipulating the electronic properties by
flattening the p-conjugated molecular framework with
heteroatoms. In this paper, we report a new blue light-
emitting material based on a coplanar molecular structure,
in which benzothiophene was fused to neighboring pheny-
lene ring through intramolecular annulation via sp3-
hybridized carbon atoms bearing two p-tolyl groups as
peripheral substituents [19]. The non-doped OLED device
shows an external quantum efficiency of 1.3% and satu-
rated-blue emission with CIE chromaticity coordinates
(0.16, 0.08), which is almost the National Television Stan-
dards Committee (NTSC) standard blue.
Wavelength (nm)

Fig. 2. The optical absorption, photoluminescence (PL) spectra of In2Bt in
solution and thin film, and the electroluminescence (EL) spectra of device
using In2Bt as an emitter.
2. Results and discussion

Fig. 1 depicts the molecular structure of blue emitter:
7,14-dihydro-7,7,14,14-tetrakis(4-methylphenyl)-s-indac-
eno[1,2-b:5,6-b0]bis[1]benzothiophene (In2Bt) featured
with a rigid and coplanar distyryl-p-phenylene backbone
flattened by two different bridging atoms (i.e. carbon and
sulfur). The synthesis and X-ray structural analysis of
In2Bt have been reported by our group previously [19].
The peripheral p-tolyl substituents occupy the top and
bottom faces of the main conjugated backbone prevent
undesirable aggregation and improve thermal and mor-
phological stability efficiently. We characterized the mor-
phological and thermal properties of In2Bt using
differential scanning calorimetry (DSC) and thermogravi-
metric analyses (TGA), respectively. In2Bt exhibits a dis-
tinct glass transition temperature (Tg � 192 �C), which
allows to form homogeneous and stable amorphous films
upon thermal evaporation, a critical issue for OLED appli-
cation. We ascribed the amorphous behavior and high
values of Tg to the rigidity of the conjugated backbone
and the presence of the p-tolyl substituents, which can
effectively suppress intermolecular interactions and crys-
tallization. The aryl substituents impart the oligomers
with a high tolerance to heat, as indicated by their high
decomposition temperatures (Td � 408 �C, corresponding
to a 5% weight loss).
S

S

Fig. 1. Chemical structure of In2Bt.
Fig. 2 summarizes the electronic absorption (Abs) and
photoluminescence (PL) spectra of In2Bt in chloroform
solution and as solid films. Due to the coplanar conforma-
tion of the main chromophore, the absorption spectra of
In2Bt in dilute solution and in thin film are almost super-
imposable with slightly red-shifted maxima in solid state
(Abs kmax in solution, 375, 397 nm, and in film, 385,
402 nm). The thin film emission spectra of In2Bt exhibit
slightly red-shifted maxima (PL kmax in solution 408,
430 nm, and in film 416, 439 nm). In addition, the small
Stokes shifts (Dk � 11 nm in solution) and the mirror
images of the absorption and emission spectra are consis-
tent with the molecular rigidity observed in the solid state
structures [19,20]. We estimated the p�p* band gap
(DEg � 3 V) from the lowest energy absorption edges (ca.
413 nm) in the UV–Vis absorption spectra. The thin film
photoluminescence quantum yield (PLQY) of In2Bt mea-
sured by a calibrated integral sphere (HAMAMATSU
C9920) is ca. 14%. In order to gain more insight into the
low PLQY of In2Bt in thin film, we have employed time-
correlated single photon counting measurement with a
time resolution of �30 ps. Upon excitation at 390 nm and
monitoring the emission at e.g. 450 nm, the observed life-
time (sobs) for In2Bt in thin film was determined to be
268 ps. From the PLQY and observed lifetime, the radiative
(kr) and non-radiative (knr) decay rate constants, deduced
by Eq. (1), were 5.2� 108 s�1 and 3.2� 109 s�1, respectively,

PLQYðUÞ ¼ sobs

sr
¼ kr

kobs
¼ kr

kr þ knr
: ð1Þ

Normally, a skeleton possessing a rigid distyryl-p-phe-
nylene backbone is expected to provide a reasonably high
PLQY. The large knr (c.f. kr) value and hence low PLQY for
In2Bt in thin film is of fundamental interest and, to our
viewpoint, can be tentatively attributed to two factors
associated with the sulfur atom and/or the molecular
framework. On one hand, sulfur atoms embedded inside
the chromophore backbone may facilitate the non-radia-
tive processes due to the heavy atom effect, a common
phenomenon occasionally reported in sulfur-containing
oligoaryls [21]. On the other hand, the soft sulfur atom pos-
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Fig. 3. The cyclic voltammogram of In2Bt.
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sesses a lower lying non-bonding orbital that may facilitate
the non-radiative process via certain vibronic coupling
modes. Such modes may be associated with the slightly
twisted molecular plane of In2Bt in thin film [12]. At room
temperature or upon cooling to 77 K, phosphorescence of
the In2Bt thin film was obscure. Therefore, the former case
of heavy atom enhanced spin-orbit coupling and hence the
intersystem crossing is less likely. Nevertheless, at this
stage, the actual deactivation mechanism is still pending
for resolution. Note we also cannot eliminate the possibil-
ity that relatively low PLQY, in part, is attributed to the re-
absorption problem occurring in solid states.

Fig. 3 depicts the electrochemical properties of In2Bt
studied by cyclic voltammetry (CV). We detected one
reversible oxidation potential occurred at 1.13 V (V vs.
Ag/AgCl, in CH2Cl2 using a glassy carbon electrode with
0.1 M of nBu4NPF6 as electrolyte) and one reversible
reduction potential at �1.87 V together with one quasi-
reversible reduction at �2.25 V (V vs. Ag/AgCl in dimethyl-
foramide using a glassy carbon electrode with 0.1 M of
nBu4ClO4 as electrolyte). Thus, In2Bt exhibits bipolar char-
acter with excellent electrochemical stability. The HOMO
energy level of In2Bt (ca. �5.7 eV) was calculated using a
linear correlation with a-NPB (HOMO = ca. �5.3 eV),
which exhibits an EOX

1=2 at 0.74 V measured under the same
conditions [22]. And the corresponding LUMO (ca.
�2.7 eV) of In2Bt was then derived by subtracting the cor-
responding optical band gap from the HOMO energy.

We used time-of-flight (TOF) techniques with a device
structure of glass/Ag (30 nm)/In2Bt (2.1 lm)/Ag (200 nm)
to measure the charge carrier mobilities of In2Bt [23].
Fig. 4a and b shows representative TOF transients for elec-
trons and holes of under an applied field, respectively. The
TOF transients reveal that In2Bt exhibits slightly disper-
sive carrier-transport characteristics. In the double-loga-
rithmic representation (inset of Fig. 4a and b), the
carrier-transit time, tT, needed for determining carrier
mobilities can be clearly extracted from the intersection
point of two asymptotes. The field dependence of hole
mobility l thus determined (Fig. 4c) from the transit time
tT according to the relation l = d2/VtT, where d is the sam-
ple thickness and V is the applied voltage. Apparently,
In2Bt exhibits bipolar charge-transport properties, which
has similar electron and hole mobilities in the range of
10�4 � 10�5 cm2 V�1 s�1 (E = 3 � 105 � 5 � 105 V cm�1) at
room temperature.

To assess the feasibility of using In2Bt as an emitting
material, multilayer device with the configuration of ITO/
PEDOT:PSS (300 Å)/a-NPD (200 Å)/TCTA (100 Å)/In2Bt
(200 Å)/TPBI (500 Å)/LiF (5 Å)/Al (1500 Å) was fabricated.
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Here, the conducting polymer, poly(ethylene dioxythioph-
ene)/poly(styrene sulfonate) (PEDOT:PSS) is used as
the hole-injection layer [24], 4,40-bis(N-(1-naphthyl)-N-
phenyl)biphenyldiamine (a-NPD) [25] and 4,40,40-tri(N-
carbazolyl) triphenylamine (TCTA) as hole-transport layers
[26], In2Bt as an emitting layer, 1,3,5-tris(N-phenylbenzi-
midizol-2-yl)benzene (TPBI) [27] as an electron-transport
and hole-blocking layer, LiF as an electron-injection layer
and Al as a cathode, respectively. The energy levels align-
ment diagram of this blue OLED is shown in Fig. 5. The
holes transport through the HTLs of a-NPD and TCTA with
a stepwise increase in HOMOs into the emitting layer, and
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Fig. 6. (a) Brightness and current density vs. voltage. (b) External
quantum efficiency and power efficiency vs. current density.
subsequently are blocked by the higher energy barrier at
the interface of In2Bt and TPBI. In the meantime, the elec-
trons are injected into In2Bt layer from TPBI and blocked
by the higher energy barrier at the interface of TCTA and
In2Bt. Therefore, it is reasonable to anticipate that the
recombination region is restricted only within the In2Bt
layer. Consequently, a pure deep blue EL spectrum from
In2Bt was obtained, which is corresponding well to the
thin film PL spectrum (Fig. 2).

Fig. 6a shows the current density and the luminance vs.
voltage for the device. The device exhibits a rather low
turn-on voltage of 3 V and low operation voltage
(100 cd m�2 at 6 V, 1000 cd m�2 at 8.5 V). The device
exhibits unusual high currents �3860 mA cm�2 for 12 V,
giving a maximal brightness of 8000 cd m�2. Such high
current density is ascribed to the well-matched energy lev-
els of various functional layers used, rendering the device
with a balanced holes and electrons recombination ratio.
However, this device inevitably suffers from the re-absorp-
tion phenomena occurred in the solid states. The EL exter-
nal quantum efficiency (EQE) shows a maximum at 1.3%
(0.86 cd A�1) and a maximal power efficiency of
�0.76 lm W�1 (Fig. 6b). It is worthy to note that the non-
doped device shows a pure deep blue emission (Fig. 2) with
CIE coordinates of (0.16, 0.08), which is almost perfectly
match to the National Television Standards Committee
(NTSC) standard blue value. The observed external quan-
tum yield and luminance efficiencies is comparable to
commonly non-doped deep blue devices, which warrants
further investigations of analogous derivatives to afford
materials with improved EL properties.
3. Experimental

3.1. Device fabrication and measurement

All chemicals were purified through vacuum sublima-
tion prior to use. The OLEDs were fabricated by vacuum
deposition of the materials at 10�6 torr. onto ITO-coated
glass substrates having a sheet resistance of 15 X/square.
The ITO surface was cleaned through ultrasonication
sequentially with acetone, methanol, and deionized water
and then it was treated with UV-ozone. The deposition rate
of each organic material was ca. 1–2 Å s�1. Subsequently,
LiF was deposited at 0.1 Å s�1 and then capped with Al
(ca. 5 Å s�1) by shadow masking without breaking the
vacuum.

The current–voltage–brightness (I–V–L) characteristics
of the devices were measured simultaneously using a
Keithley 6430 source meter and a Keithley 6487 picoam-
meter equipped with a calibration Si-photodiode. EL spec-
tra were measured using an ocean optics spectrometer.

3.2. Time-of-flight mobility measurements

The samples for the TOF measurement were prepared
by vacuum deposition using the structure: glass/Ag
(30 nm)/organic (2 � 3 lm)/Al (150 nm), and then placed
inside a cryostat and kept under vacuum. The thickness
of organic films were monitored in situ with a quartz crys-
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tal sensor and calibrated by a profilometer (Tencor Alpha-
step 500). A pulsed nitrogen tunable dye laser was used as
the excitation light source (to match the absorption of or-
ganic films) through the semitransparent electrode (Ag) in-
duced photogeneration of a thin sheet of excess carriers.
Under an applied dc bias, the transient photocurrent was
swept across the bulk of the organic film toward the collec-
tion electrode (Al), and then recorded with a digital storage
oscilloscope. Depending on the polarity of the applied bias,
selected carriers (holes or electrons) are swept across the
sample with a transit time of tT. With the applied bias V
and the sample thickness D, the applied electric field E is
V/D, and the carrier mobility is then given by l =
D/(tTE) = D2/(VtT), in which the carrier-transit time, tT, can
be extracted from the intersection point of two asymptotes
to the plateau and the tail sections in double-logarithmic
plots.

4. Conclusions

In summary, we reported a new deep blue emitter,
In2Bt, which is based on a coplanar distyryl-p-phenylene
core flattened through the incorporation of two different
bridging atoms (i.e. carbon and sulfur). The promising
physical properties of In2Bt including deep blue emission,
high morphological stability, and bipolar charge-transport
properties allow us to use it to achieve a non-doped deep
blue device. The device fabricated use In2Bt as deep blue
emitter leads to a NTSC pure blue electroluminescence
(CIE coordinates = 0.16, 0.08) with respectable device
performances.
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a b s t r a c t

We synthesized new kinds of pyrene-based electron transport materials: 1,6-di(pyridin-3-
yl)-3,8-di(naphthalen-1-yl)pyrene (N1PP) and 1,6-di(pyridin-3-yl)-3,8-di(naphthalen-2-
yl)pyrene (N2PP). The external quantum efficiencies of the device with these electron
transport materials increase by more than 50% at 1 mA cm�2 compared with those of the
device with representative Alq3 as an electron transport material. The enhanced quantum
efficiency is due to a balanced charge recombination in an emissive layer. Electron mobil-
ities in N1PP and N2PP films are three times higher than that in Alq3. Highly enhanced
power efficiency is achieved due to a low electron injection barrier and a high electron
mobility. We find that the luminance degradation in the blue OLEDs is correlated with
the HOMO energy levels of electron transport materials.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction to be an alternative but its instability problems remain
Since the first report on light emission from double-lay-
ered OLEDs by Tang and Van Slyke [1], advances in lumines-
cent RGB materials, device structures, and manufacturing
processes have led to the demonstration of full-color OLED
displays that are capable of showing video rate images.
There are still obstacles for the commercialization of full-
color OLED displays. Among them, development of highly
efficient blue emitters with sufficient operational stability
should be made. Substantial performance enhancement
can be achieved through synthesizing new blue luminescent
organic materials by way of rational design of the photoac-
tive chemical structure. A phosphorescent (triplet emission)
blue electroluminescence (EL) with a high external quan-
tum efficiency and a saturated blue color has been thought
. All rights reserved.

: +82 2 889 1568.
unresolved [2–4]. Another approach to achieve maximum
device efficiency is to balance charge carrier recombination,
because the hole mobility in the OLED is usually much high-
er than the electron mobility under the same electric field
[5,6]. And thus, emitting and charge-transporting materials
with a high ionization potential value such as oxadiazole
[7], benzimidazole [8], diarylsilole group materials [9] and
electron transport materials [10,11] were synthesized and
applied to OLEDs. The lifetimes of the devices made with
these electron transport materials (ETMs) are short com-
pared with those of the devices using a small molecule
Alq3. There are needs to develop emitting and charge-trans-
porting materials with a longer lifetime and to understand
the degradation mechanism. The increased luminance effi-
ciency and the understanding of luminance degradation in
OLEDs will be keys to the use of OLED technology in the
next generation flat displays and light sources. Here, we re-
port the development of the new kinds of ETMs based on

mailto:shnlee@snu.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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pyrene molecules and the measurement of the lifetime of
ETMS and find the luminance degradation process of the
blue OLEDs.
2. Experimental

2.1. Materials

Dibromo pyrene and 3-pyridinyl boronic acid were pur-
chased from SFC Co. Ltd. All other reagents and solvents
were purchased from Aldrich Chemical Co. and Fluka.
Those were used as received. For absorption and emission
experiments, spectroscopic grade CH2Cl2 (Aldrich) was
used.

2.1.1. 1,6-Di(pyridin-3-yl)-pyrene
To a solid mixture of 1,6 dibromo-pyrene (7.2 g,

20 mmol) and 3-pyridinyl boronic acid (7.4 g, 60 mmol)
were added a solution of 70 ml tetrahydrofuran (THF)
and 10 ml toluene. After 60 ml of 2 M aqueous potassium
carbonate was added to the mixture, it was degassed by
bubbling nitrogen for 30 min. Finally, 0.6 mmol of tetra-
kis(tri-phenylphosphine)palladium (Pd(Ph3)4) was added
to the mixture. The mixture was vigorously refluxed un-
der nitrogen for 24 h. When the reaction mixture was
cooled down to room temperature, it was poured into
200 ml methanol. After filtering it off, the crude solid
was re-precipitated from chloroform and methanol.
Light-yellow powder (5.3 g, 74%) was more purified by
flash chromatography with chloroform. mp 249 �C. dH

(500 MHz; CDCl3; Me4Si) 8.88 (2H, s), 8.73 (2H, d, J 3.5),
8.27 (2H, d, J 7.7), 8.15 (4H, m), 7.97 (4H, m), 7.52 (2H,
m). Elemental analysis: Found: C, 87.27%; H, 4.35%; N,
7.97%; Calc. for C26H16N2: C, 87.62%; H, 4.52%; N, 7.86%;
M+, 357.

2.1.2. 1,6-Di(pyridin-3-yl)-3,8-dibromo-pyrene
Pyridinium hydrobromide perbromide (7.97 g,

25 mmol) was added to a solution of 1,6-di(pyridin-3-yl)-
pyrene (3.56 g, 10 mmol) in 1,2 dichlorobenzene
(200 ml). The mixture was refluxed for 12 h. After cooling,
100 ml of methanol was slowly added and the precipitate
was filtered. Pure product (3.6 g, 70%) was obtained from
re-precipitation with pyridine and methanol. mp: 378 �C.
dH (500 MHz; CDCl3; Me4Si) 8.89 (2H, s), 8.79 (2H, d, J
5.0), 8.50 (2H, d, J 9.5), 8.3 (2H, s), 8.16 (2H, d, J 10.0),
7.95 (2H, d, J 10.0), 7.54 (2H, m). Elemental analysis:
Found: C, 60.93%; H, 2.90%; N, 5.67%; Calc. for C26H14Br2N2:
C, 60.73%; H, 2.74%; N, 5.45%; M+, 515.

2.1.3. 1,6-Di(pyridin-3-yl)-3,8-di(naphthalen-1-yl)pyrene
(N1PP)

To a solid mixture of 1,6-di(pyridin-3-yl)-3,8-dibromo-
pyrene (5.1 g, 10 mmol) and 1-naphthyl boronic acid
(4.3 g, 25 mmol) were added a solution of 70 ml tetrahy-
drofuran (THF) and 10 ml toluene. After 60 ml of 2 M aque-
ous potassium carbonate was added to the mixture, it was
degassed by bubbling nitrogen for 30 min. Finally,
0.05 mmol of tetrakis(tri-phenylphosphine)palladium
(Pd(Ph3)4) was added to the mixture. The mixture was vig-
orously refluxed under nitrogen for 24 h. When the reac-
tion mixture was cooled down to room temperature, it
was poured into 200 ml methanol. After filtering it off,
the crude solid was re-precipitated from chloroform and
methanol. Light-yellow powder (4.9 g, 80%) was more
purified by flash chromatography with chloroform. mp
377 �C. dH (500 MHz; CDCl3; Me4Si) 8.91 (2H, s), 8.66 (2H,
d, J 4.0), 8.05 (2H, s), 8.03 (2H, d, J 7.9), 7.99 (2H, t, J 3.9),
7.96 (4H, m), 7.75 (2H, d, J 7.9), 7.65 (4H, m), 7.50 (2H, t),
7.46 (2H, d, J 7.0), 7.40 (2H, m), 7.32 (2H, t). Elemental
analysis: Found C, 90.74%; H, 4.66%; N, 4.53%; Calc. for
C46H28N2: C, 90.76%; H, 4.64%; N, 4.60%; M+, 609.

2.1.4. 1,6-Di(pyridin-3-yl)-3,8-di(naphthalen-2-yl)pyrene
(N2PP)

Synthetic procedure is the same as in N1PP, except
using 2-naphthyl boronic acid instead of 1-naphthyl boro-
nic acid. Yellow powder (4.8 g, 80%), mp 340 �C. dH

(500 MHz; CDCl3; Me4Si) 8.96 (2H, s), 8.72 (2H, d, J 4),
8.28 (2H, d, J 8.0), 8.14 (6H, m), 8.05 (4H, m), 7.94 (4H,
m), 7.80 (2H, d, J 7.0), 7.59 (4H, m), 7.51 (2H, m). Elemental
analysis: Found: C, 90.74%; H, 4.61%; N, 4.45%; Calc. for
C46H28N2: C, 90.76%; H, 4.64%; N, 4.60%. M+, 609.

2.2. Instrument

2.2.1. Solution electrochemistry and UV–vis spectroscopy
Cyclic voltammetry was performed in 0.5 mM solution

of the compounds with a Potentiostat & Galvanistat
(EG&G Princeton Applied Research, Model 273A). All oxi-
dation measurements were carried out in nitrogen-
purged anhydrous CH2Cl2 containing 0.1 M tetraethyl
ammonium tetrafluoroborate (Et4NBF4, Aldrich) as a sup-
porting electrolyte. Platinum disk (2 mm in diameter),
platinum wire, and Ag/AgCl (saturated) were used as
the working, counter, and reference electrodes, respec-
tively. The voltage between the working and counter elec-
trodes was swept at a scan rate of 50 mV s�1. The
potentials for all the materials were the traced to the first
anodic peak by using a differential pulse mode. Absorp-
tion spectra of 10�5 M solution of the samples were col-
lected using a spectrophotometer (SCINCO UVS2100).
The optical bandgap was determined from the absorption
onset of that spectrum.

2.2.2. OLED fabrication
Patterned indium tin oxide (ITO)-coated glass sub-

strates (NHT, 2 mm � 2 mm, 20 X cm�2) were thoroughly
cleaned, treated with oxygen plasma (150 W, 5 min,
4 � 10�2 torr). Organic materials were purified by train-
sublimation method prior to device experiments. OLEDs
were prepared in multiple-source thermal evaporation
system at a base pressure of 3 � 10�6 torr or lower. The
deposition rate, which is controlled using a deposition con-
troller (Inficone IC/5), was 2 Å s�1 for organic materials, ex-
cept for dopants which were co-evaporated at an
appropriate rate to obtain the desired doping level. All
the OLEDs were characterized by using a source-unit
(Keithley 2400) and a spectroradiometer (Photo Research
PR650). To determine the OLED lifetimes, the devices
were driven at a constant DC current, while the emission



H.-Y. Oh et al. / Organic Electronics 10 (2009) 163–169 165
intensity was monitored using a silicon photodiode at
room temperature.

2.2.3. Transient EL and PL
The ITO treatments and organic evaporating conditions

are all the same as described in the OLED fabrication. The
NPB (60 nm) as a HTL was coated on the ITO, and then elec-
tron transport materials (they also behave as emitting
materials in this case, 85 nm) were coated on that. Al
(100 nm) was used as a cathode. During measurement, a
rectangular voltage pulse (amplitude 6–8 V, pulse duration
time 3 ls) was applied to an OLED using a pulse generator
(HP model 241B). The time-resolved EL from the OLED was
measured by placing a miniature photomultiplier tube
(PMT, Acton spectra pro 300i Hamamatsu Model 5783-
02) directly on the top of the OLED. The output photocur-
rent from the PMT was sourced into a sensing resistor from
which the transient EL signal can be displayed on a storage
oscilloscope (Tektronix TDS 754B). The electron mobility
was then calculated using l = d/(sdE), with d denoting
the film thickness and E the applied field, assuming the
field drops across the sample compound and neglecting
the built-in potential. For the PL measurement, sample thin
films (45 nm) were prepared on the ITO glass and Al
(100 nm) was coated to protect the films from air. Fluores-
cence spectra upon excitation with 355 nm were collected
by a PMT.

3. Results and discussion

The polycyclic aromatic hydrocarbons such as naphtha-
lenes, anthracenes, and pyrenes, compared with other het-
ero-aromatic compounds, are known to be not suitable for
ETMs because of their high reduction potentials, but they
have good thermal stability and no absorption at longer
wavelengths than 430 nm [12]. Among them, the pyrene
has relatively high electron affinity values and better ther-
mal stability [13]. Moreover, it has four possible positions
for substitution reaction (1, 3, 6, and 8 positions), so we
Scheme 1. Synthetic route
can introduce various kinds of functional groups to it to
tailor the desired electrical and optical properties. To in-
crease the electron affinity of pyrene-based aromatic
hydrocarbons, we attached two 3-pyridyl moieties at the
1 and 6 positions. Additionally, in order to ensure morpho-
logically stable amorphous film, we introduced two naph-
thyl moieties into 3 and 8 positions. Expecting the
positional dependence of physical properties, we used 1-
naphthyl boronic acid and 2-naphthyl boronic acid to
synthesize 1,6-di(pyridin-3-yl)-3,8-di(naphthalen-1-yl)-
pyrene (hereafter, N1PP) and 1,6-di(pyridin-3-yl)-3,8-
di(naphthalen-2-yl)pyrene (hereafter, N2PP), respectively.
Synthetic routes to the new ETMs (N1PP and N2PP) are
shown in Scheme 1. (The detailed description is given in
Section 2.)

The molecular structures of N1PP and N2PP were con-
firmed by 1H NMR, mass spectrometry, and elemental
analysis. Thermal properties of N1PP and N2PP were inves-
tigated by means of differential scanning calorimetry
(DSC). A glass transition temperature (Tg) was obtained
from the second heating scan of the glassy samples cooled
after the first heating up to melting temperature (Tm). The
heating rate was 10 �C min�1. The Tm’s of N1PP and N2PP
appear at 377 and 337 �C, respectively, and N1PP shows
20 �C higher Tg than N2PP (shown in Table 1). Because
the 1-naphthyl group is expected to be more properly ori-
ented towards the pyrene backbone than the 2-naphthyl
group is, N1PP molecule may form a more rigid structure
where the intermolecular dipole interactions are favored
[14,15]. The crystallization temperature (Tc) of N1PP was
observed at 250 �C by the second heating, but no Tc of
N2PP was found (Supplementary information), which indi-
cates that N2PP has more glass-like property. However, Tg’s
of N1PP and N2PP are high enough to keep the amorphous
films from being crystallized during the device operation.

The oxidation potentials for the compounds were mea-
sured by a differential pulse voltammetry and were used
for the estimation of the highest occupied molecular orbi-
tal (HOMO) levels, based upon the known linear correla-
s of N1PP and N2PP.
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tion between the two parameters [16]. Because Alq3, N1PP,
and N2PP did not undergo reversible oxidation, the poten-
tials given for these molecules are the first irreversible
anodic peak potentials, which are considered as the half-
wave oxidation potentials (EOX

1=2). The anodic peak potential
of ferrocene measured by a differential pulse voltammetry
corresponded within 30 mV to its half-wave oxidation po-
tential obtained from the anodic peak (Ea

p) and the cathodic
peak potential (Ec

p). The bandgap energies were estimated
from the onset of UV–vis absorption spectra in dilute solu-
tion (Supplementary information).

N2PP (Eg = 2.9 eV) has a smaller bandgap than N1PP
(Eg = 3.0 eV). HOMO’s and LUMO’s of N1PP and N2PP are
shown in Fig. 1. Furthermore, in order to get more detailed
substituent positional effect, we calculated electronic en-
ergy of N1PP and N2PP, using the density functional theory
(DFT) B3LYP/6-31G* level Spartan’06 program. Dihedral
angles between a naphthyl unit and a pyrene backbone
in N1PP and N2PP are and 73.6� and 54.5�, respectively,
The conjugation between naphthalene moiety and pyrene
moiety is more favourable in N2PP than in N1PP. N2PP
shows more bathochromic shift of p–p* transition as
shown in Table 1. The two materials, however, show rela-
Table 1
Physical properties of electron transport materials (N1PP and N2PP) used in this

Compound Tg [�C] kabs
max [nm]b kPL

max [nm]c

A1q3 175a 386 512
N1PP 172 380 421
N2PP 152 386 434

a Literature value [15].
b 0.01 mM solutions in CH2CI2.
c 0.01 mM solutions in CH2CI2 upon excitation at 355 nm.
d The first irreversible anodic peak potential measured by a differential pulse vo

Supplementary information).
e Estimated using a linear correlation by the measured anodic peak potential
f Estimated from the absorption onset.

Fig. 1. (a) Device architecture for OLED, where ETM is Alq3 for device 1, N1PP for
HOMO and LUMO levels of DNTPD, Alq3, N1PP, and N2PP are estimated from the
and ADN are previously reported values [22].
tively higher oxidation potentials and larger bandgap en-
ergy than Alq3, as shown in Table 1.

The blue OLEDs were fabricated by high-vacuum ther-
mal evaporation of OLED materials onto ITO-coated glass
that was used as the anode. All the devices, we fabricated
have the same architectures as one shown in the left-half
of Fig. 1, differing in the component of electron transport
layer. We tested Alq3, newly-synthesized N1PP and N2PP
as electron transport layer (ETL) or electron transport
material (ETM).

Firstly, a 60-nm-thick hole injection layer (HIL) consist-
ing of 4,4’-bis[N-[4-{N,N-bis(3-methylphenyl)amino}-
phenyl]-N-phenylamino]biphenyl (DNTPD) was deposited,
and followed by a 30-nm-thick 4,4’-bis [N-(1-naphthyl)-N-
phenylamino]biphenyl (NPB) as a hole transport layer
(HTL). Secondly, a 25-nm-thick emissive material layer
(EML) was formed by co-depositing 3 wt% of 2,5,8,11-
tetra(tert-butyl)perylene (TBP) as a dopant and 9,10-di-
(2-naphthyl)anthracene (ADN) as a host [17]. Finally, a
25-nm-thick electron transport layer (ETL) consisting of
Alq3 for device 1 (N1PP for device 2, N2PP for device 3)
was deposited. LiF (0.5 nm) and Al (100 nm) worked as
an electron injection facilitating a layer and a cathode
work.

EOX
1=2 [mV]d HOMO [eV]e Bandgap [eV]f

1140 5.51 2.80
1570 6.14 3.03
1320 5.79 2.94

ltammetry was considered as the half-wave oxidation potential (EOX
1=2) (see

[16].

device 2, and N2PP for device 3. (b) Energy diagram of multi layer devices;
first oxidation potential and the absorption onset (Section 2). Those of NPB



Fig. 2. The J–V (current–density–voltage) curves of blue devices based on
different ETMs. The inset shows the external quantum efficiency as a
function of current density.

Fig. 3. The electron mobilities in Alq3, N1PP, and N2PP are plotted as a
function of the square-root of the electric field. Their transient electro-
luminescent signals around 5.5 V are also shown in the inset (more
specifically, applied voltages for Alq3, N1PP, and N2PP devices are 5.67 V,
5.52 V, and 5.45 V, respectively).

Fig. 4. (a) EL spectra of devices 1, 2, and 3 at J = 10 mA cm�2. (b)
Photoluminescence spectra of the vacuum-deposited amorphous thin
films of Alq3, N1PP and N2PP upon UV excitation at 355 nm.
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layer, respectively. Inside a glove box, all the devices were
encapsulated by a 1-mm-thick glass cover containing a
humidity absorber (Dynic). Devices 1, and 2, and 3 have
Alq3, N1PP, and N2PP as an electron transport layer (ETL),
respectively.

The current density (J)–voltage (V)–luminescence (L)
characteristics of the blue OLEDs with different ETLs were
measured by source-measure-units (Keithley 2400) and a
spectrometer (Photo research PR650). The J–V characteris-
tics are shown in Fig. 2 and the external quantum efficien-
cies as a function of J are also shown in the inset of Fig. 2.
Applying approximately 10 mA cm�2 to the devices, the
driving voltages of the devices 1, 2, and 3 are 7.05 V
(10.1 mA cm�2), 6.25 V (10.4 mA cm�2), and 6.65 V
(10.4 mA cm�2), respectively. The external quantum effi-
ciencies of the devices are 2.8%, 3.6%, and 3.5%, respec-
tively. The required operating voltage for 10 mA cm�2 is
in the order of device 1 > device 3 > device 2, which corre-
sponds to the height of the electron injection barrier esti-
mated by the electrochemical data (Alq3 > N2PP > N1PP
shown in the right-half of Fig. 1, i.e. N1PP has the lowest
injection barrier among them.).

Additionally, the external quantum efficiencies of the
device with the newly-developed pyrene-based molecules
as electron transport materials increase by more than 50%
at 1 mA cm�2 compared with those of the device with Alq3

as an electron transport material. This enhancement is due
to the newly-developed pyrene-based molecules as elec-
tron transport materials through an improved electron
mobility and a lower injection barrier. In order to confirm
this fact, we fabricated three kinds of devices to measure
the electron mobility by the transient electroluminescence
(EL) with ITO/NPB (60 nm)/ETM (85 nm)/Al device struc-
ture, where ETM is Alq3, N1PP, or N2PP (described in
Section 2) [18]. The typical transient EL signals for the
three devices are shown in the inset of Fig. 3, where the
time delay (sd) of Alq3 film is 1.1 ls and both N1PP and
N2PP films have about 0.3 ls of sd around 5.5 V. We collect
sd by varying the electric field. The electron mobility is
plotted as a function of the square-root of the electric field
and is given in Fig. 3. For the electric field at 0.7 MV cm�1,
the estimated electron mobility in Alq3 film is 1.4 � 10�5

cm2 (V s)�1 that is in a good agreement with the reported
value, 10�6 � 10�5 cm2 (V s)�1 [5,19]. Those in N1PP and



Fig. 5. Luminance deteriorations and drive voltage variation curves (DV)
of the devices as a function of time at 2000 cd m�2.
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N2PP films are 3.7 � 10�5 cm2 (V s)�1 and 4.3 � 10�5 cm2

(V s)�1, respectively. As expected, the electron mobilities
in the newly-developed pyrene-based electron transport
materials (N1PP and N2PP) turned out to be higher than
that in better-known Alq3, and thus enhanced the external
quantum efficiency of devices 2 and 3 using N1PP and
N2PP as ETLs which can be explained in terms of an effi-
cient balanced carrier recombination in the emissive mate-
rial layer (EML).

The EL spectra of the three devices at 10 mA cm�2 are
also shown in Fig. 4a together with their PL spectra in
Fig. 4b. The luminescences with 1931 Commission Interna-
tionale del’ Eclairage (CIE) coordinates (x,y) of devices 1, 2,
and 3 are 495 cd m�2 with (0.148,0.294), 627 cd m�2 with
(0.138,0.276), and 672 cd m�2 with (0.148,0.318), respec-
tively. Device 2 (with N1PP as an ETL) emits the most sat-
urated blue color and the intense peak at 468 nm. Device 3
(with N2PP as an ETL) shows a little bit broader spectrum
and the intense peak centered at 496 nm. The difference in
spectral feature among these results from the enhanced
blue emission. Gathering from the PL data shown in
Fig. 4b, the totally enhanced portion of blue emission in de-
vice 2 with N1PP as an ETL, compared with device 1 with
Alq3 as an ETL, comes from an improved carrier recombina-
tion in an EML due to the HOMO energy level of N1PP as a
hole barrier and three times higher electron mobility of
N1PP than that of Alq3 If some of the enhanced portion
of the blue emission in device 2 with N1PP as an ETL come
from the blue emission of N1PP itself, then the blue emis-
sion around 430 nm should be shown in the EL spectrum of
device 2. In fact, it is not shown in the EL spectrum of de-
vice 2 as given in Fig. 4a. On the other hand, the excimer
peaks of pyrene [20] around 500 nm are generated from
both N1PP and N2PP, but N2PP having more planar struc-
ture for easier formation of excimers shows much stronger
excimer peak, for device 3 with N2PP as an ETL, consider-
ing that 9,10-di(2-naphthyl)anthracene (ADN) is so ambi-
polar [21] that the holes passing over it can reach the
ETL of N2PP, some of the enhanced portion of blue emis-
sion can be originated from N2PP and its excimer
themselves.

With the newly-developed pyrene-based molecules
(N1PP and N2PP) as an ETL, we get the enhanced blue
emission due to 3 times higher electron mobility in those
and the HOMO levels of those, compared with Alq3 as an
ETL. More specifically, the totally enhanced portion of the
blue emission with N1PP as an ETL originates from the
HOMO energy level of N1PP as a hole barrier and three
times higher electron mobility, while some of the en-
hanced portion of the blue emission with N2PP as an ETL
results from an improved carrier recombination at EML
due to three times higher electron mobility and the others
come from the blue emission of N2PP and its excimer
themselves. We have performed an accelerated lifetime
test at 2000 cd m�2 initial brightness for the three devices.
Applied current and voltage are 52.8 mA cm�2 and 8.55 V
for the device 1, 42.2 mA cm�2 and 7.25 V for device 2,
and 37.3 mA cm�2 and 7.80 V for the device 3. The acceler-
ated test data are given in Fig. 5. The operation times of
40% light emission reduction occurring for devices 1, 2,
and 3 are 620 h, 87 h, and 517 h, respectively.
Interestingly, the lifetime of the device 2 with N1PP is
shortened by a factor of 5, compared with device 3 with
N2PP, even though the only difference in the two struc-
tures is the substituent (1-naphthyl or 2-naphthyl). This
observation gives some light on the device degradation.
According to the energy levels of each material shown in
Fig. 1b, device 2 with N1PP as an electron transport layer
has a hole injection barrier between an emissive material
layer (EML) and an electron transport layer (ETL), but de-
vice 3 with N2PP as an ETL does not have a hole injection
barrier. The holes in device 3 (with no hole injection bar-
rier) can penetrate the ETL layer deeply and spread over
larger area and disappear away with electrons than those
in device 2 with N1PP as an ETL. The hole accumulation
caused by a hole injection barrier accelerate the material
decomposition through a higher concentration of ionized
carbocation species in the emissive materials layer [22–
24]. Compared to Alq3 and N2PP, N1PP has the highest hole
injection barrier. And thus the device 2 with N1PP as an
ETM degrades faster than the others. Usually, the deterio-
ration of the light emission is observed in company with
an increase in the drive voltage. The drive voltage varia-
tions, DV’s of devices 1, 2, and 3 at 40% light emission
reduction, are 0.68 V, 1.2 V, and 1.0 V, respectively. The
highest drive voltage increase (DV = 1.2 V) is also observed
in the device 2 with N1PP as an ETL, with which we can
suppose that the voltage increase during the lighting pro-
cess has a strong correlation with some degradation at
the interface between EML and ETL as well. The luminance
degradation in the blue OLEDs was correlated with the
HOMO energy levels of electron transport materials. Based
upon the fact that N1PP and N2PP have 3 times higher
mobility than Alq3 and the understanding on the device
degradation with N1PP and N2PP, further works on the
better devices with a longer lifetime are in progress.
4. Conclusions

In conclusion, we synthesized new kinds of pyrene-based
electron transport materials: 1,6-di(pyridin-3-yl)-3,8-
di(naphthalen-1-yl)pyrene (N1PP) and 1,6-di(pyridin-3-
yl)-3,8-di(naphthalen-2-yl)pyrene (N2PP). The external
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quantum efficiencies of the device with the newly-devel-
oped pyrene-based molecules as electron transport materi-
als increase by more than 50% at 1 mA cm�2 compared
with those of the device with representative Alq3 as an
electron transport material. The enhanced quantum effi-
ciency is due to the balanced charge recombination in an
emissive layer. Electron mobilities in N1PP and N2PP films
are 3.7 � 10�5 cm2 (V s)�1 and 4.3 � 10�5 cm2 (V s)�1,
respectively. These values are three times higher than that
of Alq3. Highly enhanced power efficiency (e.g., 1.4 lm W�1

for device 1 with Alq3, 2.0 lm W�1 for device 2 with N1PP,
and 2.1 lm W�1 for device 3 with N2PP at 2000 cd m�2) is
achieved due to a low electron injection barrier and a high
electron mobility. We find that the luminance degradation
in the blue OLEDs is correlated with the HOMO energy lev-
els of electron transport materials.
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a b s t r a c t

Deep blue phosphorescent organic light-emitting diodes have been developed by using
tris((3,5-difluoro-4-cyanophenyl)pyridine) iridium (FCNIr) as a blue phosphorescent dop-
ant. The FCNIr showed a wide triplet bandgap of 2.8 eV for deep blue emission due to a
strong electron withdrawing CN substituent in addition to F unit. Doping of the FCNIr in
N,N’-dicarbazolyl-3,5-benzene gave a high quantum efficiency of 9.2% with a CIE color
coordinate of (0.15, 0.16).

� 2008 Elsevier B.V. All rights reserved.
1. Introduction ligand structure and color coordinate of (0.16,0.24) was ob-
Deep blue phosphorescent organic light-emitting
diodes (PHOLEDs) are critical to get a low power consump-
tion in organic light-emitting diodes because the efficiency
of blue fluorescent device is low compared with that of red
and green devices [1].

There have been many studies to develop blue
PHOLEDs. Iridium(III) bis(4,6-(di-fluorophenyl)-pyridinato-
N,C20) picolinate (FIrpic) is the most well-known blue phos-
phorescent dopant, but its color performances were poor
with a color coordinate of (0.15.0.32) [2]. Bis[2-(40,60-difluo-
rophenyl)pyridinato-N,C20]tetrakis(1-pyrazolyl)borate was
also developed as a blue phosphorescent dopant, but its
electroluminescence performances were not good enough
as a deep blue dopant [3]. Color coordinate of (0.16, 0.26)
was obtained with a quantum efficiency of about 10%. Fluo-
rine substituted phenylpyridine derivatives were synthe-
sized as blue dopants, but it gave a light blue emission in
spite of high efficiency in soluble devices [4]. Other than
these studies, a triazole based ancillary ligand structure
was combined with fluorine substituted phenylpyridine
. All rights reserved.

85.
tained [5].
In this work, a deep blue PHOLED with a color coordi-

nate of (0.15,0.16) was developed by using a iridium based
phenylpyridine derivative with strong electron withdraw-
ing substituents. N,N0-Dicarbazolyl-3,5-benzene(mCP)
was used as a host to get a high quantum efficiency in deep
blue PHOLEDs.

2. Experimental

A device architecture of indium tin oxide(ITO, 150 nm)/
N,N’-diphenyl-N,N’-bis-[4-(phenyl-m-tolyl-amino)-phenyl]-
biphenyl-4,4’-diamine (60 nm)/N, N0-di(1-naphthyl)-N,N0-
diphenylbenzidine(20 nm)/mCP(10 nm)/mCP: tris((3,5- di-
fluoro-4-cyanophenyl)pyridine) iridium(FCNIr, 30 nm)/
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline(BCP, 5 nm)/
tris(8-hydroxyquinoline) aluminium(Alq3, 20 nm)/LiF
(1 nm)/Al(200 nm) was used to fabricate deep blue de-
vices. Blue PHOLEDs with 4,7-diphenyl-1,10-phenanthro-
line (BPhen) as an electron transport layer were also
fabricated to study the effect of the electron transport layer
on device performances of deep blue PHOLEDs. The doping
concentration of FCNIr in mCP was controlled as 5%, 10%
and 15%. Chemical structures and the device structure
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are shown in Fig. 1. Synthesis of FCNIr will be reported in
other work. Ultraviolet–visible (UV–visible) and photolu-
minescence (PL) spectra of host and dopant materials were
measured with JASCO FP-750 fluorescence spectrometer.
Current density–voltage–luminance characteristics of the
devices were measured with Keithley 2400 source mea-
surement unit and CS-1000 spectrophotometer.

3. Results and discussion

FCNIr was designed as a deep blue phosphorescent dop-
ant because a strong electron withdrawing group in phenyl
unit of main ligand can induce a blue shift of emission
spectrum [6]. Fig. 2 shows PL spectra of FCNIr and FIrpic
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Fig. 2. Ultraviolet–visible absorption and photoluminescence spectra of
mCP and FCNIr materials.
dopant materials. The PL emission peak of FCNIr was ob-
served at 448 nm with a vibrational peak at 476 nm. The
FCNIr showed a deep blue emission peak due to the strong
electron withdrawing CN group in the phenyl unit of main
ligand. An electron withdrawing group in phenyl unit
shifts the highest occupied molecular orbital (HOMO) and
a deep HOMO level of 5.8 eV was observed in FCNIr from
photoelectron spectroscopy. UV–visible absorption and PL
emission spectra of mCP are also shown in Fig. 2 and it
can be clearly seen that PL emission spectra of mCP are
overlapped with metal to ligand charge transfer absorption
of FCNIr with a peak position between 400 nm and 450 nm.
Therefore, an efficient energy transfer from host materials
to FCNIr is expected. In addition, the triplet bandgap of
mCP is 2.9 eV compared with 2.8 eV of FCNIr and a triplet
dexter energy transfer can be induced.

Fig. 3 shows current density–voltage–efficiency curves
of FCNIr doped blue PHOLEDs with BCP/Alq3 and BPhen
electron transport layer. The doping concentration of FCNIr
was 10%. The blue PHOLED with BPhen showed a higher
current density than the blue PHOLED with BCP/Alq3.
Bphen is known to have a high electron mobility [7], lead-
ing to high current density at the same voltage. High elec-
tron mobility of BPhen can be beneficial to the quantum
efficiency in hole transport type mCP based devices. There-
fore, Bphen was chosen as an electron transport layer of
deep blue PHOLEDs and device performances were studied
according to doping concentration.

Current density–voltage–luminance curves of deep blue
PHOLEDs with Bphen electron transport layer are shown in
Fig. 4a. Current density was increased as the doping con-
centration was increased. A maximum current density
was obtained in the device with 15% doping concentration.
The high current density in the highly doped device can be
explained by charge trapping effect in the light-emitting
layer [8]. The FCNIr has a HOMO of 5.8 eV and the lowest
unoccupied molecular orbital (LUMO) of 3.0 eV. As can be
seen in Fig. 1, electron is strongly trapped by FCNIr due
to a LUMO gap of 0.6 eV between mCP and FCNIr. A HOMO
gap between mCP and FCNIr is 0.3 eV, which is much lower
than the LUMO gap between mCP and FCNIr. Therefore,
electrons are strongly trapped by FCNIr and the electron
transport in FCNIr doped mCP is retarded by the electron
trapping effect. The electron transport is facilitated at high
doping concentration because of a reduced hopping dis-
tance between dopant materials, resulting in the high cur-
rent density at high doping concentration. A similar result
was observed in the luminance data of blue PHOLEDs and a
high luminance was obtained in the highly doped blue
PHOLED due to high charge density at high doping concen-
tration [9].

The quantum efficiency of the deep blue PHOLEDs was
plotted against the luminance and it is shown in Fig. 4b.
The quantum efficiency was enhanced at high doping con-
centration and a high quantum efficiency of 9.1% was ob-
tained at 500 cd/m2. The high quantum efficiency of deep
blue PHOLEDs doped with 15% FCNIr can be explained by
a charge balance in the light-emitting layer. The mCP host
material is a hole transport type host material and a hole
injection is better than an electron injection. Therefore, a
hole density is higher than the electron density in the
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mCP based emitting layer and more electron injection en-
hances the charge balance. The electron transport is im-
proved at high doping concentration due to a reduced
hopping distance and the electron density is increased at
high doping concentration, resulting in better holes and
electrons balance in the light-emitting layer. A high cur-
rent efficiency of 11 cd/A was observed in 15% FCNIr doped
devices.

Electroluminescence spectra of deep blue PHOLEDs are
shown in Fig. 5. The peak maximum of blue PHOLEDs was
454 nm and a shoulder peak at 482 nm was observed. The
color coordinate of 5% FCNIr doped PHOLED was
(0.14, 0.15) compared with (0.17, 0.33) of common phos-
phorescent blue dopant materials in our measurement.
The color coordinate is better than any other data reported
in the literature [2–5]. The blue PHOLED with 15% doping
concentration was (0.15, 0.16) with a current efficiency of
11 cd/A. Therefore, a true deep blue PHOLED with a high
efficiency over 10 cd/A could be obtained by controlling
the doping concentration and the electron transport layer
of the blue PHOLEDs.

4. Conclusions

In summary, a true deep blue PHOLED could be fabri-
cated by doping FCNIr in the mCP host material. A high
quantum efficiency of 9.2% and a current efficiency of
11 cd/A were obtained in the deep blue PHOLED with a col-
or coordinate of (0.15, 0.16) at 500 cd/m2.
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We have demonstrated top-gate polymer field-effect transistors (FETs) with ultra-thin (30–
50 nm), room-temperature crosslinkable polymer gate dielectrics based on blending an
insulating base polymer such as poly(methyl methacrylate) with an organosilane cross-
linking agent, 1,6-bis(trichlorosilyl)hexane. The top-gate polymer transistors with thin
gate dielectrics were operated at gate voltages less than �8 V with a relatively high dielec-
tric breakdown strength (>3 MV/cm) and a low leakage current (10–100 nA/mm2 at 2 MV/
cm). The yield of thin gate dielectrics in top-gate polymer FETs is correlated with the
roughness of underlying semiconducting polymer film. High mobilities of 0.1–0.2 cm2/
V s and on and off state current ratios of 104 were achieved with the high performance
semiconducting polymer, poly(2,5-bis(3-alkylthiophen-2yl)thieno[3,2-b]thiophene.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction gate dielectrics focused mainly on high permittivity [6–9]
Research into solution-processible organic field-effect
transistors (OFETs) has been dramatically increasing in
the past decade motivated by applications in low-cost,
large-area electronics on flexible substrates. Many studies
have focused on the development of high performance
polymer semiconductor materials and methods for improv-
ing their ordering to achieve high charge carrier mobility
via inter-molecular hopping [1–5]. Research on gate dielec-
trics and their properties has attracted less attention even
though the device operates through the modulation of
charge carrier flow at the semiconductor–dielectric inter-
face. Earlier works on development of solution-processible
. All rights reserved.
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and silicon-based materials motivated by the superb prop-
erties of silicon dioxide (SiO2) as a gate dielectric for silicon
FETs [10]. However, reports of a dependence of field-effect
mobility on the dielectric constant of the gate dielectric
[11] and of the general observation of n-type behavior in or-
ganic semiconductors via controlling the semiconductor–
dielectric interface [12] illustrate clearly the importance
of selecting the right gate dielectric material. New polymer
dielectrics are now considered as a key area of development
for improving the performance and reliability of OFETs and
to accelerate commercialization.

A key requirement for a polymer gate dielectric is the
ability to form a thin film with good dielectric properties
[13,14]. The thickness of the gate dielectric determines di-
rectly the operating voltage of the FET, and for devices
with short channel length L the gate dielectric thickness
needs to be sufficiently thin to fulfill basic transistor
scaling relationships (typically d/L < 1=4) [15,16]. With
conventional polymer insulators such as poly(methyl
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Fig. 1. (a) Chemical structure of poly(methyl methacrylate) (PMMA), poly-4-vinylphenol (PVP) and 1,6-bis(trichlorosilyl)hexane (C6-Si) used as a base
polymer and crosslinking agent for thin gate dielectrics in this study. (b) Schematic diagram of top-gated polymer transistor. Optical micrograph view of the
top of poly(9,9-dioctylfuorene-co-bithiophene) (F8T2) transistors with (c) crosslinked PMMA (C-PMMA), and (d) crosslinked polystyrene as a gate dielectric
(the size of for the square source and drain contact pads is 500 � 500 lm). (e) Leakage current density versus applied voltage for C-PMMA (100, 50 and
30 nm), C-PVP (70 nm and 50 nm), or PMMA (100 nm)/30 nm F8T2 films sandwiched between gold electrodes.
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methacrylate) (PMMA) or polystyrene (PS) it is very diffi-
cult to achieve thin dielectrics less than 100 nm without
pinholes due to their large free volume and low break-
down voltage (see Fig. 1e). Some research groups have
introduced crosslinkable polymer systems with high
breakdown voltage and low free volume as a thin gate
insulator (d < 50 nm), but these are all applied in a bot-
tom-gate architecture in which the gate insulator is
formed on an underlying smooth highly doped silicon sub-
strate as a gate electrode prior to deposition of the organic
semiconductor [14,17,18].

For some technological applications top-gate device
architectures are advantageous:

(i) The gate-line can be deposited at the top of device
and can therefore be formed by a cheap printing pro-
cess and the conductivity of gate-line can be con-
trolled via selection of conductive inks such as a
metal nanoparticle to reduce RC-delay in large-area
active matrix liquid crystal displays [19].

(ii) Source–drain electrode can be formed on the sub-
strate by high-resolution patterning processes such
as photolithography, printing or imprinting without
degrading the surface properties of an underlying
gate dielectric/semiconducting layer.

(iii) The presence of a gate dielectric and gate electrode
on top of the organic semiconductor can provide
an encapsulation effect against environmental
exposure.

(iv) The top-gate architecture enables use of a staggered
device configuration with lower contact resistance
than what can be achieved in bottom-gate, bot-
tom-contact devices [20].

However, there are difficulties to apply crosslinkable
polymer thin gate dielectrics in top-gate architectures
including (i) a high curing temperature for crosslinking
causing damage to the underlying semiconductor film; (ii)
the difficulty to find an orthogonal, stable solvent to avoid
dissolution of the underlying semiconducting layer and
(iii) increased leakage current related to the roughness of
the semiconducting film, which is often higher than that
of a smooth substrate such as a silicon wafer. Most systems
require high curing temperatures over 150 �C for more than
30 min [13,17,18]. We show here that the crosslinkable
polymer blend (CPB) system recently introduced by Yoon
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et al. [14] for bottom-gate architectures is able to meet the
requirements for integration into a top-gate architecture.

We have realized ultra thin polymer gate dielectrics
(�30 nm) for top-gate polymer FETs via blending a conven-
tional insulating polymer with the crosslinking agent, 1,6-
bis(trichlorosilyl)hexane (C6-Si). The main advantage of
this system is that the crosslinking takes place at room-
temperature spontaneously in the presence of moisture
and therefore the system can be applied in top-gate config-
uration while avoiding damage to the underlying conju-
gated polymer. Using this approach we have fabricated
polymer FETs operating at voltages less than �8 V with a
relatively high dielectric breakdown strength and a low
leakage current (10–100 nA/mm2 at 2 MV/cm). The poly-
mer transistors with thin gate dielectrics exhibit high yield,
which is correlated with the roughness of semiconducting
polymer film. High mobilities of 0.1–0.2 cm2/V s and on–
off current ratios of 104 were achieved with the high per-
formance semiconducting polymer, poly(2,5-bis(3-alkyl-
thiophen-2yl)thieno[3,2-b]thiophene (pBTTT).

2. Experiment

Corning 7059 glass slides were used as substrates after
cleaning sequentially in an ultrasonic bath with deionised
water, acetone and isopropanol for 10 min each. The gold
patterns for source and drain electrode were fabricated
using conventional lift-off photolithography. The semicon-
ducting polymer, poly(9,9-dioctylfuorene-co-bithiophene)
(F8T2) (Dow Chemical Company), poly(3-hexylthiophene)
(P3HT) (Rieke Metal Inc.), and pBTTT (Merck Chemicals)
was dissolved in anhydrous xylene (0.7 wt.%; F8T2) or tri-
chlorobenzene (1 wt.%; P3HT and 0.5 wt.%; pBTTT), respec-
tively. For the case of F8T2 or P3HT films, films were
annealed at 100 �C for 30 min to remove the solvent after
spinning (2000 rpm, 1 min (F8T2) or 3 min (P3HT)) in a
glove box with low oxygen and moisture level (<5 ppm).
pBTTT films were annealed at 100 �C for 30 min in the
same glove box to remove the solvent and 170 �C for
10 min to achieve high molecular ordering. For thin poly-
mer dielectrics, PMMA (Aldrich, MW = 120,000) or poly-
4-vinylphenol (PVP) (Aldrich, MW = 20,000) was used
without further purification. The crosslinking agent, 1,6-
bis(trichlorosilyl)hexane (Acro Organics, UK), was purified
by distillation under inert atmosphere. For a 30–50 nm
thickness film, PMMA or PVP (15–20 mg/ml in anhydrous
n-butyl acetate) was blended with 1,6-bis(trichlorosi-
lyl)hexane (5–7 ll) and then the mixture was filtered via
0.1 lm syringe filter and spin-coated at 4000–6000 rpm
onto the semiconductor. All steps except spin-coating of
the gate dielectric were performed in the glove box. The
film was annealed on hot plate at 100 �C for 10 min to re-
move solvent in air. Top-gate transistors were completed
by formation of a gate electrode via inkjet printing of the
conducting polymer poly(3,4-ethylenedioxithiophene)
doped with poly(styrene sulfonate) (PEDOT:PSS) or evapo-
ration of thin Au or Al films through a shadow mask. Some
FETs with P3HT and pBTTT were annealed after making full
devices at hotplate (80 �C, 30 min) in nitrogen filled glove
box to improve on–off current ratio. The electrical charac-
teristics were measured with HP 4155B semiconductor
parameter analyzer and HP 4192A impedance analyzer in
nitrogen atmosphere. The transistors parameters such as
charge carrier mobility were calculated in the saturation
or linear regime using the standard formalism for field-ef-
fect transistors [6]. The surface morphology of films was
investigated by atomic force microscopy (Dimension
3100, Veeco Instrument Inc.) in tapping-mode.

3. Result and discussion

Fig. 1a and b displays the device configuration of our
top-gated FETs and the molecular structure of PMMA and
PVP used as a base polymer and C6-Si as crosslinking agent,
named as C-PMMA and C-PVP, respectively. To spin-coat a
thin dielectric film on top of the semiconducting polymer
layer, the base polymer was dissolved in an orthogonal sol-
vent, anhydrous n-butyl acetate, and blended with the
crosslinking agent in a glove box (oxygen and moisture
concentration < 5 ppm). The orthogonal solvent was se-
lected to provide (i) a good solubility for the insulating
polymer; (ii) a poor solubility for the underlying semicon-
ductor film to avoid dissolution and swelling; (iii) a low va-
por pressure (15 mm Hg at 25 �C for n-butyl acetate) to
give sufficient time for full crosslinking before evaporation
of solvent and (iv) absence of hydroxyl group to avoid
crosslinking with the solvent. We have tried a range of
base polymers and PMMA and PVP exhibited clear and
smooth films (Figs. 1c and 2a) and the best performance
and yield in our top-gated polymer transistors. The proper
combination of a base polymer and an orthogonal solvent
was important to obtain a pinhole free, smooth film. For
example, PS films deposited from n-butyl acetate with
C6-Si showed much higher surface roughness and large
leakage current (Fig. 1d) in contrast to smooth PS films
deposited from the same solvent but without the C6-Si
crosslinker or crosslinked PS film deposited from xylene.
Details about this are well-described in another paper pub-
lished recently [21]. The dissolution and swelling of a F8T2
layer in the orthogonal solvent, n-butyl acetate, was
checked by measuring atomic force microscopy topo-
graphs before and after spin-coating of the pure solvent.
There was no dissolution of the F8T2 film by the solvent
and the roughness of film was only slightly increased from
a root mean square (rms) value of 0.52 nm before to 1.1 nm
after the spinning.

To investigate the minimum possible thickness that can
be achieved in this way in comparison with conventional,
non-crosslinked insulating polymer films, we measured
the current density versus applied field characteristics of
a series of 1 mm2 Au/C-PMMA (d = 100, 50 and 30 nm)/
F8T2 (30 nm)/Au metal–insulator–semiconductor (MIS)
diodes and compared these with reference structures using
a 100 nm uncrosslinked PMMA dielectric layer (Fig. 1e).
The ultra-thin, 30 nm C-PMMA films on F8T2 exhibited
gate dielectric breakdown strength exceeding 3 MV/cm
with low leakage current of <100 nA/mm2. This is much
better performance than what could be achieved with
100 nm, uncrosslinked PMMA films. The performance of
the C-PMMA films is comparable to that of thermal SiO2

on Si [22]. The measured capacitance values (10 kHz) are
103.3 nF cm�2 for 30 nm C-PMMA and 180.3 nF cm�2 for



Fig. 2. (a) Atomic force microscopy image of C-PMMA film on F8T2 film (5 lm � 5 lm). (b) Output and (c) transfer characteristics of top-gated F8T2 FET (W/
L = 1 mm/20 lm) with C-PMMA (t � 30 nm). The gate leakage currents were measured at VD = �1 V (opened square) and �10 V (closed square) at the same
time. (d) Static characteristics of a resistor load inverter (W/L = 1 mm/20 lm) with a printed PEDOT:PSS resistor load (RL = 30 MX) and the corresponding
circuit diagram (inset).
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30 nm C-PVP which is in good agreement with the theoret-
ically expected values using dielectric constants of 3.5 and
6.4 for C-PMMA and C-PVP, respectively [14]. The possible
minimum thickness was dependent of the roughness of the
underlying semiconductor film and 30 nm thickness was
successfully achieved for F8T2 with more than 90% yield.
Yield details will be discussed below. C-PVP film on F8T2
exhibited similar properties in terms of dielectric break
down strength and leakage current as C-PMMA at the same
thickness (Fig. 1e).

To fabricate top-gate polymer FETs F8T2 was coated on
a glass substrate in the glove box with Au source and drain
electrodes pre-patterned by photolithography and then C-
PMMA solution was spin-coated onto the semiconducting
layer in air atmosphere. The crosslinking took place spon-
taneously during the spinning process with the help of
moisture in air and no annealing process was necessary.
(Note: The blending of the crosslinking agent, C6-Si into
the PMMA solution must be done in the glove box to avoid
the crosslinking in the formulation before coating of C-
PMMA.) The C-PMMA film (30 nm) on F8T2 exhibited a
very smooth surface with less than 0.8 nm rms roughness
which is similar to the surface roughness of the underlying
F8T2 film (Fig. 2a). The top-gated FETs were completed by
the evaporation of a metal (Au or Al) or printing of PED-
OT:PSS as a gate electrode. Typical output and transfer
curves are shown in Fig. 2b and c. All devices operated be-
low �8 V with a saturation mobility (lsat) of 0.005 cm2/V s
typical of F8T2 [4,23] and a low threshold voltage (VTH) of
�1.5 V. Very low gate leakage current was observed
(<1 nA) at VG = �6 V and there is no significant increase
of gate leakage (<10 nA) even at VG = �20 V when the gate
field corresponds to �6 MV/cm (Fig. 4b). Inverters were
realized in a simple resistor load configuration using an
inkjet printed PEDOT:PSS load resistor (30 MX) and exhib-
ited a good voltage gain of 2 at VDD = �8 V (Fig. 2d). Top-
gated F8T2 FETs with 50 nm C-PVP showed similar perfor-
mance to that of C-PMMA devices (Fig. 3a and b).

Thin polymer gate dielectrics were successfully applied
also on semicrystalline polymer semiconductors, such as
P3HT and pBTTT in top-gate architecture. Regioregular
P3HT (molecular weight = 45,000, regio-regularity � 98%)
film showed a typical nanoribbon morphology when
deposited from the high boiling point trichlorobenzene
solution (Fig 4c). The rms roughness of the film was
3.5 nm, which is much increased from that of amorphous,
as-deposited films of F8T2. Top-gated P3HT FETs were
demonstrated successfully with 30 nm thin C-PMMA as
gate dielectric. The calculated lsat was 0.007–0.01 cm2/
V s which was similar to that of reference top-gate P3HT
FETs with uncrosslinked PMMA [24]. The as-deposited
P3HT transistors exhibit low on–off current ratio on the or-
der of 100 presumably due to doping of P3HT during spin-
coating of the gate dielectric in air (Fig 4a). The poor on–off



Fig. 4. Transfer characteristics of top-gated poly(3-hexylthiophene) (P3HT)/C-PMMA (t � 30 nm) FET (W/L = 1 mm/20 lm) measured (a) before and (b)
after post-annealing (80 �C, 30 min) in a glove box. The gate leakage currents were measured at VD = �1 V (opened square) and �5 V (closed square) at the
same time. (c) Atomic force microscopy image of the P3HT surface morphology on glass (5 lm � 5 lm).

Fig. 3. (a) Output and (b) transfer characteristics of top-gated F8T2 FET (W/L = 1 mm/10 lm) with C-PVP (t � 50 nm). Gate current leakages were measured
at VD = �10 V (closed square) and �1 V (opened square) at the same time.
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current ratio could be significantly improved to values of
1000 by de-doping the films via post-fabrication annealing
(80 �C, 30 min) in nitrogen (Fig. 4b).

Finally, high performance top-gated polymer transistors
were demonstrated with pBTTT. pBTTT FETs had been
shown to exhibit a remarkably high-mobility of up to
0.6 cm2/V s on octyltrichlorosilane (OTS) treated SiO2 in
the bottom-gate configuration and the mobility was fur-
ther improved to 1 cm2/V s with the low contact resistance
Pt source/drain electrode [3,25]. The high performance was
attributed to their exceptional molecular ordering ob-
tained via cooling from the liquid crystalline (LC) meso-
phase. The performance was shown to be highly sensitive
to the surface chemistry of the substrate resulting in large
difference of grain size on different surfaces [26]. Samples
fabricated on a bare SiO2 surface showed much poorer
mobility (<0.005 cm2/V s) and smaller granular grain size
(�50–100 nm) than samples on OTS/SiO2 with large, ter-
raced grains (�200 nm). Our top-gate pBTTT transistors
with 30–50 nm C-PMMA exhibit high lsat values of �0.1–



Fig. 5. (a) Transfer and (b) output characteristics of top-gated poly(2,5-bis(3-alkylthiophen-2yl)thieno[3,2-b]thiophene (pBTTT)/C-PMMA (t � 30 nm) FET
(W/L = 1 mm/20 lm) measured after post-annealing (80 �C, 30 min) in glove box. The gate leakage currents were measured at VD = �1 V (opened square)
and �10 V (closed square) at the same time. Inset shows the chemical structure of pBTTT. (c) Atomic force microscopy image of the pBTTT surface
morphology on glass (2 lm � 2 lm).
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0.2 cm2/V s. To the best of our knowledge this mobility is
the highest value reported for a top-gate polymer FET.
Fig. 5a and b shows typical transfer and output character-
istics of a pBTTT top-gate FET after 30 min post-fabrication
annealing. The as-deposited pBTTT devices showed poor
on–off current ratio on the order of 100 similar to the
behavior observed for P3HT. Overnight annealing of the
devices in nitrogen leads to a slight decrease of on current
but to a significant increase of the on–off current ratio to
values of >104. The relatively large grain size of pBTTT films
(>200 nm, Fig. 5c) on glass substrates explains the high-
mobility values obtained in our top-gate pBTTT FETs. It is
interestingly noted that we can get the large grains on
glass substrate without OTS treatment and different from
other group’s reports that the large grains only can ob-
Table 1
Device performance and yield due to dielectric breakdown/gate leakage of top-ga

Gate dielectric Channel length/width Semiconducting pol

C-PMMA 20 lm/1 mm F8T2
10 lm/1 mm P3HT
5 lm/1 mm P3HT
5 lm/1 mm pBTTT

C-PVP 20 lm/1 mm F8T2
5 lm/1 mm F8T2

a The yield was determined from measurements of more than 20 transistors fr
gate leakage current was the same as the drain current of transistor.
tained on OTS treated SiO2 surface in bottom-gated FETs
[3,26,27]. Even though top-gated pBTTT transistors show
the relatively high performance with thin polymer gate
dielectrics, the output characteristics seemed somewhat a
nonlinear drain current increase near the origin (Fig. 5b).
The reason of poor output characteristics does not clarified
yet but it may be due to pBTTT itself because other publi-
cations also showed the similar poor output curve with
thick SiO2 (200 nm) [25].

Finally, we comment on the device yield due to dielec-
tric breakdown and gate leakage of top-gated FETs with
thin C-PMMA or C-PVP films. For the thinnest gate dielec-
trics (30–50 nm) this was strongly correlated with the
roughness of the semiconductor surface and the size of
the active area (see Table 1). FETs with an amorphous
ted polymer transistors with 30 nm C-PMMA or C-PVP.

ymer lsat (cm2/V s) VTH (V) Yield (%)a

0.005–0.001 0 to �2 100
0.008–0.015 1 to �2 45
0.007–0.01 0 to �3 60
0.1–0.2 �1 to �4 80

0.005–0.001 �1 to �2 90
95

om four different batches. A transistor was considered to have failed if the
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semiconducting polymer such as F8T2 always exhibited
near perfect yield due to their smooth surface morphology.
However, we observed that the yield of transistors de-
creased for semicrystalline semiconductors, such as P3HT
or pBTTT due to their significantly rougher surface
morphology.
4. Conclusion

In conclusion, we have demonstrated high performance
top-gate polymer FETs with ultra-thin (30–50 nm), room-
temperature crosslinkable polymer gate dielectrics based
on blending an insulating base polymer with an organosi-
lane crosslinking agent. The crosslinking system can be ex-
tended to other systems with different dielectric
permittivities by careful selection of the base polymer.
The approach enables low-voltage operation below 10 V
and high yield and is compatible with a range of state-of-
the-art high-mobility polymer semiconductors.
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This paper describes the synthesis of three triaryldiamine derivatives presenting two ther-
mally polymerizable trifluorovinyl ether groups that can be polymerized through thermal
curing to form perfluorocyclobutyl (PFCB) polymers. These PFCB polymers, studied using
time-of-flight techniques for the first time, exhibited remarkable non-dispersive hole-
transport properties, with values of lh of ca. 10�4 cm2 V�1 s�1. When we employed these
thermally polymerized polymers as hole-transport layers (HTLs) in electroluminescence
devices containing tris(8-hydroxyquinolate) aluminum (Alq3) as the emission layer, we
obtained high current densities (ca. 3400 mA cm�2), impressive brightnesses (5 �
104 cd m�2), and high external quantum efficiencies (EQEs = 1.43%). These devices exhib-
ited the same turn-on voltage, but higher EQEs, relative to those incorporating the vac-
uum-processed model compound N,N0-di(1-naphthyl)-N,N0-diphenylbenzidine (a-NPD)
(EQE = 1.37%) as the HTL under the same device structure.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction sive vacuum deposition of small molecules—and then
Organic and polymer light-emitting diodes are promis-
ing devices for use in future lighting and display applica-
tions because of their low power consumption, light
weight, fast response, and wide viewing angle [1,2]. To in-
crease their efficiency, most organic light-emitting diodes
(OLEDs) are configured with a variety of functional materi-
als into a multilayer structure—fabricated through succes-
. All rights reserved.

ax: +886 2 33661667.
.-Y. Hung), kenwong
covered by a metal cathode. It is generally inherently diffi-
cult to form polymer-based OLEDs in multilayer structures
through solution-processing techniques, such as spin-coat-
ing, because of solvent erosion of the previously deposited
layers during spin-coating [3]. One of the most promising
approaches toward achieving purely solution-processed
multiple-layer polymer-based OLEDs is utilizing soluble
precursor materials to produce insoluble polymer net-
works through polymerization and/or cross-linking reac-
tions. This strategy allows the sequential deposition of
various functional layers [4,5]. The flexibility of using the
chemical modifications of a wide variety of materials
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possessing various functional moieties—such as siloxan [6–
9], norbornene [10,11], oxetane [4,5], vinyl [12,13], and tri-
fluorovinyl ether [14–18] units—as polymerizable groups
under UV irradiation or thermal curing allows the con-
struction of copolymers in nearly any designated composi-
tion. For example, trifluorovinyl ether (TFVE)-containing
compounds are useful as reactive monomers that undergo
thermal cyclopolymerization to afford a new class of
thermally stable perfluorocyclobutane (PFCB) polymers
[19–21]. Taking advantage of this strategy, PFCB-based
hole-transport materials have been developed to increase
the efficiency of OLED devices [22–28]. This superior per-
formance is ascribed mainly to the homogeneous surface
morphology of the thermally treated thin films, as probed
using atomic force microscopy (AFM). Nevertheless, to the
best of our knowledge, the intrinsic charge transporting
characteristic, one of the most critical factors in optoelec-
tronic devices, of PFCB-based hole-transport materials
has not been reported previously. In this paper, we report
the synthesis, characterization, and application of three tri-
aryldiamine derivatives attached to two thermally poly-
merizable trifluorovinyl ether (TFVE) groups that can be
polymerized through thermal curing to form PFCB poly-
mers. More importantly, we have used time-of-flight
(TOF) techniques to study the hole-transport properties
of these polymers. We have found that PFCB-based polymers
possess remarkable hole-transport properties, with values
of lh of ca. 10�4 cm2 V�1 s�1. These thermally polymerized
polymers are useful as hole-transport layers (HTLs) in elec-
troluminescence (EL) applications, as evidenced by the
high external quantum efficiency of 1.43% achieved when
employing one such system with tris(8-hydroxyquinolate)
aluminum (Alq3) as the emission layer.
2. Experimental

2.1. Synthesis

Compound 5: Compound 4 (5.08 g, 10 mmol), N-phe-
nyl-1-naphthylamine (4.39 g, 20 mmol), Pd(OAc)2 (67 mg,
0.3 mmol), and sodium tert-butoxide (7.68 g, 80 mmol)
were dissolved in toluene (100 mL) and then tri-tert-butyl-
phospine (6 mL, 0.05 M in toluene, 0.3 mmol) was added.
The mixture was heated under reflux under argon for
72 h and then quenched with water. The solution was par-
titioned between ethyl acetate and brine. The combined
organic extracts were dried (MgSO4) and concentrated.
The resulting solid was washed with hexane to afford a
yellow product (6.41 g, 82%). M.p. 254–255 �C. IR (KBr) m
3544 (w), 3055 (w), 1609 (m), 1592 (s), 1573 (m), 1507
(s), 1489 (s), 1464 (s), 1434 (m), 1392 (m), 1302 (m),
1269 (s), 1172 (m), 1015 (m) cm�1. 1H NMR (DMSO-d6,
400 MHz): d 9.29 (s, 2H), 7.97 (d, J = 8.0 Hz, 2H), 7.84 (d,
J = 8.4 Hz, 2H), 7.76 (d, J = 8.4 Hz, 2H), 7.56–7.48 (m, 6H),
7.37 (t, J = 7.4 Hz, 2H), 7.28 (d, J = 7.2 Hz, 2H), 7.16 (t,
J = 7.6 Hz, 4H), 6.92–6.84 (m, 8H), 6.78 (s, 2H), 6.51 (d,
J = 8.8 Hz, 4H), 6.41 (d, J = 8.4 Hz, 4H). 13C NMR (DMSO-
d6, 100 MHz): d 155.5, 152.2, 147.5, 146.5, 142.6, 135.3,
134.7, 132.9, 130.1, 129.1, 128.4, 128.2, 126.6, 126.4,
126.3, 126.1, 123.4, 121.6, 121.1, 120.4, 120.2, 118.8,
114.6, 63.0. MS (FAB+, m/z) 785 (100), 784 (65), 154 (70),
136 (65), 57 (65). HRMS (FAB+, [M+H]+) Calcd.
C57H41N2O2 785.3170, found 785.3165.

Compound 6: A mixture of 5 (2.93 g, 3.73 mmol) and
triethylamine (3 mL, 21.6 mmol) in dry dichloromethane
(260 mL) was cooled to �10 �C. Trifluoromethanesulfonic
anhydride (1.9 mL, 11.2 mmol) in dry dichloromethane
(90 mL) was added dropwise and then the reaction mix-
ture was warmed to room temperature and stirred for
16 h. The reaction was quenched by pouring the mixture
into ice water. The organic layer was separated and the
aqueous phase was extracted twice with dichloromethane.
The combined organic extracts were washed with satu-
rated NaHCO3 solution and brine and then dried (MgSO4).
The solvents were evaporated and the resulting residue
was purified through re-precipitation from dichlorometh-
ane and methanol to afford a yellow product (3.18 g,
81%). M.p. 136–138 �C. IR (KBr) m 3059 (w), 1609 (m),
1592 (m), 1573 (m), 1494 (s), 1468 (s), 1455 (m), 1426
(s), 1392 (m), 1271 (m), 1249 (m), 1212 (s), 1140 (s), 884
(m), 774 (m) cm�1. 1H NMR (DMSO-d6, 400 MHz): d 7.96
(d, J = 8.4 Hz, 2H), 7.85 (d, J = 8.0 Hz, 2H), 7.72 (d,
J = 8.0 Hz, 2H), 7.62 (d, J = 8.4 Hz, 2H), 7.53–7.46 (m, 4H),
7.37–7.27(m, 8H), 7.15 (t, J = 7.6 Hz, 4H), 7.00 (d,
J = 8.4 Hz, 4H), 6.92–6.89 (m, 4H), 6.84 (d, J = 8.4 Hz, 6H).
13C NMR (DMSO-d6, 100 MHz): d 149.9, 147.7, 147.2,
146.9, 145.0, 142.3, 134.7, 132.8, 129.9, 129.3, 129.0,
128.4, 126.7, 126.5, 126.4, 126.3, 126.0, 123.2, 121.8,
121.3, 121.1, 120.8, 119.6, 118.3,116.4, 63.6. MS (FAB+,
m/z) 1048 (100), 916 (15), 690 (20), 218 (40), 217 (35).
HRMS (FAB+, M+) Calcd. C59H38F6N2O6S2 1048.2075, found
1048.2076.

TFVE1: 1 (380 mg, 0.87 mmol), 2 (515 mg, 2.18 mmol),
Pd(OAc)2 (10 mg, 0.04 mmol), and sodium tert-butoxide
(210 mg, 2.18 mmol) were dissolved in toluene (10 mL)
and then tri-tert-butyl phosphine (1.6 mL, 0.05 M in tolu-
ene, 0.08 mmol) was added. The mixture was heated under
reflux under argon for 24 h and then quenched with water.
The solvent was evaporated and then the reaction mixture
was extracted with dichloromethane and dried (MgSO4).
The crude product was purified through column chroma-
tography (SiO2; EtOAc/hexane, 1:15) to afford TFVE1
(485 mg, 72%) as a white solid. IR (KBr) m 3046 (w), 1600
(w), 1497 (s), 1460 (w), 1397 (m), 1311 (m), 1274 (s),
1192 (m), 1159 (m), 1136 (m) cm�1. 1H NMR (acetone-d6,
400 MHz): d 7.98 (d, J = 8.0 Hz, 2H), 7.94 (d, J = 8.0 Hz,
2H), 7.89 (d, J = 8.0 Hz, 2H), 7.55 (t, J = 8.0 Hz, 2H), 7.52–
7.45 (m, 6H), 7.43–7.36 (m, 4H), 7.14–7.07 (m, 8H), 7.00
(d, J = 8.0 Hz, 4H). 13C NMR (acetone-d6, 100 MHz): d
148.0, 146.3, 143.8, 136.2, 134.5, 131.8, 129.3, 127.9,
127.8, 127.6, 127.3, 127.2, 127.0, 124.5, 124.2, 122.3,
117.6. 19F NMR (acetone-d6, 376 MHz): d �117.1 (dd,
J = 99.6, 55.6 Hz, 2 F), –124.3 (dd, J = 108.3, 99.3 Hz, 2F),
130.6 (dd, J = 108.3, 56.4 Hz, 2F). MS (FAB+, m/z) 780
(100), 467 (25), 217 (35). HRMS (FAB+, M+) Calcd.
C47H28N4 780.2211, found 780.2208.

TFVE2: A flask containing 3 (2.46 g, 4.88 mmol), 1-
aminonaphthalene (2.09 g, 14.6 mmol), Pd2(dba)3

(224 mg, 0.25 mmol), and sodium tert-butoxide (1.41 g,
14.7 mmol) was evacuated and recharged with argon, then
dry toluene (30 mL) and tri-tert-butylphosphine (9.8 mL,
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0.05 M in toluene, 0.49 mmol) were added. The mixture
was heated under reflux for 48 h and then cooled to room
temperature. The mixture was filtered through a short
path of Celite and then washed with dichloromethane,
and the filtrate was extract with dichloromethane and
dried (MgSO4). The solvent was partially removed using a
rotary evaporator and then hexane (30 mL) was added to
give a yellow solid that was collected through filtration
and washed with hexane. The crude solid (1.9 g,
3.02 mmol) was combined with Pd(OAc)2 (34 mg,
0.15 mmol), 2 (1.91 g, 7.5 mmol), and sodium tert-butoxide
(1.44 g, 15 mmol) and then dry toluene (40 mL) and tri-
tert-butylphosphine (6 mL, 0.05 M in toluene, 0.3 mmol)
were added. The mixture was filtered through a short path
of Celite and washed with ethyl acetate, and the filtrate
was extracted with ethyl acetate and dried (MgSO4). The
solvent was removed using a rotary evaporator to give a
crude product, which was purified through column chro-
matography (SiO2; EtOAc:hexane, 1:20) to afford TFVE2
(2.3 g, 49% over two steps) as a yellow solid. IR (KBr) m
3048 (m), 2917 (w), 2869 (w), 1831 (w), 1604 (m), 1573
(w), 1499 (s), 1465 (s), 1440 (m), 1392 (m), 1311 (s),
1274 (s), 1192 (s), 1164 (m), 1137 (s), 1019 (w), 816 (m),
798 (m), 772 (m) cm�1. 1H NMR (CDCl3, 400 MHz): d 7.94
(d, J = 4.2 Hz, 2H), 7.83 (t, J = 8.8 Hz, 4H), 7.56 (d,
J = 4.6 Hz, 2H), 7.49 (t, J = 8 Hz, 4H), 7.35 (t, J = 6.8 Hz,
2H), 7.28 (d, J = 3.4 Hz, 2H), 7.06 (d, J = 4.6 Hz, 4H), 6.96
(m, 8H), 6.85 (d, J = 4 Hz, 4H), 6.74 (d, J = 4.2 Hz, 4H), 2.21
(s, 6H). 13C NMR (CDCl3, 100 MHz): d 152.5, 149.6, 147.4,
145.7, 143.3, 142.6, 135.8, 135.5, 134, 130.6, 128.6, 128.5,
127.7, 126.7, 126.6, 126.4, 126.2, 123.9, 123.4, 121, 120.4,
119.5, 116.8, 64.6, 20.2. 19F NMR (CDCl3, 376 MHz): d
�115.8 (dd, J = 98.9, 56.4 Hz, 2F), �123.0 (dd, J = 108.3,
99.3 Hz, 2F), �129.2 (dd, J = 107.5, 55.6 Hz, 2F). MS (FAB+,
m/z) 973 (100), 972 (35), 881 (15), 659 (30), 217 (20).
HRMS (FAB+, [M+H]+) Calcd. C63H43O2N2F6: 973.3230,
found: 973.3238.

TFVE3: 6 (2.1 g, 2 mmol), 7 (1.44 g, 4.8 mmol), and
Pd(PPh3)4 (0.1 g, 0.086 mmol) were dissolved in 1,4-diox-
ane (25 mL) and then sodium carbonate (10 mL, 2 M in
H2O) was added. The mixture was heated under reflux un-
der Ar for 72 h and then quenched with water, extracted
with dichloromethane, and dried (MgSO4). The crude prod-
uct was purified through column chromatography (SiO2;
toluene/hexane, 1:3) to afford TFVE3 (1.2 g, 55%) as a yel-
low solid. IR (KBr) m 3056 (w), 2942 (w), 1592 (m), 1574
(m), 1492 (s), 1465 (m), 1429 (m), 1387 (w), 1310 (m),
1273 (s), 1197 (m), 1175 (m), 1138 (m) cm�1. 1H NMR
(DMSO-d6, 400 MHz): d 7.96 (d, J = 7.6 Hz, 2H), 7.84 (d,
J = 8.0 Hz, 2H), 7.76 (d, J = 8.4 Hz, 2H), 7.64 (t, J = 8.0 Hz,
6H), 7.53–7.46 (m, 4H), 7.40–7.36 (m, 10H), 7.30 (d,
J = 6.8 Hz, 2H), 7.18 (t, J = 8.0 Hz, 4H), 6.93–6.84 (m, 14H).
13C NMR (DMSO-d6, 100 MHz): d 153.4, 150.8, 147.3,
146.7, 143.9, 142.4, 137.0, 136.4, 134.7, 133.0, 129.9,
129.0, 128.7, 128.4, 128.2, 127.7, 126.5, 126.4, 126.2,
126.0, 123.3, 121.8, 121.4, 120.6, 120.5, 118.4, 115.9,
63.8. 19F NMR (DMSO-d6, 376 MHz): d �117.8 (dd,
J = 96.3, 54.9 Hz, 2F), �125.6 (dd, J = 107.5, 96.6 Hz, 2F),
�133.6 (dd, J = 107.5, 55.6 Hz, 2F). MS (FAB+, m/z) 1097
(100), 880 (15), 217 (35). HRMS ([M+H]+, FAB+) Calcd.
C73H47F6N2O2 1097.3543, found 1097.3534.
2.2. Time-of-flight (TOF) mobility measurements

In the TOF method, a sheet of carriers is created near
one of the contacts using a short laser pulse (nitrogen pulse
laser). The sample is illuminated from the indium tin oxide
(ITO) side to generate a sheet of charge carriers in the or-
ganic layer. Under the influence of an applied electric field,
these carriers drift toward the counter electrode (Ag),
resulting in a transient current through the sample. When
the carriers reach the counter electrode, the current drops
to zero; the point at which this happens corresponds to the
transit time of the carriers (tT). Depending on the polarity
of the applied bias, selected photogenerated carriers (holes
or electrons) are swept across the sample thickness D; the
applied electric field E is then equal to V/D, and the carrier
mobility (l) is given by D/(tTE).

2.3. OLED device

The OLEDs were fabricated on ITO sheets having a resis-
tance of 15 X/h. The substrates were washed sequentially
with isopropyl alcohol, acetone, and methanol in an ultra-
sonic bath, followed by UV-ozone treatment prior to use. A
hole injecting poly(ethylene dioxythiophene): polystyrene
sulfonate (PEDOT:PSS) layer was spin-coated onto the sub-
strates and dried at 130 �C for 30 min to remove residual
water. The substrates were transferred to a N2-filled glove
box. The crosslinkable TFVE1–3 monomers (1.2 wt%) were
dissolved in THF, dip-coated atop the PEDOT:PSS layer to
yield ca. 50-nm-thick films, and then cured at 230 �C for
30 min to promote crosslinking. To prepare the emissive
and electron transport layer, a 60-nm layer of Alq3 was
vacuum-deposited on top of the spin-coated HTL. The de-
vices were then completed through thermal evaporation
of the back electrode [LiF (0.5 nm)/Ag (100 nm)] through
a shadow mask. All evaporations were performed under a
vacuum of less than 10�6 torr. Each device pixel had an ac-
tive area of 0.25p mm2. The current–voltage–brightness
(I–V–L) characteristics of the devices were measured
simultaneously using a Keithley 6430 source meter and a
Keithley 6487 picoammeter equipped with a calibration
Si-photodiode. EL spectra were measured using an ocean
optics spectrometer.
3. Results and discussion

3.1. Materials

Scheme 1 depicts the syntheses of monomers TFVE1–3,
which were derivatives of the well-established hole-trans-
porting material N,N0-di(1-naphthyl)-N,N0-diphenylbenzi-
dine (a-NPD). TFVE1, possessing two trifluorovinyl ether
(TFVE) groups linked to the terminal phenylene rings of
a-NPD, was synthesized in an isolated yield of 72% through
Pd-catalyzed amination of diamine 1 and compound 2 [20].
TFVE2, which had similar structural features to the
terminal groups of TFVE1, but with the diarylamino groups
attached to a coplanar rigid core (fluorene) to modulate
the electronic properties, was synthesized through the
reaction of 2,7-dibromo-9,9-ditolylfluorene (3) [29] with
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1-aminonaphthalene in the presence of a catalytic amount
of Pd2(dba)3 to furnish an aminated crude product that
was subsequently subjected to Pd-catalyzed amination with
compound 2 (49% yield over two steps). Without structural
perturbation of the active chromophore, the two TFVE
groups of TFVE3 were introduced onto the peripheral biphe-
nyl substituents of the central fluorene unit. The amination
of compound 4 [30] with N-phenyl-1-naphthylamine in
the presence of a catalytic amount of Pd(OAc)2 and tri-tert-
butyl phosphine gave compound 5 in 82% yield. The
treatment of the phenol groups in 5 with trifluoromethane-
sulfonic anhydride afforded the disulfonate 6 in 81% yield.
TFVE3 was then obtained in 55% yield after Suzuki coupling
of the boronic ester 7 [15] and compound 6.

3.2. Physical properties

The morphological properties of the monomers TFVE1–
3 were investigated using differential scanning calorimetry
(DSC). The introduction of two TFVE groups had a pro-
nounced effect on the morphology. As indicated in Fig. 1,
no evident glass transition could be detected for TFVE1; in-
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stead, we observed an endothermic peak centered at
111 �C, which corresponded to the melting point of TFVE1.
The increased molecular rigidity of TFVE2 led to a distinct
glass transition temperature (Tg) detected at 82 �C, which
remained significantly lower than that of its parent com-
pound (127 �C) [29]. TFVE3, with its two TFVE groups at-
tached to the peripheral biphenyl substituents of the
central fluorene unit, possesses a value of Tg of 118 �C.
The exothermic peaks of TFVE1–3 at ca. 230 �C in the
DSC traces correspond to their thermal polymerizations,
consistent with the previously reported polymerization
temperatures of TFVE groups [14–28]. The three TFVE
monomers were soluble in common organic solvents, such
as chloroform, tetrahydrofuran (THF), and toluene. After
dip-coating solutions of the TFVEs in THF onto ITO sub-
strates, the films were baked at 100 �C for 30 min to re-
move any residual solvent. Atomic force microscopy
(AFM) reveals that the films prepared through this dip-
coating process had smooth surfaces with no obvious crys-
tallization, pinholes, or cracks (Fig. 2). After curing at
230 �C for 60 min, the films of the PFCB polymers became
Fig. 2. AFM images (5 � 5 lm) of TFVE1-3 thin films before (top) and after (bott
(11 nm), TFVE2 (13 nm), and TFVE3 (16 nm), respectively.
insoluble in most organic solvents. The AFM images of
these PFCB polymer films reveal some clusters formed
after thermal polymerization at high temperature.

Fig. 3a displays UV–vis absorption and photolumines-
cence spectra of the thin films of vacuum-deposited
a-NPD and TFVE1–3 after thermal polymerization. The
absorption spectrum (kmax = 344 nm) of TFVE1 polymer
matches well with that of a-NPD, whereas polymers of
TFVE2 and TFVE3 exhibit red-shifted absorption maxima
(by ca. 40 nm), due to the coplanar structure of their cores.
There were no significant changes in the absorption spec-
tra of TFVE1–3 after the treatment at high temperature
(Fig. 3b and c). In contrast to their electronic transitions,
the emission spectra of the thermally polymerized thin
films of TFVE1–3 exhibit slightly red-shifted maxima with
broader half-widths of the emission peaks, relative to that
of the a-NPD thin film and the thin films of TFVE1–3 prior
to thermal polymerization. These results contrast those
from a previous report by Jen et al., where a thin film of
a N,N0-di(3-methylphenyl)-N,N0-diphenylbenzidine (TPD)-
based PFCB polymer exhibited an obviously red-shifted
emission maximum relative to that of its monomer film
as a result of strong aggregation and excimer emission
[22–28]. The observed limited red shifts in the emission
of TFVE1–3 polymers and their long-wavelength tails
could be attributable to the changes in the dielectric envi-
ronments upon thermal treatment. The chromophores sur-
rounded by TFVE moieties in the monomeric states should
behave differently from those in the polymeric forms, in
which the TFVE groups have been converted into PFCB
moieties. Nevertheless, we cannot exclude the possibility
of weak interchromophore interactions leading to long-
wavelength emission regions in the polymer films after
high-temperature thermal polymerization.

To characterize the hole transport in these thermally
polymerized TFVE1–3 polymers and to quantify their
mobilities, we used time-of-flight (TOF) techniques [31]
om) thermal polymerization. The indicated clusters with heights of TFVE1
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to measure the charge carrier mobility. This technique has
been successfully applied to investigate the charge trans-
port behavior of a wide range of polymers and small mol-
ecules, but it has not been applied previously to measure
the charge mobility of any thermal polymerized and/or
cross-linked polymers. TOF samples were prepared by dis-
solving appropriate weight ratios (up to 25 wt%) of the
monomers TFVE1 and TFVE2 in THF and then dip-coating
the solutions onto an ITO substrate within a glove box. For
TFVE3, however, poor solubility in THF meant that we
could not obtain a solution of sufficiently high concentra-
tion to yield a sample that was thick enough for TOF mea-
surement. We were able to control the film thicknesses by
varying the solution concentrations and the dip-coating
conditions; the films were subsequently dried through
baking at 100 �C for 30 min to remove the residual solvent
and then curing at 230 �C for 60 min to form the polymers.
We used a Dektak surface profilometer to measure the
thicknesses of the TFVE1 (ca. 760 nm) and TFVE2 (ca.
500 nm) polymer films. The samples were then completed
through thermal deposition of the back electrode [Ag
(100 nm)] through a shadow mask.

Fig. 4 displays the TOF transients of the TFVE1 and
TFVE2 polymer films. Distinctive plateaus are visible in
the typical TOF transient photocurrents, indicating the
non-dispersive transport behavior of the TFVE1 and TFVE2
polymers toward holes. We estimated the carrier transit
times tT from the asymptotes of the log–log plots (insets
to Fig. 4); from these values, we deduced the hole mobili-
ties (l) using the relation l = d/(EtT), where E and d are the
applied electric field and the thickness of the organic film,
respectively. Fig. 5 presents the room-temperature hole
mobilities of the model compound a-NPD and of the



200 400 600 800 1000 1200
1E- 5

1E- 4

1E- 3

α-NPD
 TFVE1
 TFVE2

μ
(c

m
2 / V

 s
)

E
1/2

(V/cm)
1/2

.

Fig. 5. Plots of hole mobilities vs. E1/2 for the thermally polymerized films
of TFVE1 and TFVE2 and of a film of the model compound a-NPD
obtained through thermal evaporation.

0 3 6 9 12 15
10 -3

10 -1

10 1

10 3

10 5

0

1,000

2,000

3,000

4,000

5,000
α-NPD
TFVE1
TFVE2
TFVE3

 B
ri

g
h

tn
es

s
cd

/m
2

Voltage (V)

C
u

rren
t D

en
sity

m
A

/cm
2

0.6

0.9

1.2

1.5

1

2

3

4

m
 E

ff
ic

ie
n

cy
  (

%
)

P
o

w
er E

fficien
cy (lm

a

b

C.-Y. Lin et al. / Organic Electronics 10 (2009) 181–188 187
PFCB-based polymer films derived from TFVE1 and TFVE2
plotted against the square root of the applied electric field.
The linear correlation follows the universal Poole–Frenkel
relationship, l = l0exp(bE12), where l0 is the zero-field
mobility, b is the Poole–Frenkel factor and E is the electric
field [32]. The hole mobilities ranged from 2 � 10�5 to 10�3

cm2 V�1 s�1 for fields varying from 4 � 104 to 1.4 �
106 V cm�1 and the values (l0 and b) of fitting data are
summarized in Table 1.

The observed hole mobility (lh = ca. 10�4 cm2 V�1 s�1)
of the TFVE1-derived polymer film was about one order
of magnitude lower than that of the model compound
a-NPD (lh = 1.2� 10�3 cm2 V�1 s�1) under the same electric
field (E = 3.6 � 105 V cm�1). In addition, as indicated by it
larger value of b, the TFVE1-derived polymer film exhib-
ited a stronger electric-field-dependent hole mobility. We
ascribe these phenomena to the presence of the PFCB units
of the TFVE1-derived polymer; i.e., the more rigid struc-
ture and the larger distance and steric hindrance between
neighboring chromophores increased the carrier hopping
distance, thus retarding hole migration. The aggregates ob-
served in the AFM images of the thermally treated thin
films might also have been another attribute responsible
for the lower hole mobility. The steric effect on hole trans-
portation was also evident from the lower hole mobility of
Table 1
The values of zero-field hole mobility (l0) and Poole–Frenkel factor (b)
obtained by fitting the data in Fig. 5 with the Poole–Frenkel equation.

HTL [cm2 V�1 s�1] b

a-NPD 4.18 � 10�4 1.79 � 10�3

TFVE1 4.53 � 10�6 4.93 � 10�3

TFVE2 1.46 � 10�6 4.27 � 10�3

Table 2
Device characteristics of OLEDs incorporating cross-linked TFVE1–3 and vacuum-

HTL Von [V] Lmax [cd m�2] Imax [mA

a-NPD 2 86,000 (11.5 V) 3500
TFVE1 2 50,000 (14.0 V) 3400
TFVE2 2 43,000 (13.5 V) 4600
TFVE3 2 26,600 (14.0 V) 3900
the TFVE2-derived polymer (a 9,9-ditolylfluorene-based
diamine) relative to that of the TFVE1-derived polymer (a
biphenylene-based diamine) [33].

3.3. Device

To evaluate the performances of devices incorporating
the thermally polymerized TFVE1–3 films as HTLs, we fab-
ricated two-layer devices having the configuration ITO/
PEDOT:PSS (30 nm)/polymeric TFVE1–3 (ca. 50 nm)/Alq3

(60 nm)/LiF (0.5 nm)/Al (100 nm). Uniform films were
formed through first dip-coating the solution of TFVE1–3
(1.2 wt% in THF) onto the pre-dried (130 �C for 30 min)
PEDOT:PSS layer on an ITO substrate [34,35] and then
polymerizing under thermal treatment at 230 �C for
30 min. Integrating the conductive HIL and the thermally
polymerized HTL together resulted in a low driving
deposited a-NPD as HTLs.

cm�2] gext (max) [%, cd A�1] gp (max) [lm W�1]

1.36, 4.4 4
1.43, 4.6 3.6
1.32, 4.2 3.6
1.32, 4.2 2.4
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Fig. 6. Performances of typical two-layer devices incorporating thermally
polymerized HTLs and a-NPD. Plots of (a) brightness (solid symbols) and
current (open symbols) vs. voltage and (b) quantum efficiency (solid
symbols) and power efficiency (open symbols) vs. current.
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voltage, cascade hole injection, and effective electron
blocking/exciton confinement in the Alq3 layer. All devices
exhibited the same emission, which originated exclusively
from the Alq3 layer.

Table 2 and Fig. 6 summarize the EL characteristics of
the OLEDs incorporating the thermally polymerized
TFVE1–3 monomers and vacuum-deposited a-NPD as
HTLs. These hybrid OLEDs exhibit noteworthy properties
relative to those of conventional vacuum-deposited OLEDs.
For example, the thermally polymerized HTLs functioned
well without decreasing the device performance [10]. As
indicated in Fig. 5a, the devices turned on sharply at low
voltages (ca. 2 V), probably because the HOMO and LUMO
energy levels of the active triaryldiamine chromophores,
which remained intact before and after thermal polymeri-
zation, were matched well with those of ITO and Alq3.
Among our three new thermally polymerizable HTL mate-
rials, the TFVE1-derived polymer exhibited the best perfor-
mance. Fig. 5b indicates that the highest efficiency was
achieved when using the TFVE1-derived polymer as the
HTL: the maximum EQE was 1.43% (4.6 cd A�1) and the
maximum power efficiency was 3.6 lm W�1. It is generally
accepted that polymers exhibiting high morphological sta-
bility in their thin film form result in devices that can en-
dure relatively high current densities (ca. 3400 mA cm�2)
and, consequently, emit an impressive maximum bright-
ness of nearly 5 � 104 cd m�2 at ca. 14 V from the non-
doped Alq3. Despite the lower hole mobility of the
TFVE1-derived polymer films, compared with that of the
vacuum-deposited model compound a-NPD, the device
incorporating the former as the HTL exhibited the same
turn-on voltage and slightly higher EQE (1.43%) relative
to that of the latter (EQE = 1.37%) under the same device
structure. We attributed the higher EQE achieved in the
hybrid OLED to a more balanced recombination of holes
and electrons.

4. Conclusions

In summary, we have synthesized and characterized
three thermally polymerizable hole-transporting materi-
als, TFVE1–3, derived from the parent a-NPD core through
the attachment of TFVE groups. The thermally polymerized
monomers exhibited good thermal properties, solvent
resistance, and relatively high surface smoothness. More
importantly, for the first time we used TOF techniques to
measure the hole-transporting characteristics of a-NPD-
based PFCB polymers. We observed a hole mobility of ca.
10�4 cm2 V�1 s�1 for TFVE1-derived polymer films, ca.
one order of magnitude lower than that of the model com-
pound a-NPD (i.e., in the absence of TFVE groups) under
the same electric filed. We ascribe the lower mobilities of
the PFCB-based polymers to their larger degrees of spatial
and steric hindrance leading to blocking of carrier hopping.
We fabricated hybrid OLEDs incorporating the TFVE1-de-
rived polymer film as the HTL. These devices exhibited
high current densities (ca. 3400 mA cm�2), impressive
brightness (5 � 104 cd m�2), and high external quantum
efficiency (1.43%).
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Using a 4,40 ,40 0-tris(N-carbazolyl)-triphenylamine (TCTA) small molecule interlayer, we
have fabricated efficient green phosphorescent organic light emitting devices by solution
process. Significantly a low driving voltage of 3.0 V to reach a luminance of 1000 cd/m2

is reported in this device. The maximum current and power efficiency values of
27.2 cd/A and 17.8 lm/W with TCTA interlayer (thickness 30 nm) and 33.7 cd/A and
19.6 lm/W with 40 nm thick interlayer are demonstrated, respectively. Results reveal a
way to fabricate the phosphorescent organic light emitting device using TCTA small
molecule interlayer by solution process, promising for efficient and simple manufacturing.

Crown Copyright � 2008 Published by Elsevier B.V. All rights reserved.
Solution processible organic light emitting diodes
(OLEDs) are attracting much attention as potential candi-
dates for flat-panel displays and solid state lighting, owing
to their easy processing and low manufacturing cost [1,2].
Requirement for use in these applications, the high lumi-
nance at lower current density and efficient operation,
are realized by the balance charge carriers injection from
the electrodes into the emitting layer. Poly(3,4-ethylenedi-
oxythiophene)-poly(4-stylenesurfonate) (PEDOT:PSS) hole
injection layer on the top of indium-tin-oxide (ITO) surface
is most widely used to improve the hole injection [3–5].
Further, the insertion of a thin interlayer (thickness 10–
30 nm) between the PEDOT:PSS and the light emitting
2008 Published by Elsevier

: +82 2 961 9154.
layer (EML) significantly improves the device efficiency
and lifetime. Conjugated polymer materials such as
poly(p-phenylene vinylene), poly(9,90-dioctylfluorene)
(PFO) and poly(9,90-dioctylfluorene-alt-benzothiadiazole)
[6], poly(2,7-(9,9-di-n-octylfluorene)-alt-(1,4-phenylene-
((4-sec-butylphenyl)imino)-1,4-phenylene)) (TFB) [7,8],
and poly(9,9-dioctylfluorene-co-bis-N,N0-(4-butylphenyl)-
bis-N,N0-phenyl-1,4-phenylenediamine) (PFB) [9] were
used for this purpose. To date, non-conjugated materials,
poly(N-vinylcarbazole) (PVK) [9] and crosslinked non-con-
jugated materials [10–12] having hole transporting chem-
ical units were mostly reported for this purpose. However,
such interlayer polymers have several issues for use in
practical devices such as considerably high exchange en-
ergy, 1.0–1.5 eV values, between the singlet and triplet
states [13]. As a consequence, conjugated polymers
B.V. All rights reserved.

mailto:jhkwon@khu.ac.kr
http://www.sciencedirect.com/science/journal/15661199
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generally are not suitable as phosphorescent host materi-
als [14]. Further, these polymers in phosphorescent OLEDs
may act as a potential quencher at the interface of EML.
Owing to low solubility in several organic solvents, conju-
gated polymers also offer a serious difficulty for the print-
ing process and in removing the undesired material from
the substrate. Although TFB is widely used as an interlayer,
its low triplet emission energy (2.2–2.3 eV) causes some
quenching of the phosphorescence emission in green phos-
phorescent devices. While 4,40,40 0-tris(N-carbazolyl)-tri-
phenylamine (TCTA) small molecule has a good film
forming properties, solubility, and high triplet emission
energy (2.7 eV). We, therefore, propose that the use of
small molecule material interlayer may be a good ap-
proach in solution processed phosphorescent OLEDs. In
the present work, phosphorescent green light emitting de-
vices using a solution process with a small molecule TCTA
interlayer have been fabricated and studied.

The TCTA hole transport material (HTL), known to con-
fine excitons and electrons in emitting layer and reported
as a suitable host material in green phosphorescent OLEDs
[15,16], usually has been deposited using the vacuum
evaporation process in OLEDs fabrication. In order to ac-
quire more knowledge about amorphous nature of spin-
coated TCTA film, the vacuum thermal evaporated TCTA
and the spin-coated TCTA and well known TFB interlayer
films (30 nm thick) were fabricated on glass substrates.
The average surface roughness (Rave) values of spin-
coated and sublimated TCTA surface, measured by using
Atomic Force Microscopy (AFM), are about 4.17 Å and
3.38 Å, while the surface roughness value of 5.49 Å in the
spin-coated TFB interlayer is observed as shown in Fig. 1.
This unlike value of surface roughness in a spin-coated
TCTA film than the vacuum thermal evaporated may be
attributed to the solvent evaporation during the process
of spin coating. A good amorphous film formation charac-
teristic of the TCTA has been ascribed to three dimensional
molecular structure of TCTA. A Half circle shape structure
of the TCTA molecule with coplanar two carbazole units
and remaining one carbazole unit vertically orthogonal to
the plane containing two carbazole units contributes to
the amorphous molecular packing, indicating that the crys-
tallization of the TCTA film during spin-coating and baking
process is practically missing. The good surface character-
istic of spin-coated TCTA film is well suited for use as an
interlayer material. Furthermore, to check the possibility
of use of well known TPD and NPB hole transport materials
Fig. 1. Surface morphology of sublimated
as an interlayer in wet processed OLEDs, spin-coated TPD
and NPB films (40 nm) on the glass substrate were fabri-
cated and investigated, respectively. Evidences of non-uni-
form surface with high roughness due to crystallization of
TPD and NPB molecules upon thermal treatment in solu-
tion processed films make them unsuitable for wet pro-
cessed OLEDs.

To fabricate OLED devices, clean glass substrates of size
2 cm � 2 cm precoated with a 150 nm thick indium-tin-
oxide (ITO) layer with a sheet resistance of 12 X/square
were used. The ITO glass was cleaned by sonification in
an isopropylalcohol (IPA) and acetone, rinsed in deionized
water, and finally irradiation in a UV-ozone chamber. The
line pattern of ITO was formed by photolithography pro-
cess. The PEDOT:PSS was spin-coated on the ITO substrates
pretreated with UV ozone to a thickness of 40 nm and the
dried at 120 �C for 20 min on a hot plate to remove the sol-
vent. Subsequently, the interlayer solution either TCTA or
TFB 0.5 wt% in toluene (thickness of about 30 nm) was spin
coated and later dried at 180 �C for 30 min on a hot plate.
PVK described as an unipolar hole transporter and 4,40-
N,N0-dicarbazolebiphenyl (CBP) recognized to have bipolar
transport character were used as mixed host materials in
the present work. The 40 nm-thick EML host of PVK:CBP
system mixed in the proportion of 1:1 and doped with
13 wt% of tris(2-(4-toltyl)phenylpyridine) iridium (Ir(mp-
py)3) in chlorobenzene was spin-coated on the top of inter-
layer film. The spin-coated EML was then baked on a hot
plate at 120 �C for 60 min to remove the solvent present,
if any. The spin coating and baking processes were carried
out in a nitrogen atmosphere glove box. Subsequently, The
TPBi (2,20,20 0-(1,3,5-phenylene)tris(1-phenyl-1H-benzimid-
azole)) (30 nm) was deposited in organic chamber using
vacuum thermal evaporation in a base pressure of
10�7 Torr, while LiF (1 nm) and Al (100 nm) were depos-
ited in a metal chamber without breaking the vacuum of
the system. The following devices were fabricated:

(a) Device 1: ITO/PEDOT:PSS (40 nm)/TFB (30 nm)/EML
(40 nm)/TPBi (30 nm)/LiF (1 nm)/Al (100 nm), and

(b) Device 2: ITO/PEDOT:PSS (40 nm)/TCTA (30 nm)/
EML (40 nm)/TPBi (30 nm)/LiF (1 nm)/Al (100 nm).

The emission area of devices was 2 mm � 2 mm. The
current density–voltage (I–V) and luminance–voltage
(L–V) characteristics of fabricated OLEDs were measured
by using a Keithley SMU 238 and Minolta CS-100A.
TCTA, spin-coated TCTA, and TFB.
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Electroluminescence (EL) spectra and CIE color coordinate
were obtained by using a photo-research PR-650 spectro-
radiometer.

Fig. 2a shows the luminance and current density as a
function of applied voltage. The turn voltage value of
4.0 V to attain a luminance of 1000 cd/m2 in device 1 with
TFB interlayer is reported, while this value is 3.0 V in de-
vice 2 with TCTA interlayer. Device 2 with TCTA interlayer
seems to offer a low barrier for hole injection into emitting
layer. To substantiate our argument, hole only devices,
having configuration of ITO/PEDOT:PSS (40 nm)/TCTA or
TFB (70 nm)/LiF (1 nm)/Al (100 nm), were fabricated. As
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Fig. 2. I-V-L and efficiency characteristics of fabricated PHOLED devices.
(a) luminance and current density versus voltage devices 1 & 2, (b)
current versus voltage characteristics of fabricated hole only devices, (c)
current and efficiency versus luminance in devices 1 & 2.
evident from the results shown in Fig. 2b, low resistance
to hole transport and conduction in hole only device with
TCTA interlayer is noticed. Clearly, these results corrobo-
rate the superior electrical performance of device 2 with
the TCTA interlayer. Further, to perceive whether the large
difference in space charge current is still true, hole only de-
vices were fabricated using Al cathode (work func-
tion = 4.28 eV, electron injection barrier to TFB = 2.18 eV
and TCTA = 1.98 eV) which does not inject electrons either
into TFB or TCTA. We have obtained results similar to LiF/Al
cathode, thus substantiating the hypothesis of better trans-
port properties of TCTA interlayer.

Fig. 2c shows the current and power efficiencies as a
function luminance. Current and power efficiency values
of 21.5 cd/A and 10.5 lm/W in device 1 with TFB interlayer
at a luminance of 1000 cd/m2 are observed, respectively,
whereas these values in device 2 with TCTA interlayer
are 26.5 cd/A and 16.0 lm/W. The maximum current and
power efficiency values with TCTA interlayer are 27.2
cd/A and 17.8 lm/W and 21.7 cd/A and 10.6 lm/W with
TFB interlayer, respectively. Better performance of the de-
vice 2 with TCTA interlayer, therefore, is of interest to
manufacturers.

Furthermore, improvement of the device performance
due to increase of the thickness of TCTA interlayer from
30 to 40 nm is observed. The values of current and power
efficiencies of 32.0 cd/A and 15.9 lm/W at the luminance
of 1000 cd/m2 were measured, respectively. The maximum
current and power efficiencies were 33.7 cd/A and 19.6
lm/W in this device, respectively. Further enhancement
of TCTA interlayer thickness deteriorates the device perfor-
mance as listed in Table 1.

To investigate the dissolution issue of interlayer, if any,
in the solvent of emitting layer, thick interlayers (70 nm) of
TFB and TCTA in toluene were spin coated on glass sub-
strates and dried at 180 �C for 30 min on a hot plate. Sub-
sequently, EML solvent chlorobenzene was spin-coated
on the top of TFB and TCTA interlayes, baked on a hot plate
at 120 �C for 60 min, and thicknesses of the final layers
were then measured. The thickness of TFB was reduced
about 8–10 nm while that of TCTA by 20–22 nm. These dis-
solution values of TFB and TCTA in the EML solvent are not
a serious issue for making spin-coated phosphorescent
OLEDs.
Fig. 3. Device structure and energy band diagram of the devices using
hole transporting interlayer.



Table 1
Performance of ITO/PEDOT/TCTA/PVK + CBP:Ir(mppy)3 (1:1, 13 %)/TPBI/LiF/
Al PHOLEDs with different interlayer thicknesses

TCTA thickness (Å) 300 400 500–
600

Turn-on voltage (V) 3 3.8 4.6
At 1000 cd/m2 Voltage 5.2 6.4 8.0

current efficiency (cd/A) 26.5 32 18.1
Power efficiency (lm/W) 16.0 15.9 7.1

Max. Current efficiency (cd/A) 27.2 33.7 18.6
Power efficiency (lm/W) 17.8 19.6 8.6

Table 2
HOMO and LUMO energy levels of interlayers, host materials and excition
blocking layers

Materials HOMO(eV) LUMO(eV) Triplet energy
T1(eV)

Reference

TFB 5.3 2.1 2.2–2.3 17
TCTA 5.7 2.3 2.7 18, 19

5.7 2.4 20
PVK 5.4 1.9 21

5.6 2.2 2.5 22
CBP 6.1 3.0 2.6 23, 19

5.9 2.6 20
TPBI 6.3 2.8 24
Ir(mppy)3 5.4 2.4, 3.0(T1) 2.4 25, 26
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Indeed, interesting and intriguing results on the device
performance with the TCTA small molecule interlayer
deposited using spin coating are obtained. These results
may be explained as electrons/holes charge carriers injec-
tion and transport and confinement of triplet excitons in
emissive layers on the basis of the existing knowledge of
energy levels of materials used in device fabrication. High-
est occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) energy levels of
interlayers, host materials, phosphorescent dopant, and
excition blocking layers are summarized in Table 2 [17–
26]. As the HOMO level of TCTA (�5.9 eV or �5.7 eV) is
close the HOMO energy of host layer (�5.8 eV or 5.6 eV
in PVK and �5.91 eV or 5.9 eV in CBP), a low hole injection
barrier (�0.2 eV) into PVK + CBP:Ir(mppy)3 emissive layer
significantly facilitates carrier injection (Fig. 3). While
holes injected from TFB into PVK + CBP:Ir(mppy)3 emissive
layer have to overcome a barrier of �0.3–0.6 eV, high com-
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Fig. 4. Electroluminescence spectra of fabricated devices.
pared to TCTA. Finally, injected holes are trapped at the
HOMO of Ir(mppy)3 (5.4 eV) (Fig. 3). Thus, the hole injec-
tion efficiency in TCTA interlayer based device is signifi-
cantly improved. The electrons injected from the cathode
transport freely with a negligible barrier, recombine with
the trapped holes on the Ir(mppy)3 dopant molecules in
the emissive layer, and finally result in an improved green
phosphorescence emission. Whereas in case of TFB inter-
layer, the triplet energy levels of TFB are in the range of
2.2–2.3 eV, lower than the triplet emission energy of
Ir(mppy)3 (2.4 eV). Thus, low triplet energy of TFB provides
a nonradiative path for exciton quenching and reduced the
phosphorescence light emission of the PHOLEDs. No such
phenomenon is observed in PHOLEDs with a TCTA inter-
layer as triplet emission energy of TCTA (2.7 eV). Moreover,
TCTA interlayer confines excitons and electrons in the
emitting layer, contributing to enhanced device perfor-
mance. Furthermore, the clean emission peak in green re-
gion at 520 nm (CIE coordinates (0.33, 0.61) at 1000 cd/
m2) in the fabricated TCTA interlayer device also reveals
no leakage of electrons into HTL layer (Fig. 4), thereby
confining electrons in the EML.

In summary, we have fabricated TCTA small molecular
interlayer based green phosphorescent devices using a
spin-coating process. The TCTA has a good solubility in tol-
uene and thin film forming properties by spin coating pro-
cess. Low turn-on voltage value of 3.0 V to obtain
luminance of 1000 cd/m2 and maximum current and
power efficiencies values of 27.3 cd/A and 18.0 lm/W are
reported in this device, respectively. The maximum current
and power efficiencies of 33.7 cd/A and 19.6 lm/W with
TCTA thickness of 40 nm were reported. In conclusion,
demonstration of solution processible efficient green phos-
phorescent OLEDs with TCTA small molecule interlayer
could be a promising way for simple manufacturing
process.
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a b s t r a c t

We report on the fabrication of pentacene-based thin-film transistors (TFTs) with a
230 nm-thick double polymer dielectric composed of 30 nm-thin low-k poly-4-vinyphenol
(PVP) and 200 nm-thick high-k poly(vinylidene fluoride/trifluoroethylene) [P(VDF–TrFE)]
dielectric on polyethersulfone (PES) films. Our 230 nm-thick double (high-k/low-k) poly-
mer showed a good dielectric strength of �2 MV/cm, a high capacitance of 26 nF/cm2 with
k = �7. Based on this double polymer dielectric, our flexible pentacene TFT displayed a high
saturation mobility of 1.22 cm2/V s, a threshold voltage of �2.5 V, and on/off ratio of 103,
stably operating under �5 V.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Pentacene organic thin-film transistors (OTFTs) have at-
tracted much attention, looking for practical applications
such as flat-panel displays, logic devices, and radio fre-
quency identification tag, and other portable devices in
general [1–5]. Very recently, electrophoretic display or E-
book emerges to be one of the most appropriate applica-
tions in such OTFT device field [6–8]. The E-book driving
TFTs preferably require flexible substrate and low voltage
operation, as well as device stability. In order to realize
these low voltage driven OTFTs, many research groups
have focused on the study about the gate dielectric layers
. All rights reserved.

x: +82 2 392 1592.
(for example, thin-polymers, self-assembled monolayer
(SAM), high-k metal oxide, and thin polymer/thick high-k
oxide hybrid layer) [9–12]. However, low voltage OTFT
adopting flexible plastic substrate is still in lack of report.
Moreover high mobility operations on flexible substrates
are even more difficult to find from literature. It is because
such device needs high-k polymer dielectric to support the
low voltage operation while usual polymer has low-k
dielectric properties unlike inorganic dielectrics. (But inor-
ganic high-k dielectric has a limited process-compatibility
with flexible plastic substrate and a limited flexibility by it-
self.) High-k polymer with smooth surface and good elec-
tric strength is quite difficult to find and further difficult
to fabricate without high current leakage paths while thin
low-k polymer is easy to be broken down under gate volt-
age stress [9]. One way to satisfactorily meet the condition

mailto:semicon@yonsei.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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of low voltage operation on flexible substrate may be to
adopt both low-k and high-k polymer dielectric layer in
stack since the low-k polymer provides good electric
strength and surface smoothness while the high-k one
may make the low voltage TFT operation possible. In the
present study of low voltage flexible pentacene OTFT fabri-
cation, we thus adopt a leakage-resistant 200 nm-thick
poly(vinylidene fluoride/trifluoroethylene) [P(VDF–TrFE)]
as a high-k polymer (k = 6–9) beneath a 30 nm-thin low-
k poly-4-vinyphenol (PVP) dielectric, that interfaces penta-
cene channel. Our pentacene OTFT demonstrates a high
mobility of 1.22 cm2/V s operating at �5 V on flexible plas-
tic substrate.

2. Experimental section

Al gate electrodes (width 320 lm) were patterned by
thermal evaporation on polyethersulfone (PES) films in a
vacuum chamber. The 200 nm-thick film of P(VDF–TrFE)
75/25 mol% copolymer was coated by spin casting 6 wt%
cyclohexanone solutions on Al gate pattern and the high-
k polymer was quenched by blowing N2 gas (99.9% purity)
at room temperature (RT) after being cured at 160 �C for
2 h in a vacuum oven, so that the P(VDF–TrFE) has little
crystalline ordering inside the film. Sequentially, the
30 nm-thick PVP layer was coated by spin casting 1 wt%
solutions and was exposed under UV lamp (254 nm wave-
length) for 10 min in air at RT as a curing process [13]. The
240 nm-thick PVP single layer was coated by spin casting
8 wt% solutions and was cured at 175 �C for 1 h in a vac-
uum oven [14]. Pentacene (Aldrich Chem. Co., 99% purity,
with no other purification) active channel layer was pat-
terned on the double polymer dielectric through a shadow
Fig. 1. (a) Schematic cross-section of our pentacene TFT with 240 nm-thick PVP
flexible pentacene TFTs on PES films. (c) Capacitance–voltage (C–V) curves o
insulators on ITO glass as measured from 250 lm-dia Au dot/dielectric/electrode
of both insulators.
mask at room temperature (RT) by thermal evaporation.
Deposition rate was fixed to 1 Å/s using an effusion cell
(ALPHAPLUS Co., LTE-500S) in a vacuum chamber (base
pressure �1 � 10�7 Torr). The thickness of pentacene films
was 50 nm as monitored by a quartz crystal oscillator and
confirmed by ellipsometry. Au pads were finally deposited
as source and drain electrodes by thermal evaporation in a
vacuum chamber (base pressure �2 � 10�6 Torr). The
nominal channel length (L) and width (W) of our pentacene
TFTs were 90 and 500 lm, respectively. Fig. 1a shows the
schematic cross-sectional views of our low voltage penta-
cene TFT with double polymer dielectric and high voltage
reference TFT with single PVP. Fig. 1b is a picture display-
ing our flexible pentacene TFTs.

The electrical properties of the double polymer and PVP
single dielectric layers were measured with 250 lm-dia Al
dot/dielectric/indium–tin–oxide (ITO) glass structures by
capacitance–voltage (C –V) and current density–electric
field (J –E) tests. All current–voltage (I –V) properties of
our TFTs and test structures were measured with a semi-
conductor parameter analyzer (HP 4155C, Agilent Technol-
ogies), and C –V measurements were made with a
capacitance meter (HP 4284 LCR meter, Agilent Technolo-
gies, 1 MHz) in the dark and in an air ambient (relative
humidity �40%) at RT. The dielectric surface morphologies
were observed by atomic force microscopy (AFM) (XE-100,
PSIA).

3. Results and discussion

Fig. 1c and d shows C–V and J–E characteristics of the
230 nm-thick PVP/P(VDF–TrFE) double and 240 nm-thick
PVP single dielectric layers on ITO glass, respectively. The
single and 230 nm-thick double polymer insulator. (b) The photograph of
f 240 nm-thick PVP single and 230 nm-thick double polymer dielectric
structures at 1 MHz (d) Current density–electric field (J–E) characteristics
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capacitance of the double polymer and PVP single dielec-
tric layers were 26�28 nF/cm2 and 12 nF/cm2, respec-
tively. Also, the dielectric constant (k) of the double
Fig. 2. (a) AFM images of 240 nm-thick PVP single insulator, (b) 30 nm-thin PV
layer deposited on ITO glass (5 lm � 5 lm).

Fig. 3. Drain current–drain voltage (ID–VD) output curves obtained from our pen
double polymer dielectric layers. Transfer curves (

p�ID�VG and log10(�ID)�VG) o
layers (obtained at VD = �20 V and VD = �5 V, respectively).
polymer and PVP single dielectric layers were �7.1 and
�3.2, respectively, estimated from the measured capaci-
tance values. The high capacitance of double polymer layer
P layer on 200 nm-thick P(VDF–TrFE) layer, and (c) 200 nm P(VDF–TrFE)

tacene TFTs with (a) 240 nm-thick PVP single layer and (b) 230 nm-thick
f the pentacene TFTs with (c) PVP single and (d) double polymer dielectric
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would assist the flexible organic TFT to operate in low volt-
age range. Similar dielectric strength of �2 MV/cm was
shown in the both double polymer and PVP single dielec-
tric layers. In spite of generic high leakage profile of crys-
talline-ordered high-k polymer (data not shown here)
[15], the double polymer dielectric layer composed of
30 nm-thin PVP and 200 nm-thick P(VDF–TrFE) showed
quite good leakage property. It is mainly because the thin
PVP layer inhibits the current leakage covering the rough
surface of P(VDF–TrFE) layer, and also because our
P(VDF–TrFE) layer obtained by N2 gas-quenching after
the 160 �C curing has fewer leakage paths than normal
crystalline-ordered polymer, which is conventionally ob-
tained by 135 �C curing and subsequent long term cooling
for good crystalline ordering. We expect that our P(VDF–
TrFE) layer is amorphous-like with little crystalline order-
ing. Also interesting to note is that the C–V curve of our
double polymer shows broad and weak butterfly peaks in
the voltage range between �20 and +20 V although the
butterfly effect vanishes in low voltage range (�5 to
+5 V). It is because our amorphous-like polymer still pos-
Fig. 4. Drain current behavior of the both devices observed under (a) constant ga
bias stress conditions (5 s on/off periods). On-state condition was VG = VD = �2 V
device with single PVP dielectric, while off-state condition was VG = 0 V at VD

respectively.
sess a little of ferroelectric property. However, those ferro-
electric properties are dejected by PVP-induced
depolarization during TFT gating and also subside by oper-
ating the TFT under a low voltage which is much lower
than coercive voltage (�±12 V according to the present
C–V data). This means that our double polymer layer can
be used as a dielectric for low voltage TFT without any
problem.

Fig. 2a–c shows the AFM surface images of the 240 nm-
thick PVP single layer, 230 nm-thick PVP/P(VDF–TrFE)
double polymer layer, and 200 nm-thick P(VDF–TrFE) sin-
gle layer on ITO glass. According to the Figs. 2a, b and c,
the surface roughness of PVP single, PVP/P(VDF–TrFE) dou-
ble, and P(VDF–TrFE) single layers on ITO glass was 0.4, 5
and 10 nm, respectively. Although initial surface of
P(VDF–TrFE) single layer was very rough, the final surface
of PVP/P(VDF–TrFE) double layer became much smoother
due to the thin PVP over layer.

Fig. 3a and b displays the drain current–drain voltage
(ID�VD) output curves obtained from our pentacene-based
TFTs with the 240 nm-thick PVP single and 230 nm-thick
te bias stress (vertical scale range: 5 � 10�8–3 � 10�7 A) and (b) dynamic
for device with double polymer layer and was VG = VD = �8 V for the other
= �2 and at �8 V for the devices with double polymer and single PVP,
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double polymer dielectric layers on PES films. Similar max-
imum saturation current (�2 lA) was achieved from the
TFTs with single PVP dielectric and double dielectric layers
but under different gate biases of �20 V and only �5 V,
respectively. According to the drain current–gate voltage
(
p

ID�VG) transfer curves of Fig. 3c and d, the pentacene
TFT with the double polymer dielectric showed a high field
mobility (saturation mobility) of 1.22 cm2/V s at �5 V
while that with PVP single dielectric layer displayed a field
mobility of 0.38 cm2/V s at �20 V. The threshold volt-
ages(VT) of pentacene TFTs with double polymer (Fig. 3d)
and PVP single layers (Fig. 3c) were about �2.5 V and
�7.5 V, respectively, but the pentacene TFT with double
polymer dielectric showed a relatively large gate-bias hys-
teresis while the other TFT with PVP single layer did not
display such hysteresis. It is very likely that the present
double polymer dielectric is somewhat unstable under
gate biases, because the P(VDF–TrFE) in our double poly-
mer layer is as weak as to allow the charge injection from
the gate electrode [16] or to allow the residual poling (slow
polarization) effect under negative gate bias sweep [16]. In
contrast the 240 nm-thick PVP single layer is known to be
very stable under the gate bias stress if gone through the
right curing process [14]. Since the leakage property of
our double polymer containing the high-k layer is a little
inferior to that of the single PVP (see J–E curves of Fig. 1),
gate electron injection to the bottom P(VDF–TrFE) is quite
a reasonable conjecture to explain this gate instability. The
log10(�ID) �V G curves of Fig. 3c and d showed the on/off
current ratios of 3 � 103 for the double polymer dielectric
device and �106 for the PVP single layer device. The max-
imum gate leakage current (IG) level is kept under less than
1 nA for the both cases.

Since the TFT with double polymer layer showed such
gate-hysteresis, we measured the gate stability of the
two TFTs under continuous and dynamic gate-bias stress
as shown in Fig. 4a and b, respectively [17]. As expected,
the drain current of pentacene TFT with the double poly-
mer dielectric layers continuously and more rapidly in-
creased (after on: VG = �2 V) or decreased (after off:
VG = 0 V) than that of the other TFT with thick single PVP
(on: VG = �8 V) as measured in repetitive 5 s periods
(Fig. 4b), but according to Fig. 4a the ID increase of the
TFT with double-polymer dielectric becomes quite satu-
rated as the stress time elapses, although its initial increase
was rapid. We do not exactly know why this saturation
takes place but it seems that injected electrons stay some-
where in the bottom P(VDF–TrFE) making some negative
charge states, finally to play as coulomb blockade against
the next coming gate electrons. Time dependent dielectric
breakdown experiments on our double polymer layer are
necessary as a future study but it is now regarded that
our pentacene TFT with the double polymer dielectric is
not so much unstable and is possibly promising as a driv-
ing component in E-book application.
4. Conclusion

In summary, we have fabricated flexible low-voltage
pentacene TFTs with 30 nm-thin PVP/200 nm-thick
P(VDF–TrFE) double polymer dielectric. The 230 nm-thick
double polymer dielectric layer showed a good dielectric
strength (�2 MV/cm) and a high capacitance
(over�26 nF/cm2), allowing our pentacene TFT to operate
under a low voltage of �5 V along with a maximum chan-
nel mobility of 1.22 cm2/V s and an on/off current ratio of
�3 � 103. Although our TFT displayed some degree of
ID�VG hysteresis due to the gate electron injection and
remnant polarization in P(VDF–TrFE) layer, we conclude
that our thick double polymer layer is quite a promising
candidate as a gate dielectric for flexible low-voltage dri-
ven pentacene TFTs.
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a b s t r a c t

We report on the fabrication of rubrene thin-film transistors (TFTs) with surface-modified
dielectrics adopting several kinds of self-assembled-monolayer (SAM) on SiO2/p+�Si sub-
strate. With the dielectric of lower surface energy, the crystalline rubrene growth or amor-
phous-to-crystalline transformation kinetics is faster during in-situ vacuum post-
annealing, which was performed after rubrene vacuum deposition. In the present study,
hexamethyldisilazane (HMDS) was finally determined to be the most effective SAM inter-
layer for polycrystalline rubrene channel formation. Our rubrene TFT with HMDS-coated
SiO2 dielectric showed quite a high field mobility of �10�2 cm2/V s and a high on/off cur-
rent ratio of �105 under 40 V.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Rubrene transistors with crystalline channels, as fabri-
cated by solution- or vapor-induced processes, recently at-
tracted much attention, displaying high mobilities
exceeding those of pentacene thin-film transistors (TFTs)
that usually have vacuum-deposited patterned channels
[1–6]. This means that rubrene TFTs may have higher
potentials than those of pentacene TFTs even in patterned
device form. However, until recent years rubrene TFTs
could hardly draw such a desirable device performance
from vacuum-deposited patterned channels [7]. It is
mainly due to process-dependent difficulties of vacuum-
deposition (thermal evaporation) method in obtaining
crystalline channels on a dielectric substrate; this vacuum
. All rights reserved.

x: +82 2 392 1592.
process could hardly obtain good crystalline rubrene film
because the evaporated rubrene molecules could not easily
overcome the energy barrier to the planar conformation [8]
In addition, considering the fact that the surface chemical
state of the dielectric is important for the formation of
crystalline organic semiconductor layers although those
studies appeared in lack of systematic understanding or
uncertain in terms of device performance [6,9]. Therefore,
in order to achieve a high performance rubrene TFT with
vacuum-deposited channel pattern, it is very desirable to
exploit the previously-found deposition conditions [10]
on an optimally-modified dielectric surface. We thus, as
the first step, implemented a systematic study for the crys-
talline growth of vacuum-deposited rubrene film on sev-
eral dielectric surfaces modified with such a variety of
self-assembled-monolayers (SAMs) as Hexamethyldisilaz-
ane (HMDS), 7-octenyltrichlorosilane (7-OTS), and Tri-
chloro(1H,1H,2H,2H-perfluorooctyl)Silane (FTS) in the
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order of hydrophobic tendency. Then as the next step of re-
search, we have fabricated channel patterned rubrene TFTs
with those surface-modified dielectrics to determine an
optimal SAM layer leading to the best performance rub-
rene TFTs with enhanced mobilities.

2. Experimental section

A 200 nm-thick conventional thermal silicon oxide
(SiO2) on p+�Si was used as substrates (or gate dielectrics).
In order to modify the surface states of our dielectrics,
HMDS, 7-OTS, and FTS were applied onto the substrates
using the following universal methods [11–15]; prior to
the surface modification of SiO2 substrates, the substrates
were cleaned with acetone, methanol, and de-ionized
water in that order, and then the substrates reacted with
7-OTS and FTS solution (0.1 wt.%) using hexane as the sol-
vent by immersion for 1 h at room temperature (RT). In
HMDS coated sample case, it was coated on the SiO2 sub-
strates by spin casting at RT. After that, the SAM-modified
samples were dried in the vacuum oven at 100 �C for 1 h.

The rubrene channel layers (Aldrich, �99.19% purity)
were initially deposited on the substrates at 40 �C by ther-
mal evaporation. After deposition, we immediately carried
out in-situ post-annealing at 80 �C for 17 h. For source/
drain (S/D) of the rubrene TFTs, 100 nm-thick Au was then
evaporated onto the rubrene channels at RT. Nominal
channel length and width of our rubrene TFTs were 90
and 500 lm, respectively. All electrical characterizations
were carried out with a semiconductor parameter analyzer
(Model HP 4155C, Agilent Technologies) in the dark. Atom-
ic force microscopy (AFM: model XE-100, PSIA) was carried
out on the surfaces of our rubrene channels and SAM-trea-
ted dielectrics. Absorption measurements were also per-
formed for HMDS-, 7-OTS-, FTS-functionalized, and un-
functionalized 80 nm-thick rubrene films on Corning glass
with a Varian Cary 5G Spectrophotometer.

3. Results and discussion

Table 1 shows the information on the de-ionized water
contact angles (c.a.) of pristine, HMDS-treated, 7-OTS-trea-
ted, and FTS-treated SiO2, listed in the order of dielectric
surface energy. In view of AFM image those pristine or
modified dielectric surfaces appeared nearly identical
(root-mean-square roughness, Rrms; 0.2–0.3 nm for all).
The information on the c.a. is very important here because
only the surface energy may influence on the rubrene
channel formation and the effects from surface roughness
can be ignored in our experiments.

Fig. 1a–d are the optical micrographs of rubrene sur-
faces obtained by thermal evaporation of rubrene mole-
cules at a substrate temperature of 40 �C and subsequent
Table 1
Contact angle measured from (a) Pristine, (b) HMDS treated, (c) 7-OTS
treated, and (d) FTS treated SiO2.

Pristine HMDS 7-OTS FTS

Contact angle �40� �60� �85� �117�
in-situ vacuum annealing at 80 �C for 17 h. [10] on SiO2

substrate surfaces modified with various SAMs: (a) pris-
tine, (b) HMDS, (c) 7-OTS, and (d) FTS. In the figures, the
photos I, II, and III are �90, �140, and �3.5 times magni-
fied images of rubrene film surfaces, respectively. Accord-
ing to the photo I in Fig. 1a–d, the final radii of
crystalline rubrene discs grown in the same post-anneal
period were observed to be 300 lm, 400 lm, 500 lm,
and more than 500 lm on pristine, HMDS-, 7-OTS-, and
FTS-treated SiO2, respectively, along in the inverse order
of the hydrophobic tendency of dielectric surfaces. This
means that the growth rate of the nuclei becomes faster
with the lower dielectric surface energy. These phenomena
may be understandable based on a classical nucleation and
growth theory as we deploy it in a simplified manner as
follows;

DG ¼ pR2dDGc þ pR2ðc3 � c1Þ þ 2pRdc2 ð1Þ

where DG is the total free energy necessary for the amor-
phous-to-crystalline phase transition of rubrene disc, R and
d are the radius and thickness of the crystalline rubrene
disc, DGc is bulk free energy for the phase transition, c1

and c3 are the interface energies of dielectric/amorphous
and dielectric/crystalline rubrene, respectively. c2 is the
interface energy between amorphous and crystalline rub-
rene. Since we want to derive a critical radius (Rc) of crystal
rubrene disc, it can be determined from the following Eq.
(2) if the equation satisfies the next conditional formula
(3).

oDG
oR

� �
¼ 2pðdDGc þ c3 � c1ÞRþ 2pdc2 ¼ 0 ð2Þ

o2DG

oR2

 !
¼ 2pðdDGc þ c3 � c1Þ < 0

Here, DGc and c3�c1 are always negative values because
crystalline phase must be more stable than amorphous
phase ðDGc < 0Þ and c3 is usually smaller than c1 ðc3�
c1 < 0Þ.

Therefore formula (3) is satisfied. We thus could derive
Rc from Eq. (2).

RC ¼ �
dc2

ðdDGc þ c3 � c1Þ
ð3Þ

Here c1 is probably almost the same for all the SAM-
modified SiO2 while c3 should vary with the chemical state
of dielectric substrate. According to our experimental re-
sults on the growth rate, it is deduced that the c3 decreases
with the hydrophobic tendency of dielectrics and also that
with the stronger hydrophobic dielectric surface the mag-
nitude of Rc becomes smaller. This means that the crystal-
line rubrene nuclei on the FTS-modified SiO2 are relatively
easy to go to the stable growth stage due to their small Rc

or small energy barrier conditions compared to those of
pristine SiO2. Since the growth of the crystalline discs be-
comes fast once they overcome the Rc condition, it is now
understandable that why the dielectrics of the low surface
energy display large-sized rubrene discs here. Photo II
shows a merged form of crystalline nuclei and their grain
boundaries.



Fig. 1. Optical microscope images of rubrene thin-film surfaces prepared by in-situ vacuum annealing (at 80 �C for 17 h), which follows the rubrene film
deposition at 40 �C on various SiO2 substrates with (a) Pristine, (b) HMDS-treated, (c) 7-OTS-treated, and (d) FTS-treated surfaces. Photo I, II, and III are �90,
�140, and �3.5 magnified surface images of rubrene film.
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On the one hand, it is also worthy of note from the
photo III of Fig. 1a–d that the number of rubrene crystal
discs dwindles with the lowered surface energy. Although
why the number of crystals decreases with the surface en-
ergy decrease of dielectric is not quite clear, we can suggest
an assumption that the number of nucleation sites are
somewhat related to that of OH groups on the dielectric
surface or that the surface OH groups play as main seeds
of nucleation sites for the crystalline discs. As an extreme
case, FTS-treated SiO2 surface rarely allows to show any
disc shape crystals but seems to show only one grain of
crystalline rubrene because it has very small surface en-
ergy and thus contains only a small number of nuclei while
the growth rate of the nuclei is much fast enough to cover
the whole surface area during the process time after all.
The next best coverage (>90%) with the crystalline phase
resulted from the HMDS-modified SiO2 surface. This good
result might come from an optimum phase transition con-
dition which is achievable with large numbers of nucle-
ation site and proper growth rate as well. Since the
surface coverage with the crystalline phase is important
to obtain a high mobility TFT device, this nucleation and
growth issue must be taken into good consideration. In
the case of bare hydrophilic SiO2 dielectric, the nucleation
site is many but the growth speed is too slow to cover the
whole area of the dielectric surface with the crystalline
phase (resulting in only �40% coverage). In contrast, the
7-OTS-modified SiO2 contains only a small number of
nucleation sites while it allows the nuclei to grow so fast
(�70% coverage).

Fig. 2a–d shows AFM images of 80 nm-thick rubrene
films grown on (a) pristine SiO2, (b) HMDS-treated SiO2,
(c) 7-OTS-treated SiO2, and (d) FTS-treated SiO2. The AFM
surface image (5 lm � 5 lm) of rubrene in a few hundred
lm–dia. crystalline disc on pristine SiO2 shows lamellar-
like orientation and is generally similar to those of crystal-
line films grown on HMDS- and 7-OTS-treated SiO2. (They
showed (200) orientation in previous X-ray diffraction
analysis [10]). It is very interesting, however, that the rub-
rene films on FTS-treated SiO2 substrates show somewhat
different AFM surface image distinguishable from those of
other samples. Crystalline rubrene film grown on FTS-trea-
ted SiO2 displayed rather directionless micro-grains unlike
the other cases. The growth speed of rubrene crystals on
FTS-modified SiO2 is probably too high to keep the direc-
tional morphologies and thus the speed results in some-
what directionless or dendritic outcome as micro-grains,
whose appears random and their sizes are so small
(�1 lm dia.). In addition to optical microscopy and AFM
analysis, we implemented absorption measurement to
again confirm the crystalline quality of the four types of
80 nm-thick rubrene films on clear glass substrate, which
has correspondingly SAM-modified surfaces. As shown in
this optical measurement of Fig. 2e, we clearly observed
the rubrene crystalline quality with respect to the sub-
strate hydrophobicity. As expected, HMDS- and FTS-func-
tionalized rubrene films displayed the similarly intense
peak signatures representing the best crystalline quality
among the four samples while the rubrene film on bare
SiO2 showed weak crystalline signature. These results are
quite consistent with those from optical microscopy of
Fig. 1a–d, where our HMDS- and FTS-functionalized rub-
rene films displayed similar crystalline coverage of 90%
and 100%.



Fig. 2. AFM images of rubrene thin-film deposited on (a) Pristine, (b) HMDS-treated, (c) 7-OTS-treated, (d) FTS-treated SiO2, and (e) absorption spectra of
those 80 nm-thick rubrene thin-films deposited on correspondingly SAM-treated glass.
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In order to determine the optimum rubrene TFT with
the highest performance potentials, we have fabricated
four types of TFT devices adopting aforementioned SAM-
modified SiO2 and pristine SiO2 as gate dielectrics. The in-
set of Fig. 3 shows 3-dimensional (3-D) schematic drawing
of our rubrene TFTs and the Fig. 3 shows the drain current–
drain voltage (ID–VD) output curves obtained from the four
rubrene TFTs: TFTs on pristine, HMDS-treated, 7-OTS-trea-
Fig. 3. Output characteristics (ID vs. VD) of the rubrene TFTs with
ted, and FTS-treated 200 nm-thick SiO2 dielectrics. Accord-
ing to the output curves, rubrene TFTs with pristine and
7-OTS-treated SiO2 exhibited almost the same saturation
level of drain current (ID,sat �60 nA) at the gate bias (VG)
of �40 V but the ID,sat level of devices obtained from
HMDS-treated and FTS-treated SiO2 were 220 and
245 nA, respectively which are much higher than 60 nA
at the same VG. These results were reflected by the
pristine, HMDS-, 7-OTS-, and FTS-treated SiO2 dielectrics.



Fig. 4.
p�ID vs. VG and Log(�ID) vs. VG transfer curves of the rubrene TFTs with (a) pristine, (b) HMDS-, (c) 7-OTS-, and (d) FTS-treated SiO2 dielectrics.
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corresponding drain current-gate bias (ID–VG) transfer
curves of Fig. 4a–d. Under a drain-source bias (VDS) of
�40 V our organic TFTs with (a) pristine, (b) HMDS treated,
(c) 7-OTS treated, and (d) FTS-treated SiO2 dielectrics
exhibited the saturation field effect mobilities of 0.0020,
0.0080, 0.0024, and 0.0050 cm2/V s, respectively (and by
extending the annealing time (24 h) for the rubrene film
on HMDS-treated surface, we could achieve a little higher
mobility of �0.01 cm2/V s). All the rubrene TFTs displayed
on/off current ratio of �105 except the one with FTS-trea-
ted SiO2, which showed only �103. In terms of on-state
current and mobility, we could regard that the organic
TFTs with HMDS- and FTS-treated dielectrics displayed
good potentials toward device performance. Their high
mobilities are certainly because their rubrene channels
have been mostly covered by crystalline phase, which
must be true in that the crystalline coverage of the HMDS-
and FTS-treated cases was 90% and 100%, respectively (see
Fig. 1a–d). However, in terms of the off-state current and
sub-threshold swing the OTFT with FTS-treated SiO2 ap-
pears less desirable than the other one with HMDS-treated
SiO2 dielectric, displaying two orders of magnitude higher
off-current. As the AFM image of crystalline rubrene film
grown on FTS-treated dielectric shown in Fig. 2d, the film
contains many micro-grains as a result of the fast crystal-
line growth. Consequently the total grain boundary area
becomes large and as a matter of fact the boundary area
may play as carrier trap center. Many of trapped whole
charges are de-trapped at a depletion state under a gate
bias for off-state, resulting in an elevated level of off-state
current.
4. Conclusion

In summary, we have implemented a systematic study
for the crystalline growth of vacuum-deposited rubrene
film on several dielectric surfaces modified with HMDS,
7-OTS, and FTS in the order of hydrophobic tendency, in or-
der to achieve or determine an optimal SAM layer leading
to optimum OTFT performance in both terms of mobility
and on/off ratio. Our rubrene TFT with HMDS-coated SiO2

dielectric showed quite high field mobility of 0.008–
0.01 cm2/V s and on/off current ratio of �105 under 40 V.
We conclude that HMDS is presently the most effective
and promising SAM interlayer for polycrystalline rubrene
channel formation, which involves an amorphous-to-crys-
talline phase transition during post-annealing.
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a b s t r a c t

We report the influence of thickness and thermal annealing of the poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS) layer on the performance of bulk
heterojunction solar cells made from blends of regioregular poly(3-hexylthiophene) and
1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61. Results show that the power conversion
efficiency was significantly improved by inserting the PEDOT:PSS layer but was not
strongly sensitive to either the layer thickness or the annealing temperature. Although
the short circuit current density was enhanced slightly by annealing the PEDOT:PSS layer
at high temperatures, the fill factor was slightly decreased. The trend in device
performance could not be explained by the observed changes in the work function of the
PEDOT:PSS layer.

� 2008 Elsevier B.V. All rights reserved.
Since the first reports of organic solar cells based on
blends of conjugated polymers and fullerene derivatives
[1,2], device performance has been greatly improved by
selection of materials with suitable energy levels, control
of nanomorphology [3] either during film deposition [4]
or using post-fabrication procedures such as thermal
annealing [5–9], and by optimisation of electrode materials
[10]. Devices made from the well studied combination of
poly(3-hexylthiophene) (P3HT) and 1-(3-methoxycar-
bonyl)-propyl-1-phenyl-(6,6)C61 (PCBM) have been re-
ported to produce power conversion efficiency (PCE) of
. All rights reserved.

ectronics Laboratory,
National University,
4–5% [4,7,8,10], while devices made from poly[2,6-(4,4-
bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0]-dithioph-
ene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT):PCBM
blend have been reported to produce PCE of up to 5.5%
[11].

Most of these high efficiency polymer:fullerene
solar cells are made with a poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS) layer, which
is inserted between the transparent electrode, typically in-
dium-tin oxide (ITO) and the light-absorbing organic layer.
The positive effect of this PEDOT:PSS layer on device per-
formance has been attributed to improved selectivity of
the anode, on account of the higher work function relative
to ITO [12], improved smoothness of the electrode/active
layer contact [13], and increased photovoltage through
the surface enrichment of PSS components [14]. Despite
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Fig. 1. (a) (Left) J–V characteristics (AM 1.5, 85 mW/cm2) of devices with
non-annealed P3HT:PCBM layer (70 nm) and non-annealed PEDOT:PSS
layer of which thickness is 0 (ITO only; black line), 60 (gray line), 65
(orange line), 70 (purple line), 85 (sky blue line), 100 (blue line), 110
(green line), and 165 nm (red line). (Right) Ideal flat energy band diagram
for the device with the PEDOT:PSS layer; (b) JSC (filled squares), VOC (open
circles), FF (filled upward triangles), and PCE (open downward triangles)
as a function of PEDOT:PSS layer thickness. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article).
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the apparent importance of the PEDOT:PSS layer for high
efficiency [4,7,8,11], the device performance has not yet
been correlated to the specific properties of the PEDOT:PSS
layer such as thickness, conductivity and morphology.
Moreover, the literature contains quite a range of
PEDOT:PSS layer thicknesses and annealing treatments,
even for otherwise similar devices [6,15–18].

Here we report studies of the effect of thickness and
annealing temperature of the PEDOT:PSS layer on the per-
formance of bulk heterojunction solar cells made with
blends of regioregular P3HT and PCBM. The results are con-
sidered in terms of variations in work function, conductiv-
ity and surface morphology of the PEDOT:PSS layers.

The P3HT:PCBM (50 wt.% PCBM) solution was prepared
in chlorobenzene as reported previously [6]. PEDOT:PSS
(Baytron P standard grade, HC Starck) layers were prepared
by spin-coating onto pre-cleaned ITO-coated glass sub-
strates [6]. For the study of thickness dependence, layer
thickness was varied from 60 to 165 nm by varying spin
rate, and films were then soft-baked at 50 �C for 15 min.
A 70 nm thick P3HT:PCBM active layer was then deposited
by spin-coating at 2500 rpm. To study annealing tempera-
ture, the thickness of PEDOT:PSS layer was fixed at 70 nm
and the PEDOT:PSS coated substrates were annealed for
15 min at temperatures from 75 �C to 230 �C using a preci-
sion hot plate which has a glass cover to protect samples
from moisture attack from outside. A 90 nm thick
P3HT:PCBM layer was then deposited on top by spin-coat-
ing at 1500 rpm. Devices of 4.5 mm2 were defined by ther-
mal evaporation of aluminium top contacts through a
shadow mask. In each case about 18 devices were fabri-
cated to check the reproducibility of resulting data. In or-
der to minimize the sample-to-sample variation of device
performance we measured pixels in similar positions on
each substrate. Since annealing of the active layer (after
complete device fabrication) significantly affects device
performance and may also affect the PEDOT:PSS layer, each
device set was replicated. One set of devices was not fur-
ther annealed (non-annealed or ‘NAN’ devices) and the
other set was further annealed at 140 �C for 15 min (an-
nealed or ‘AN’ devices).

The photovoltaic characteristics of devices were mea-
sured as described in Ref. 6, but with an incident light
intensity of simulated solar light of 85 mW/cm2. The work
functions of the PEDOT:PSS layers were calculated from
the chemical potential that was measured by using a
Kelvin probe (Kelvin Control 07, Besocke Delta Phi Gmbh)
by comparison to a gold reference. The surface morphology
of the PEDOT:PSS layers and ITO was measured by using an
atomic force microscope (AFM, Burleigh). The sheet con-
ductivity was measured using a four point probe
(Newport).

Fig. 1a shows the current density – voltage (J–V) charac-
teristics of as-fabricated P3HT:PCBM devices with different
PEDOT:PSS layer thicknesses. The data show that device
performance is improved by inserting the PEDOT:PSS layer,
irrespective of its thickness. This result is in good agree-
ment with the previous result for vacuum deposited small
molecule (C60: copper phthalocyanine) solar cells [19].
Here the sigmoidal J–V shape for the device without the
PEDOT:PSS layer can be attributed to an interfacial barrier
between ITO and the active layer which can cause slow
charge transfer [20]. The increased short circuit current
density (JSC) and fill factor (FF) on inclusion of the
PEDOT:PSS layer are attributed to the improved efficiency
of hole transfer between P3HT and PEDOT:PSS compared
to hole transfer between P3HT and ITO. Because the work
function of ITO is approximately 0.3–0.5 eV lower than
the ionisation potential of P3HT, a barrier exists for hole
injection at the ITO-P3HT interface. In contrast, the higher
work function of PEDOT:PSS (measured by Kelvin probe
and shown in Fig. 3) means that the contact will be ohmic
for holes (see the flat energy band diagram in Fig. 1a).

The open circuit voltage (VOC) was also observed to in-
crease on insertion of the PEDOT:PSS layer. Since the same
P3HT:PCBM layer is used for each device, this change in
VOC can be attributed primarily to the effect of the signifi-
cantly (>0.4 eV) increased work function relative to ITO:
Better matching of the electrode work functions with the
transport levels of the active materials allows the open cir-
cuit voltage to approach closer to the theoretical limit for
any combination of donor and acceptor. As a result, the
insertion of PEDOT:PSS layer improved PCE by a factor
of 1.8.
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Device performance was not strongly sensitive to
PEDOT:PSS film thickness over the range measured (60–
165 nm). The trend in JSC is in moderately good agreement
with theoretical calculations which predict a gradual de-
crease in JSC of some 10% of its value as the PEDOT:PSS
layer thickness is increased from 50 nm to 160 nm, with
a local maximum in the region 100–140 nm, for the active
layer thickness used here [17]. Only approximate agree-
ment can be expected with such calculations for perfectly
planar structures, on account of the roughness of the ITO
and PEDOT:PSS layers (see below) that are used in practice.
Finally, we note that the shape of J–V curves was not influ-
enced by the PEDOT:PSS layer thickness. This indicates that
the overall charge collection efficiency is not strongly af-
fected by any variation in PEDOT:PSS film morphology
due to different spin-coating speed. The linear shape of
the J–V curves near VOC is most likely the result of serial
resistance due to relatively low conductivity of the soft-
baked PEDOT:PSS films, as discussed in detail below.

Next, the effect of thermal annealing of the PEDOT:PSS
layer (thickness = 70 nm) was studied for both NAN de-
vices and AN devices. As shown in Fig. 2a and b, the J–V
characteristics of neither set of devices was significantly
affected by the annealing temperature of the PEDOT:PSS
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Fig. 2. (a) J–V characteristics (AM 1.5, 85 mW/cm2) of devices: ‘NAN’
denotes the devices with non-annealed P3HT:PCBM layer (90 nm) and
PEDOT:PSS layer (70 nm) annealed at 75 (black solid line), 140 (red
dashed line), 230 �C (blue dash-dot line), while ‘AN’ represents the
annealed devices of the ‘NAN’ devices at 140 �C for 15 min. (b) JSC, VOC, FF,
and PCE as a function of PEDOT:PSS annealing temperature: Red open
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(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).
layer, although all AN devices show a much higher JSC than
NAN devices, as previously reported [4–6]. Both NAN and
AN devices show a slight increase in JSC upon annealing
the PEDOT:PSS layer at high temperatures (Fig. 2b) while
the FF reduces slightly. As the annealing temperature of
the PEDOT:PSS film affects the intensity but not the shape
of external quantum efficiency spectra (data not shown),
these JSC trends are unlikely to be caused by a change in
morphology of the photoactive layer but may relate to
the morphology or conductivity of the PEDOT:PSS layer.
Therefore the effect of thermal annealing of the PEDOT:PSS
layer on these properties was studied.

The work function (Fig. 3 top panel) is observed to de-
crease monotonically with the annealing temperature, in
accordance with a previous report by Huang et al. [21].
This suggests that the surface concentration of PSS compo-
nents is reduced with an increase in annealing tempera-
ture. The drop in work function cannot explain the
increase in JSC but is small enough (<0.15 eV) for the
PEDOT:PSS – P3HT contact to remain approximately ohmic
over the range of annealing temperatures explored, and
therefore it is unlikely to be expected to degrade perfor-
mance. In contrast, as shown in Fig. 3 (bottom panel), the
conductivity is observed to increase as annealing tempera-
ture is increased above 100 �C, and then decrease as the
annealing temperature is increased above 200 �C. This
change in conductivity is likely due to a change in oxida-
tion state of the polymer, where heating at temperatures
between 100 and 200 �C cause an increase in oxidation
state, but heating above 200 �C causes over-oxidation and
degradation of the film [21–24]. Although the change in
sheet conductivity at high annealing temperatures corre-
lates with FF, possibly due to and increase in series resis-
tance, it does not correlate to the change in JSC, and so
cannot explain the increase in JSC at annealing tempera-
tures in the range 160–200 �C. However, the four point
probe technique is not sensitive to changes in conductivity
in the direction perpendicular to the substrate, which
could result in this case from changes in the vertical
distribution of PSS within the layer and could also
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Fig. 3. Work function (WF, top panel) and conductivity (r, bottom panel)
of PEDOT:PSS layers (70 nm thick) as a function of annealing temperature.



Fig. 4. AFM images (1 � 1 lm) of ITO surface (a; Rg = 3.3 nm) and PEDOT:PSS layer (70 nm thick) annealed at 75 �C (b; Rg = 6.9 nm), 140 �C (c; Rg = 5.8 nm),
and 230 �C (d; Rg = 1.4 nm).
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influence JSC. Measurements of the change in surface
roughness of the PEDOT:PSS layer upon thermal annealing
suggest an alternative explanation for the increase in JSC.
AFM images (Fig. 4) show that while annealing of the PED-
OT:PSS layer at 140 �C leads to fluctuations in thickness of
tens of nm, a much smoother film results from annealing
above 200 �C. The smoother surface should enable a more
uniform interfacial contact between the PEDOT:PSS and
P3HT:PCBM layers, after thermal annealing of the active
layer, and so avoid local fluctuations in collection efficiency
that could limit JSC.

With regards to VOC, thermal annealing of the
PEDOT:PSS layer improved VOC for NAN devices irrespec-
tive of annealing temperature. As for JSC, this cannot be
attributed to the enrichment of PSS components on the
surface of PEDOT:PSS layer as previously reported [14].
The higher VOC in AN devices than NAN devices (regardless
of PEDOT:PSS annealing temperature) can be explained by
the previously reported effects of thermal annealing on
charge recombination kinetics [7] and on vertical distribu-
tion of components [25]. The combined trends lead to a the
highest PCE (3.5%) for annealed devices at a PEDOT:PSS
annealing temperature of 230 �C but no clear optimum
for non-annealed devices.

In summary, the performance of P3HT:PCBM blend
solar cells was significantly improved by addition of a
PEDOT:PSS layer, as previously reported. The short circuit
current density decreases slightly with increasing thick-
ness of this layer (over a range 60–165 nm) in agreement
with theoretical calculations. Thermal annealing of the
PEDOT:PSS layer at high temperatures (200–230 �C) in-
creased JSC slightly but decreased FF. It is proposed that
these influences are caused by variations in conductivity
and surface roughness of the PEDOT:PSS layers with ther-
mal annealing temperature. The work function was also
observed to decrease with an increase in annealing tem-
perature whilst remaining high enough to provide an oh-
mic contact with P3HT and is consistent with the small
observed trend in VOC. The small variation in PCE with
annealing temperature is consistent with the large varia-
tion in annealing temperature (10–230 �C) of PEDOT:PSS
layers commonly used in devices reported in the literature.
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In this paper, we report the fabrication of permeable metal-base organic transistors based
on N,N0-diphenyl-N,N0-bis(1-naphthylphenyl)-1,10-biphenyl-4,40-diamine (NPB)/C60 het-
erojunction as both emitter and collector. By applying different polarities of voltage bias
to the collector and the base, and input current to the emitter, the ambipolar behavior
can be observed. The device demonstrates excellent common-base characteristics both
in P-type and N-type modes with common-base current gains of 0.998 and 0.999,
respectively.

� 2008 Elsevier B.V. All rights reserved.
In recent years, organic transistors are technologically Ambipolar organic transistors have been fabricated by

interesting because they could serve as the main compo-
nent in cheap and flexible electronic circuits, such as flex-
ible displays [1,2] and integrated circuits [3,4]. For the
development of electronic circuits based on organic semi-
conductors, the transistors need to go beyond unipolarity.
The simultaneous transport of both types of carriers could
lead to a simplification in the design of the complementary
logic circuits, allowing at the same time to reduce power
dissipation and increase noise margins. As a consequence,
a lot of efforts have been made towards the fabrication
and optimization of ambipolar transistors [5–11].
. All rights reserved.

357; fax: +86 431

gen), mdg1014@ciac.
applying blends [5–7], bilayers of holes and electrons trans-
porting materials [8], interface dopant [9] and electron
injection electrodes [10]. Recently, transistor with vertical
structure achieving ambipolar characteristics by inserting
a transition-metal-oxide layer at the source/organic inter-
face to form a unique nanoscale structure was reported
[11]. In this letter, we fabricated another type of vertical
structure organic transistors, namely permeable metal-base
organic transistors, based on N,N0-diphenyl-N,N0-bis(1-
naphthylphenyl)-1,10-biphenyl-4,40-diamine (NPB)/C60 het-
erojunction as the emitter and the collector, and Al/Al:Ca/Al
base electrode. It is found that the devices showed ambipo-
lar behavior with common-base current gains of 0.99 for
both, P-type and N-type modes, respectively.

Fig. 1a shows the schematic diagram of the studied de-
vice structure. The patterned ITO glass substrate was first
cleaned and dried, and then put in a vacuum chamber.

mailto:iah@fisica.ufpr.br
mailto:mdg1014@ciac.jl.cn
mailto:mdg1014@ciac.jl.cn
http://www.sciencedirect.com/science/journal/15661199
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At a pressure of �5 � 10�4 Pa, a 5 nm thick vanadium
oxide (V2O5) film, a 10 nm C60 film, a 50 nm NPB film, a
5 nm Al film and a 15 nm Ca:Al alloy film were evaporated
in sequence on ITO. Amongst, the heterojunction consist-
ing of C60/NPB was used as the collector, and the V2O5

was used as the buffer layer to enhance the injection of
charge carriers. Ca and Al were co-evaporated to form
the Ca:Al alloy layer. The evaporation rates of aluminum
and calcium were 0.2 nm/s and 0.1 nm/s, respectively. At
this time, taking out the samples and annealing them at
120 �C for five minutes in air. After annealing, the samples
were putted in the vacuum again. When the vacuum
achieved �5 � 10-4 Pa, then a 5 nm Al, 50 nm NPB, 10 nm
C60, 5 nm V2O5 and 120 nm Al films were in turn deposited
to finish the fabrication of the devices. Thus the NPB/C60

heterojunction forms the emitter and the Al/Ca:Al/Al forms
the base. All the organic layers and V2O5 were deposited at
a rate of 0.2 nm/s with the substrate temperature main-
tained at room temperature. The device area defined as
the overlap of three electrodes was 6 mm2. The electric
characteristics measurements were performed in the dark
using two Keithley 2400 Sourcemeters. For the measured
results throughout this work, we use the following defini-
tion, VBE � VB � VE; VCB � VC � VB, and when the device is in
P-type mode, IE and IC are positive, whereas the input/out-
put currents are negative, this device operates in N-type
mode. The subscripts E, B and C denote emitter, base and
collector, respectively. Fig. 1b and c show the operating
modes for P-type and N-type cases, respectively.

By applying different polarities of voltage biases be-
tween the collector and the base, and the input current to
the emitter, the ambipolar behavior can be observed. In
Fig. 2a and b, the common-base characteristics are plotted
for P- and N-type devices. When operated as a P-type device
with the measurement shown in Fig. 1b, the device demon-
strates excellent common-base characteristics, as shown in
Fig. 2a. For increasingly negative �VCB, there is a sharp in-
crease in negative IC for holes injection from the collector
through the C60/NPB heterojunction to the base. When�VCB

increases to positive values, the IC meets a plateau soon and
keeps the value IC ffi IE afterward. The device also gives out
fine N-type common-base characteristics, as presented in
Fig. 2b, when working in N-type mode in Fig. 1c. It can be
observed that �IC is negative and large at VCB = �6 V,
accounting for the presence of electrons injection between
the collector and the base, and increases with the increas-
ing of VCB up to a saturation value close to the selected
�IE. The insets depict output current IC dependence on in-
put current IE at VCB = 0 V, which offer the calculation of
the common-base gain a � @IC

@IE
, to be about 0.998 and

0.999 for P- and N-type modes, respectively. These high
common-base gains indicate that whether charge carriers
are injected by the emitter are able to be transferred
through the C60/NPB heterojunction and cross the base,
being collected by the collector.

Fig. 3 shows the variation of VE necessary to maintain
IE constant during the VCB scan. As can be seen,
dVEB=dVCBj j ffi 1 at different values of IE, ranging from

100 lA (bottom) to �100 lA (top) at steps of �10 lA, indi-
cating that the device operates as PBT both in P-type and
N-type modes [12]. As known, the process that charge
transfer between the emitter and collector occurs mainly
through small openings in the base layer, rather than by
ballistic transport across it, is the principle behind PBTs
[12]. In our devices, openings formed by annealing.
Annealing caused the base layer Al:Ca to be oxidized par-
tially and result in a ultra thin oxidized surface and pin-
like-oxide penetrated into the base layer due to the easier
oxidation of the calcium in air with respect to aluminum.
Obviously, the pin-like-oxide can act as the efficient open-
ings, thus the carriers transport from the emitter to the col-
lector, rather than shield by the thick base electrode [13].
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Moreover, the ambipolar PBTs exhibit good air stability.
After 33 days exposed to environmental atmosphere, the
devices were measured again and there was no observable
changes in common-base characteristics. P-type PBTs
based on NPB as emitter and collector showed different
behavior, i.e., did not demonstrate any performance ex-
pected for PBTs after only 5 days stored in air. We consider
that the air stability of the ambipolar PBTs can be attrib-
uted to the utilization of C60/NPB heterojunction with the
air-stable C60.

It can be seen that the ambipolar characteristics can not
be achieved when the C60/NPB heterojunction is not used
in such devices. It is well known that heterojunctions can
well be used to improve the performance of organic opto-
electronic devices due to the possibility of control of the
charge injection, transport and confinement by the change
of energy barriers [14,15]. Obviously, the C60/NPB hetero-
junction plays an important role in the achievement of
the ambipolar characteristics in our PBTs, also contribution
to the long term stability of the devices, which constitute a
key point when practical applications are considered.

For further understanding of the origin of ambipolar
properties, we fabricated diodes based on C60/NPB hetero-
junction with structures of Al(1)/NPB/C60/V2O5/Al(2) and
Al(1)/NPB/C60/Al(2). Here the devices are defined as positive
bias when Al (1) is set as anode and Al (2) as cathode,
whereas the devices are negative biased. I–V characteristics
of the two diodes are shown in Fig. 4. It can be seen that the
device with V2O5 shows higher current than that of the de-
vice without V2O5 under positive and negative bias. This
indicates that there are more electrons or holes to be in-
jected into the device in Al(1)/NPB/C60/V2O5/Al(2). In the
case of positive bias, hole injection of the two devices are
identical, obviously the more currents in Al(1)/NPB/C60/
V2O5/Al(2) owe to the more electrons injection from Al(2)
electrode. While negative biased, electron injection of the
two devices are same, the more currents in Al(1)/NPB/C60/
V2O5/Al(2) evidently attribute to holes injection from Al(2)
to C60/NPB. That is to say, the utilization of V2O5 greatly en-
hances electron injection and favors hole injection, which
had been proven in our previous works [16,17]. All above
should be account for ambipolar properties of the devices
based on NPB/C60 heterojunction. The deep understanding
of the organic heterojunction will be helpful for further
developing environmentally stable, or even long opera-
tional lifetime encapsulated high performance PBTs.
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In summary, vertical architecture ambipolar permeable
metal-base organic transistors were realized by using C60/
NPB heterojunction as the emitter and collector. The device
demonstrates excellent common-base characteristics both
in P-type and N-type modes with common-base gains of
0.998 and 0.999, respectively. This opens an effective
method to fabricate ambipolar organic PBTs.
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We have used particle induced X-ray emission analysis and particle induced gamma-ray
emission analysis to determine the elemental impurity concentrations in poly[(2,5-bis(3-
decylthiophen-2-yl)thieno[2,3-b]thiophene] samples that have undergone different wash-
ing and extraction procedures to remove impurities. Field-effect transistors (FETs) were
fabricated from the materials and their electrical characteristics show no significant differ-
ences between the devices made from different material samples. Reducing the metal res-
idue levels below the ones measured in the starting material (300 mg/kg Fe, 7 mg/kg Zn,
3000 mg/kg Pd and 12000 mg/kg Sn) does not improve the FET performance. This suggests
that it is not necessary to completely remove metal residues in the polymer for FET
applications.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction over conventional inorganic semi-conductors, such as sili-
During the last few years semi-conducting polymers
have attracted a considerable amount of attention due to
their potential electronic applications in field-effect tran-
sistors, solar cells, light emitting diodes, electronic memo-
ries and other devices [1–4]. The advantages of polymers
. All rights reserved.
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lund).

ndon, Department of
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con and germanium, include solution-processability, large
area fabrication, low costs and flexibility. One of the
requirements on organic semi-conductors for use in organ-
ic field-effect transistors (OFETs) is a high chemical purity
level, since impurities can act as charge-trapping sites [2].
However, the effects of impurities in semi-conducting
polymers on OFET performance are not well understood.

In organic semi-conductors the charge carriers are more
localized than in their inorganic counterparts; resulting in
a smaller radius of influence for impurities [5]. Depending
on the nature of the impurity it can influence device per-
formance in different ways. Charged impurities could
act as dopants that interact coulombically with localized

mailto:niklas.bjorklund@abo.fi
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


216 N. Björklund et al. / Organic Electronics 10 (2009) 215–221
carriers, resulting in a broadened density-of-states which
could reduce the charge carrier mobility [6]. Charge neu-
trality must be maintained when ionized moieties are
introduced into the system. One way to accomplish this
is by electrochemical doping, where the dopants injects
mobile majority carriers, giving rise to an increased ener-
getic disorder [6]. Another possibility is to introduce a neu-
tral entity whose electron affinity allows for charge
transfer from the semiconductor to the dopant [7]. Metallic
residues in the material acting as charge-trapping sites
could also produce hysteresis in a device [8], while any
impurities acting as bulk traps will increase the off-cur-
rents [9]. The drain voltage dependence of the subthresh-
old current is also affected by interface-traps. Scheniert
et al. have suggested that this effect is caused by recharg-
ing of incompletely ionized acceptors or traps in the inter-
face and in the bulk [10]. It is also possible that the
impurities are charge neutral and chemically inert, having
no effect on the device performance.

To the best of our knowledge, only a few studies of the
effects of impurities in semi-conducting polymers on elec-
tronic device performance have been published [5,8,11].
Urien et al. performed Particle Induced X-ray Emission
(PIXE) analysis on poly(3-hexylthiophene) (P3HT), reveal-
ing several impurity atom species and an increase in or-
ganic field-effect transistor (OFET) performance upon
removal of these impurities [5]. They did not, however,
quantify the levels of impurities. Kawamura et al. reported
a decrease in OFET off-currents upon the removal of Zn and
Ni impurities from P3HT, suggesting the metal residues
acted as bulk traps [11]. Sonar et al. presented a study of
poly(9,9-dioctylfluorene) fabricated by two different meth-
ods and purified a number of times, resulting in different
Pd and Ni levels [8]. They concluded that it is not necessary
to remove all traces of palladium to obtain satisfactory de-
vice performance, suggesting that complete removal of
metal residues from semiconductors may not be necessary
for OFET applications.

In this article, we aim to investigate the effects of impu-
rities in poly[(2,5-bis(3-decylthiophen-2-yl)thieno[2,3-
b]thiophene] on the electronic properties of OFETs. Eight
batches of the polymer were obtained after different puri-
fication and extraction steps, resulting in samples contain-
ing different impurity levels. PIXE and PIGE were chosen
for the elemental analyzes due to their ability, when com-
bined, to give the concentrations of most elements present
in a solid target [12].

In recent years an external ion beam set-up has been
developed at the Åbo Akademi University [13]. Equipped
with a high precision beam current monitor [14] and a
computer controlled XY-stage the set-up offers accurate
determinations of elemental concentrations and distribu-
tions in solid materials. Hence, the PIXE and PIGE analysis
can be performed on a small amount of dry polymer mate-
Fig. 1. Illustration of the preparation of poly[(2,5-bis(3-decylthiophen-2-
rial, thus avoiding contaminations from solvents and inter-
ference from the substrate. The small amount of material
required also makes these methods suitable for testing
materials produced on laboratory scale. The methods are
also fast, and cover a wide range of concentrations.
2. Materials

The polymer, poly[2,5-bis(3-decylthiophen-2-yl)thie-
no[2,3-b]thiophene], was prepared by a microwave-as-
sisted Stille coupling as illustrated in Fig. 1 [15]. Sample
1 was obtained by direct precipitation of the reaction mix-
ture, and materials 2 to 4 by sequential washing in acetone,
petrol and methanol via Soxhlet extraction. Material sam-
ple 4 was then split into four batches that all underwent
different purification procedures to yield samples 5
through 8. The extraction methods are summarized in
Table 1. A more detailed description of the synthetic meth-
od and the subsequent extraction methods can be found in
the experimental section below.

The purpose of the different purification and extraction
methods was to test the relative effectiveness of each of
these steps and identify which steps were critical for the
reduction of metal impurity content. Furthermore, by gain-
ing a deeper understanding of which steps were critical for
the removal of metal impurities, a more efficient standard
purification protocol could be constructed for polymers
prepared by this synthetic method.

Poly[(2,5-bis(3-alkylthiophen-2-yl)thieno[2,3-b]thio-
phene] materials demonstrate excellent air stability in FET
devices [16]. This is due to the deeper and more stable
HOMO energy level of the polymer class that results in a
material that is much less susceptible to oxidative doping
compared to P3HT. For poly[(2,5-bis(3-decylthiophen-2-
yl)thieno[2,3-b]thiophene], the HOMO level energy was
determined by photoelectron spectroscopy AC-2 measure-
ments and measured as HOMO = �5.3 eV [21].
3. Elemental analysis

About 15 mg of the polymer sample material was
pressed to a pellet (diameter 13 mm). Pure graphite was
used as backing material to minimize the amount of sam-
ple material [17]. The samples were irradiated with a
3 MeV proton beam from the Åbo Akademi MGC-20 cyclo-
tron. The acquisition time was about 500 s with a beam
current of 10 nA. All irradiations were performed in air to
avoid heating and charge build-up. A strong ion lumines-
cence from the irradiated spot on the polymer samples
was observed in the beginning of the proton irradiation
but faded away within a few seconds. This phenomenon
indicates some changes in the molecular structure but
does not affect the elemental concentration measure-
yl)thieno[2,3-b]thiophene by a microwave-assisted Stille coupling.



Table 1
Summary of the purification and extraction procedures used for the
material samples, and the number (Mn) and weight (Mw) average molecular
weights for the samples.

Sample Starting
sample

Procedure Mn Mw

1 Re-precipitation 36200 73200
2 1 Acetone Soxhlet extraction 38000 76700
3 2 Petrol Soxhlet extraction 33800 74400
4 3 Methanol Soxhlet

extraction
35900 73900

5 4 Re-precipitation 35000 77200
6 4 Silica treatment 31200 62000
7 4 Thiol–silica treatment 33800 64000
8 4 Thiourea–silica treatment 38000 65100
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ments. The radiation emitted from the sample during the
irradiation was measured with an IGP X-ray detector for
PIXE analysis and with an HPGe gamma detector for PIGE
analysis. The integrated charge on the target needed for
quantification was determined from measurements of
light induced in air by the proton beam [14]. The obtained
PIXE spectra were analyzed using the GUPIX software
package [18]. The calibration was checked using the USGS
granite CRM G-2. The sodium and magnesium concentra-
tions were obtained from peak height analyzes of the gam-
ma spectra using the SAMPO 90 program [19]. The
calibration method and the calculation of the limits of
detection have been described earlier [20].

4. Results and discussion

4.1. Elemental analysis

Fig. 2 shows a typical PIXE spectrum, it has clear peaks
from S, Fe, Br, Pd and Sn. Detailed results of the PIXE anal-
ysis are shown in Table 2. Sulfur can be found in the poly-
mer backbone and bromine in the ends of the polymer
chain, the other elements are considered to be impurities.
Sample number 1 is the crude polymer, containing the
highest level of impurities. The high ratio between bro-
mine and sulfur in the starting material, compared to the
Fig. 2. Energy spectrum of sample 3 as an example of a typical spectrum
for the polymer. The Ka peaks correspond to transitions from the L- to the
K-shell, transitions from higher shells gives the Kb peaks.
other samples, suggests that it either contains free bromine
impurities (either ionic or organic) or low weight polymers
(with a high ratio of bromine end groups) that were re-
moved in the subsequent cleaning steps. The acetone
Soxhlet extraction removed almost 90% of the impurities,
the result of which can be seen in column 2 of Table 2.
The following petrol Soxhlet extraction reduced the zinc
and palladium contents but increased the tin and iron lev-
els. The methanol Soxhlet extraction reduced the iron and
tin content (column 4 of Table 2), but increased the palla-
dium level slightly. Sample 6 contained about the same
iron than the precursor material 4, the other extraction
procedures resulted in slightly higher iron concentrations
in the samples (5, 7 and 8). Sample 7 displayed a higher
zinc concentration than material 4; in the others (5, 6,
and 8) it was unaffected. All extraction procedures reduced
the palladium content, the thiourea–silica treatment the
most. The tin concentration in sample 8 was reduced from
the starting sample 4, in the other three it increased. The
increase in impurity concentrations might be due to impu-
rities transferred from the solvents used in the purification,
or more plausibly from the removal of polymer material in
the purification that was less rich in these impurities. The
silica and the thiourea–silica treatments gave the best re-
sults. The silica treatment gave the lowest levels of iron
and zinc, and low levels of palladium; the lowest total
impurity level was obtained with the thiourea–silica treat-
ment, which also gave the lowest level of tin.

The additional information from the PIGE analysis was
that sample 5 contained 17 mg/kg and sample 7 contained
30 mg/kg of sodium. The sodium contents in the rest of the
samples were below the limit of detection (7 mg/kg). The
concentrations of manganese were below the limit of
detection (330 mg/kg) for all samples.

4.2. Homogeneity analysis

The homogeneity of the elemental composition was
determined by performing additional PIXE analysis on
two different material samples. Nine points on each sam-
ple were analyzed and the elemental concentrations at
each point calculated. Average concentrations and stan-
dard deviations for the samples are shown in Table 3. If
the relative standard deviation (RSD), the ratio between
the standard deviation between the points and the average
concentration, is less than or roughly of the same size as
the statistical error of the PIXE measurement the impurity
concentration is considered homogeneous. In sample 3 the
zinc impurities were homogeneously distributed, since the
RSD was only 5,5% compared to the statistical error of
16,5%. For the other impurities in material 3, the RSD for
Fe (15,4%), Pd (30,3%) and Sn (26,8%), exceeded the statis-
tical errors (6,1%, 2,3% and 7,7%), thus the distribution of
these impurities were considered inhomogeneous. For
sample 7 the RSD for both Pd (5,5%) and Sn (8,2%) were
of the same order as the statistical errors (3,3% and 4,9%),
and therefore considered homogeneously distributed. The
RSD for both Fe (30,8%) and Zn (59,4%) were larger than
the statistical errors (14,9% and 6,2%), suggesting an inho-
mogeneous distribution of these impurities. The Zn and Fe
levels are close to the limit of quantification (�3 * limit of



Table 2
Elemental concentrations in the material samples (1–8) given in mg/kg of dry weight. Typical statistical errors in% and limit of detection (LOD) in mg/kg are in
the columns to the right. The bottom row contains the sum of the impurity concentrations (Fe, Zn, Pd and Sn).

Sample Error [%] LOD

1 2 3 4 5 6 7 8

S 148046 211003 213186 211869 223685 225432 215227 232811 0.2 172.8
Br 15268 6397 5875 6167 5487 5350 5327 5236 0.4 4.0
Fe 305.9 19.1 134.0 7.7 23.9 8.3 33.5 80.5 6.9 8.9
Zn 7.4 7.1 5.2 6.4 6.7 6.1 32.6 11.0 13.8 2.7
Pd 3124 1470 1390 1511 829 517 508 604 2.8 11.0
Sn 12257 295 367 312 376 571 730 277 8.1 35.5
Sum 15694 1791 1896 1837 1235 1103 1304 973
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detection), which partially explain the high RSD. Sample 7
is more homogeneous than sample 3, suggesting that the
additional cleaning and extraction steps improve the
homogeneity of the material.

4.3. OFET characteristics

Typical transfer curves (Id–Vg traces) for the devices are
shown in Fig. 3a and 3b. All devices displayed the same I–V
Table 3
Average concentrations (Cave) in mg/kg and standard deviations (r) in
impurity concentrations for materials 3 and 7. The RSD-column contains
the ratio between the standard deviation and average concentration in per
cent. The error column contains the statistical error from the PIXE analysis
for the first measurement point.

Cave [mg/kg] r [mg/kg] RSD [%] Error [%] LOD

For point #1

Material 3
Fe 123.7 19.0 15.4 6.1 11.1
Zn 606.9 33.5 5.5 16.5 3.1
Pd 1948.8 589.7 30.3 2.3 26.7
Sn 373.0 100.0 26.8 7.7 35.5

Material 7
Fe 45.4 14.0 30.8 14.9 9.4
Zn 50.2 29.9 59.4 6.2 2.8
Pd 606.9 33.5 5.5 3.3 22.3
Sn 721.2 58.9 8.2 4.9 18.1

Fig. 3. Typical transfer curves for the material samples, measured at a constant d
the width, W, 1.5 mm.
characteristics, except for a small variation in the turn-on-
voltage. On/Off ratios of 104–105 were routinely achieved
for the devices. The on-currents in the saturated regime
(Fig. 3a) were typically on the order of 10�6 A, and slightly
lower in the linear regime (Fig. 3b). In the off-state, the
currents regularly reached levels of 10�9–10�10 A. The vari-
ations in on-currents seen in Fig. 3a and b are due to the
turn-on-voltage shift between the devices. The conductiv-
ity in the off-state can be increased by impurities in the
semiconductor, resulting in leak currents to the gate and
low on/off-ratios [21]. Off-currents in devices made from
the same sample material display fluctuations on the same
order of magnitude as devices made from different sam-
ples. We therefore conclude that the differences in off-cur-
rents in Fig. 3a are statistical. We also found that manual
patterning of the devices, i.e. reducing the area of the
semi-conductor, reduced the off-current with up to one or-
der of magnitude.

Sonar et al. reported that metal residues, especially pal-
ladium, causes hysteresis in poly(9,9-dioctylfluorene) OFET
devices [8]. Their devices displayed less hysteresis when
fabricated from polymers containing 2000 mg/kg palla-
dium than from polymers with higher palladium levels
(3300 mg/kg or 4000 mg/kg). We did not observe this kind
of behavior in our transistors. Little or no hysteresis could
be observed while operating the devices in the on-state,
and there were no systematic difference between the
devices.
rain bias of (a) �50 V and (b) �5 V. The channel length, L, was 35 lm and



Fig. 4. Typical field-effect mobilities. The linear mobilities were mea-
sured at a constant drain voltage of Vd = �5 V and the saturated at
Vd = �50 V. The error bars show the maximum deviation between the
measured mobility values and average mobilities.
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The field-effect mobilities measured in both the linear
and saturated regimes are plotted as a function of the total
impurity concentrations in Fig. 4. The linear mobilities typ-
ically ranged from �0.008 to 0.01 cm2V�1s�1 and the satu-
rated from �0.01 to 0.03 cm2V�1s�1, the latter agrees with
earlier reported mobilities [16]. The linear mobilities are
lower than the saturated, but no systematic difference in
the mobilities with respect to the measured impurity con-
centrations could be observed.
Fig. 5. Turn-on voltages as function of impurity concentrations for two series
measured turn-on-voltages and average turn-on-voltages.
The SiO2-semiconductor interface is very sensitive to
the device fabrication methods [21,22] and small varia-
tions in fabrication parameters might lead to different
results. It has been shown that plasma treating the SiO2-
surface for different times introduces different amounts
of charges to the surface [21], such charges will shift the
turn-on voltage [23]. Turn-on voltage as a function of
impurity concentration for some typical devices is shown
in Fig. 5. V0 is very sensitive to device fabrication, which
explains the offset between the turn-on voltages for the
two series. All devices in the same series were fabricated
at the same time under the same conditions, making the
turn-on voltages comparable within the same series. No
clear trends can be observed in the turn-on voltage with
regards to the impurity concentrations.
5. Conclusions

We have used PIXE and PIGE to determine the elemen-
tal concentrations in poly[(2,5-bis(3-alkylthiophen-2-
yl)thieno[2,3-b]thiophene] samples that have undergone
successive washing and extraction procedures to remove
impurities. The levels of impurities in each sample were
measured and FETs were made from the materials. Analy-
sis of the homogeneity of impurity levels showed that the
successive cleaning and extraction procedures improved
the homogeneity of the Sn and Pd impurities. Character-
isation of the FETs shows that there were no significant
of devices. The error bars show the maximum deviation between the
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differences between the devices made from different mate-
rial samples. We have shown that reducing the metal res-
idue levels below the one measured in sample 1 (300 mg/
kg Fe, 7 mg/kg Zn, 3000 mg/kg Pd and 12000 mg/kg Sn)
does not improve the FET performance. The methods pre-
sented in this article could be used to study most semi-
crystalline polymer semi-conductors, to determine if pres-
ent day large-scale synthesis provides sufficiently pure
materials for organic transistor applications.

6. Experimental

6.1. Polymer synthesis

A 20 ml glass vial was charged with a stirrer bar, 5,5’-
dibromo-4,4’-didecylbithiophene (0.967 g, 1.6 mmol),
2,5-bis(trimethylstannyl)thieno[2,3-b]thiophene (0.745 g,
1.6 mmol), tris(dibenzylideneacetone)dipalladium (0)
(29 mg, 2 mol.%), tri(o-tolyl)phosphine (39 mg, 8 mol.%)
and chlorobenzene (16 mL). The glass vial was purged with
nitrogen and securely sealed. The glass vial was placed into
a microwave reactor (Emrys Creator, Personal Chemistry
Ltd) and heated to 180 �C. A temperature ramp was used
such that the vial was heated with stirring at 140 �C for
120 s, then at 160 �C for 120 s and finally at 180 �C for
15 min. Elapsed time was only calculated once the temper-
ature had been reached. Bromobenzene (33 lL, 20 mol.%)
was added via syringe and the reaction mixture heated at
160 �C for 60 s in the microwave reactor. Tributylphenyltin
(107 lL, 20 mol.%) was added via syringe and the reaction
mixture heated at 160 �C for 60 s in the microwave reactor.
6.2. Purification and extraction methods

The reaction mixture was precipitated into a mixture of
37% hydrochloric acid (50 mL) and methanol (500 mL) and
stirred for 1 h. The polymer was collected by filtration,
washed with water followed by methanol, and dried under
vacuum to yield sample 1. Sample 1 was washed (via Soxh-
let extraction) with acetone for 24 h and dried under vac-
uum to yield sample 2. Sample 2 was further washed (via
Soxhlet extraction) with petrol 40–60 for 24 h and dried
under vacuum to yield sample 3. Sample 3 was further
washed (via Soxhlet extraction) with methanol for 24 h
and dried under vacuum to yield sample 4. A bulk solution
of sample 4 was formulated in hot chloroform (100 mL). A
portion of the sample 4 bulk solution (25 mL) was precipi-
tated from methanol (200 mL), and the polymer was col-
lected by filtration, washed with methanol, and dried
under vacuum to yield sample 5. Another portion of the
sample 4 bulk solution (25 mL) was stirred at 50 �C over sil-
ica (1 g) for 1 h under N2. The solution was filtered through
a plug of cotton wool, which was washed with hot chloro-
form. The filtrate was precipitated from methanol
(200 mL). The polymer was collected by filtration, washed
with methanol, and dried under vacuum to yield sample
6. A portion of the sample 4 bulk solution (25 mL) was also
stirred at 50 �C over thiol-functionalized silica (1 g) for 1 h
under N2. The solution was filtered through a plug of cotton
wool, which was washed with hot chloroform. The filtrate
was precipitated from methanol (200 mL). The polymer
was collected by filtration, washed with methanol, and
dried under vacuum to yield sample 7. Another portion of
the sample 4 bulk solution (25 mL) was stirred at 50 �C over
thiourea-functionalized silica (1 g) for 1 h under N2. The
solution was filtered through a plug of cotton wool, which
was washed with hot chloroform. The filtrate was precipi-
tated from methanol (200 mL). The polymer was collected
by filtration, washed with methanol, and dried under vac-
uum to yield sample 8.

6.3. OFET fabrication

The poly[(2,5-bis(3-decylthiophen-2-yl)thieno[2,3-
b]thiophene] samples were received from Merck Chemi-
cals Ltd. Molecular weight determinations were carried
out in chlorobenzene solution on an Agilent 1100 series
HPLC using two PL Mixed B columns in series and the sys-
tem was calibrated against narrow weight PL polystyrene
calibration standards. 10 mg/ml solutions were made in
1,2-dichlorobenzene from each polymer sample under
dry nitrogen atmosphere in a glove box. The solutions were
heated on a hot plate at 80 �C for 2 h.

Thin-film organic field-effect transistors were fabri-
cated on doped silicon substrates with 300 nm thermally
grown silicon oxide (SiO2), where the substrate served as
a common gate electrode. The capacitance of the insulating
SiO2 layer, Ci, was calculated to be 11.5 nF(cm)�2, assuming
the permittivity of SiO2 to be 3.9 nF. Prior to organic film
deposition the substrates were ultrasonicated at 60 �C in
H2O, acetone and IPA successively for 10 min. The sub-
strates were etched for 30 s in an O2-plasma and treated
with a silylating agent octadecyltrichlorosilane at 10 mM
concentration in toluene for 15 min at 60 �C, before the
film deposition. Semi-conductor films were deposited on
the substrates in dry nitrogen atmosphere in a glove box
by spin coating at 2000 rpm for 78 s and annealed at
100 �C for 60 min on a hot plate inside the box. About
30 nm thick Au electrodes were vacuum evaporated on
top of the semiconductor film using a custom built evapo-
rator inside the glove box. All transistors were fabricated
with top-electrode bottom-gate configuration with a chan-
nel length, L, of 35 lm and channel width, W, of 1.5 mm.
Several series of devices were fabricated to verify the
reproducibility of the results. All samples in one series
were manufactured at the same time, making the elemen-
tal concentrations in the material the only difference be-
tween the samples.

6.4. Electrical characterization

Electrical characterization of the devices was performed
in a custom built probe station inside the glove box. An
Agilent 4142B parameter analyzer controlled via Labview
on a PC was used to conduct the measurements. Character-
ization of the transistors was conducted at constant drain
bias, Vd, �5 V for the linear regime and �50 V for the satu-
rated. The gate voltage, Vg, was swept from +20 V to �50 V
in steps of 1 V and the drain current, Id, was measured.
Standard methods were used to calculate the field-effect
mobilities and threshold voltages [22]. V0 is graphically
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calculated as the gate voltage where Id starts growing
exponentially.
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a b s t r a c t

Tetracene-based organic thin-film transistors (OTFTs) were prepared using a neutral clus-
ter beam deposition (NCBD) method. The effect of surface modification with an amphi-
philic surfactant, octadecyltrichlorosilane (OTS), on the formation of thin films and the
geometric influence of channel length and width on the transistor characteristics were sys-
tematically examined. The estimated trap density and temperature-dependence of the
field-effect mobility in the range of 10–300 K demonstrated that surfactant pretreatment
decreased the total trap density and activation energy for hole-transport by reducing struc-
tural disorder in the active layer. In particular, the room-temperature hole mobilities of
0.162 and 0.252 cm2/Vs for untreated and OTS-pretreated devices were among the best
to date for polycrystalline tetracene-based transistors using SiO2 gate dielectric layers
without any thermal post-treatment.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction free-standing tetracene single crystals by applying the
Compared to conventional electronic devices made of
inorganic materials, organic-based semiconductor elec-
tronics have many advantages, such as their large-area
coverage, structural flexibility, and low-cost fabrication.
The performance of some organic thin-film devices is com-
parable to that of hydrogenated, amorphous Si-based de-
vices [1–7]. Organic thin-film devices utilizing fused-ring
polycyclic aromatic hydrocarbon compounds have been
extensively investigated. This is well-demonstrated by
the polyacene-based devices including tetracene, a P-con-
jugated molecule consisting of four aligned condensed
benzene rings (Fig. 1) in organic thin-film transistors
(OTFTs), light-emitting transistors and solar cells [8–14].
De Boer et al. fabricated the transistors based upon the
. All rights reserved.

x: +82 2 3290 3121.
physical vapor deposition method under temperature-gra-
dient conditions to obtain a high room-temperature mobil-
ity of 0.4 cm2/Vs [8]. Gundlach and co-workers studied the
polycrystalline tetracene-based transistors using the
amphiphilic surfactant, octadecyltrichlorosilane (OTS),
and obtained a mobility as high as 0.1 cm2/Vs [9].

In fabricating high-performance OTFTs, both prepara-
tion of highly crystalline active layers and systematic opti-
mization of device structures are important prerequisites.
Various techniques such as traditional vapor deposition
and solution processing methods have been proposed to
produce high-quality thin films. Conversely, the neutral
cluster beam deposition (NCBD) method is less popular
but highly promising [15–21]. The NCBD scheme utilizes
weakly bound clusters produced when the organic va-
por-phase molecules sublimated by resistive heating un-
dergo adiabatic expansion into a high vacuum. Due to
the large translational energy of cluster beams with high

mailto:jhc@korea.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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directionality, the collision of clusters with the substrate
results in efficient decomposition into individual mole-
cules, and the subsequent migration leads to very smooth,
uniform thin films. The NCBD scheme has demonstrated
significant enhancement in the surface morphology, crys-
talline quality, and film packing density. In particular,
the distinctive advantage of low substrate-temperature
deposition cannot be accomplished simply by employing
conventional deposition techniques.

In this paper, we describe our systematic investigation
of the performance of tetracene-based OTFTs prepared by
the NCBD method. No comparative study examining the ef-
fects of surface pretreatment and geometry on device per-
formance and transport characteristics has been reported
to the best of our knowledge. We first focused on the ef-
fects of surface modification with an amphiphilic OTS sur-
factant on the morphology, crystallinity, and packing
density of tetracene thin films. Secondly, we investigated
the influence of the geometric dimensions upon device
characteristics to optimize the transistor structure for
higher performance. Finally, the transport mechanisms
were examined in the temperature range of 10–300 K.
The strong correlation of device performance with struc-
tural and morphological properties of the active layers is
discussed.

2. Experiment

Fig. 1 displays molecular structures of the tetracene and
OTS, and a schematic diagram of a top-contact transistor
along with the bias condition. The substrates used in this
study consisted of a highly doped, n-type Si wafer coated
with an aluminum layer as the gate electrode and ther-
mally grown 1000 Å-thick SiO2 layers as the gate dielectric.
The substrates were first cleaned by a series of sequential
ultrasonic treatments in acetone, hot trichloroethylene,
acetone, HNO3, methanol, and deionized water, and finally
blown dry with dry N2 [22]. The substrates were finally ex-
posed to UV (254 nm) for 15 min [23]. Such a rigorous
cleaning procedure significantly increased device perfor-
mance. For surface modification, the cleaned substrates
were immersed in a 1 � 10�3 M solution of OTS in n-hex-
ane (Aldrich Co.) for 24 h at room temperature.

The active layers of the tetracene thin films were pre-
pared by a homemade NCBD apparatus previously described
in detail [15], and therefore, only a relevant account is pre-
sented here. The as-received tetracene sample (Sigma–
Aldrich Co.) was placed inside the enclosed, cylindrical, cru-
cible cell with a diameter of 1.0 and 1.0 mm-long nozzle. The
sample was sublimated by resistive heating between 520
and 550 K, and then the tetracene vapor underwent adia-
batic, supersonic expansion into the high-vacuum drift re-
gion at a working pressure of 3 � 10�6 Torr. The resultant,
highly-directional, weakly bound neutral cluster beams
were produced at the nozzle throat and deposited directly
onto the substrates with an average thickness of ca. 500 Å,
and a deposition rate of 5 Å/s. Electron-beam evaporation
using a rectangular-shaped shadow mask was utilized to
produce 500 Å-thick Au source and drain electrodes. To
determine the influence of the geometric dimensions on de-
vice performance, the devices were prepared with several
channel lengths (L) of 200, 660, 800, and 1400 lm, at a fixed
channel width (W) of 500 lm. Depending on the channel
length, the four different kinds of devices were grouped into
class I, II, III and IV, respectively.

The thickness, contact angle, surface morphology, and
structural properties were characterized using an alpha-
step surface profile monitor, a contact angle goniometer,
atomic force microscopy (AFM), and X-ray diffractometry
(XRD). The current–voltage (I–V) characteristics of the
OTFTs and their temperature-dependence were measured
by an optical probe station connected to a HP4140B pA
meter-dc voltage source unit and a 10 K-closed cycle
refrigerator at a base pressure of 1 � 10�2 Torr over the
temperature range of 10–300 K. Various parameters were
derived from the fits of the I–V characteristics.
3. Results and discussion

3.1. Comparison of surface morphological and structural
properties

Surface analysis using an AFM apparatus in the non-
contact mode was employed to characterize the morphol-
ogy of the tetracene active layers. Fig. 2a shows the
2-dimensional AFM images taken over an area of
5 � 5 lm2 for the untreated and OTS-pretreated tetracene
films at a nominal thickness of 500 Å. Both films were com-
pletely covered with highly packed grain crystallites. Com-
pared to the data obtained at the same deposition rate
using the conventional vacuum sublimation method [12],
our grain size appeared larger in both untreated and
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OTS-pretreated films. The increase can be ascribed to the
characteristics of the neutral cluster beam method, in which
the larger energetic cluster seeds enhance the formation of
grain crystallites on the early stages of growth. The quanti-
tative values of the root-mean-square roughness of the
films were obtained by conducting section analyses over
at least four areas in the 5 � 5 lm2 films using the built-in
software of the AFM apparatus. The roughness values for
the untreated and OTS-pretreated tetracene films were
measured to be 40 and 30 Å on the average, respectively.

The pretreated tetracene films showed a lower rough-
ness and a higher packing density, suggesting that the
amphiphilic OTS molecules capable of forming bonds with
hydrophobic tetracene and hydrophilic SiO2 provided
favorable deposition conditions. This result is also consis-
tent with the contact angle measurement in Fig. 2b. The
surface pretreatment increased the contact angle with
water from 47� to 108�, indicating that the OTS-covered
substrate surface becomes highly non-polar and leads to
a significant reduction in the structural mismatch at the
interface during the initial accumulation of tetracene
molecules.

The effect of the surface pretreatment was also clearly
demonstrated in the X-ray diffraction measurements ob-
tained using Cu Ka radiation in a symmetric reflection,
coupled h–2h scanning mode. Fig. 2c shows the compara-
tive XRD results for the 500 Å-thick tetracene thin films
deposited on the untreated and OTS-pretreated SiO2 sub-
strates at room temperature. Tetracene single crystals are
known to have a triclinic structure with two molecules in
the unit cell [24–27]. The strong and sharp first-order peak,
as well as distinctive higher-order multiple peaks, can be
fitted to a series of (001) reflection lines with multiple d
spacing. The interplanar spacing d001 from the peak posi-
tions is determined to be 12.3 Å for both films, which is
in good agreement with the previous XRD reports of
d001 = 12.1 and 12.4 Å for as-deposited tetracene films
[17,24,25]. The higher signal-to-noise in the XRD patterns
of OTS-pretreated films suggests that the amphiphilic sur-
factant appears to substantially affect the growth of tetra-
cene films and the packing between tetracene crystallites
as a well-ordered monolayer template, which is consistent
with the results shown in the AFM micrographs. The ob-
served, unique advantage of the facile growth of smooth
crystalline films through the low substrate-temperature
mechanism is characteristic of the NCBD method. In addi-
tion, the formation of well-packed tetracene films is very
likely to improve performance of the OTFT devices due to
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more favorable hopping of the polaron charge carriers be-
tween the grain crystallites.

3.2. Comparison of mobilities, geometry effects and trap
densities

A comparative characterization analysis of top-contact,
tetracene-based transistors grouped into the 4 classes, I, II,
III, and IV, depending on W/L, was performed. The I–V char-
acteristics of untreated and OTS-pretreated transistors
were similar to those for typical p-type semiconductors
and complied well with the standard field-effect transistor
equations working in the accumulation mode. Fig. 3 dem-
onstrates the typical plots of drain-source current (IDS) as a
Table 1
Device parameters deduced from current–voltage characteristics.

W/L Surface pretreatment leff (cm2/Vs)a l

Class I 500 lm/200 lm untreated 5.7 � 10�2 0
OTS 0.126 0

Class II 500 lm/660 lm untreated 9.1 � 10�2 0
OTS 0.148

Class III 500 lm/800 lm untreated 0.124
OTS 0.208

Class IV 500 lm/1400 lm untreated 0.162
OTS 0.252

a The hole mobility data in the text represents the maximum values (leff). Con
leff values lie within lavg

eff � 2r (standard deviation).
function of the drain-source voltage (VDS) for various gate-
source voltages (VGS). At a fixed VGS, IDS increases linearly
with VDS in the low VDS regime, and then the IDS tends to
saturate in the large VDS regime due to the pinch off in
the accumulation layer. In the saturation regime, IDS in-
creases with VGS and satisfies the following relationship

IDS ¼
WCil

2L
ðVGS � VTÞ2

where Ci is the capacitance per unit area of the SiO2 gate
dielectric, l the field-effect mobility, and the channel
lengths (L) of 200, 660, 800, and 1400 lm are at a fixed
channel width (W) of 500 lm. For thermally grown,
1000 Å-thick SiO2, the value for Ci is known to be
34.5 nF/cm2. From the analysis of the observed I–V charac-
teristics, several device parameters such as l, current on/
off ratio (Ion/Ioff), threshold voltage (VT), subthreshold slope
(SS), and trap density (Ntrap) could be deduced.

Various derived device parameters are listed in Table 1
and were obtained for more than 160 untreated and OTS-
pretreated transistors: on the average, 20 devices for each
of eight different groups belonging to classes I–IV. In the
case of the mobility data, the maximum mobilities (leff)
are listed with the average mobilities ðlavg

eff Þ with the stan-
dard deviation. Three characteristic features with respect
to the device performance can be found in Table 1.

Firstly, the whole groups of the NCBD-based transistors
in this study showed room-temperature mobilities greater
than 4.5 � 10�2 cm2/Vs, and the surface modification with
OTS always enhanced the mobilities. Although the devices
in class I showed lower mobilities compared to other class
devices, still, these mobilities were comparable to or high-
er than those from typical tetracene-based transistors,
which ranged between ca. 1 � 10�4 and 0.12 cm2/Vs
[9,28]. The observed high mobilities can be rationalized
that after the surface pretreatment, the formation of the
smooth tetracene active layer, with higher structural orga-
nization, induces more efficient charge-carrier transport
via face-to-face intermolecular interactions between the
P–P stacks. The outcome of the pretreatment also sug-
gests that the grain boundary-scattering of hole carriers
in the tetracene active layers was the key obstacle to favor-
able charge conduction, as in poly-silicon- and pentacene-
based transistors [22]. Furthermore, one of the critical
factors determining device performance was the produc-
tion of highly ordered thin films with good film connectiv-
ity, which was consistent with the AFM images and XRD
diffractograms described in the previous section.
avg
eff � r (cm2/Vs)a Ion/Ioff VT (V) SS (V/dec) Ntrap (1012/cm2)

.045 ± 0.011 105 �37 1.21 1.25

.098 ± 0.014 106 �40 0.78 0.96

.064 ± 0.018 105 �34 1.32 0.93
0.11 ± 0.02 106 �33 0.84 0.85
0.10 ± 0.02 105 �38 1.58 0.81
0.15 ± 0.02 106 �26 0.85 0.74
0.12 ± 0.03 105 �37 1.59 0.62
0.19 ± 0.03 105 �33 1.25 0.48

sidering the distributions of the OTFT characteristics derived, most of the
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Secondly, the geometric configuration effect on the
mobilities was examined for the four different W/L ratios
of the untreated and OTS-pretreated devices in classes I–
IV. Fig. 4 represents the summarized results of the dimen-
sion effect on the mobilities whereby the obtained data
showed that, at a constant channel width, the field-effect
mobility increased as the channel length became longer
(with decreasing W/L ratio), irrespective of surface modifi-
cation. The maximum hole mobilities of 0.162 and
0.252 cm2/Vs for untreated and OTS-pretreated devices in
class IV were among the best for the polycrystalline tetra-
cene-based OTFTs reported to date for a SiO2 gate dielectric
layer. We note that the W/L ratio of our devices is less than
W/L = 10 which is recommended to ignore a contribution
of stray currents in these devices. As a result the mobilities
might be slightly overestimated. However, when extrapo-
lating the mobilities in Fig. 4 to smaller channel lengths
of W/L > 10 where the stray current contribution is negligi-
ble, the observed mobilities of 0.1 cm2/Vs are still equal or
slightly higher than those reported previously.

Thirdly, the total trap density was also consistent with
the device performance and surfactant pretreatment effect.
The traps can be identified as structural disorders and/or
defects. The Ntrap value was estimated by the following
relationship:
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Ntrap ¼
CijVT � VTOj

e

where e the elementary charge and VTO is the turn-on volt-
age, at which the drain current starts to increase exponen-
tially as indicated in Fig. 3 [29]. There have been no other
tetracene-based devices to which our current Ntrap results
can be directly compared. In Table 1, the surface modifica-
tion with OTS clearly reduced the trap densities in all ac-
tive layers. It should be noted that the tetracene thin
films were deposited on SiO2 substrates at room tempera-
ture without any thermal post-treatment. In comparison to
the previous reports involving thermal post-treatment, the
observed low trap densities of the OTS-pretreated thin
films can be attributed to the characteristic growth of
well-connected, polycrystalline thin films produced by
the weakly bound neutral cluster beams.
3.3. Comparison of transport characteristics

The temperature-dependence of the field-effect mobil-
ity was examined over a wide temperature range from
300 to 10 K. Fig. 5 represents the typical behavior of the
mobilities as a function of temperature in class IV. Two
domains in both logarithmic plots were observed:
temperature-dependent region II (50 K < T < 300 K) and
temperature-independent region I (10 K < T < 50 K). In
low-temperature region I, the conduction of the majority
hole carriers can be described by a so-called tunneling pro-
cess occurring at the Au–(OTS-)tetracene interfaces. On the
other hand, region II is attributed to a thermally activated
transport mechanism, where the hole conduction is gov-
erned by thermal overcoming of the shallow traps present
in the tetracene active layers. The behavior in region II was
well fitted to the Arrhenius relation:

leff / expð�Ea=kTÞ

where Ea and k are the activation energy and Boltzmann
constant, respectively. From the analysis of the slope of
the logarithmic plot, the activation energies were esti-
mated to be 42.2 and 28.4 meV for the untreated and
OTS-pretreated devices.

The low activation energies derived from the tempera-
ture-dependence are consistent with the aforementioned
device characteristics. Since the origin of the thermal acti-
vation process lies mainly in overcoming the traps pro-
duced by the structural imperfections in the active layers,
the low activation energies derived in Fig. 5 correlated
strongly with the good crystallinity of the tetracene thin
films and the low trap densities in Table 1. The high quality
of the NCBD-based thin films is also evidently manifested
in the comparison to those reported elsewhere. For in-
stance, Newman et al. examined device performance of
bottom-contact, single crystal, tetracene-based transistors
and reported that the mobility over the range of 220 K <
T < 270 K was thermally activated with an Ea of 49–
51 meV [30]. In the case of OTS-pretreated, pentacene-
based transistors prepared by thermal evaporation, Minari
et al. reported an Ea of 54.8 meV [31]. The lower activation
energy and trap density observed in this study strongly im-
ply that the higher quality of the surface-modified NCBD
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films eventually results in highly effective hole conduction
between the well-connected polycrystalline grains, as
well as the excellent mobilities in the tetracene-based
transistors.

4. Summary

Tetracene-based, top-contact OTFTs fabricated using a
neutral cluster beam deposition method were character-
ized. In comparison to untreated thin films, surface modi-
fication with an amphiphilic OTS surfactant improved
growth of tetracene active layers, as manifested in the con-
tact angles, AFM, and XRD measurements. The trap density
and temperature-dependence of the field-effect mobility in
the range of 10–300 K demonstrated that the OTS pretreat-
ment decreased the total trap density and activation en-
ergy for hole conduction by reducing structural disorder
in the active layer. The influence of device configuration
on the transistor characteristics was systematically exam-
ined: the field-effect mobility increased as the channel
length became longer at a constant channel width. In par-
ticular, room-temperature hole mobilities as high as 0.162
and 0.252 cm2/Vs for untreated and OTS-pretreated de-
vices were among the best to date for polycrystalline tetra-
cene-based transistors using SiO2 gate dielectric layers
without any thermal post-treatment.
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a b s t r a c t

We synthesized p-conjugated lithium phenolate complexes, lithium 2-(2-pyridyl)pheno-
late (LiPP), lithium 2-(20, 20 0-bipyridine-60-yl)phenolate (LiBPP), and lithium 2-(isoquino-
line-10-yl)phenolate (LiIQP). These complexes showed lower sublimation temperatures of
305–332 �C compared to 717 �C of LiF. The organic light-emitting devices (OLEDs) using
these complexes as an electron injection layer exhibited high efficiencies which are com-
parable to that of the device using LiF. Especially, a 40-nm thick film of LiBPP or LiPP
was effective as an electron injection material, providing low driving voltages, while such
a thick film of LiF serves as a complete insulator, resulting in high driving voltages.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction to reduce electron injection barrier to the organic layer,
In organic light-emitting devices (OLEDs), aluminum
metal has been widely used for cathode because of its
high stability in air and easy processability. However,
work function of Al (4.2 eV) as an anode is not low en-
ough to inject electrons into organic layer at low driving
voltages. In the first report on an efficient OLED by Tang
and Van Slyke, Mg:Ag alloy was used to improve electron
injection from cathode [1]. Later, Li:Al alloy and double
layer cathode of Li/Al were found to reduce driving volt-
age drastically [2]. These effects are due to lower work
function of Li than that of Mg. Insertion of thin inorganic
Li salt layer, such as Li2O [3] or LiF [4], between organic
layer and cathode Al was found to be also very effective
. All rights reserved.

), kid@yz.yamagata-u.
and now it is widely used. LiF is expected to be reduced
to Li by thermally activated hot Al in successive deposi-
tion, and interacts with an electron-transporting material
like an electron donor [5]. That is why the thickness of LiF
has to be very thin, no thicker than 1 nm, to be fully re-
acted by Al and not to leave unreduced insulating part
of LiF. High temperature is also required to evaporate
LiF under vacuum. Such thin thickness and low process-
ability are disadvantages, especially in industrial process
and large area deposition. On the other hand, organic p-
conjugated ligands can be helpful to reduce evaporation
temperature in a deposition process, and give charge-
transporting ability to the complex. We previously re-
ported that lithium quinolinolate complex (Liq) serves
as an excellent electron injection material (EIM), and its
thickness is much less sensitive to a performance of the
device than that of LiF, because of an electron-transport-
ing ability of Liq [6].

mailto:pu@yz.yamagata-u.ac.jp
mailto:kid@yz.yamagata-u.ac.jp
mailto:kid@yz.yamagata-u.ac.jp
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Table 1
Thermal and optoelectrochemical properties of the lithium phenolate
complexes.

Tm
a

(�C)
Td

b

(�C)
Ts

c

(�C)
Eg

(eV)
PL
(nm)

Ip

(eV)
Ea

(eV)

LiF 845 – 717 – – – –
LiPP 331 411 317 3.18 430 5.67 2.49
LiBPP 361 431 305 2.95 546 5.56 2.61
LiIQP 351 455 332 3.02 508 5.70 2.68

a Melting point.
b Decomposition temperature: 5 wt% loss at atmosphere.
c Sublimation temperature: 10 wt% loss at 2.0 � 10�5 Torr.
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Scheme 1. Synthetic route of the lithium complexes. Reagents and conditions: (i) 2-hydroxyphenylboronic acid, Pd(PPh3)4, K2CO3 aqueous, toluene,
ethanol, reflux, 8 h and (ii) LiOH�H2O, methanol, r.t., 1 h.
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In this paper, we report new series of Li complexes,
such as lithium 2-(2-pyridyl)phenolate (LiPP), lithium
2-(20, 20 0-bipyridine-60-yl)phenolate (LiBPP), and lithium
2-(isoquinoline-10-yl)phenolate (LiIQP), and their im-
proved electron-transporting ability in OLED due to their
more extended p-conjugated ligand than that of Liq.

2. Results and discussion

2.1. Synthesis, thermal and optoelectrochemical properties

Phenol ligands 1–3, substituted 2-pyridyl or 2-quinolyl
group on ortho position, were synthesized by Suzuki cou-
pling of 2-hydroxyphenylboronic acid and the correspond-
ing bromopyridine or chloroquinoline. Complexation
reactions of the phenols and lithium hydroxide in metha-
nol were straightforward, and the yields were quantitative
(Scheme 1). All these complexes were further purified by
train sublimation, and characterized with 1H NMR and ele-
mental analysis. Melting points of the complexes were rel-
atively high (>300 �C) although their molecular weight is
only around 200, probably because of their strong molecu-
lar interaction derived from their ionic property (Table 1).
The complexes were sublimable, and the sublimation tem-
peratures Tss of the complexes were estimated from
10 wt% loss temperature in thermal gravimetric analysis
under vacuum (Fig. 1). The lithium phenolate complexes
showed much lower Tss around 300 �C, while LiF showed
a high Ts of 717 �C. These Tss are nearly 100 �C lower than
their decomposition temperatures, suggesting that the
complexes are not decomposed and do not release lithium
ion or neutral atom during the thermal evaporation
process.

UV–vis and photoluminescence (PL) spectra of the film
on quartz substrates are shown in Fig. 2. LiPP showed a
widest p–p* energy gap derived from the ligand 1, which
is estimated from the absorption edge, and LiBPP showed
the narrowest gap, derived from the ligand 2. The photolu-
minescence of the complexes was blue to green, and the
order of kmax is consistent with the order of energy gap
from UV spectra. The highest occupied molecular orbital
(HOMO) levels of the complexes, or the ionization poten-
tials (Ips), determined from photoelectron spectrometer
surface analysis, were 5.56–5.70 eV, and the lowest unoc-
cupied molecular orbital (LUMO) levels, estimated by the
difference of Ip and optically obtained energy gap, were
2.49–2.68 eV.
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Fig. 2. UV–vis and PL spectra of the complexes in the film.
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2.2. OLED performance

The OLEDs with the configuration of an ITO/N,N0-
bis(naphthalen-1-yl)-N, N0-bis(phenyl)benzidine (a-NPD)
(50 nm)/tris(8-quinolinolato) aluminum (Alq3) (70 nm)/
EIM (0.5–7.0 nm)/Al (100 nm) were fabricated. The device
performance is summarized in Table 2. The devices with-
out EIMs:ITO/a-NPD (50 nm)/Alq3 (70 nm)/Al (100 nm)
showed much higher driving voltage and much lower effi-
ciencies compared with those with EIMs. These results
demonstrated that the electron injection from Al cathode
(4.2 eV) was not blocked by the higher LUMO levels of
the lithium complexes, but was rather facilitated, although
the LUMO levels of the EIMs (2.5–2.7 eV) are higher than
that of Alq3 (3.2 eV). This improvement of the electron
injection is probably because of the low barrier height for
the electron injection from the Al cathode, which are the
results from the lithium metal doping of the EIL materials
at the cathode interface. As reported [6], the lithium ion in
the organic lithium complexes can be reduced by ther-
mally activated Al to release lithium metal, which dopes
the EIL materials at the interface to form the gap states.
When a thin layer, <3.0 nm, of the lithium complexes
was used as an EIM, the turn-on voltages at 1 cd/m2 in
the all devices were around 3–4 V, and the driving voltages
at 100 cd/m2 were 6–8 V. The efficiencies are comparable
to those of the device using LiF as an EIM. On the other
hand, the life time of the devices using these lithium phe-
nolate complexes was the same as that of the device using
LiF, and so there was no negative effect of the phenolate li-
gand for the device stability. These results reveal that the
three lithium complexes can be alternative to LiF as an
EIM.

In contrast to LiF, these complexes have a p-conjugated
ligand, which may act as a charge-transporting moiety. To
investigate the electron-transporting ability of the com-
plexes, the devices with a thick EIM layer, having a struc-
ture of an ITO/NPD (50 nm)/Alq3 (70 � x nm)/EIM (x = 20
or 40 nm)/Al (100 nm), were fabricated. Fig. 3 shows the
dependency of driving voltage on the thickness of EIM.
As the thickness of LiPP increased from 3.0 to 40 nm, the
turn-on voltage at 1 cd/m2 increased by 8.8–13.2 V. On
the other hand, the turn-on voltage with LiBPP and LiIQP
increased only by 2.1 and 2.6 V, respectively, with increase
of the thickness from 3.0 to 40 nm. At 100 cd/m2, LiBPP and
LiIQP also showed less increase in the driving voltage com-
pared with that of LiPP. These results show that LiBPP and
LiIQP may have higher electron-transporting mobility than
LiPP, resulting from their wider p-conjugation.

The EL emissions of the devices were green and ascribed
to the emission of Alq3. However, the EL spectra with a
thick LiPP layer exhibited a shoulder peak around 430 nm
derived from LiPP emission (Fig. 4). The shoulder peak
was increased as the thickness of LiPP increased from 20
to 40 nm. These shoulder peaks indicate that all injected
holes were not consumed through recombination in Alq3

because of a poorer electron-transporting ability of LiPP,
and some of the holes reached into LiPP layer to give a blue
emission of LiPP (Scheme 1).

When BCP (bathocuproine), which has a more crystal-
line feature than Alq3, was used as 0.5 nm of thin ETL
between Alq3 and EIL (device: ITO/NPD (50 nm)/Alq3

(60 nm)/BCP (10 nm)/EIM (LiF or LiPP) (0.5 nm)/Al
(100 nm)), LiPP showed a slightly poorer electron injection
compared with LiF. This result is probably because LiF hav-
ing smaller molecular size than LiPP could make a better
contact with rough BCP surface, while there were no differ-
ences between LiF and LiPP for the electron injection to
amorphous Alq3 layer. Further investigation on the effect
of roughness of ETL and on the size of the lithium com-
plexes is ongoing.
3. Conclusion

p-Conjugated lithium phenolate complexes, lithium 2-
(2-pyridyl)phenolate (LiPP), lithium 2-(20, 20 0-bipyridine-
60-yl)phenolate (LiBPP), and lithium 2-(isoquinoline-10-
yl)phenolate (LiIQP), were synthesized. The complexes



Table 2
OLED performances with the various thicknesses of the EIM.

EIMa (nm) 1 cd/m2 100 cd/m2 1000 cd/m2

(V) (V) (lm/W) (cd/A) (%) (V) (lm/W) (cd/A) (%)
No EIMb 9.1 14.8 0.4 0.8 0.6 18.2 0.4 2.1 0.6

LiPP 0.5 3.9 7.6 1.5 3.6 1.1 10.4 1.3 4.4 1.4
1.0 3.1 5.9 1.6 3.1 1.0 8.6 1.4 3.7 1.2
2.0 3.4 6.8 1.7 3.8 1.2 9.8 1.4 4.5 1.5
3.0 4.4 8.9 1.0 3.0 0.9 12.3 0.9 3.5 1.1
5.0 7.5 14.2 0.1 0.3 0.1 – – – –

20 9.1 14.8 0.1 0.3 0.1 – – – –
40 13.2 19.1 0.2 0.9 0.3 – – – –

LiBPP 0.5 4.0 7.7 1.5 3.6 1.2 10.6 1.2 4.2 1.3
2.0 4.0 7.3 1.4 3.3 1.0 10.1 1.2 3.9 1.3
3.0 2.9 5.6 1.7 3.0 1.0 8.2 1.4 3.6 1.1
5.0 3.4 7.3 0.6 1.4 0.4 10.8 0.5 1.7 0.5
7.0 4.5 9.2 0.9 2.5 0.8 12.6 0.8 3.0 0.9

20 4.7 9.7 1.0 3.1 1.0 13.1 0.8 3.4 1.1
40 5.0 10.6 0.7 2.5 0.8 14.1 0.6 2.6 0.8

LiIQP 0.5 3.0 6.3 1.8 3.6 1.2 9.1 1.5 4.3 1.4
2.0 3.1 6.6 1.2 2.6 0.8 9.5 1.0 3.2 1.0
3.0 3.0 6.1 1.5 2.9 0.9 8.8 1.2 3.4 1.1
5.0 3.6 7.6 1.1 2.6 0.8 10.8 0.9 3.0 0.9

20 6.0 11.0 0.8 2.8 0.8 14.2 0.7 3.2 1.0
40 5.6 11.0 0.7 2.6 0.8 14.6 0.6 3.0 0.9

a EIM, 0.5–7.0 nm: ITO/NPD (50 nm)/Alq3 (70 nm)/EIM (0.5–7.0 nm)/Al (100 nm) and EIM, 20 or 40 nm: ITO/NPD (50 nm)/Alq3 (70 � x nm)/EIM (x nm)/Al
(100 nm).

b ITO/NPD (50 nm)/Alq3 (70 nm)/Al (100 nm).
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Fig. 3. Driving voltage at 1 cd/m2 (solid line) and 100 cd/m2 (dotted line)
of LiPP (circle), LiBPP (triangle) and LiIQP (square). Device structures: ITO/
NPD (50 nm)/Alq3 (70 nm)/EIM (0.5–7.0 nm)/Al (100 nm); ITO/NPD
(50 nm)/Alq3 (50 nm)/EIM (20 nm)/Al (100 nm) and ITO/NPD (50 nm)/
Alq3 (30 nm)/EIM (40 nm)/Al (100 nm).

0

0.2

0.4

0.6

0.8

1

300 400 500 600 700 800

In
te

ns
ity

 (a
.u

.)

WaveLength (nm)

Fig. 4. EL spectra of the OLED devices with LiPP at 20 mA/cm2. Circle: ITO/
NPD (50 nm)/Alq3 (30 nm)/LiPP (40 nm)/Al (100 nm); square: ITO/NPD
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(50 nm)/Alq3 (70 nm)/LiF (0.5 nm)/Al (100 nm).
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were readily sublimated under vacuum, compared with
LiF. The organic light-emitting diodes (OLEDs) using these
complexes as an electron injection layer exhibited a facili-
tated electron injection from Al cathode to Alq3 emitting
layer, as well as the device using LiF, and even in 40 nm
of thick film, LiBPP and LiPP were still effective because
of their electron-transporting p-conjugated ligand.
4. Experimental

4.1. Materials

6-Bromo-2, 20-dipyridyl was synthesized according to
the literature. 2-Hydroxyphenylboronic acid was pur-
chased from Wako Chemical.
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4.2. Measurements

The 1H NMR spectra were measured in deuterated sol-
vents with JEOL ECX 400 MHz spectrometers. Elemental
analyses were carried out in the Elemental Analysis Service,
Yamagata University, Japan. Mass spectra were obtained by
a JEOL JMS-K9 mass spectrometer. Thermal gravimetric
analysis was performed on SII EXSTAR 6000 and TGA/DTA
62000. Ionization potentials were measured with Photo-
electron Spectrometer Surface Analyzer (RIKEN KEIKI AC-
3). UV–visible absorption spectra were recorded with a Shi-
madzu UV-3150 spectrometer. PL spectra were recorded
using a Jobin Yvon Fluoromax-2 fluorometer. The EL devices
were fabricated on indium tin oxide (ITO) coated glass sub-
strates, ultrasonicated sequentially in detergent, methanol,
2-propanol, and acetone and exposed under UV–ozone
ambient for 20 min. NPD and Alq3 materials were deposited
by thermal evaporation under 2 � 10�4 Pa. EIM and alumi-
num were finally deposited under 1 � 10�3 Pa as a cathode
through a shadow mask, and its active area is 5 � 5 mm2.
Layer thickness calibration was performed using Dektak 3
surface profilometer. The EL spectra were measured on a
Hamamatsu photonic multichannel analyzer PMA-11. The
current–voltage (I–V) characteristics and luminance were
measured using Keithley 2400 Source Meter and Konika
Minolta CS-200, respectively. External quantum efficiencies
were calculated assuming Lambertian emission pattern and
considering all spectral features in the visible.

Ligand 1: A mixture of 2-bromopyridine (5.21 g,
33.0 mmol), 2-hydroxyphenylboronic acid (4.14 g,
30.0 mmol), toluene (120 ml), ethanol (60 ml), aqueous
potassium carbonate (2.0 mol/l, 30 ml) and tetrakis(tri-
phenylphosphine)palladium (0) was heated at 80 �C for
8 h under nitrogen. The mixture was allowed to cool to
room temperature, and then toluene was added. The or-
ganic layer was washed with water, dried over magnesium
sulfate and filtered. The solvent was removed in vacuo, and
the residue was purified by column chromatography over
silica using a chloroform–hexane mixture (1:1) as eluent
to give 1 (3.4 g, 66%). 1H NMR (400 MHz, d6DMSO, ppm),
8.62 (1H, d, J = 4.1 Hz), 8.21 (1H, d, J = 8.6 Hz), 8.03–8.00
(2H, m), 7.43 (1H, t, J = 6.1 Hz), 7.30 (1H, t, J = 7.5 Hz),
6.91 (2H, t, J = 4.1 Hz). EI–MS (m/z) calcd. 171.2. found
171. Elemental analysis calcd. for C11H9NO: C, 77.17; H,
5.30; N, 8.18. found: C, 77.08; H, 5.39; N, 8.17.

Ligand 2: A mixture of 6-bromo-2, 20-dipyridyl (5.05 g,
21.5 mmol), 2-hydroxyphenylboronic acid (3.27 g,
23.7 mmol), toluene (100 ml), ethanol (50 ml), aqueous
potassium carbonate (2.0 mol/l, 24 ml), and tetrakis(tri-
phenylphosphine)palladium (0) was heated at 70 �C for
8 h under nitrogen. The mixture was allowed to cool to
room temperature, and then toluene was added. The or-
ganic layer was washed with water, dried over magnesium
sulfate, and filtered. The solvent was removed in vacuo,
and the residue was purified by column chromatography
over silica using a chloroform–ethyl acetate mixture (9:1)
as eluent to give 2 (4.8 g, 90%). 1H NMR (400 MHz,
d6DMSO, ppm) 8.77 (1H, d, J = 4.5 Hz), 8.32–8.26 (2H, m),
8.19–8.13 (2H, m), 8.09–8.03 (2H, m), 7.53 (1H, dd,
J = 7.7, 5.0 Hz), 7.34 (1H, t, J = 7.7 Hz), 6.98–6.94 (2H, m).
EI–MS (m/z) calcd. 248.3. found 248. Elemental analysis
calcd. for C16H12N2O: C, 77.40; H, 4.87; N, 11.28. found:
C, 77.34; H, 4.93; N, 11.32.

Ligand 3: A mixture of 1-chloroisoquinoline (5.20 g, 31.8
mmol), 2-hydroxyphenylboronic acid (5.21 g, 37.8 mmol),
toluene (100 ml), ethanol (60 ml), aqueous potassium car-
bonate (2.0 mol/l, 38 ml) and tetrakis(triphenylphos-
phine)palladium (0) was heated at 70 �C for 8 h under
nitrogen. The mixture was allowed to cool to room temper-
ature, and then toluene was added. The organic layer was
washed with water, dried over magnesium sulfate, and fil-
tered. The solvent was removed in vacuo, and the residue
was purified by column chromatography over silica using
a toluene–ethyl acetate mixture (9:1) as eluent to give 3
(5.5 g, 78%). 1H NMR (400 MHz, d6DMSO, ppm) 9.67 (1H,
s), 8.53 (1H, d, J = 6.0 Hz), 7.99 (1H, d, J = 8.2 Hz), 7.81 (1H,
d, J = 6.0 Hz), 7.76–7.71 (2H, m), 7.57 (1H, t, J = 7.6 Hz),
7.35–7.27 (2H, m), 7.01–6.94 (2H, m). EI–MS (m/z) calcd.
221.3. found 221. Elemental analysis calcd. for C15H11NO:
C, 81.43; H, 5.01; N, 6.33. found: C, 81.46; H, 5.07; N, 6.33.

4.3. General procedure of the complexation

A methanol solution (2.5 ml) of a ligand (1.0 mmol) was
slowly added to a methanol solution (2.5 ml) of lithium
hydroxide monohydrate (1.0 mmol), and the mixture was
stirred at room temperature. After 30 min, the solvent
was evaporated in vacuum to give a yellow solid. The ob-
tained compounds were purified with train sublimation.

LiPP: 1H NMR (400 MHz, d6DMSO, ppm) 8.45 (1H, d,
J = 7.7 Hz), 8.40 (1H, d, J = 4.5 Hz), 7.68–7.64 (2H, m), 7.06
(1H, t, J = 5.9 Hz), 6.86 (1H, t, J = 7.5 Hz), 6.39 (1H, d, J =
7.7 Hz), 6.15 (1H, s). Elemental analysis calcd. for C11H8NO-
Li: C, 74.59; H, 4.55; N, 7.91. found: C, 74.64; H, 4.44; N, 7.85.

LiBPP: 1H NMR (400 MHz, d6DMSO, ppm) 8.88 (1H, d,
J = 7.7 Hz), 8.64 (1H, d, J = 3.6 Hz), 8.43 (1H, d, J = 7.7 Hz),
8.00 (1H, d, J = 7.7 Hz), 7.96–7.92 (2H, m), 7.73 (1H, t,
J = 7.9 Hz), 7.40 (1H, t, J = 5.8 Hz), 6.87 (1H, t, J = 7.5 Hz),
6.46 (1H, d, J = 8.2 Hz), 6.18 (1H, t, J = 7.0 Hz). Elemental
analysis calcd. for C16H11N2OLi: C, 75.59; H, 4.36; N,
11.02. found: C, 75.58; H, 4.23; N, 11.01.

LiIQP: 1H NMR (400 MHz, d6DMSO, ppm) 8.34 (1H, d,
J = 5.9 Hz), 8.10 (1H, d, J = 8.2 Hz), 7.85 (1H, d, J = 8.2 Hz),
7.64 (1H, t, J = 7.5 Hz), 7.57 (1H, d, J = 5.9 Hz), 7.46 (1H, t,
J = 7.7 Hz), 6.96–6.88 (2H, m), 6.37 (1H, d, J = 8.2 Hz), 6.08
(1H, t, J = 7.3 Hz). Elemental analysis calcd. for C15H10NOLi:
C, 79.30; H, 4.44; N, 6.17. Found: C, 79.13; H, 4.31; N, 6.15.
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a b s t r a c t

Contact effects in organic thin-film transistors (OTFTs) sensors are here investigated specif-
ically respect to the gate field-induced sensitivity enhancement of more than three orders
of magnitude seen in a DHa6T OTFT sensor exposed to 1-butanol vapors. This study shows
that such a sensitivity enhancement effect is largely ascribable to changes occurring to the
transistor channel resistance. Effects, such as the changes in contact resistance, are seen to
influence the low gate voltage regime where the sensitivity is much lower.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The scientific and technological driving force towards
the development of performing conducting polymer (CP)
based solid state sensors is still very strong despite this
field has been initiated more than 30 years ago [1]. Re-
cently, organic thin-film transistor (OTFT) sensors have
risen the interest of the scientific community for their
enhanced level of performance [2–6]. In this configuration,
highly repeatable responses were measured by properly
gate biasing the device [2,3] whereas broad chemical selec-
tivity was conferred either by covalently bound side
groups [7] or by means of CP blends [8]. Besides, an impor-
tant assessment of their selectivity capabilities was
achieved with a chiral OTFT, that exhibited field-effect
. All rights reserved.
amplified sensitivity allowing detection of optical isomers
in the tens part-per-million (ppm) concentration range
[9], i.e. with a three order of magnitude sensitivity
improvement [10,11].

This report aims to demonstrate that the sensing pro-
cess, in particular the field-induced sensitivity enhance-
ment, can be largely ascribed to changes of the channel
resistance Rch, eventually ruling out dominating contribu-
tions from of the contact resistance (Rc) or leakage current
variations. The results reported can also shed light on the
origin of the contact resistance in OTFTs.

2. Experimental methods

2.1. Organic thin-film transistors fabrication

The transistors used for this study have a bottom-gate
structure and consist of a highly n-doped silicon wafer

mailto:torsi@chimica.uniba.it
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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(resistivity: 0.02–1 X/cm) coated by a 300 nm thick SiO2

thermal oxide (dielectric capacitance per unit area:
Ci = 10 nF cm2). Each sample was fabricated on a cleaved
wafer piece of ca. 2 cm2. The silicon substrate with a gold
pad acts as the gate contact (G) while the silicon dioxide
is the gate dielectric. The SiO2 surface was alkyl functional-
ized by treatment in 1,1,1,3,3,3-hexamethyldisilazane sat-
urated vapors for 24 h. The dielectric surface was covered
by a a,x-dihexyl-hexathiophene (DHa6T) thin-film depos-
ited by thermal evaporation at a base pressure of 8 � 10�7

with the substrate kept at room temperature. A series of 30
gold source (S) and drain (D) contacts were defined, by
thermal evaporation through a shadow mask, directly on
the organic films. Before the measurements, the OTFTs
were annealed under a vacuum of 10�5 Torr at 100 �C for
30 min. Transistors were produced with different channel
lengths (distance between the two probed pads), namely:
L = 0.2 mm, 0.6 mm and 1 mm, while the channel width
(the pads’ longer dimension, W), was kept constant at
4 mm. The sensors were fabricated and measured in a stan-
dard laboratory environment and operated at room tem-
perature. The synthetic approach for preparing the a,x-
dihexylsexithiophene comprised a Stille coupling between
the 5,50-bis-trimethylstannyl-2,20-bithiophene and the
5-bromo-50-hexyl-2,20-bithiophene. The product precipi-
tated from the reaction medium as a red powder and was
purified from soluble byproducts by subsequent Soxhlet
washing with methanol, chloroform, acetone and n-hexane.

2.2. Sensing measurements

The analyte, in a nitrogen stream and at a controlled
concentration, was delivered through a nozzle (positioned
at a fixed distance of few mm from the device channel sur-
face) directly onto the active layer surface, as depicted in
Scheme 1. The Ids–Vg transfer characteristics were mea-
sured by biasing the device in a common source configura-
tion by sweeping Vg (from positive to negative potentials)
at a fixed Vds, namely �50 V. The current, Ids, flowing in
the channel region was measured in nitrogen and in a flux
of controlled butanol concentration in N2, obtained
through a system of computer controlled flow meters.
The response measurements were performed at relatively
high analyte concentrations (3750–11,250 ppm) as this
condition allowed to better discriminate the effects of the
contact resistance variation. Both the transfer characteris-
tics (measured in N2 and in the analyte atmosphere), lasted
for 45 s with a total flux of 200 ml/min. Before starting
Scheme 1. DHa6T thin-film transistor sensor structure upon e
each run the unbiased device was conditioned by exposure
to the analyte atmosphere for 45 s.

3. Results and discussion

The system investigated is a a,x-dihexylsexithiophene
(DHa6T) OTFT with a bottom-gate top contact configura-
tion (Scheme 1). Such a device has been widely investi-
gated for 15 years now [12–17] and can, in many
respects, be taken as a model system. The DHa6T thin-film,
exhibiting a morphology formed of a three dimensional
percolation-type network, with nano-sized crystalline do-
mains separated by voids of comparable size [18], acts
both as transistor channel material and as sensing layer.
In agreement to what already reported for OTFTs exposed
to volatile organic compounds, changes in the drifting
source-drain current were seen upon exposure of the
DHa6T OTFT to 1-butanol and the response and recovery
times were generally quite short, falling in the 10–100 s
of seconds range at most [2,3]. Weak chemical interactions
are likely to occur between the DHa6T thin-film and the
alcohol molecules, the latter being eventually partitioned
between the solid (the DHa6T thin-film) and the gaseous
phase. Since diffusion of the molecules into the crystalline
grains is unlikely, such molecules largely percolate through
the voids around the grains till the interface with the
dielectric is reached. The analyte molecules are physi-
sorbed at the grains surface and this can enhance the po-
tential barriers at the boundaries [19], generating also
charge trapping effects. The degree of physisorption is a
function of the chemical affinity between the active layer
and the analyte [7], and it occurs in the DHa6T bulk, as
well as at the interface with the dielectric, were the two-
dimensional transport takes place.

Typical DHa6T OTFT current–voltage characteristics in
the inert N2 atmosphere are reported in Fig. 1a. Here, the
source-drain current (Ids) is reported as a function of the
source-drain bias (Vds) for different gate biases (Vg). As
DHa6T is a p-type semiconductor, negative values of Vds

and Vg (|Vg| > |Vt|) drive the device in the on-state (accumu-
lation mode), while Vg values below the threshold voltage,
Vt, generate a regime of charge depletion (off-state or
depletion mode) [2]. The field-effect mobility (l) and the
threshold voltage, Vt, are graphically extracted from the
relevant square root of Ids vs. Vg plot (Fig. 1b) resulting in
l = 0.1 cm2/Vs, Vt below�2 V while a current amplification
of 104 can be achieved. These figures of merit are state of
the art values for DHa6T [12–15], although best mobility
xposure to 1-butanol vapors along with biasing details.
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values can reach 0.5–1 cm2/Vs [16,17]. Data reported in the
supporting information show Ids values at zero Vds biases at
different Vg. It is apparent that the highest leakage current
(Ids values at zero Vds) is at most of ca. 60 nA. Since the Ids

currents measured reach 100 lA, the sum of the leakage
currents is below 0.1% of Ids, this being a figure generally
considered as adequate.

The field-effect mobility in a OTFT is generally gate bias
dependent and can be better estimated by considering the
channel conductance

gds ¼
@Ids

@Vg
ð1Þ

measured at low drain voltages (Vds < �5 V) [20]. In this
case being Vds� Vg, gds can be expressed as follows:

gds ¼
@Ids

@Vds
�W

L
lCiðVg � V tÞ ð2Þ
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Fig. 2. DHa6T OTFT channel conductance, gds, plotted as a function of the
gate bias.
This equation is, at first approximation, valid also for
non-constant mobility. In Fig. 2 the data for the channel
conductance, gds, extracted from the I–V characteristics of
Fig. 1 at low source-drain voltage (0 < Vds < |�5 V|), are re-
ported as a function of Vg. The extracted mobility is of
0.07 cm2/Vs in this case. The data modeling within this
framework allows also to give a first estimate of the con-
tact resistance effects. In the case of zero contact resistance
Eq. (2) holds, at low Vds (linear region). Introducing a series
resistance as contact resistance, Rc, results in changing Vds

by a Vds�IdsRc and Eq. (2) becomes

gds �
W=L � CilðVg � V tÞ

1þW=LCilRcðVg � V tÞ
ð3Þ

The transport in the channel region appears as not lim-
ited by the contact resistance, since gds shows a quite good
linear dependence from Vg (correlation factor of 0.9997). A
slight deviation from linearity at higher Vg biases is indeed
observed and this calls for further investigations. To quan-
titatively extract the contribution of the contact resistance
the transfer line method, TLM [21,22] was used. Accord-
ingly, the I–V characteristics of a set of three DHa6T OTFTs,
with channel lengths of L = 0.2, 0.6 and 1 mm were mea-
sured in N2. The total device resistance, R, was extracted
from the linear region (0 < Vds < |�10 V|) for each of the
three OTFTs. In Fig. 3 the data are reported as (R �W) vs.
L at different Vg voltages. According to the transfer line
method, the total resistance, R, is the sum of the channel
resistance, Rch, and the contact resistance Rc, the latter
being graphically extrapolated at L = 0.

In Fig. 4 the contact (Rc) and channel (Rch) resistances of
DHa6T OTFTs with different channel lengths are plotted vs.
Vg. As expected, in longer channel devices the contact
resistance weights much less, while in the shorter channel
devices they are of comparable size, at least at higher gate
biases. This provides preliminary evidences that contact
related effects are not dominating the on-state OTFT trans-
port properties. Besides, the curves in Fig. 4 exhibit contact
resistance at high Vg biases falling in the 105 X cm range.
Although lower Rc have been reported in some cases for
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pentacene organic semiconductors [22,23], values in the
105 X cm are typical for thiophene based materials con-
tacted with gold electrodes [24,25].

The same DHa6T OTFT devices were then exposed to
saturated vapors of 1-butanol. A comparison of the device
I–V and transfer characteristics in nitrogen and butanol are
reported in Fig. 5. The DHa6T OTFT Ids–Vg, transfer charac-
teristics, are reported in Fig. 5a, along with the relevant
log-plot (Fig. 5b), while typical device Ids–Vds characteris-
tics are reported in panel (c) and (d). The black solid curves
in Fig. 5a and b show the current drifting in the channel re-
gion between the source and the drain contacts at a fixed
drain-source bias (Vds = �50 V) while sweeping Vg between
20 V and �100 V. Generally, as it is apparent in Fig. 5 and
as already widely reported, a on-state Ids decrease occurs
upon exposure of a thiophene based OTFT to alcohol
vapors [3,25]. This can be explained by the elicited poten-
tial barrier increase at grain boundaries upon exposure to
the analyte or, equivalently, by a charge trapping effect.
However, a closer inspection of Fig. 5b, reveals that for gate
biases falling below a cross-over point, a Ids current in-
crease occurs upon exposure to the analyte. This effect
has been seen consistently in most sensing OTFT, using
differently substituted thiophene as well as phenylene-
thiophene based organic semiconductor, when exposed to
organic vapors as well as to inorganic species [9]. It can
be also seen on a recently published report, by a different
laboratory [6]. In this case a doping effect can be postulated
as an increase of the off-current is seen. Sample dependent
features were for instance the gate bias at which the
cross-over took place and in the intensity of the current
differential change.

The response of the OTFT sensor DI was defined as
follows:

DI ¼ IdsðN2Þ � Idsð1� butanolÞ ð4Þ

In Fig. 5b it can be seen that different DI values can be
measured at different Vg biases and as Ids are negative val-
ues, DI is negative above the cross-over while is positive
below. The DHa6T I–V characteristics, exposed to butanol
at different concentrations, were measured for devices
with different channel lengths and plots, similar to those
reported in Fig. 3, were constructed. The relevant data
are reported in Fig. 6a. Also in this case the Rch and Rc data
are extracted by the TLM and a comparison of the contact
and channel resistances in N2 (data as in Fig. 4) and in
butanol are given in Fig. 6b and c, respectively. In Fig. 7
the relevant Rch and Rc variation are reported and the fol-
lowing features can be outlined. The DRc values can be sev-
eral times lower then DRch, especially for longer channel
devices. This holds true also for the relative percentage
variations as DRc/R is ca. 8% while DRch/R can be as high
as 20%. Moreover, the variations of the contact and channel
resistances, upon exposure to 1-butanol vapors, go in
opposite directions as DRch are negative values while DRc

are positive ones.
Such a result allows establishing some correlations. As

already mentioned, a cross-over point, discriminating neg-
ative and positive DI current changes, was identified in the
transfer characteristics (curves in Fig. 5b being a typical
example). It is straightforward to associate negative resis-
tance changes to negative current variations and vice versa.
This means that, when a negative DI is seen, it is the chan-
nel resistance that is changing, while when DI is positive,
contact resistance variations are dominating. Therefore,
the plot of the OTFT sensor transfer characteristics, mea-
sured in an inert and in the analyte atmosphere, gives an
indication of the voltage range in which the contribution
of contact effects dominates. To better understand the
interplay occurring between the channel and the contact
resistance changes in OTFT sensors a modeling of the data
is in progress.

As a further step, the DHa6T OTFT transfer characteris-
tics have been measured also in atmospheres of butanol
vapors at different concentrations. The DI values were
evaluated at different gate biases and at constant concen-
tration as shown in Fig. 5b. The DI values at a fixed Vg bias
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and at different concentration constitute the data points
for one calibration curve, the slope (m) of each curve being
the device sensitivity. The relevant m data are given in
Fig. 8 for L = 0.2 mm and L = 1.0 mm DHa6T OTFTs. The
occurrence of a gate field dependent sensitivity is apparent
and a sensitivity enhancement of more than three orders of
magnitude is seen when the device is driven from the off to
the on-state. Similar data were gathered for a phenylene–
thiophene [9], as well as for differently substituted thio-
phene oligomers exposed to organic and inorganic species,
showing that this can be a general property of OTFT sen-
sors. Fig. 8 further shows that the slope values too can be
positive (hollow red points) and negative (solid black
points). Also in this case it is possible to associate the neg-
ative slopes to the channel resistance variation, while the
positive ones to the contact resistance changes. This means
that contact resistance changes dominate in the low gate
voltage regime while channel resistance variations are
responsible for the much higher sensitivity at gate biases
that drive the transistor in the on-state. Since red points
values are consistently orders of magnitude lower than
negative ones, the contact resistance variations affect the
field-enhanced sensitivity only negligibly. Besides, it is also
important to outline that the associated standard error on
the response repeatability is much lower in the on regime
than in the off-one. All the evidences provided so far show
that the enhanced sensitivity observed is in fact not dom-
inated by contact related effects. Such effects are present,
but influence the TFT sensor low gate voltage regime.
Interestingly, in this operating regime an OTFT is much
more likely to behave as a chemiresistor. As to the leakage
is concerned, it has been shown in the Supplementary
information file that the leakage is limited to 0.1% of the
maximum Ids current, while the total relative current vari-
ation can be as high as 20%. Therefore, leakage current con-
tribution to the total current variation is negligible too.

A final remark is due on the sensing mechanism. Upon
exposure of the OTFT active layer to a volatile organic va-
por a partition of the analyte molecules between the solid
and the gaseous phase occurs. The chemical affinity
between the analyte and the active layer modulates the
degree of physisorption of the analyte molecules at the
grains’ surface. This in turn can enhance the potential bar-
riers at the grain boundaries, eventually lowering the
intensity of the drifting source-drain current, as seen in
preliminary evidences [19,26]. This effect involves the
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whole bulk of the DHa6T film down to the interface with
the gate dielectric where the two-dimensional transport
occurs [27]. The two-dimensional nature of the sensing
mechanism was demonstrated too, as DI responses were
seen to be active layer thickness independent [9]. The
field-induced sensitivity enhancement, can be seen as cor-
related to the comparably larger number of charges drift-
ing in the device’s channel in the on-state accumulation
regime with the respect to the charges, drifting in the bulk,
in the device off state. The data reported can also contribute
to shed light on the origin of contact effects in OTFTs. A
simple thermionic emission is generally postulated
although this hypothesis is not supported by evidences
such as the contact activation energy being much smaller
than the estimated potential barriers determined by pho-



L. Torsi et al. / Organic Electronics 10 (2009) 233–239 239
toemission spectroscopy. Also the channel potential mea-
surements by Kelvin probe force microscopy and the
four-probe methods, indicate that the contact resistances
and temperature dependences associated with the individ-
ual source and drain electrodes are nearly identical [21].
Alternatively, the transport through the contacts can be
limited by a disordered depletion region near the contacts,
this being even more plausible in top contact devices. It is
received that the charged carrier transport in OTFTs pro-
ceeds through thermionic emission through grains [28].
The data in Fig. 8 shows that, upon exposure to an alcohol,
the contact resistance and the channel one change in oppo-
site fashion, implying that they can be generated by two
different mechanisms. This can be of further support to
the hypothesis that the carrier diffusion through a disor-
dered depletion region is the dominant contributing mech-
anism to OTFT contact resistance. A doping near the
contacts could also be favored by the amorphous nature
of the organic semiconductor in this region.
4. Conclusions

A systematic study is reported on the role of contact
resistance effects on OTFT sensors, in particular as it con-
cerns the gate field-induced sensitivity enhancement. The
on-state sensitivity enhancement is largely ascribable to
changes occurring in the transistor channel transport and
effects, such as contacts resistance or leakage current vari-
ations do not dominate the on-state sensor behavior. Their
effect is seen in the low gate voltage regime where sensi-
tivities are much lower. Besides, the evidences reported
bring further support to the hypothesis of the OTFT contact
resistances being mainly due to carried diffusion though a
disordered depletion region.
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Ideal host-guest system for emission in phosphorescent OLEDs with only 1% guest doping
condition for efficient energy transfer have been demonstrated in the present investigation.
Using a narrow band-gap fluorescent host material, bis(10-hydroxybenzo[h] quinolina-
to)beryllium complex (Bebq2), and red dopant bis(2-phenylquinoline)(acetylaceto-
nate)iridium (Ir(phq)2acac), highly efficient red phosphorescent OLEDs (PHOLEDs)
exhibiting excellent energy transfer characteristics with a doping concentration of 1% were
developed. Fabricated PHOLEDs show a driving voltage of 3.7 V, maximum current and
power efficiencies of 26.53 cd/A and 29.58 lm/W, and a maximum external quantum effi-
ciency of 21%. Minimized electron or hole trapping at the phosphorescent guest molecules
and efficient Förster and Dexter energy transfers from the Bebq2 host singlet and triplet
states to the emitting triplet of Ir(phq)2acac guest appear to be the key mechanism for ideal
phosphorescence emission.

Crown Copyright � 2008 Published by Elsevier B.V. All rights reserved.
1. Introduction

Since the initial report by Baldo et al. [1], phosphores-
cent organic light-emitting devices (PHOLEDs) have been
attracting much attention owing to their potential use in
general illumination and flat panel displays. Phosphores-
cent based devices fabricated by doping host materials,
having high-energy triplet states, with phosphorescent
guest materials can theoretically produce 100% internal
quantum efficiency (IQE). This is achieved by harvesting
both singlet and triplet excitons generated by electrical
injection which is four times that of fluorescent organic
light-emitting devices (OLEDs) [2–4]. Förster and/or Dexter
energy transfer processes [5] between host and guest
molecules play an important role in confining the triplet
energy excitons in the phosphorescent guest. This deter-
mines the triplet state emission efficiency in PHOLEDs.
Förster energy transfer [6] is a long range process
2008 Published by Elsevier

x: +82 2 961 9154.
), jhkwon@khu.ac.kr
(up to �10 nm) due to dipole–dipole coupling of donor
host and acceptor guest molecules, while Dexter energy
transfer [7] is a short range process (typically �1–3 nm)
which requires overlapping of the molecular orbital of
adjacent molecules (intermolecular electron exchange).

The phosphorescence emission in the conventional
host-guest phosphorescent system occurs either with För-
ster transfer from the excited singlet S1 state of the host to
the excited singlet S1 state of the guest and Dexter transfer
from the excited triplet T1 state of the host to the excited
triplet T1 state of the guest or direct exciton formation on
the phosphorescent guest molecules, resulting in a reason-
able good efficiency. However, emission mechanism in
phosphorescent OLEDs whether due to charge trapping
by guest molecules and/or energy transfer from the host
to the guest, is not clearly understood. Till date, several
researchers have reported that the charge trapping at guest
molecules is the main cause for the emission of PHOLEDs.

Amongst well-known iridium (III) and platinum (II)
phosphorescent emitters, iridium (III) complexes have
been shown to be the most efficient triplet dopants
employed in highly efficient PHOLEDs [8,9]. Usually, wide
B.V. All rights reserved.

mailto:rbpode@khu.ac.kr
mailto:jhkwon@khu.ac.kr
http://www.sciencedirect.com/science/journal/15661199
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energy gap 4,40-bis(N-carbazolyl)-1,10-biphenyl (CBP) is
used as a host material for red (�2.0 eV) or green (�2.3–
2.4 eV) phosphorescent guests [10,11]. Such a wide energy
gap host has the advantage of a high T1 energy of 2.6 eV
[12] or 2.55 eV [13] and long triplet lifetime >1 s, [12]
while the optical band-gap value (Eg) is 3.1 eV [8].

Fig. 1a shows both the energy level diagram of fac-
tris(2-phenyl-pyridinato)iridium(III) (Ir(ppy)3) green and
the tris(1-phenylisoquinoline)iridium (Ir(piq)3) red phos-
phorescent complexes used in doping the CPB host. How-
ever, the wide band-gap host and narrow Eg guest system
often cause an increase in driving voltage due to the differ-
ence in HOMO and/or LUMO levels between the guest and
host materials [11]. Thus, the guest molecules are thought
to act as deep trapping centers for electrons and holes in
the emitting layer, causing an increase in the drive voltage
of the PHOLED [14]. The dopant concentration in such a
host-guest system is usually as high as about 6–10% by
weight (wt%) because injected charges should move
through guest molecules in the emitting layer. Therefore,
self-quenching or triplet–triplet annihilation by guest mol-
ecules is an inevitable problem in host-guest systems with
high doping concentrations. Earlier, Kawamura et al. had
reported that the phosphorescence photoluminescence
quantum efficiency of Ir(ppy)3 could be decreased by
�5% with an increasing in doping concentration from 2%
to 6% [15]. Consequently, the selection of suitable host can-
didates is a critical issue in fabricating high efficiency
PHOLEDs.

In this study, the minimized charge trapped host-guest
system is investigated by using a narrow band-gap fluores-
cent host material in order to address device performance
and manufacturing constraints. Here, we report an ideal
host-guest system that requires only 1% guest doping con-
dition for good energy transfer and provides ideal quantum
efficiency in PHOLEDs. We also report that strong fluores-
cent host materials function very well in phosphorescent
Fig. 1a. An Energy level diagram of the Ir(ppy)3 green and Ir(piq)3 red
phosphorescent complex doped by the CPB host. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
OLEDs due to efficient Förster energy transfers from the
host singlet state to the guest singlet and triplet mixing
state which appears to be the key mechanism for phospho-
rescence emission.

2. Experimental

N,N’-Di(4-(N,N0-diphenyl-amino)phenyl)-N,N0-diphenyl-
benzidine (DNTPD) as a hole transporting layer, CBP and
bis(10-hydroxybenzo [h] quinolinato)beryllium complex
(Bebq2) as host materials, bis(2-phenylquinoline)(acetyl-
acetonate)iridium (Ir(phq)2acac), tris(1-phenylisoquino-
line)iridium (Ir(piq)3) as red dopants, aluminum (III)
bis(2-methyl-8-quinolinato)-4-phenylphenolate (BAlq) as
a hole blocking layer and tris-(8-hydroxyquinoline)alumi-
num (Alq3) as an electron transporting layer were pur-
chased from Gracel and Chemipro Corporation and were
used. To fabricate OLED devices, clean glass substrates pre-
coated with a 150-nm-thick indium tin oxide (ITO) layer
with a sheet resistance of �12 X/h were used. Line pat-
terns of ITO were formed on glass by photolithography
process. The ITO glass was cleaned by sonification in an
isopropylalcohol and acetone, rinsed in deionized water,
and finally irradiation in a UV–ozone chamber. All organic
materials were deposited by the vacuum evaporation tech-
nique under a pressure of �1 � 10�7 Torr. The deposition
rate of organic layers was about 1 Å/s. Then, LiF and Al
were deposited in another vacuum deposition system
without breaking vacuum. Deposition rates of LiF and Al
were 0.1 Å/s and 5–10 Å/s, respectively. The current den-
sity–voltage (J–V) and luminance–voltage (L–V) data of
PHOLEDs were measured by Keithley SMU 238 and Minol-
ta CS-100A, respectively. The OLED area was 2 mm2 for all
the samples studied in this work. Electroluminescence (EL)
spectra and CIE coordinate were obtained using a Photo-
research PR-650 spectroradiometer.

3. Result and discussion

Fig. 1b shows an energy band diagram of the fluorescent
host and orange–red phosphorescent dopant materials
used in the device fabrication. The simple bilayer PHOLED
comprises a DNTPD hole transport layer (HTL), a Bebq2

narrow band-gap fluorescent host and an electron trans-
port layer (ETL) plus Ir(phq)2acac dopant. Bebq2 and other
beryllium complexes are known to have excellent electron
transport characteristics with a high electron mobility of
�10�4 cm2/Vs [16,17] and a narrow band-gap. Earlier,
Hamada et al. [18] used Bebq2 as an emitter to produce
high luminance in OLEDs. More recently, we have demon-
strated green [19] and red [20] emitting phosphorescent
devices utilizing beryllium complexes as host and ETL. In
the present investigation, the fabricated PHOLED was:

ITO=DNTPDð40 nmÞ=Bebq2 : IrðphqÞ2acacð50 nm; 1%Þ
=LiFð0:5 nmÞ=Alð100 nmÞ

Fig. 2a and b and Table 1 (device B) illustrate the elec-
trical performance of the fabricated phosphorescent de-
vice. A luminance of 1000 cd/m2 was obtained with a
driving voltage of 3.7 V, and a current and power efficiency



Fig. 2. (a) A J–V–L plot and (b) current and power efficiencies as a
function of luminance from red PHOLEDs doped with different concen-
trations (0.5–2%) of Ir(phq)2acac. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 1b. An Energy level diagram of the Bebq2 fluorescent host and
(Ir(phq)2acac) and Ir(piq)3 red phosphorescent dopant materials. (For
interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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of 20.53 cd/A and 23.14 lm/W, respectively. Furthermore,
the maximum current and power efficiency were
26.53 cd/A and 29.58 lm/W, respectively. The external
quantum efficiency (EQE) value of 21% in the fabricated
PHOLED slightly exceeded the theoretical limit of about
20% derived from simple classical optics. Moreover, this
can be further improved by optimizing the output cou-
pling. These remarkable results brought some pleasant
surprises.

Indeed, because of the extraordinarily low doping con-
centration (�1%) by contrast with most phosphorescent
devices (6–10 wt%) we never expected the enhanced per-
formance of the Bebq2:Ir(phq)2acac PHOLEDs. In order to
investigate the origin for the enhanced performance, we
fabricated several PHOLEDs by varying the doping concen-
tration from 0.5% to 2% in the host-guest system. Current
and luminance as a function of voltage are presented in
Fig. 2a, while current and power efficiencies as a function
of luminance are presented in Fig. 2b. This data provides
evidence for: (1) complete energy transfer from the fluo-
rescent host to phosphorescent guest, except at extremely
low doping concentrations (�0.5%); (2) no significant dif-
ference between measured I–V characteristics for identical
Table 1
Key parameters from Bebq2:Ir(phq)2acac (0.5–2 wt%) orange–red emitting ITO/D
PHOLED devices.

Ir(phq)2acac concentration (wt%) Device A (0.5)

Turn-on voltage (V) (at 1 cd/m2) 2.1
Operating voltage (V) (1000 cd/m2) 3.7
Efficiency (at 1000 cd/m2)
Current (cd/A) 20.96
Power (lm/W) 18.29
Maximum efficiency
Current (cd/A) 21.25
Power (lm/W) 24.62
CIE (x,y) (1000 cd/m2) (0.61,0.38)
EQE (%) (maximum) 16.6
devices but with different dopant concentrations lying be-
tween 0.5 and 2 wt%; and, (3) the quenching of both lumi-
nance, and current and power efficiencies with higher
doping concentrations (�2 wt%). A summary of the key
electrical and optical parameters (Table 1) reveals excel-
lent device performance for doping concentration as low
as 0.5–2%, in contrast with conventional PHOLEDs which
require a guest concentration typically in the range of 6–
10 wt%. Therefore, a highly efficient simple bilayer PHOLED
structure with a Ir(phq)2acac guest doping concentration
as low as 1% in the narrow band-gap Bebq2 fluorescent
host is demonstrated here for the first time. Previously,
NTPD (40 nm)/Bebq2:Ir(phq)2acac (50 nm, 0.5–2%)/LiF(0.5 nm)/Al(100 nm)

Device B (1.0) Device C (1.5) Device D (2.0)

2.1 2.1 2.1
3.7 3.6 3.6

20.53 22.61 21.45
23.14 19.73 18.72

26.53 23.46 22.73
29.58 29.94 27.94
(0.62,0.37) (0.62,0.37) (0.62,0.37)
21.0 18.9 18.6
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(ppy)2Ir(acac):Ir(piq)3 (0.3–1 wt%) red [11] and CBP:Ir(ph-
q)2acac (6 wt%) orange–red PHOLEDs [21] demonstrated
an EQE of 9.2% with a power efficiency of 11.0 lm/W and
a power efficiency of 17.6 cd/A with an EQE of 10.3% at
600 nit, respectively.

Fig. 3 provides evidence of energy transfer from the
Bebq2 fluorescent host to the Ir(phq)2acac phosphorescent
guest by comparing the electroluminescence (EL) spectra
of PHOLEDs as a function of Ir(phq)2acac doping concentra-
tion from 0.5% to 2%. The strong red light emission peak at
605 nm for all EL curves at 1000 nit is attributed to the
phosphorescence of Ir(phq)2acac. The Commission Interna-
tionale de l’Eclairage (CIE) colour emission coordinates are
(0.61, 0.38), (0.62, 0.37), (0.62, 0.37), (0.62, 0.37) for doping
concentrations of 0.5, 1.0, 1.5, and 2.0 wt% of Ir(phq)2acac,
respectively. A slight emission at 500 nm due to the Bebq2

host plus a dominant doping peak at 605 nm when the
doping concentration is extremely low (�0.5%), suggests
an incomplete energy transfer from the Bebq2 host to the
Ir(phq)2acac guest. Furthermore, it indicates that the
recombination of injected holes and electrons occurs at
host molecule sites and then the excited energy is rapidly
transferred from the host to the guest. The presence of a
clean EL peak (no emissions at 500 nm) in other devices
with doping concentrations of Ir(phq)2acac > 0.5% indi-
cates a complete energy transfer from the host to the guest.

To understand the phosphorescence emission mecha-
nism more precisely in the Bebq2:Ir(phq)2acac host-guest
system, we fabricated and studied a series of PHOLEDs.
Firstly, we used the well-known wide band-gap CBP host
material instead of Bebq2 and fabricated the device with
a structure: NPB (40 nm)/CBP:Ir(phq)2acac (30 nm, 10%)/
BAlq (5 nm)/Alq3 (20 nm)/LiF (0.5 nm)/Al (100 nm). At a
luminance of 1000 cd/m2 the resultant operating voltage
was 7.1 V with current and power efficiencies of
14.41 cd/A and 6.28 lm/W, respectively, and an EQE of
11.5%,. Furthermore, the maximum current and power effi-
ciency values were 14.43 cd/A and 8.99 lm/W, respectively.
Obviously, the two fold increase in driving voltage is a con-
sequence of the trapping of injected holes and electrons at
deep Ir(phq)2acac molecules in the CBP:Ir(phq)2acac
system. Direct charge trapping on the Ir(phq)2acac guest
Fig. 3. EL spectra as a function of dopant concentration: Ir(phq)2acac of
an ITO/DNTPD (40 nm)/Bebq2:Ir(phq)2acac (50 nm, 0.5–2%)/ LiF(0.5 nm)/
Al(100 nm) PHOLEDs at 1000 cd/m2.
molecules seems to be the key mechanism for phosphores-
cence emission in this host-guest system.

Later, a PHOLED device was fabricated using Ir(piq)3 red
emitting phosphorescent doping instead of Ir(phq)2acac
and a Bebq2 host. The fabricated device was: DNTPD
(40 nm)/Bebq2:Ir(piq)3 (50 nm, 4 wt%)/LiF (0.5 nm)/Al
(100 nm). A weak emission peak at 500 nm in the EL spec-
tra due to the Bebq2 host arises at a doping concentration
of 4 wt% (significantly high by comparison with an Ir(ph-
q)2acac doping concentration �0.5 wt%), accompanied by
a strong peak at 620 nm (CIE coordinates x = 0.67 and
y = 0.32) due to an Ir(piq)3 doping molecule (Fig. 4). At
luminance of 1000 cd/m2, the corresponding operating
voltage, current and power efficiencies were 3.5 V,
8.41 cd/A and 7.34 lm/W, respectively. Furthermore, the
maximum current and power efficiency values were
9.38 cd/A and 11.72 lm/W, respectively. Increasing the Ir
(piq)3 concentration to 6 wt% suppresses the Bebq2 host
emission and results in a clean EL red emitting peak at
620 nm due to the Ir(piq)3 doping molecules. However,
the device performance deteriorates with increasing dop-
ing concentration due to the self-quenching process.

The primary mechanism for phosphorescence emission
in the Bebq2:Ir(piq)3 host-guest system (Fig. 1 b) appears
to be due to energetically favorable electron transport
and hole trapping at deep trapping centers in Ir(piq)3 mol-
ecules. Thus, an appropriate selection of host and phospho-
rescent dopant materials plays a significant role in
determining the emission mechanism in phosphorescent
devices. These results on phosphorescent emission in Beb-
q2:Ir(phq)2acac host-guest systems are very interesting
and intriguing. The mechanism of phosphorescence emis-
sion is not believed to be due to direct charge trapping in
Ir(phq)2acac phosphorescent guest molecules. Now an at-
tempt is made here to explain these results on the basis
of the existing knowledge of Förster and Dexter energy
transfer processes in host-guest systems.

The Bebq2 host material produces a strong fluorescence
emission but no phosphorescence emission signature even
at 77 K. The efficient use of Bebq2 host in the described
phosphorescent devices is an extraordinary phenomenon
since strong fluorescent host materials are believed to pro-
vide poor phosphorescent performance. Therefore, we sus-
pect efficient Förster energy transfer between the host
Fig. 4. EL spectra of DNTPD (40 nm)/Bebq2:Ir(piq)3 (50 nm, 4 and 6 wt%)/
LiF (0.5 nm)/Al (100 nm) PHOLEDs at 8000 cd/m2.



Fig. 5. Stern–Volmer plot showing the effect of Bebq2 fluorescence
quenching by (Ir(phq)2acac) dopant. Fig. 7. Spectral overlapping of the photoluminescence spectrum from

Bebq2 and the absorption spectrum from Ir(phq)2acac.
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singlet and the metal-to-ligand charge-transfer (MLCT)
state of the iridium (III) metal complex. Earlier, Förster en-
ergy transfer in phosphorescent OLEDs was postulated by
Gong et al. and Ramos-Ortiz et al. in solid photolumines-
cence studies [14,22]. To investigate Förster energy trans-
fer from the Bebq2 host to the Ir(phq)2acac, time resolved
spectroscopy and a Stern–Volmer plot in THF solution
measurements techniques were employed. The singlet
fluorescent lifetime of Bebq2 is 5.0 ns. From the slope of
the linear Stern–Volmer plot (Fig. 5), the calculated energy
transfer rate is kq = 8 � 1012 s�1 M�1, indicating that the
energy transfer from the excited singlet state of the host
to the dopant triplet occurs quantitatively and ideally. Fur-
thermore, the strong spin orbital coupling induced by the
transition metal ion indicates that a narrow energy gap ex-
ists between the 1MLCT and 3MLCT states (�0.3 eV) and
opens a pathway for efficient energy transfer from the sin-
glet to the emitting triplet states. Therefore, two channels
for Förster energy transfer from the host singlet to the
1MLCT and 3MLCT states of the iridium complex are avail-
able as shown in Fig. 6. Overlapping of the host emission
and dopant absorption spectra substantiates the hypothe-
sis of efficient Förster energy transfer from the host singlet
to the guest emitting triplet states via two channels
(Fig. 7). Furthermore, the strong fluorescent quantum effi-
ciency of 0.39 in the host (Bebq2) in solution, obtained
using a relative quantum yield measurement, favors För-
ster energy transfer.
Fig. 6. Förster and Dexter energy transfer mechanism in the Bebq2:Ir
(phq)2acac system.
The Förster radius (R0), critical distance for the concen-
tration quenching, was estimated as 1.3 nm (similar to a
previously reported value [23]) using the following
equation:

R6
0 ¼

9000ðln 10Þk2UPL

128p5NAn4

Z 1

0
FDðkÞeAðkÞk4dk

where k2 = orientation factor, UPL = photoluminescence
quantum efficiency, NA = Avogadro’s number, n = refractive
index,

R1
0 FDðkÞeAðkÞ = spectral overlap integral between

donor photoluminescence (FD(k)), and eAk = acceptor
absorption, and k = wavelength.

The triplet exciton energy transfer from the Bebq2 host
to 3MLCT is governed by Dexter energy transfer. The rate
constant of Dexter energy transfer [23] is:

KET ¼ KJ expð�2RDA=LÞ

where K is related to the specific orbital interaction, J is a
spectral overlap integral, and RDA is donor–acceptor sepa-
ration relative to their van der Waals radii, L. The ideal
Dexter radius is the distance between the host and dopant
molecule diameter considering overlapping molecular
orbitals in adjacent molecules [24].

Using the equation: R = [(molecular density in
film) �mol% of the dopant in a film]�1/3 as reported by
Kawamura et al. [23] yields an average distance of about
58.5 Å and 44.9 Å between Ir(phq)2acac molecules for dop-
ing concentrations of 0.5% and 1.0%, respectively (Fig. 8).
By considering the host (13.6 Å) and dopant (13.7 Å) diam-
eters calculated using a molecular modeling program
(DMOL3) [25] and van der Waals interaction distance (usu-
ally very small within �2 Å) for the ideal Dexter energy
transfer condition, the estimated distance between the
host and guest molecules is about 15.6 Å (i.e. the half
diameters of the host and dopant molecules are, 13.7/2 Å
plus 13.6 Å/2, including a 2 Å van der Waals interaction
distance). In solid state films, the minimum doping con-
centration is desirable to prevent triplet quenching
processes.

Considering that two host molecules are located be-
tween two dopant molecules, an ideal Dexter condition
(Fig. 8b), all host molecules are adjacent to a dopant mol-
ecule and dopant molecules are well separated in the host



Fig. 8a. Förster and Dexter energy transfer conditions as a function of
doping concentration and distance between two dopants.
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matrix. In such a host and guest molecule arrangement, the
separation between two dopant molecules appears to be
about 46.9 Å. However, when the doping concentration is
0.5%, the estimated separation between Ir(phq)2acac mole-
cules is 58.5 Å, suggesting that more than two host mole-
cules are located between two dopant molecules
(Fig. 8b). If the doping concentration is increased to 1%,
the separation between dopant molecules is less than
46.9 Å, which results in an efficient energy transfer from
the Bebq2 host to the emitting triplet state of Ir(phq)2acac
via Dexter processes. The triplets generated due to the
Bebq2 host molecules diffuse an average of only 15.6 Å,
with a doping concentration of 1 wt%, until they are har-
vested by Ir(phq)2acac (Fig. 8b). If the doping concentra-
tion is increased to greater than 1%, the device
performance deteriorates due to quenching processes of
Fig. 8b. The molecular diameters of the host and dopant and the d
triplet excitons caused by two closely separated dopant
molecules.

The influence of the Förster quenching process in the
described system is not serious at all doping concentra-
tions (Fig. 8a). The singlet exciton energies generated by
charge injection in host molecules can be transferred to
triplet states of dopant molecules by the efficient Förster
energy transfer. In our system, the rate constant of Förster
energy transfer is much faster than that of the intersystem
crossing of host singlet states. Typical intersystem crossing
rate constants fall within the range �106–108 s�1 [26].
Thus, strong fluorescent materials, such as Bebq2, are
excellent as host materials in PHOLEDs.

4. Conclusions

In conclusion, we have demonstrated here an ideal
host-guest energy transfer and quantum efficiency condi-
tions with a dopant concentration of approximately 1% in
phosphorescent OLEDs. We also report that strong fluores-
cent host materials function very well in phosphorescent
OLEDs. The operating mechanism for the phosphorescence
emission is twofold: Firstly, an efficient Förster energy
transfer process from the host singlet exciton to the 1MLCT
and 3MLCT states of the guest. And, secondly, Dexter en-
ergy transfer process from the host triplet exciton to the
3MLCT state of the guest. The extremely low doping con-
cept for highly efficient PHOLEDs has potential uses in fu-
ture display and lighting applications.
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a b s t r a c t

We investigated highly efficient phosphorescent organic light-emitting diodes (OLEDs)
based on an orange–red emission iridium complex as the guest and five green emission
iridium complexes as the host material, respectively. For comparison, a device using a com-
mon fluorescent host CBP (4,40-bis(N-carbazolyl)-1,10-biphenyl) has also been fabricated.
Results show that the steric hindrance and exciton transporting property of the iridium
complex host are found to be critical to this kind of doping system, a proper steric hin-
drance and improved exciton transporting ability result in reducing of triplet–triplet anni-
hilation, thus improving of the device performance. In addition, all devices using iridium
complexes as host have better performance than that of CBP, which arised from the fact
that those green emission iridium complexes have a lower triplet excited energy befitting
for energy confinement and a higher highest occupied molecular orbital (HOMO) level for
hole injection.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Recently, electrophosphorescent materials such as irid-
ium, platinum, ruthenium, and osmium complexes, which
use both singlet and triplet excitons, have received a great
deal of attention due to their potential application in flat-
panel displays [1–13]. The heavy metals such as iridium
in the complex forms are known to induce intersystem
crossing by strong spin-orbit coupling, leading to mixing
of the singlet and triplet excited states. Thus, iridium
complexes were known to have high photoluminescence
efficiency with a relatively short excited state lifetime,
which minimizes annihilation of triplet emissive states.
Up to now, high brightness and efficiency of iridium com-
plexes based OLEDs were achieved by using a host:guest
. All rights reserved.

56.
.

system to improve energy transfer and avoid triplet–triplet
annihilation. Thus many host materials have been investi-
gated, such as 4,40-bis(N-carbazolyl)-1,10-biphenyl (CBP)
[6,14,15], 4,40,40 0-tris(N-carbazolyl)-triphenylamine (TCTA)
[16], 3-phenyl-4-(10-naphthyl)-5-phenyl-1,2,4-triazole (TAZ)
[17], and 9-{4-[5-(4-tert-butylphenyl)-[1,3,4]oxadiazol-2-
yl]-benzyl}-9H-carbazole (t-CmOxa) [18]. However, most
employed hosts were fluorescent materials, while the
host:guest based OLEDs using phosphorescent materials
as hosts are rare but their performances seem to be amaz-
ing [19,20].

In this study, we report a series of green-emission irid-
ium complexes used as the host for an orange–red iridium
complex guest for highly efficient OLEDs. In particular, we
describe the electroluminescent (EL) properties of OLEDs
based on five iridium complexes Ir(ppy)2(acac) [bis
(2-phenylpyridinato-N,C2) iridium (acetylacetonate)]
[21], Ir(ppy)2(dmd) [bis(2-phenylpyridinato-N,C2) iridium

mailto:chhuang@pku.edu.cn
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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(5,5-dimethylhexane-2,4-diketonate)], Ir(ppy)2(tmd) [bis
(2-phenylpyridinato-N,C2) iridium (2,2,6,6-tetramethyl-
heptane-3,5-diketonate)] [6], Ir(ppy)2(CBDK) [bis(2-phen-
ylpyridinato-N,C2) iridium (1-(9H-carbazol-9-yl)-5,
5-dimethylhexane-2,4-diketonate)] [22], and Ir(ppy)2

(FBDK) [bis(2-phenylpyridinato-N,C2) iridium (1-(9-methyl-
fluoren-9-yl)-6,6-dimethylheptane-3,5-diketonate)] used as
hosts for the guest Ir(DBQ)2(acac) [bis(dibenzo[f,h]quinox-
alinato-N,C2) iridium (acetylacetonate)] [2], and compare
these results with the device using CBP as the host. The
choice of these OLEDs provided us an opportunity for trac-
ing the effect of the host: considering Ir(ppy)2(acac) as a
reference, we investigated the effect of structural change
of the iridium complex on the performance of this class
of host:dopant system, such as exciton transporting ability
and molecular steric hindrance; while considering CBP as a
reference, we traced the differences between fluorescent
and phosphorescent hosts.

2. Experimental

2.1. General information

1H NMR spectra were recorded on an ARX-400 NMR
spectrometer, chemical shift data for each signal were re-
ported in ppm units with tetramethylsilane (TMS) as inter-
nal reference, where d (TMS) = 0. Elemental analyses were
performed on a VARIO EL instrument. The UV–vis absorp-
tion spectra were measured with Shimadzu UV–3100 spec-
trometer. The photoluminescence (PL) spectra were
recorded on an Edinburgh Analytical Instruments FLS920
spectrometer after removing the oxygen by bubbling of
nitrogen through the solution. Electrochemical measure-
ments were recorded by a similar method reported before
[23].

2.2. Materials

Ir(ppy)2(acac) [21], Ir(ppy)2(tmd) [6], Ir(DBQ)2(acac) [2],
Ir(ppy)2(CBDK) [22], Hdmd [24], HFBDK [23], and tris
(8-hydroxyquinolinolinolato)aluminium (AlQ) [25] were
synthesized according the literature. Both N,N0-diphenyl-
N, N0-bis(1-naphthyl)-1, 10-diphenyl-4, 40-diamine (NPB)
and 2, 9-dimethyl-4, 7-diphenyl-1, 10-phenanthroline
(BCP) were purchased from Aldrich. NPB, BCP and AlQ were
all subjected to gradient sublimation prior to use.
2.3. Synthesis of Ir(ppy)2(FBDK)

[(ppy)2Ir(l-Cl)]2 [26] (0.536 g, 0.5 mmol), sodium car-
bonate (0.53 g, 5.0 mmol) and HFBDK (0.367 g, 1.1 mmol)
were dissolved in 2-ethoxyethanol (30 mL). The reaction
mixture was refluxed under a nitrogen atmosphere for
12 h and an excess of water was added after cooling the
solution to room temperature. The resulting precipitate
was collected by filtration and pumped dry. The solid
was chromatographed using dichloromethane as eluent.
1H NMR (400 MHz, CDCl3), d: 8.34 (d, 1H, J 7.3 Hz), 8.29
(d, 1H, J 6.6 Hz), 7.84 (d, 1H, J 8.0 Hz), 7.78 (d, 1H, J
8.0 Hz), 7.65–7.71 (m, 4H), 7.58 (d, 1H, J 8.9 Hz), 7.51 (d,
1H, J 8.9 Hz), 7.22–7.31 (m, 6H), 7.04 (t, 1H, J 13.0 Hz),
7.00 (t, 1H, J 14.5 Hz), 6.83 (t, 1H, J 14.9 Hz), 6.78 (t, 1H, J
14.9 Hz), 6.69 (t, 1H, J 16.2 Hz), 6.65 (t, 1H, J 14.8 Hz),
6.37 (d, 1H, J 8.6 Hz), 6.26 (d, 1H, J 8.6 Hz), 4.99 (s, 1H,
CH), 1.96 (t, 2H, J 18.4 Hz, CH2), 1.39 (t, 2H, J 16.3 Hz,
CH2), 1.32 (s, 3H, CH3), 0.79 (s, 9H, t-Bu); MS (TOF) m/z
calcd. for C45H41IrN2O2, 834, found, 834. Anal. calcd. for
C45H41IrN2O2, C 64.80, H 4.95, N 3.36. found: C 64.75, H
4.96, N 3.42.

2.4. Synthesis of Ir(ppy)2(dmd)

The synthesis of Ir(ppy)2(dmd) is similar to Ir(p-
py)2(FBDK) except the Hdmd (0.156 g, 1.1 mmol) was in-
stead of HFBDK (0.367 g, 1.1 mmol). 1H NMR (400 MHz,
CDCl3), d: 8.49 (d, 1H, J 4.9 Hz), 8.43 (d, 1H, J 5.1 Hz),
7.85 (d, 1H, J 8.1 Hz), 7.80 (d, 1H, J 8.0 Hz), 7.67–7.73 (m,
2H), 7.56 (d, 1H, J 7.7 Hz), 7.51 (d, 1H, J 7.7 Hz), 7.09 (t,
2H, J 13.1 Hz), 6.78 (t, 2H, J 10.7 Hz), 6.66–6.71 (m, 2H),
6.40 (d, 1H, J 8.5 Hz), 6.23 (d, 1H, J 8.4 Hz), 5.32 (s, 1H,
CH), 1.81 (s, 3H, CH3), 0.87 (s, 9H, t-Bu); MS (TOF) m/z
calcd for C30H29IrN2O2, 642, found, 642. Anal. Calcd for
C30H29IrN2O2, C 56.14, H 4.55, N 4.36. Found: C 55.20, H
4.46, N 4.42.

2.5. Computational details

All calculations have been carried out using Gaussian 03
package [27]. Ground state geometries of all the complexes
were fully optimized with no symmetry or internal coordi-
nate constrains. The hybrid density functional B3P86
[28,29] was used for all the calculations. For geometry
optimization, the standard basis set 6–31g* [30,31] was
used and for single point energy calculations, a larger
‘‘triple-f” basis 6–311g* was employed.

2.6. Device fabrication and testing

Patterned anode used in our laboratory was commer-
cially available with a sheet resistance of 7 X/sq. Before
loading into a deposition chamber, the ITO coated glass
were cleaned with organic solvents, deionized water and
finally treated with ultraviolet (UV) ozone. The organic
and metal layers were deposited in different vacuum
chamber with a base pressure better than 8 � 10–5 Pa.
The emissive area of the devices as defined by the overlap-
ping area of the cathode and the anode was 9 mm2. All
electric testing and optical measurements were performed
under ambient conditions. The EL spectra were measured
with a Spectra Scan PR650. The current–voltage (I–V) and
luminance–voltage (L–V) characteristics were measured
with a computer controlled Keithley 2400 Sourcemeter
unit with a calibrated silicon diode.
3. Results and discussion

3.1. X-ray crystal structure

Single crystals of Ir(ppy)2(dmd), Ir(ppy)2(tmd), and
Ir(ppy)2(FBDK) were all grown from an ethanol/chloroform



Table 1
Crystallographic data for Ir(ppy)2(dmd), Ir(ppy)2(tmd), and Ir(ppy)2(FBDK).

Compound Ir(ppy)2(dmd) Ir(ppy)2(tmd) Ir(ppy)2(FBDK)

Empirical
formula

C30H29IrN2O2 C33H35.04IrN2O2.08 C45H41IrN2O2

Formula mass 641.75 685.21 834.00
Temperature (K) 113(2) 293(2) 113(2)
Crystal system Triclinic Rhombohedral Orthorhombic
Space group P1 R-3 P2(1)2(1)2(1)
a (Å) 9.4089(19) 32.504(5) 11.941(2)
b (Å) 10.646(2) 32.504(5) 16.817(3)
c (Å) 13.535(3) 14.581(3) 17.816(4)
a (�) 95.02(3) 90 90
b (�) 100.28(3) 90 90
c (�) 106.35(3) 120 90
Volume (Å3) 1266.4(4) 13341(4) 3577.6(13)
Z 2 18 4
Dcalcd. (g cm�3) 1.683 1.535 1.548
F(000) 632 6133 1672
h range (�) 2.31–25.02 1.25–25.01 1.67–25.02
Index ranges �11 6 h 6 8 �37 <= h <= 38 �14 6 h 6 14

�12 6 k 6 12 �38 <= k <= 38 �20 6 k 6 20
�16 6 l 6 16 �13 <= l <= 17 �20 6 l 6 21

GOF on F2 1.024 1.146 1.117
R1, wR2 [I > 2ó(I)] 0.0490,

0.0917
0.0436, 0.1149 0.0470, 0.0823

R1, wR2 (all data) 0.0559,
0.0939

0.0493, 0.1238 0.0509, 0.0838
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solution by slow evaporation at room temperature and
characterized by X-ray diffraction analysis to establish
their exact configuration [32]. Details of crystallographic
data are given in Table 1.

The ORTEP diagram only for Ir(ppy)2(FBDK) is shown in
Fig. 1 as an example. The Ir(ppy)2(LX) (LX = dmd, tmd, or
FBDK) molecule consists of two phenylpyridine fragments
as cyclometalated ligands and one b-diketonate as an
ancillary ligand ranging in a distorted octahedral geometry
around the iridium atom. The coordination geometries of
these three complexes are the same as that reported for
the chloride–bridged dimer complex [(ppy)2Ir(l-Cl)]2

[33] and Ir(ppy)2(acac) [6,21]. However, the average single
molecular volume varied from 552 [21,34] to 894 [34] Å3
Fig. 1. ORTEP diagram of Ir(ppy)2(FBDK). The measurement temperature
was 113(2) K and the thermal ellipsoids for the image represent 30%
probability. The hydrogen atoms are omitted for clarity.
as the steric hindrance of b-diketonate increased from
the small acac to the bulky FBDK.

3.2. Photophysical characterization

The UV–vis absorption and photoluminescence spectra
of Ir(ppy)2(acac), Ir(ppy)2(dmd), Ir(ppy)2(tmd), Ir(ppy)2

(CBDK), and Ir(ppy)2(FBDK) in CH2Cl2 solution are shown
in Fig. 2. For these Ir(ppy)2(LX) complexes, the difference
in UV–vis absorption is only the transitions attributed to
the different b-diketonates, while the singlet (�410 nm)
and triplet (�460 nm) metal-to-ligand charge transfer
(MLCT) transitions [6] are the same as those showing in
400–500 nm region. The maximum emission bands for
Ir(ppy)2(acac), Ir(ppy)2(dmd), Ir(ppy)2(tmd), Ir(ppy)2

(CBDK), and Ir(ppy)2(FBDK) in CH2Cl2 solution examined
at room temperature are at 518, 522, 523, 518, and
520 nm, respectively. These similar emissions are all likely
to be 3MLCT based transitions [21]. The phosphorescence
quantum yields for Ir(ppy)2(dmd), Ir(ppy)2(tmd), and
Ir(ppy)2(FBDK) were deduced to be 0.31, 0.28, and 0.24,
respectively, which are a little lower than that of
Ir(ppy)2(acac) (0.34 [6]), and a little higher than that
of Ir(ppy)2(CBDK) (0.19 [22]).

The UV–vis absorption spectrum of Ir(DBQ)2(acac) in
CH2Cl2 solution, photoluminescence spectra of neat Ir(p-
py)2(LX) films, and Ir(DBQ)2(acac)/Ir(ppy)2(LX) blend films
doped with �7 mol% Ir(DBQ)2(acac) are shown in Fig. 3.
The absorptions at 440 and 530 nm can be assigned to
1MLCT and 3MLCT based transitions [2]. The maximum
emission bands for neat Ir(ppy)2(acac), Ir(ppy)2(dmd),
Ir(ppy)2(tmd), Ir(ppy)2(CBDK), and Ir(ppy)2(FBDK) films are
532, 532, 531, 529, and 531 nm, respectively. Since all five
Ir(ppy)2(LX) have a maximum emission band around 530
nm, the triplet excited state (T1) energies were estimated
to be �2.3 eV, which is higher than that of Ir(DBQ)2(acac),
�2.0 eV. Furthermore, these observed emission bands
fairly overlap with the 3MLCT absorption of Ir(DBQ)2(acac),
which indicates that there may be good energy transfer be-
tween Ir(ppy)2(LX) and Ir(DBQ)2(acac). By gradually
increasing the concentration of Ir(DBQ)2(acac) in Ir(ppy)2

(LX) host at 0, 1, 3, 5, 7, 9, and 11 mol%, respectively, pure
emission was observed only when the concentration of the
guest was up to �7 mol%. The blend films doped with
�7 mol% Ir(DBQ)2(acac) emitted red light with maximum
intensity at wavelengths 621, 619, 615, 615, and 615 nm
for Ir(ppy)2(acac), Ir(ppy)2(dmd), Ir(ppy)2(tmd), Ir(ppy)2

(CBDK), and Ir(ppy)2(FBDK), respectively. The phosphores-
cence of Ir(ppy)2(LX) was quenched, indicating that the
triplet energy of Ir(ppy)2(LX) were efficiently transferred
to Ir(DBQ)2(acac).

3.3. HOMO and LUMO Investigation

Because the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) en-
ergy levels of the host are one of the most important fac-
tors for OLEDs, herein we investigated the HOMO and
LUMO properties of these five iridium complexes both by
cyclic voltammetry and density functional theory (DFT)
calculations.
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The oxidation potential for an iridium complex in HPLC
grade CH2Cl2 solution can be obtained via cyclic voltam-
metry [23], then the HOMO was deduced by assuming
the energy level of ferrocene/ferrocenium to be �4.8 eV
[35]. Estimated from the UV–vis absorption spectrum, the
energy bandgap of the iridium complex was obtained, thus
the LUMO was calculated to be the sum of the energy
bandgap and HOMO. Using the strategy mentioned above,
the oxidation potentials for Ir(ppy)2(acac), Ir(ppy)2(dmd),
Ir(ppy)2(tmd), Ir(ppy)2(CBDK), and Ir(ppy)2(FBDK) are esti-
mated to be 0.35, 0.30, 0.25, 0.32, and 0.26 V higher than
that of the ferrocene/ferrocenium couple, respectively.
Thus the HOMO energy levels were deduced to be 5.15,
5.10, 5.05, 5.12, and 5.06 eV, respectively. The five iridium
Fig. 2. UV–vis absorption and photoluminescence spectra of Ir(ppy)2

Fig. 3. UV–vis absorption spectrum of Ir(DBQ)2(acac) in CH2Cl2, photolumines
(LX = acac, dmd, tmd, CBDK, or FBDK) blend films doped with �7 mol% Ir(DBQ)
complexes possess similar 3MLCT absorption bands whose
edges reach the green-wavelength region with an absorp-
tion band limit of approximately 520 nm, and have the
same bandgap of 2.36 eV; thus the LUMO energy levels
are 2.79, 2.74, 2.69, 2.76, and 2.70 eV for Ir(ppy)2(acac),
Ir(ppy)2(dmd), Ir(ppy)2(tmd), Ir(ppy)2(CBDK), and Ir(ppy)2

(FBDK), respectively. The cyclic voltammograms are com-
pared in Fig. 4. The electrochemical data and energy levels
of the complexes are summarized in Table 2, from which
we can see that the HOMO and LUMO energy levels of
the iridium complexes are similar.

Computational investigations have been proved to be
very helpful in understanding the HOMO and LUMO prop-
erties of iridium complexes [20,21]. Herein, DFT calcula-
(LX) (LX = acac, dmd, tmd, CBDK, or FBDK) in CH2Cl2 solution.

cence spectra of neat Ir(ppy)2(LX) films, and Ir(DBQ)2(acac)/Ir(ppy)2(LX)
2(acac).



Table 2
Electrochemical potentials and energy levels of the iridium complexes.

Iridium complex Eox (V)a Eg (eV)b HOMO (eV)c LUMO (eV)d

Ir(ppy)2(acac) 0.35 2.36 5.15 2.79
Ir(ppy)2(dmd) 0.30 2.36 5.10 2.74
Ir(ppy)2(tmd) 0.25 2.36 5.05 2.69
Ir(ppy)2(CBDK) 0.32 2.36 5.12 2.76
Ir(ppy)2(FBDK) 0.26 2.36 5.06 2.70

a Oxidation potentials measured by cyclic voltammetry with ferrocene
as the standard(the oxidation potential of ferrocene set as zero).

b Band gap estimated from the UV–vis absorption spectrum.
c Calculated from the oxidation potentials.
d Deduced from the HOMO and Eg.

Fig. 5. Contour plot of HOMO (left) and LUMO (right) of Ir(ppy)2(CBDK).
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tions were carried out on these five iridium complexes. The
HOMO and LUMO of Ir(ppy)2(CBDK) are plotted in Fig. 5 as
an example. Results show that in all five iridium com-
plexes, the HOMO consists of a mixture of phenyl-p and
Ir-d orbitals, while the LUMO orbital is localized primarily
on the pyridine-p orbitals. That the HOMO and LUMO do
not involve the b-diketonate fragments may be the best
explanation for the observed phenomenon that they have
similar HOMO and LUMO energy levels.

3.4. Electroluminescent properties

To understand the EL properties of Ir(DBQ)2(acac)
doped in the phosphorescent hosts and compare these re-
sults with a common host CBP, six devices (I–VI) using
Ir(ppy)2(acac), Ir(ppy)2(dmd), Ir(ppy)2(tmd), Ir(ppy)2

(CBDK), Ir(ppy)2(FBDK), and CBP as a host material, respec-
tively, were fabricated with the same configuration of ITO/
NPB (50 nm)/Ir(DBQ)2(acac): Host (�7 mol%, 30 nm)/BCP
(10 nm)/AlQ (30 nm)/Mg0.9Ag0.1 (200 nm)/Ag (80 nm), in
which NPB is used as the hole-transporting layer, and
BCP and AlQ are used as the hole-blocking layer and elec-
tron-transporting layer, respectively. The Mg:Ag layer is
used as the cathode with a Mg:Ag mass ratio of 9:1, and
with an 80-nm thick Ag cap. The chemical structures of
the materials and the structure of the EL devices are shown
in Fig. 6. The EL performances of those devices are summa-
rized in Table 3.

The EL spectra of device I are shown in Fig. 7 as an
example. The observed emission is attributed to the guest
Ir(DBQ)2(acac) at low voltages while an combined orange–
red light from the host Ir(ppy)2(acac) and guest was
observed at higher applied voltages. The emission color
changes from red to orange–red due to the increasing
Ir(ppy)2(acac) emission at higher current density, accom-
panied with the CIE chromaticity coordinates (x, y)
Fig. 4. Cyclic voltammograms of Ir(ppy)2(LX) (LX = acac, dmd, tmd, CBDK, or FBD
solution at a scan rate of 50 mV/s, and with ferrocene/ferrocenium couple as sta
changing from (0.60, 0.40) at 8 V to (0.57, 0.42) at 19 V.
Similarly, the devices using the other four iridium com-
plexes as the hosts have also combined orange–red light
from the host Ir(ppy)2(LX) and guest Ir(DBQ)2(acac) at
higher applied voltages, and the CIE chromaticity coordi-
nates changes from (0.60, 0.40) at 8 V for all Ir(ppy)2(LX)-
based devices to (0.57, 0.42) at 20 V for device II, (0.57,
0.43) at 16 V for device III, (0.58, 0.42) at 15 V for device
K) in 0.1 M tetrabutylammonium hexafluorophosphate (TBAP) of CH2Cl2

ndard.



Fig. 6. Chemical structures of the materials used and the structure of the EL devices.

Table 3
Performances of devices I–VI.

Device Va gext
b Lc gc

d gp
e

I 3.8 8.9, 3.8 4072 19.1, 6.0 14.2, 3.8
II 4.3 12.5, 4.9 2624 25.4, 4.9 15.5, 4.9
III 3.2 12.6, 3.4 13440 24.5, 3.4 22.6, 3.4
IV 3.0 12.7, 3.5 17660 24.5, 3.5 22.0, 3.5
V 5.0 9.1, 5.0 532.1 20.2, 5.0 12.7, 5.0
VI 6.5 8.7, 6.5 1462 16.9, 6.5 8.2, 6.5

a Turn-on voltage (Von).
b The maximum external quantum efficiency and applied voltage.
c The brightness at 15 V.
d The maximum current efficiency and applied voltage.
e The maximum power efficiency and applied voltage.

Fig. 7. Electroluminescent spectra of dev

252 Z. Liu et al. / Organic Electronics 10 (2009) 247–255
IV, and (0.59, 0.41) at 23 V for device V. The device VI in
which CBP was used as the host has a pure EL spectrum
that originates from Ir(DBQ)2(acac), and the CIE chromatic-
ity coordinates does not change significantly from a value
around (0.61, 0.39). The pure EL spectra of device VI may
be attributed to a wide Eg between the host and guest lead-
ing to a completely energy transfer even at higher current
density. Based on the reason mentioned above, pure EL
spectra can be forecasted for all devices if a red-shifted
guest, such as tris(1-phenylisoquinolinolato-C2,N)irid-
ium(III) [Ir(piq)3], was used here [20,36].

Figs. 8 and 9 show the luminance–voltage and current–
voltage curves for devices I–VI, respectively. The turn-on
voltage is 3.8 V (1.86 cd m�2), 4.3 V (1.08 cd m�2), 3.2 V
ice I at different applied voltages.
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(1.34 cd m�2), 3.0 V (1.85 cd m�2), 5.0 V (2.20 cd m�2), and
6.5 V (1.83 cd m�2) for devices I, II, III, IV, V, and VI, respec-
tively. Devices I–V using Ir(ppy)2(LX) as host have lower
turn-on voltages compared to device VI, in which CBP
was used as the host. While among these devices based
on Ir(ppy)2(LX) host, devices III and IV have lower turn-
on voltages. This phenomenon can also be observed when
comparing luminance and current density under the same
applied voltage. For example, for an applied voltage of 8 V,
the luminance (current density) is 102.3 cd m�2

(0.756 mA cm�2), 58.0 cd m�2 (0.534 mA cm�2), 531.1
cd m�2 (2.84 mA cm�2), 618.2 cd m�2 (6.50 mA cm�2), and
Fig. 8. Luminance–voltage c

Fig. 9. Current–voltage cur
14.8 cd m�2 (0.092 mA cm�2) for devices I, II, III, IV, and V,
respectively, which are higher than that of device VI, 7.5 cd
m�2 (0.056 mA cm�2). Moreover, devices III and IV have
higher luminance and current density among devices I–V.

Fig. 10 shows the lumen efficiency as a function of cur-
rent density for devices I–VI. All the devices I–V using irid-
ium complexes as host have higher lumen efficiency than
device VI based on CBP host. Among these devices I–V, de-
vices III and IV exhibit the highest lumen efficiency. Device
III displays a maximum brightness of 22360 cd m–2 at 16 V,
a maximum external quantum efficiency of 12.6%, the
highest power efficiency of 22.6 lm W–1 (3.4 V, 2.70 cd
urves for devices I–VI.

ves for devices I–VI.



Fig. 10. Lumen efficiencies as function of current density for devices I–VI.
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m–2, 0.011 mA cm–2), and the highest current efficiency of
24.5 cd A–1. In addition, when the brightness of device III
was increased to 531.1 cd m–2 (2.84 mA cm–2) it still had
a power efficiency of 4.0 lm W–1 and current efficiency of
18.7 cd A–1 (external quantum efficiency 5.3%). Even at
10180 cd m–2 (181.2 mA cm–2) the external quantum effi-
ciency of 2.9% was kept. Device IV displays a maximum
brightness of 17660 cd m–2 at 15 V, a maximum external
quantum efficiency of 12.7%, the highest power efficiency
of 22.0 lm W–1 (3.5 V, 4.41 cd m–2, 0.018 mA cm–2), and
the highest current efficiency of 24.5 cd A–1. The device
IV also has excellent performances at higher current den-
sity or luminance. For example, when the brightness of de-
vice IV was increased to 127.8 cd m�2 (1.13 mA cm–2) it
still had a power efficiency of 5.9 lm W–1 and a current effi-
ciency of 11.8 cd A–1 (external quantum efficiency 5.8%).
Even at 375.5 mA cm–2 (>13,000 cd m–2) the external
quantum efficiency of 3.2% was maintained.

By comparing the electroluminescent properties of
these devices, key factors that may influence the perfor-
mances of this doped system could be emphasized. One
is the steric hindrance of the host material. Comparing de-
vices I, II, and III it can be seen that device III shows the
best performance. This may arise from a larger distance be-
tween the central ions, which correspondingly reduce the
triplet–triplet annihilation of the host [23]. However,
the rule for steric hindrance is not the larger the better.
The performance of device V can compare with device III
only at higher current densities. It is likely that too large
steric hindrance of the host material is not beneficial for
exciton transportation. Another factor is the carrier-trans-
porting property. When devices IV and V are compared,
one can find that the performance of the former is much
better than the later. This can be attributed to a carbazole
group introduced to the b-diketone, which not only
enhances its hole-transporting ability but also reduces
the triplet–triplet annihilation [22,23]. In addition, it is
interesting to observe that the performances of those de-
vices using iridium complexes as hosts are much better
than that of CBP, performing lower driving voltages and
higher efficienies. The lower driving voltages were resulted
from the easier hole injection from NPB to iridium complex
based host because Ir(ppy)2(LX) series have a higher
HOMO level compare to that of CBP [37]. And the higher
efficiency was arised from the efficient energy transfer
from Ir(ppy)2(LX) to guest because they have a lower tripet
excited level compare to that of CBP, which confined en-
ergy better on the guest molecules [38].

4. Conclusion

In summary, phosphorescent OLEDs using an orange–
red emitting iridium complex Ir(DBQ)2(acac) as the guest
and five green-emitting iridium complexes Ir(ppy)2(acac),
Ir(ppy)2(dmd), Ir(ppy)2(tmd), Ir(ppy)2(CBDK), or Ir(p-
py)2(FBDK) as the host, respectively, were demonstrated.
Results show that these devices have better performance
than that of the device based on CBP hosts. Moreover, the
steric hindrance and exciton transporting property of the
host are found to be the most important factors to this kind
of doped system.
Acknowledgements

We thank the National Basic Research Program
(2006CB601103), and the National Natural Science Foun-
dation of China (20021101, 20423005, 50772003,
20671006) for financial support.

References

[1] M.A. Baldo, D.F. O’Brien, Y. You, A. Shoustikov, S. Sibley, M.E.
Thompson, S.R. Forrest, Nature 395 (1998) 151.

[2] J.P. Duan, P.P. Sun, C.H. Cheng, Adv. Mater. 15 (2003) 224.



Z. Liu et al. / Organic Electronics 10 (2009) 247–255 255
[3] C.H. Yang, C.C. Tai, I.W. Sun, J. Mater. Chem. 14 (2004) 947.
[4] X.W. Chen, J.L. Liao, Y.M. Liang, M.O. Ahmed, H.E. Seng, S.A. Chen, J.

Am. Chem. Soc. 125 (2003) 636.
[5] W.S. Huang, J.T. Lin, C.H. Chien, Y.T. Tao, S.S. Sun, Y.S. Wen, Chem.

Mater. 16 (2004) 2480.
[6] S. Lamansky, P. Djurovich, D. Murphy, F. Adbel-Razzaq, H.-E. Lee, C.

Adachi, P.E. Burrows, S.R. Forrest, M.E. Thompson, J. Am. Chem. Soc.
123 (2001) 4304.

[7] W. Lu, B.X. Mi, M.C.W. Chan, Z. Hui, N.Y. Zhu, S.T. Lee, C.M. Che,
Chem. Commun. (2002) 206.

[8] B.W. D’Andrade, J. Brooks, V. Adamovich, M.E. Thompson, S.R.
Forrest, Adv. Mater. 14 (2002) 1032.

[9] M. Buda, G. Kalyuzhny, A.J. Bard, J. Am. Chem. Soc. 124 (2002) 6090.
[10] E.S. Handy, A.J. Pal, M.F. Rubbner, J. Am. Chem. Soc. 121 (1999) 3525.
[11] C.M. Elliott, F. Pichot, C.J. Bloom, L.S. Rider, J. Am. Chem. Soc. 120

(1998) 6781.
[12] X.Z. Jiang, A.K.-Y. Jen, B. Carlson, L.R. Dalton, Appl. Phys. Lett. 80

(2002) 713.
[13] X.Z. Jiang, A.K.-Y. Jen, B. Carlson, L.R. Dalton, Appl. Phys. Lett. 81

(2002) 3125.
[14] D.F. O’Brien, M.A. Baldo, M.E. Thompson, S.R. Forrest, Appl. Phys.

Lett. 74 (1999) 442.
[15] M.A. Baldo, S. Lamansky, P.E. Burrows, S.R.M.E. Thompson, S.R.

Forrest, Appl. Phys. Lett. 75 (1999) 4.
[16] M. Ikai, S. Tokito, Y. Sakamoto, T. Suzuki, Y. Taga, Appl. Phys. Lett. 79

(2001) 156.
[17] C. Adachi, M.A. Baldo, M.E. Thompson, S.R. Forrest, J. Appl. Phys. 90

(2001) 5048.
[18] M. Guan, Z. Chen, Z. Bian, Z. Liu, Z. Gong, W. Baik, H. Lee, C. Huang,

Org. Electron. 7 (2006) 330.
[19] R.C. Kwong, S. Lamansky, M.E. Thompson, Adv. Mater. 15 (2000)

1134.
[20] T. Tsuzuki, S. Tokito, Adv. Mater. 19 (2007) 276.
[21] S. Lamansky, P. Djurovich, D. Murphy, F. Abdel-Razzaq, R. Kwong, I.

Tsyba, M. Bortz, B. Mui, R. Bau, M.E. Thompson, Inorg. Chem. 40
(2001) 1704.

[22] Z.W. Liu, Z.Q. Bian, L. Ming, F. Ding, H.Y. Shen, D.B. Nie, C.H. Huang,
Org. Electron. 9 (2008) 171.

[23] Z.W. Liu, M. Guan, Z.Q. Bian, D.B. Nie, Z.L. Gong, Z.B. Li, C.H. Huang,
Adv. Funct. Mater. 16 (2006) 1441.

[24] F.W. Swamer, C.R. Hauser, U. Duke, N.C. Durham, J. Am. Chem. Soc.
72 (1950) 1352.
[25] T.A. Hopkins, K. Meerholz, S. Shaheen, M.L. Anderson, A. Schmidt, B.
Kippelen, A.B. Padias, H.K. Hall Jr., N. Peyghambarian, N.R.
Armstrong, Chem. Mater. 8 (1996) 344.

[26] M. Nonoyama, Bull. Chem. Soc. Jpn. 47 (1974) 767.
[27] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R.

Cheeseman, J.A. Montgomery, T. Vreven Jr., K.N. Kudin, J.C. Burant,
J.M. Millam, S.S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi,
G. Scalmani, N. Rega, G.A. Petersson, H. Nakatsuji, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox, H.P. Hratchian, J.B. Cross,
C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, A.J.
Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala, K.
Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G.
Zakrzewski, S. Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D.K.
Malick, A.D. Rabuck, K. Raghavachari, J.B. Foresman, J.V. Ortiz, Q. Cui,
A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R.L. Martin, D.J. Fox, T. Keith,
M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M. Challacombe, P.M.W.
Gill, B. Johnson, W. Chen, M.W. Wong, C. Gonzalez, J.A. Pople, B.05
ed., Gaussian Inc., Pittsburgh PA, 2003.

[28] A.D. Becke, J. Chem. Phys. 98 (1993) 5648.
[29] J.P. Perdew, Phys. Rev. B 33 (1986) 8822.
[30] W.J. Hehre, R. Ditchfield, J.A. Pople, J. Chem. Phys. 56 (1972) 2257.
[31] V.A. Rassolov, J.A. Pople, M.A. Ratner, T.L. Windus, J. Chem. Phys. 109

(1998) 1223.
[32] CCDC 673949-673951 contains the supplementary crystallographic

data for this paper. These data can be obtained free of charge via
<www.ccdc.cam.ac.uk/data_request/cif>, by emailing data_request@
ccdc.cam.ac.uk, or by contacting. The Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223
336033.

[33] F.O. Graces, K.A. King, R.J. Watts, Inorg. Chem. 27 (1988) 3464.
[34] The value was deduced by the cell volume and Z value.
[35] J. Pommerehne, H. Vestweber, W. Guss, R.F. Mahrt, H. Bässler, M.

Porsch, J. Daub, Adv. Mater. 7 (1995) 551.
[36] A. Tsuboyama, H. Iwasaki, M. Furugori, T. Mukaide, J. Kamatani, S.

Igawa, T. Moriyama, S. Miura, T. Takiguchi, S. Okada, M. Hoshino, K.
Ueno, J. Am. Chem. Soc. 125 (2004) 12971.

[37] T. Tsuzuki, Y. Nakayama, J. Nakamura, T. Iwata, S. Tokito, Appl. Phys.
Lett. 88 (2006) 243511.

[38] T. Tsuzuki, S. Tokito, Appl. Phys. Express 1 (2008) 021805.

http://www.ccdc.cam.ac.uk/data_request/cif


Organic Electronics 10 (2009) 256–265
Contents lists available at ScienceDirect

Organic Electronics

journal homepage: www.elsevier .com/locate /orgel
Pyrene functioned diarylfluorenes as efficient solution processable
light emitting molecular glass

Feng Liu a, Chao Tang b, Qing-Quan Chen a, Shuang-Zhu Li a, Hong-Bin Wu c, Ling-Hai Xie b,
Bo Peng a, Wei Wei a,*, Yong Cao c, Wei Huang b

a State Key Laboratory for Advanced Photonic Materials and Devices, Fudan University, Shanghai 200433, PR China
b Jiangsu Key Lab of Organic Electronics and Information Displays and Institute of Advanced Materials (IAM), Nanjing University of Posts and
Telecommunications (NUPT), Nanjing 210003, China
c Institute of Polymer Optoelectronic Materials and Devices, South China University of Technology, Guangzhou 510640, China

a r t i c l e i n f o
Article history:
Received 4 October 2008
Received in revised form 18 November 2008
Accepted 22 November 2008
Available online 10 December 2008

PACS:
72.80.Le
73.61.Jc
78.60.Li
85.60.Jb

Keywords:
Fluorescence pyrene light emitting diodes
molecular electronics
1566-1199/$ - see front matter � 2008 Elsevier B.V
doi:10.1016/j.orgel.2008.11.014

* Corresponding author.
E-mail addresses: iamww@fudan.edu.cn (W. We

edu.cn (W. Huang).
a b s t r a c t

In this paper, we described a new category of solution processable small molecule
organic light emitting materials, the pyrene functioned diarylfluorenes: 2PE-PPF and
DPE-PPF. They emit blue light in solution and green light in film, and show high thermal
stability with the 5% weight loss temperature (Td) over 400 �C. The glass transition tem-
perature (Tg) for 2PE-PPF and DPE-PPF is 102 �C and 147 �C, respectively. These molecules
are interesting molecular glass and they have good film forming abilities. Smooth and
uniform film could be obtained by spin-coating. This character enables them able to be
used in solution processed OLEDs by spin-coating or jet-printing. Single layered device
using 2PE-PPF as the active material shows a turn-on voltage of 3.2 V, brightness over
8000 cd/m2 and current efficiency up to 2.55 cd/A. Double layered device by inserting
TPBI as the hole-blocking electron-transporting layer increases the maximum efficiency
to 5.83 cd/A.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction tallize are not proper for OLEDs because they will form
Since the pioneering work by Tang and Friend in 1987
and 1990 [1], organic/polymeric light emitting diodes
(OLEDs) have come to the commercial stage. Despite this
progress, there are still many opportunities to improve
the technology for both materials and devices. In OLEDs
applications, amorphous materials are required for charge
transporting and light emitting purpose. The amorphous
materials with high thermal and morphological stability
enable the fabrication of thermally stable OLEDs to in-
crease device service time [2]. The materials with a low
glass transition temperature and strong tendency to crys-
. All rights reserved.

i), wei-huang@njupt.
grain boundaries which limit the charge transport and
shorten the device lifetime [3].

Many stable amorphous molecules have been reported
as functional materials in OLEDs for charge transporting/
blocking and light emitting purpose, such as 4,4’,4”-
Tris- (carbazol-9-yl)- triphenylamine (TCTA) [4], 2,2’,7’,-
tetrakis-(N,N-diphenylamino)-9,9’-spirobifluorene (spiro-
TAD) [5], 1,3-bis[5-(p-tert-butylphenyl)-1,3,4-oxadiazol-
2-yl]- benzene (OXD-7) [6], 2,2’,2”-(1,3,5-benzenetriyl)
tris[1-phenyl-1H-benzimidazole] (TPBI) [7] and many
chromophores. [8] They have good thermal and morpho-
logical stability, as well as good film forming ability by vac-
uum deposition. For solution processed devices, the active
materials are usually polymers, which could form smooth
and uniform films without pinholes. The most famous
examples are polyfluorenes blue emitters [9] and

mailto:iamww@fudan.edu.cn
mailto:wei-huang@njupt.edu.cn
mailto:wei-huang@njupt.edu.cn
http://www.sciencedirect.com/science/journal/15661199
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Poly(phenylenevinylene) (PPV) series green and red light
emitting polymers [10]. Yet, light emitting polymers could
not be purified by common purification methods such as
column chromatography, recrystallization and vacuum
sublimation. This drawback limits their purity, especially
those defects and catalyst residues, which strongly quench
light emission and trap injected carriers [11].

Recently, a new category of monodisperse materials:
dendrimers [12], starbursts [13] and nanocomposites
[14], have emerged as promising light emitting materials.
They have well defined chemical structure, high purity,
and could be deposited by cheap and efficient solution pro-
cess. However, their synthesis and purification are quite
laborious. An alternate solution to combine the advantage
of small molecule and polymer is to develop efficient solu-
tion processable small molecules, which could be easily
synthesized and purified, and have good film forming abil-
ity by spin-coating. Oligofluorenes are interesting solution
processable molecules [15], yet their Tg is low. Structure
modification is needed to increase their Tg to enhance ther-
mal and morphological stability [16]. For the unique
advantages of solution processable small molecular light
emitting materials, there is a current need to gain more
understanding of the correlation between molecular struc-
ture and device function. It is important to design and syn-
thesis new molecules to accelerate their practical
application.

In this article, we report a new methodology to design
solution processable amorphous light emitting molecular
glass. Pyrene is used as the building block for its high pho-
toluminescence efficiency, high carrier mobility and en-
hanced hole-injection ability compared to fluorene based
materials [17,18]. To endow the molecules high Tg, the
diarylfluorene building block was employed [19]. We have
recently reported several pyrene functioned fluorene mol-
ecules for vacuum deposited blue OLEDs, in which the C9
position of fluorene unit was modified by attaching a pyr-
ene group [18]. This approach was also employed here for
it could improve the thermal stability and increase the Tg.
Diarylfluorene moiety is very rigid and its derivatives usu-
ally show low solubility and high tendency to crystallize.
To overcome these problems, one 2-ethylhexyloxyl solubi-
lizing chain was introduced to the para- position of C9
substituted benzene group. Pyrenyl-ethenylene groups
were kinked to the C2 and C7 position of diarylfluorene
unit to extend the conjugation length and give rise to the
emission color [20]. The resulted molecules show blue
emission in dilute solution and green emission in film.
They have good solubility and could form smooth and uni-
form films by spin-coating. Although a 2-ethylhexyloxyl
chain is presented in the molecules, their Tg is still above
100 �C, which is comparable to polyfluorenes (The Tg of flu-
orene copolymers lies between 80 and 100 �C [21]. For poly
(9, 9-dihexylfluorene), the Tg is 103 �C [22]). The synthetic
procedure is quite easy and the target molecules could be
purified by silica gel column. This design combines the
synthetic simplicity and solution processability. In the de-
vice work, the molecules show green emission with high
brightness and efficiency. These advantages make them
interesting amorphous molecular glass for optoelectronic
applications.
2. Experimental section

2.1. General experimental information

All reactions were monitored by TLC using pre-coated
glass sheets purchased by Yantai Huiyou Silica Gel
Developing Co. Ltd. (0.20 mm with fluorescent indicator
UV254). Column chromatography was carried out using
flash silica gel from Qingdao Haiyang Chemical Co. Ltd.
(200 � 300 mesh). 1H NMR was recorded using a Varian
spectrometer at 400 MHz. Molecular masses were deter-
mined by a SHIMADZU matrix-assisted laser desorption/
ionization time-of-flight mass spectrometer (MALDI-TOF-
MASS). Elemental analyses were performed on a Vario
ELIII elemental analyzer. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were
performed using a purged nitrogen atmosphere at a
heating rate of 20 �C/min. Absorption and photolumines-
cence (PL) emission spectra of the materials were mea-
sured in dichloromethane using a SHIMADZU UV-3150
spectrophotometer and a SHIMADZU RF-5301PC spectro-
photometer, respectively. Cyclic voltammetry (CV) was
performed on an Eco Chemie’s Autolab. The quantum
chemical calculations were performed using Gaussian
03, B.04 program. Fluorescent life time was measured
with an Edinburgh FL-920 spectrometer. The AFM analy-
sis was performed on DI MultiMode NanoScope IIIa Vec-
co. WAXRD was performed on Bruker Advance 8 powder
XRD spectrometer.

Synthesis of trimethyl(pyren-1-ylethynyl)silane (2): To a
100 ml flask, 1.0 g (5.0 mmol) 1-bromopyrene, 0.24 g
(0.25 mmol, 5%) Pd(PPh3)4, 47.5 mg (0.25 mmol, 5%) CuI
was added. The flask was protected by N2. Then 30 ml de-
gassed Et3N and 30 ml toluene was added. After stirred for
several minutes, 10 ml (15 mmol) ethynyltrimethylsilane
was added. The reaction was kept under 70 �C for 12 h. Sil-
ica-gel chromatograph yields yellow solid product 1.2 g
(yield 80%). 1H NMR (400 MHz, CDCl3) d (ppm): 8.59 (d,
1H), 8.09 (m, 8H), 0.56 (s, 9H).

Synthesis of 1-ethynylpyrene (3): To a 100 ml flask, 1.2 g
trimethyl(pyren-1-ylethynyl)silane (2) (4 mmol) was
added. Then 30 ml THF and 30 ml MeOH were added.
When compound 2 was dissolved, 5 g K2CO3 was added.
The reaction was stirred under room temperature over-
night. Silica-gel chromatograph yield brown product
0.77 g (yield 86%). 1H NMR (400 MHz, CDCl3) d (ppm):
8.57 (d, 1H), 8.04 (m, 8H), 3.69 (s, 1H).

Synthesis of 2-Bromo-9-(4’-(2”-ethylhexyloxyphenyl))-9-
pyrenylfluorene (4a) and 2,7-Dibromo-9-(4’-(2”-ethylhexyl-
oxyphenyl))-9-pyrenylfluorene (4b) follows our previous
procedure. For 4a: 1H NMR (400 MHz, CDCl3) d (ppm):
8.16 (d, J = 7.6 Hz, 1H); 8.10 (d, J = 7.6 Hz, 1H); 7.92–8.06
(m, 5H); 7.81 (d, J = 7.6 Hz, 2H); 7.70 (d, J = 8.0 Hz, 3H);
7.54–7.64 (broad, 1H); 7.38 (td, J = 7.6 Hz, 0.8 Hz, 1H);
7.23 (td, J = 7.6 Hz, 0.8 Hz, 1H); 3.80 (d, 5.6 Hz, 2H); 1.64–
1.74 (m, 1H); 1.25–1.53 (m, 8H); 0.91 (s, 6H). For 4b: 1H
NMR (400 MHz, CDCl3) d(ppm): 8.17 (d, J = 7.6 Hz, 1H);
8.12 (d, J = 7.6 Hz, 1H); 7.94–8.08 (m, 5H); 7.78–7.92
(broad, 2H); 7.67 (d, J = 8.0 Hz, 4H); 7.51 (d, J = 8.0 Hz,
2.0 Hz, 2H); 3.80 (d, J = 6.0 Hz, 2H); 1.62–1.78 (m, 1H);
1.24–1.52 (m, 8H); 0.91 (s, 6H).
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Synthesis of 2PE-PPF: To a 50 ml flask, compound 4a
(0.65 g, 1 mmol), compound 3 (0.27 g, 1.2 mmol), tetra-
kis(triphenylphosphine) palladium (30.0 mg), and cuprous
iodide (10.0 mg) was added. The flask was degassed and
protected under N2, and then degassed toluene (15 ml)
and diisopropylamine (15 ml) was injected. The reaction
mixture was stirred at 70 �C for 48 h, and then cooled to
room temperature. The solvent was stripped off under re-
duced pressure. The residue was purified by column chro-
matography on a silica-gel column, yield solid yellow
product 0.64 g (yield 80%). 1H NMR (400 MHz, CDCl3) d
(ppm): 8.56 (d, J = 9.2 Hz, 1H); 8.10–8.16 (m, 6H); 7.96–
8.35 (m, 12H); 7.93–7.89 (m, 3H); 7.81 (d, J = 7.6 Hz, 1H);
7.68 (s, 1H); 7.44 (t, J = 7.2 Hz, 1H); 7.31–7.26 (m, 2H);
6.84 (broad, 2H); 3.82 (d, J = 4.8 Hz, 2H); 1.65–1.78 (m,
1H); 1.31–1.54 (m, 8H); 0.92 (m, 6H). 13C NMR (100
MHz, CDCl3) d (ppm): 158.53, 153.35, 140.46, 139.43,
132.06, 131.70, 131.45, 131.39, 131.29, 130.64, 129.92,
129.76, 128.61, 128.46, 128.30, 128.00, 127.70, 127.64,
127.44, 126.61, 126.52, 126.39, 126.21, 125.78, 125.43,
125.19, 124.95, 124.70, 124.52, 122.92, 121.04, 120.79,
118.00, 115.07, 96.24, 89.38, 70.69, 66.46, 53.70, 39.69,
30.80, 29.38, 24.13, 23.32, 14.38, 11.43. MALDI-TOF-MS
(m/z): Anal. calcd. for C61H46O 795.0; found 795.4. Anal.
calcd. C, 92.16; H, 5.83; found C, 92.11; H, 5.92.

Synthesis of DPE-PPF: To a 100 ml flask, compound 4b
(0.73 g, 1 mmol), compound 3 (0.54 g, 2.4 mmol), tetra-
kis(triphenylphosphine) palladium (60.0 mg), and cuprous
iodide (20.0 mg) was added. The flask was degassed and
protected under N2, and then degassed toluene (30 ml)
and diisopropylamine (30 ml) was injected. The reaction
mixture was stirred at 70 �C for 48 h, and then cooled to
room temperature. The solvent was stripped off under re-
duced pressure. The residue was purified by column chro-
matography on a silica-gel column, yield solid yellow
product 0.78 g (yield 77%). 1H NMR (400 MHz, CDCl3) d
(ppm): 8.54 (d, J = 9.2 Hz, 2H); 8.09–8.19 (m, 9H); 7.92–
8.05 (m, 20H); 7.79 (d, J = 8.0 Hz, 2H); 7.34 (broad, 2H);
6.88 (d, J = 8.8 Hz, 2H); 3.82 (d, J = 6.0 Hz, 2H); 1.65–1.78
(m, 1H); 1.31–1.54 (m, 8H); 0.92 (m, 6H). 13C NMR (400
MHz, CDCl3) d (ppm): 158.66, 153.62, 139.66, 132.06,
131.82, 131.72, 131.44, 131.26, 130.67, 129.76, 129.70,
128.48, 128.33, 127.76, 127.70, 127.42, 126.76, 126.39,
126.25, 125.80, 125.74, 125.52, 125.29, 125.00, 124.69,
124.64, 124.49, 123.40, 121.12, 117.87, 115.15, 96.14,
89.82, 70.70, 66.47, 39.67, 30.78, 29.35, 24.11, 23.29,
14.34, 11.40. MALDI-TOF-MS (m/z): Anal. calcd. for
C79H54O 1019.3; found 1019.5. Anal. calcd. C, 93.09; H,
5.34; found C, 93.01; H, 5.42.

Device fabrication and testing: LED was fabricated on
pre-patterned indium–tin oxide (ITO) with sheet resis-
tance 10–20 X/h. The substrate was ultrasonic cleaned
with acetone, detergent, deionized water, and 2-propanol.
Oxygen plasma treatment was made for 5 min as the final
step just before film coating. Onto the ITO glass was spin-
coated a layer of polyethylenedioxythiophene-polystyrene
sulfonic acid (PEDOT: PSS) film with thickness of 40 nm
from its aqueous dispersion. PEDOT: PSS film was dried
at 80 �C for 12 h in the vacuum oven. The solution of the
polymer was prepared under nitrogen atmosphere and
spin-coated on to PEDOT: PSS layer. Typical thickness of
the emitting layer was 80 nm and heated at 60 �C for
30 min. Then a thin layer of 4 nm barium or 2 nm CsF as
the electron injection cathode and the subsequent
120 nm thick aluminum protection layers were thermally
deposited by vacuum evaporation through a mask at a base
pressure below 4 � 10�4 Pa. The cathode area defines the
active area of the device. The typical active area of the de-
vices in this study is 0.17 cm2. The EL layer spin-coating
process and the device performance tests were carried
out within a glove box under nitrogen atmosphere. Cur-
rent–voltage (I–V) characteristics were recorded with a
Keithley 236 source meter. EL spectra were measured by
a PR 705 photometer (Photo Research). The external quan-
tum efficiencies were determined by a Si photodiode with
calibration in an integrating sphere (IS080, Labsphere).
3. Results and discussion

3.1. Synthesis and characterization

The pyrene functioned diarylfluorenes, 2PE-PPF and
DPE-PPF, were synthesized according to the procedure
sketched in Scheme 1. Compound 2 was synthesized by
Sonogashira reaction (82% yields) from 1-bromopyrene
[23], then the TMS protecting group was eliminated by
using KOH in THF/CH3OH solution. The intermediate 4
was prepared according the procedure in our previous
publication with excellent yield [18b]. The Sonogashira
coupling reaction was employed between the pyrene eth-
ylene and monobromide 4a or dibromide 4b to achieve
the target compound 2PE-PPF and DPE-PPF with 80% and
77% yields, respectively. They showed good solubility in
common solvents such as dichloromethane, THF and tolu-
ene. Both the two compounds in this report were purified
by silica column chromatography. They were fully charac-
terized by 1H and 13C NMR, MALDI-TOF-MASS and elemen-
tal analysis. The results were consistent with the proposed
structures.
3.2. Photophysical properties and electrochemistry

The UV–Vis absorption and photoluminescence spectra
of the two materials were measured both in CH2Cl2 and in
film, the corresponding data were summarized in Table 1.
In solution absorption spectra, the onset absorption edge
showed a red shift about 28 nm from 2PE-PPF to DPE-
PPF. This was due to the increasing of conjugation length,
resulting from a more conjugated pyrenyl-ethenylene
group at the C7 position of fluorene moiety in DPE-PPF
(Fig. 1). The absorption spectra of the two molecules both
in solution and in film were dominated by a series of peaks,
which result from the combination of fluorene, pyrene and
pyrenyl-ethenylene groups. The peak at about 350 nm
came from the pyrene unit at the C9 position of fluorene
unit [18b]. Peaks at longer wavelength were due to the
absorption from pyrenyl-ethenylene functioned fluorene
backbone. In the solid state absorption spectra, the absorp-
tion edges red shifted about 20 nm compared to solution
absorption for each molecule. The phenomena indicated
strong intermolecular aggregation existed in film. The
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Scheme 1. Reagents and conditions: (i) PdCl2(PPh3)2, CuI, toluene/triethylamine, 70 �C, 24 h; (ii) KOH, THF/CH3OH, RT, 24 h; (iii) 3/4a (1.2:1), Pd(PPh3)4, CuI,
toluene/triethylamine, 70 �C, 48 h; (iv) 3/4b (2.4:1), Pd(PPh3)4, CuI, toluene/triethylamine, 70 �C, 48 h.

Table 1
Photophysical properties of 2PE-PPF and DPE-PPF.

Molecules UPL
a (%) kabs,max (nm) kem,max (nm) DE (eV) (abs. edge (nm)) HOMO (eV) LUMOb (eV)

Solution Film

2PE-PPF 47 240 412 514 2.95 �5.39 �2.44
(420)

DPE-PPF 51 240 439 495 2.77 �5.32 �2.55
(448)

a Absolute quantum yield of spin-coated film measured in the integrating sphere.
b LUMO = HOMO �DE (solution state band gap).
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absorption peak of C9-pyrene red shifted about 5 nm com-
pared to solution absorption. This red shift was less pro-
nounced compared to the red shift of absorption edges,
indicating the intermolecular aggregation comes from the
conjugated backbone. The intermolecular interaction of
C9-pyrenes was very weak. The diarylfluorene was highly
twisted in structure, and it could hamper the molecular
aggregation to some extent. Thus we believe the strong
red shift of the absorption edges comes from the p-p stack-
ing of C2 and C7 functioned pyrenyl-ethenylene group.

The solution emission spectra of 2PE-PPF and DPE-PPF
displayed well structured emission band with the maxi-
mum at 412 and 439 nm, respectively (Fig. 2). In the solid
state emission, both the two materials red shifted to the
green emission region and the peaks are broad and struc-
tureless, which was typical excimer emission. 2PE-PPF
showed a peak at 514 nm, and DPE-PPF showed a peak at
495 nm, Although DPE-PPF had a longer main chain conju-
gation, its film state emission located at the short wave-
length region [24]. This was on the contrary to the
absorption spectra. Pyrene had a strong tendency to form
aggregation. This explained the remarkable red shift in
emission from solution to film. The lower energy emission
for 2PE-PPF was attributed to the aggregation nature of
pyrene-ethenylene group at C2 position of fluorene unit.
DPE-PPF was larger and more rigid in molecular structure.
In the film forming process, it was less prone to form well
packed aggregates than 2PE-PPF. The stronger aggregation



Fig. 1. UV–vis absorption spectra in CH2Cl2 solution (10�6 M) and film.

Fig. 2. Photoluminescence spectra in CH2Cl2 solution (10�6 M) and film.

Fig. 3. Fluorescent life time measurement of 2PE-PPF and DPE-PPF films.
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in 2PE-PPF caused its emission shifted to lower energy
band. This explanation was supported by the observation
of emission shoulders and tails. For 2PE-PPF, its emission
shoulder and tail was stronger at lower energy region com-
pared to DPE-PPF, indicating lower energy emission spe-
cies existed in 2PE-PPF.

Fluorescent lifetime of 2PE-PPF and DPE-PPF films was
measured with an Edinburgh FL-920 spectrometer [25].
The excitation source was a nanosecond flash lamp operat-
ing in the atmosphere of H2 gas (0.40–0.50 bar, 1.2 ns
FWHM, 40 kHz repetition rate), whose output was filtered
through a monochromator prior to the sample excitation.
All fluorescent lifetimes were determined from the data
using the Edinburgh Instruments software package. The
film was pumped under 240 nm excitation and probed at
their maximum emission wavelength. The fluorescence de-
cay was plotted in Fig. 3. The fluorescent lifetime was de-
duced by bi-exponential fitting. For 2PE-PPF, s1 = 2.23 ns,
s2 = 7.62 ns; for DPE-PPF, s1 = 1.04 ns, s2 = 5.13 ns. The life-
time decreased from 2PE-PPF to DPE-PPF [26].

The electrochemical behavior of the materials was
investigated by cyclic voltammetry (CV) with a standard
three electrodes electrochemical cell in a 0.1 M tetra-n-
butylammonium hexafluorophosphate (Bu4NPF6) in
acetonitrile at room temperature under nitrogen with a
scanning rate of 80 mV/s. A glassy carbon working elec-
trode, a platinum counter electrode and an Ag/AgNO3

(0.1 M) reference electrode were used. The oxidation onset
potentials were measured to be 0.66 V and 0.60 V for 2PE-
PPF and DPE-PPF, respectively. The corresponding HOMO
energy levels were thus estimated to be �5.37 eV and
�5.31 eV for 2PE-PPF and DPE-PPF by the method –
(Eox + 4.71) reported by Li et al. [27]. This indicates that
the pyrene center could improve the HOMO level, and
thereby heighten the hole-affinity and hole-injection abil-
ity than conjugated fluorene derivatives (for polyfluorene,
the HOMO level is �5.80 eV [28]). The LUMOs can be esti-
mated by LUMO =
HOMO + DE (band gap) method. The band gap was calcu-
lated from the solution absorption edges. The correspond-
ing data were also summarized in Table 1.

3.3. Electronic structure

To gain deep insight into the materials, quantum chem-
istry was employed to investigate the electronic structure
of the molecules. To minimize calculation cost, the 2-ethyl-
hexyloxyl group was substituted by methoxyl group in the
calculation. The grand state geometry of the molecules
was fully optimized by AM1 and B3LYP/6-31G methods
[29]. The energy of highest occupied molecular orbital
(HOMO)/lowest unoccupied molecular orbital (LUMO)
and energy gap was listed in Table 2. In the B3LYP calcula-
tion, the resulting data were much more close to experi-
mental observation, because the DFT calculation took
good account on the correlation effect [30]. In the molecu-
lar perspective, the energy level of HOMO for both mole-
cules was around �5.0 eV, indicating they had good hole-
injection ability. And the energy gap decreased with the
adding of the pyrenyl-ethenylene group, this was easy to
understand because the conjugation was increased. It
was interesting to note that from 2PE-PPF to DPE-PPF, with
the adding of a pyrenyl-ethenylene group, the energy level
of HOMO increased and the LUMO decreased, indicating



Table 2
The calculated HOMO, LUMO, and the energy gap (DE/eV) by AM1 and DFT-B3LYP/6-31G methods.

Methods 2PE-PPF DPE-PPF

HOMO LUMO DE HOMO LUMO DE

AM1 �7.967 �1.196 6.771 �7.931 �1.294 6.637
B3LYP/6-31G �5.077 �1.887 3.190 �4.990 �2.063 2.928

Fig. 4. HOMO-LUMO orbitals of 2PE-PPF and DPE-PPF.
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adding such a group enhanced both the hole-injection and
electron injection. The HOMO and LUMO orbitals were
shown in Fig. 4. They all localized on the main chain back-
bone, the C9-pyrene group had no contribution. This was
because it was linked to the fluorene unit via a conjugation
breaking manner.

3.4. Thermal and morphological properties

The thermal stability of the two materials was evalu-
ated by thermogravimetric analysis (TGA) in nitrogen
atmosphere. Thermal decomposition temperatures (5%
weight loss temperature, Td) for 2PE-PPF and DPE-PPF were
409 �C and 436 �C, respectively. The TGA results indicated
that the materials were stable enough to be used as EL
materials. The phase-transition properties of the two
materials were determined by DSC in nitrogen atmosphere
at a heating rate of 20 �C/min, the result was shown in
Table 3. The Tg of 2PE-PPE was 102 �C, and the Tg of DPE-
PPF was 147 �C. No melting temperature (Tm) was found
for the two materials upon heating to 300 �C, revealing that
2PE-PPF and DPE-PPF were amorphous materials. Stable
amorphous molecular materials were highly needed for
long lifetime OLEDs. For solution processed OLEDs, this
need was much more urgent. Solution processable light
emitting molecules usually had a low Tg. This was because
they were often substituted by long alkyl or alkoxyl chains
to enhance the solution processability (For the n-pentyl-
substituted fluorene pentamer, the Tg is 72 �C [15]; for
Table 3
Thermal properties of 2PE-PPF and DPE-PPF.

Molecules Molecular weight Tg/�C Td/�C

2PE-PPF 795.02 102 409
DPE-PPF 1019.27 147 436
the low generation triazatruxene-centered starburst oligo-
fluorenes, the Tg is 51 �C [13a]). For a small molecule bear-
ing 2-ethylhexyloxyl solubilizing chain with the molecular
weight of 795, while still keeping a Tg higher than 100 �C,
this was very rare. The thermal stable amorphous molecu-
lar glass could make the spin-coated film bearing a much
stable morphology under annealing or device operation.

The amorphous characteristics of 2PE-PPF and DPE-PPF
were further studied by powder wide-angle X-ray diffrac-
tion (WAXRD), and pyrene was also examined for compar-
ison. The WAXRD pattern was shown in Fig. 5. For pyrene,
a series of sharp peaks were recorded with high intensity.
For 2PE-PPF and DPE-PPF, similar weak and broad amor-
phous peaks at 2h = 14, 21 (corresponding d values were
6.5 and 4.2 Å) were found, which were attributed to the
p-p stacking of pyrene segments. The WAXRD experiment
indicated by kinking pyrenyl-ethenylene group with fluo-
rene could effectively reduce the crystalline nature of pyr-
ene to get amorphous materials.

2PE-PPF and DPE-PPF had good solubility in common
solvent such as THF, toluene, chlorobenzene and CHCl3.
We dissolved the materials in chlorobenzene with the con-
centration of 40 mg/ml, and spin-coated on the glass sub-
strates with the speed of 3200 rpm/min. The thickness of
obtained film was about 80 nm. The film was heated at
80 �C in nitrogen for 30 min. The morphology of the film
was examined by AFM using typical tapping mode, as
shown in Fig. 6. For 2PE-PPF, very smooth and uniform film
without pinholes was obtained. For DPE-PPF, the film was
not as smooth as 2PE-PPF, and some pinholes were found,
which was not ideal for device because the pinholes would
cause large leakage current [31].
Fig. 5. WAXRD measurement of 2PE-PPF, DPE-PPF and pyrene.



Fig. 6. AFM morphology of spin-coated film on glass substrate: (a) 2PE-PPF; (b) DPE-PPF.
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3.5. Electroluminescence

Because of the good thermal stability and excellent film
forming ability, 2PE-PPF was chosen as the active material
in solution processed devices. Single layered device with
the configuration of [ITO/PEDOT: PSS (40 nm)/2PE-PPF
(80 nm)/Ba (4 nm) /Al (120 nm)] was fabricated (Device
1). It showed bright green emission with the peak at
522 nm. The turn-on voltage was 4.2 V, the maximal
brightness was 3544 cd/m2 and the maximal current effi-
ciency reached 0.9 cd/A. The device performance was sum-
marized in Table 4. The electroluminescence spectra were
presented in Figs. 7 and 8 and the I–V–L characteristic
was shown in Figs. 9 and 10.

Single layered device was optimized by using CsF/Al as
cathode with the device configuration of [ITO/PEDOT: PSS
(40 nm)/2PE-PPF (80 nm)/CsF (2 nm)/Al (120 nm)] (Device
2). The device showed bright green emission with the peak
located at 528 nm, little red shifted compare to Device 1.
The emission color remains quite stable with increasing
the current. While increasing the current from 1 mA to
20 mA, the emission remained identical (Fig. 8). Compared



Fig. 7. Electroluminescence of devices with different structure.

Fig. 8. Electroluminescence stability of Device 2.

Table 4
Electroluminescence properties of 2PE-PPF based devices.

Device Structure Turn-on (V) Brightness (cd/m2) LE (cd/A) EQE (%) CIE 1931

1 PEDOT/2PE-PPF/Ba 4.2 3544 0.90 0.36 (0.36, 0.54)
2 PEDOT/2PE-PPF/CsF 3.2 8325 2.55 1.12 (0.39, 0.54)
3 PEDOT/2PE-PPF/TPBI/Ba 6.2 2579 5.83 2.32 (0.28, 0.54)
4 PEDOT/PVK: 2PE-PPF/CsF 2.4 4262 2.06 1.13 (0.19, 0.30)
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to Device 1 using Ba electrode, Device 2 showed better per-
formance. The turn-on voltage was reduced to 3.2 V, indi-
cating that the CsF/Al cathode have better electron
injection than Ba cathode [32], this could be seen from di-
rect comparison of I–V characteristics of the two devices
(Fig. 9). The brightness and current efficiency both in-
creased to a great extent. For Device 2, the maximal cur-
rent efficiency reached 2.55 cd/A (Fig. 10), and it
remained quite stable with increasing the current density.
The interesting efficiency-current density relationship was
similar to our previous pyrene functioned material based
OLEDs by vacuum deposition, [18] indicating 2PE-PPF
was a promising light emitting material. The maximal
brightness for Device 2 was over 8000 cd/m2, it was strong
enough for lightening application. Based on this investiga-
tion and our previous work [13a], we found that for pyrene
based materials, CsF was a more efficient cathode than bar-
ium in electron injection. This was because the Ba was still
an injection limited cathode for 2PF-PPF. While using a
thin layer of CsF, with the presence of Al capping cathode,
free low work function alkali metal would be generated at
the 2PE-PPF/CsF interface and the CsF layer produced an
interfacial dipole. The combination of these two reasons
lowered the Schottky barrier at the interface and enhanced
the electron injection [33].

The device performance was further optimized by
employing [1,3,5-tris (N-phenylbenzimidazol-2-yl)ben-
zene] (TPBI) as the electron-transporting/hole-blocking
layer. Double layered device using 2PE-PPF as the emitting
material was fabricated with the structure of [ITO/PEDOT:
PSS (40 nm)/2PE-PPF (80 nm)/TPBI (20 nm)/Ba (4 nm)/Al
(120 nm)] (Device 3). Compared to Device 1 and 2, the
emission blue shifted a little and its emission band was
narrowed in FWHM (full-width at half-maximum). This
was due to the adding of TPBI exciton blocking layer
[34]. The turn-on voltage for Device 3 was increased to
6.2 V, this was due to the adding of 20 nm TPBI layer.
The maximal brightness was over 2500 cd/m2, and the
light efficiency was improved to 5.83 cd/A, which was
quite high for solution processed small molecule OLEDs.
We believe further optimization could improve the device
performance and fully explore the potential of the
material.

The fluorescence molecules could be used as the bulk
emitter in a neat film. It could also be used as the dopant
in the electroluminescent devices. Because 2PE-PPF had
strong aggregation in neat film, it would be interesting to
study the optoelectronic properties of the isolated mole-
cules. We blended 2PE-PPF into PVK to study its optoelec-
tronic response in blends. 2PE-PPF was 20 wt% compared
to PVK in the blend. To increase the electron-transporting
properties, [2-(4-bi-phenylyl)-5-(4-tert-butylphenyl)-1,3,
4-oxadiazole] (PBD) was added (30 wt% compared to
PVK) [35]. The configuration of the device was [ITO/PEDOT:
PSS (40 nm)/PVK: 2PE-PPF (80 nm)/CsF (2 nm)/Al (120
nm)] (Device 4). The turn-on voltage was 2.4 V, the maxi-
mal brightness was over 4200 cd/m2 and the peak effi-
ciency reached 2.06 cd/A, as shown in figures 8, 10 and
11. 2PE-PPF worked as an efficient dopant in PVK and the
intermolecular aggregation was strongly reduced. The
emission shifted to the sky blue region with the CIE 1931
coordinates of (0.19, 0.30) (For Device 2, the CIE 1931 coor-



Fig. 10. Current efficiency of devices 1(black line), 2(red line), 3(blue
line). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 9. I–V–L curve of devices 1(black line), 2(red line), 4(blue line). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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dinates were (0.39, 0.54)). The electroluminescence spectra
were not the same as that of solution state photolumines-
cence, it was because in the solid state solution, the
concentration for 2PE-PPF was still very high, and the elec-
trical excitation was different from optical excitation in
nature. These two reasons made the electroluminescence
not the same as the solution state photoluminescence.

4. Conclusion

In this paper, we demonstrated a promising molecular
glass with high thermal and morphological stabilities for
optoelectronic applications. The pyrene functioned diaryl-
fluorenes, especially 2PE-PPF, is easy to be obtained by
simple synthetic procedures and could be purified by col-
umn chromatography. The solid state emission comes from
the pyrene excimer, which is broad and structureless and
red shifted a lot from the solution state photolumines-
cence. Although the molecule is very small, and contains
only one alkoxyl solubilizing group, it has good film form-
ing ability, smooth and uniform film could be obtained by
spin-coating. They have quite high Td and Tg, which grant
their service longevity in device operation. This material
extends the device fabricating method of molecular glass.
Single and double layered devices show efficient green
emission, and the emission color remains quite stable with
increasing the current. CsF is observed to be the optimal
cathode for the material. Single layered device using CsF
as the cathode shows a maximal current efficiency up to
2.55 cd/A and the maximal brightness over 8000 cd/m2,
which is quite high for a solution processed small molecule
OLEDs. The efficiency of single layered device remained
quite stable when current density increased. This feature
is very interesting in OLEDs application.
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It has been found that cesium hydroxide (CsOH) doped tris(8-hydroxyquinoline) aluminum
(Alq3) as an interfacial modification layer on indium-tin-oxide (ITO) is an effective cathode
structure in inverted bottom-emission organic light-emitting diodes (IBOLEDs). The effi-
ciency and high temperature stability of IBOLEDs with CsOH:Alq3 interfacial layer are
greatly improved with respect to the IBOLEDs with the case of Cs2CO3:Alq3. Herein, we
have studied the origin of the improvement in efficiency and high temperature stability
via the modification role of CsOH:Alq3 interfacial layer on ITO cathode in IBOLEDs by var-
ious characterization methods, including atomic force microscopy (AFM), ultraviolet pho-
toemission spectroscopy (UPS), X-ray photoemission spectroscopy (XPS) and capacitance
versus voltage (C–V). The results clearly demonstrate that the CsOH:Alq3 interfacial mod-
ification layer on ITO cathode not only enhances the stability of the cathode interface and
electron-transporting layer above it, which are in favor of the improvement in device sta-
bility, but also reduces the electron injection barrier and increases the carrier density for
current conduction, leading to higher efficiency.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Interfacial phenomena represent a challenge and
important area in organic light-emitting diode science
and technology, and they have been the subjects of recent
theoretical and experimental studies [1–10]. At present, a
variety of interfacial treatments have been applied to both
the cathode/organic and anode/organic interfaces, influ-
encing interfacial stability and charge injection, and lead-
ing to varying degrees of the improvement in device
performances in terms of luminance, efficiency and life-
time [11–14]. For representative vapor-deposited multi-
. All rights reserved.

357; fax: +86 431
layer structure OLEDs, a significant increase in luminance
and efficiency occurs upon the insertion of an interfacial
layer (i.e. LiF [15], NaF [16], CsF [17], NaCl [18], alkali metal
acetates [19], MgO [20], Liq [21], Cs2CO3 [22], C60 [23], and
Cs:POPy2 [24]) between the cathode and electron-trans-
porting layer. Numerous mechanisms, including band
bending, tunneling injection, LiF and CsF dissociation upon
Al deposition, decrease of the Al surface potential, lowering
the effective Al work function, as well as ETL protection
during cathode deposition, have been suggested to explain
the improvement in device performance.

As known, inverted bottom-emission organic light-
emitting devices (IBOLEDs) are of considerable interest
for display applications due to their easily integrating with
either Si or organic thin film transistors for active-matrix
displays [25]. However, generally, the structure of IBOLED

mailto:mdg1014@ciac.jl.cn
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


F. Wang et al. / Organic Electronics 10 (2009) 266–274 267
has an indium-tin-oxide (ITO) as the bottom cathode. A
dogged issue of using ITO as the cathode is the high elec-
tron injection barrier due to the high work function of
ITO, even though inserting interfacial layers. Although
the problem can recently be overcome by evaporating an
ultrathin layer of magnesium (Mg) or introducing a lithium
(Li) or cesium (Cs) doped 4,7-diphenyl-1,10-phenanthro-
line (BPhen) layer onto ITO [26–28]. There yet exist prob-
lems, for example, the ultrathin Mg and active Li and Cs
are rather difficult to handle and deposit, and the introduc-
tion of the Mg layer affects the transparency of ITO. There-
fore, there is a continuing need to develop more effective
electron interfacial layer materials, especially using ITO
as the cathode.

Chen et al. [29] ever reported that introducing a Cs2O:B-
phen interfacial layer on ITO significantly enhanced the
efficiency and lifetime of IBOLEDs, comparable with the
conventional bottom-emission OLEDs. The improvement
in device performance was attributed to the reduction in
electron injection barrier from ITO, leading to the effective
injection of electrons. Recently, we found [30] that cesium
hydroxide (CsOH) doped Alq3 as interfacial layer on ITO
cathode could also significantly enhance the efficiency of
IBOLEDs. More importantly, it was found that the device
using CsOH:Alq3 as the electron injection layer achieved
30–40% higher efficiency than that with Cs2CO3:Alq3 inter-
facial layer. However, the origin of the improvement in
efficiency via the modification role of CsOH:Alq3 interfacial
layer on ITO cathode in IBOLEDs is not yet understood well,
and the complete studies on the effects of the CsOH:Alq3

interfacial layer on the device stability of IBOLEDs are not
still given.

In this paper, we carried out systematic studies on the
role of CsOH:Alq3 as interface modification layer on ITO
cathode in the improvement of the efficiency and high
temperature stability in IBOLEDs by atomic force micros-
copy (AFM), ultraviolet photoemission spectroscopy (UPS)
and X-ray photoemission spectroscopy (XPS) and capaci-
tance versus voltage (C–V). It is clearly seen that the CsO-
H:Alq3 interfacial modification layer not only improves
the stability of the interface at cathode and electron-trans-
porting layer above it, leading to the stability at high tem-
perature, but also reduces the electron injection barrier
height, resulting in higher electron injection efficiency.
More importantly, the free carrier density in CsOH:Alq3

film is greatly enhanced with respect to Cs2CO3:BCP,
Cs2CO3:Alq3 films. As a result, the more electrons are in-
jected, which is attributed to the higher efficiency com-
pared to the case of Cs2CO3 doping.
2. Experimental

The used device structure in this study was ITO/CsO-
H:Alq3 (20 wt%,10 nm)/Alq3 (20 nm)/10-(2-benzothiazol-
yl)-2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-1H,5H,11H-ben-
zo[l]-pyrano-[6,7,8-i,j]quinolizin-11-one (C545T):Alq3(0.6%,
20 nm)/N,N0-di(naphthalene-1-yl)-N,N0-diphenyl-benzidine
(NPB)(40 nm)/MoO3 (6 nm)/Al (120 nm). For comparison,
ITO/Cs2CO3 (3 nm) or Cs2CO3:BCP (30 wt%, 10 nm),
Cs2CO3:Alq3 (5 wt%, 10 nm)/Alq3(20 nm)/(C545T):Alq3
(0.6%,20 nm)/NPB(40 nm)/MoO3 (6 nm)/Al (120 nm) de-
vices were also investigated. The aforementioned struc-
tures of devices have been optimized. The inverted
bottom-emission organic light-emitting diodes (IBOLEDs)
and thin films for the thermal treatment studies were pre-
pared by thermal evaporation in a high-vacuum system
with pressure of less than 5 � 10�4 Pa. In order to study
the influence of the cathode interfacial layer on the stabil-
ity of the cathode interface and electron-transporting
layer, the substrate temperature referred to the tempera-
ture of evaporating the electron interfacial layer and trans-
port layer. For an example of the devices fabricated at high
substrate temperature, the electron interfacial layer and
transport layer were prepared when the substrate temper-
ature reached 170 oC or 190 oC, and then the light-emitting
layer and other layers were evaporated after the substrate
temperature was reduced to about 85 oC. For the thin films
fabricated at high substrate temperature, thermal treat-
ment was the same as the fabrication processes of devices.
In our experiments, the commercial ITO-coated glass with
a sheet resistance of around 10 X/h was used as the cath-
ode. The evaporation rates for organic layer and Al were
0.2 nm/s and 1 nm/s, respectively, which were monitored
by frequency counter and calibrated by Dektak 6M Profiler
(Veeco). The overlap between ITO and Al electrodes was
16 mm2 as the emissive size of devices. For the measure-
ments energy levels and morphologies of Alq3, Cs2CO3/
Alq3, Cs2CO3:BCP/Alq3, Cs2CO3:Alq3/Alq3 and CsOH:Alq3/
Alq3 thin films at different substrate temperatures, they
were deposited on ITO-coated glass substrates. The cur-
rent–voltage–luminance characteristics were measured
by a Keithley source measurement unit (Keithley 2400
and Keithley 2000) with a calibrated silicon photodiode.
All the devices were measured without encapsulation at
room temperature.

The morphology was measured by atomic force micros-
copy (AFM) (SIINT, SPA400). The electron concentration
was measured by C–V (Agilent E 4980A). The interface
electronic structure and variation in the work function
were performed by XPS with Al ka X-ray source
(1486.6 eV) and UPS with He discharge lamp (UV light of
21.22 eV) (Thermo ELECTRON CORPORATION, ESCALAB
250). The resolution of the spectra was 0.3 eV for XPS,
0.1 eV for UPS. The UPS measurements were performed
with a �4 V bias voltage applied to the sample in order
to enable the measurement of the secondary electrons
cutoff.
3. Results and discussion

3.1. Electroluminescence properties of IBOLEDs

The electroluminescence (EL) performances of IBOLEDs
with different interfacial modification layers on ITO
cathode at different substrate temperatures were firstly
investigated in detail. Fig. 1a and b show the current
density–luminance–voltage, current efficiency–current
density–power efficiency characteristics of devices with
Cs2CO3, Cs2CO3:BCP, Cs2CO3:Alq3 and CsOH:Alq3 modifica-
tion layers at room substrate temperature, respectively.
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Fig. 1. Luminance–voltage–current density (a), current efficiency–cur-
rent density–power efficiency (b) of ITO/cathode buffer layer/Alq3/
Alq3:C545T/NPB/MoO3/Al at room substrate temperature.
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Fig. 2. Luminance–voltage–current density (a), current efficiency–cur-
rent density–power efficiency (b) of ITO/cathode buffer layer/Alq3/
Alq3:C545T/NPB/MoO3/Al at substrate temperature of 170 oC.
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The EL properties of ITO/Alq3/Alq3:C545T/NPB/MoO3/Al
device without the modification layer structure are not
shown in Fig. 1 because the luminance and current effi-
ciency are lower than 100 cd/m2, 1 cd /A, respectively,
due to high electron injection barrier between ITO cathode
and Alq3. It is clearly seen that the device with CsOH:Alq3

interfacial layer shows more efficient EL performances
than the case of Cs2CO3, Cs2CO3:BCP and Cs2CO3:Alq3 as
the interfacial layers. The device with CsOH:Alq3 interfacial
layer shows higher luminance and current density than de-
vices with the case of Cs2CO3:BCP and Cs2CO3:Alq3 as the
interfacial layer at the same voltage. As shown in Fig. 1b,
the higher current efficiency and power efficiency are ob-
tained in device with CsOH:Alq3 interfacial layer than in
devices with Cs2CO3, Cs2CO3:BCP and Cs2CO3:Alq3 as the
interfacial layers. The maximum current efficiency and
power efficiency, respectively, reach 17.4 cd/A and 8.3
lm/W in device with CsOH:Alq3 interfacial layer. They are
significantly higher than 12.1 cd/A and 5.3 lm/W of device
with Cs2CO3 as the interfacial layer, 13.6 cd/A and 6.4 lm/
W of device with Cs2CO3:BCP as the interfacial layer, and
13.0 cd/A and 4.2 lm/W of device with Cs2CO3:Alq3 as the
interfacial layer. These indicate that CsOH:Alq3 should be
an excellent electron injection interfacial material.

To further demonstrate the validity of CsOH:Alq3 as
interfacial layer, the EL performances of devices with dif-
ferent interfacial modification layers fabricated at different
substrate temperatures are compared. Fig. 2 shows the EL
performance characteristics of the devices with Cs2CO3,
Cs2CO3:BCP, Cs2CO3:Alq3 and CsOH:Alq3 modification lay-
ers at substrate temperature of 170 oC. It can be seen that
the device with CsOH:Alq3 interfacial layer yet shows high-
er luminance and power efficiency, reaching 32,300 cd/m2

and 7.24 lm/W, approximately equal to the luminance and
power efficiency of device fabricated at room substrate
temperature. However, the EL efficiencies of the devices
with Cs2CO3, Cs2CO3:BCP and Cs2CO3:Alq3 as the interfacial
layer are greatly reduced. Especially, the EL efficiencies of
the devices with Cs2CO3 or Cs2CO3:Alq3 as the interfacial
layer are reduced to 4.09 cd/A (3.14 lm/W) and 1.54 cd/A
(0.816 lm/W), obviously lower than the cases of room sub-
strate temperature.

The reduction difference in luminance and EL efficiency
is further obvious at higher substrate temperature. As the
case of the devices fabricated at substrate temperature of
190 oC, which is above the glass transition temperature
of Alq3, the EL performances are shown in Fig. 3. It can
be seen that the device based on Cs2CO3 or Cs2CO3:Alq3

as the interfacial layer hardly emits light, whereas the EL
efficiencies of device with Cs2CO3:BCP interfacial layer
are reduced to 2.98 cd/A and 0.98 lm/W. However, as
shown in Fig. 3, the device with CsOH:Alq3 interfacial layer
may still operate well with efficiencies of 6.27 cd/A and
2.06 lm/W. All of these results demonstrate that the CsO-
H:Alq3 is an ideal cathode interfacial layer material in
enhancing EL efficiency and high temperature stability of
IBOLEDs.
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3.2. Morphology of electron-transporting layer

For insight into the origin of the observed great
improvement in device performance due to the utilization
of the CsOH:Alq3 interfacial layer, the effects of different
interfacial layers on the morphology of electron-transport-
ing layer Alq3 at different substrate temperatures were
studied in detail by atomic force microscope (AFM). The
atomic force microscopy images of Alq3 (20 nm) (I), Cs2CO3

(3 nm)/Alq3 (20 nm) (II), Cs2CO3:BCP (30 wt%, 10 nm)/Alq3

(20 nm) (III), Cs2CO3:Alq3(5 wt%, 10 nm)/Alq3 (20 nm) (IV)
and CsOH: Alq3 (20 wt%,10 nm)/Alq3 (20 nm) (V) films on
ITO are shown in Fig. 4. It is clearly seen that the spots
grow larger in some areas and spread to almost all regions
of the samples for the case of ITO/Alq3 and ITO/
Cs2CO3:Alq3/Alq3 fabricated at substrate temperature of
170 oC, and the spots become severe as the substrate tem-
perature increases to 190 oC. Although the Alq3 film above
Cs2CO3 and Cs2CO3:BCP interfacial layer keeps a basically
featureless morphology with a small root mean square
(RMS) roughness of 1.1 nm, 1.2 nm, respectively, in case
of 170 oC substrate temperature, which are smaller than
the RMS of 1.5 nm of Alq3 without cathode buffer layer.
However, the RMS roughness of Alq3 film above Cs2CO3

and Cs2CO3:BCP interfacial layer reaches 5.5 nm, 9.9 nm
as the substrate temperature is up to 190 oC. This indicates
that the Alq3 films above these interfacial layers are crys-
tallized, which will degrade the performances of IBOLEDs.
Differently, the CsOH:Alq3 interfacial layer keeps the stable
morphology of Alq3 film above it, even at substrate tem-
perature of 190 oC. A relatively flat surface with RMS
roughness of 0.7 nm and 3.4 nm at 170 oC and 190 oC is ob-
tained. These studies show that CsOH:Alq3 as the interfa-
cial layer greatly improves the stability of the
morphology of Alq3 film above it, which should favor the
high temperature stability of IBOLEDs.

3.3. Electron injection barrier at interfaces

It is known that the improvement mechanism of Cs2CO3

or Cs2CO3 doping as an interfacial layer is attributed to the
enhancement of electron injection due to the reduction of
electron injection barrier [31–34]. One reason is that the
Cs2CO3 tends to decompose into CsO2 and CO2 to form
X–O–Cs complex during evaporation, thus enhancing the
electron injection [32]. Another is that the metallic Cs is
diffused into the Alq3 surface to form an efficient electron
injection contact during the thermal evaporation of Cs2CO3

[33]. Furthermore, the increase of free electron density is
also considered as to be one of the main reasons in the
enhancement of electron injection in the case of Cs2CO3

doping [34]. Similar processes may occur in the case of
CsOH doping. However, as we can see, the CsOH doped
Alq3 as the interfacial layer significantly enhances the de-
vice efficiency with respect to Cs2CO3 and Cs2CO3 doped
Alq3. In order to clearly elucidate the advantage of the
CsOH doped Alq3 as the interfacial layer, the effect of CsO-
H:Alq3 on interfacial barrier is investigated by UPS. Fig. 5a
and b show the UPS spectra of Cs2CO3 (2 nm), Cs2CO3:BCP
(2 nm), Cs2CO3:Alq3 (2 nm) and CsOH:Alq3 (2 nm) on ITO
interface as well as ITO. As shown in UPS spectra, the work
function (/buffer) of ITO is calculated to be 4.70 eV, and the
work function of ITO with Cs2CO3, Cs2CO3:BCP, Cs2CO3:Alq3

and CsOH:Alq3 modification layer is reduced to 4.00 eV,
4.38 eV, 4.40 eV, and 4.50 eV, respectively. This lower work
function due to the modification of interfacial layer has
been ascribed to the formation of interfacial dipoles
(ID1 = vacuumcathode buffer layer � vacuumITO), which re-
duces the vacuum level, leading to lower electron injection
barrier, thus facilitating electron injection.

Furthermore, the UPS spectra of ITO/Alq3 (2 nm), and
ITO/Cs2CO3 (3 nm), Cs2CO3: BCP (10 nm), Cs2CO3:Alq3

(10 nm), or Alq3:CsOH (10 nm)/Alq3 (2 nm) films are
performed, as shown in Fig. 5c and d. It can be calcu-
lated that the interfacial dipole (ID2 = vacuum Alq3 �
vacuumcathode buffer layer) of 0.20 eV is generated at ITO/
Alq3, the interfacial dipoles of �0.10 eV, �0.96 eV, �0.96
eV, �0.64 eV are formed for Cs2CO3/Alq3, Cs2CO3:BCP/
Alq3, Cs2CO3:Alq3/Alq3 and Alq3:CsOH/Alq3, respectively.
Therefore, the utilization of the interfacial modification
layer induces lower vacuum level of Alq3 to reduce further
electron-injection barrier height compared to that without
interfacial modification layer.

The detailed values extracted from the Fig. 5 are shown
in Fig. 6. In energy diagrams, the band bending effects are
negligible because the change of HOMO is almost the same
as the change of the vacuum level. From the optical band
gap (2.7 eV for Alq3) and HOMO energy level, the evolution
of the lowest unoccupied molecular orbital (LUMO) of Alq3

can be determined. As the energy diagram shown in Fig. 6,
the electron injection barrier from ITO to Alq3 is 1.73 eV for



Fig. 4. Atomic force microscopy images of Alq3 (I), Cs2CO3/Alq3 (II), Cs2CO3:BCP/Alq3 (III) and Cs2CO3: Alq3/Alq3 (IV) CsOH: Alq3/Alq3 (V) films fabricated at
substrate temperature of 170 �C (A), and 190 �C (B).
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the case of ITO/Alq3, whereas the electron injection barri-
ers are reduced to 0.74 eV, 0.26 eV, 0.19 eV and 0.68 eV,
respectively, as inserting Cs2CO3, Cs2CO3:BCP, Cs2CO3:Alq3

and CsOH:Alq3 interfacial layers between ITO and Alq3.
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Obviously, these cathode interfacial modification layers
greatly reduce the electron injection barrier, which should
be benefit for the improvement of EL efficiency.

The XPS spectra of ITO, ITO/Cs2CO3:Alq3 (2 nm), ITO/
Cs2CO3:Alq3 (30 nm), ITO/CsOH:Alq3 (2 nm), and ITO/CsO-
H:Alq3 (30 nm) films are shown in Fig. 7. It can be seen that
the In and Sn binding energies shift to lower level after
deposition of 2 nm Cs2CO3:Alq3 or CsOH:Alq3 film on ITO
compared to that of bare ITO. Meanwhile, the Cs peak in
the case of deposition of 2 nm Cs2CO3:Alq3 or CsOH:Alq3

film keeps higher binding energy than that in the case of
30 nm Cs2CO3:Alq3 or CsOH:Alq3 film. This indicates that
there occurs electron transfer from CsOH (Cs2CO3) to ITO,
resulting in the vacuum level shift down. Furthermore,
the reaction between ITO and CsOH (Cs2CO3) may also
form the Sn or In–O–Cs complex [32], which further lowers
the work function of ITO. As the experiment shown, the
utilization of CsOH:Alq3 interfacial layer greatly reduces
the electron injection barrier from ITO, which is similar
to that of Cs2CO3 modification with respect to the case of
bare ITO. However, the electron injection barrier is not fur-
ther reduced due to the modification of CsOH:Alq3 com-
pared to the modification of Cs2CO3:Alq3 and Cs2CO3:BCP.
This indicates that the large enhancement in EL efficiency
is not mainly originated from the reduction of the electron
injection barrier as using CsOH:Alq3 to modify ITO.



441
0.0

2.0x104

4.0x104

6.0x104

8.0x104

1.0x105

 ITO
 ITO/Cs

2
CO

3
:Alq

3
(2nm)

 ITO/CsOH:Alq
3

(2nm)

Binding energy (eV)

C
ou

nt
s/

s
In

4851.0x104

1.5x104

2.0x104

2.5x104

3.0x104

 ITO
 ITO/Cs

2
CO

3
:Alq

3
(2nm)

 ITO/CsOH:Alq
3
(2nm)

Binding energy (eV)

C
ou

nt
s/

s

Sn

715

5.0x103

1.0x104

1.5x104

2.0x104

2.5x104 Cs  ITO/ CsOH:Alq
3
 (30nm)

 ITO/ CsOH:Alq
3
 (2nm))

Binding energy (eV)

C
ou

nt
s/

s

720

5.0x103

1.0x104

1.5x104

2.0x104

2.5x104  ITO/Cs
2
CO

3
:Alq

3
 (30 nm)

 ITO/Cs
2
CO

3
:Alq

3
 (2 nm)

Binding energy (eV)

C
ou

nt
s/

s 

Cs

444 447 450 453

720 725 730 735 740 745

490 495 500

724 728 732 736 740

Fig. 7. XPS spectra of ITO, ITO/Cs2CO3:Alq3 (2 nm), ITO/Cs2CO3:Alq3 (30 nm), ITO/CsOH:Alq3 (2 nm) and ITO/CsOH:Alq3 (30 nm).

-2.4 -2.1 -1.8 -1.5 -1.2 -0.9

1x1016

2x1016

3x1016

4x1016

5x1016

 Cs
2
CO

3
:Alq

3

 Cs
2
CO

3
:BCP       

 CsOH:Alq
3

DC bias voltage (V)

1/
C

2  (
F

-2
)

Fig. 8. 1/C2 vs. Vbias plots of different doped layers.

272 F. Wang et al. / Organic Electronics 10 (2009) 266–274
3.4. Free electron density

To elucidate the main origin of the improvement in EL
efficiency due to the utilization of CsOH:Alq3 interfacial
modification layer, the capacitance–voltage characteristics
of ITO/Alq:Cs2CO3 (100 nm), BCP: Cs2CO3 (100 nm), Alq:C-
sOH (100 nm)/Al were performed. As we know, capaci-
tance-voltage characteristics have been widely used to
investigate the electrical and charge transport properties
in organic diodes. For one-sided injection organic diodes,
i.e. one side contact is ohmic, the other side is injection
limited, which controls the charge injection and forms
the depletion layer, then the free charge carriers can be
determined well by the capacitance–voltage characteris-
tics [35–39]. In this case, the capacitance can generally
be described as [40]:

1
C2 ¼

2ðVbi � VÞ
A2qee0NA

ð1Þ

where q is elementary charge, Vbi is the built-in potential, e
is the relative dielectric constant, e0 is the vacuum permit-
tivity, A is effective area of device, and NA is the active con-
centration of free charge carriers. 1/C2 � V plots with
different doped layer are shown in Fig. 8. It is found that
the fitted lines are in good agreement with 1/C2 versus
the bias voltage curves, where all the relative coefficients
(R) are above 0.98. The free carrier density can be easily ex-
tracted from the slope. The calculated carrier density val-
ues are summarized in Table 1. It is surprisingly found
that the free carrier density is strongly dependent on the
dopants in doped layers as determined by capacitance–
voltage measurements. For example, the CsOH:Alq3 film
shows the highest value, which is much 10 times higher
than Cs2CO3: Alq3 and 20 times higher than Cs2CO3:BCP.
The large increase of the free carrier density in the CsO-



Table 1
The parameters calculated by the C–Va.

kA R NA (1016 cm�3)

Cs2CO3:BCP 1.179E16 0.984 16.25
Cs2CO3:Alq3 6.768E15 0.999 27.17
CsOH:Alq3 4.669E14 0.993 393.81

a The relative dielectric constant e is assumed to be 3, and the active
area of device is 16 mm2. For C–V measurements, 0.03 V signal oscillating
at 1 kHz was added to dc bias.
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H:Alq3 film should be attributed to the most effective elec-
tron injection.

The larger increase of the free electron density in CsO-
H:Alq3 film could be well elucidated by XPS spectral mea-
surements. Fig. 9 shows the XPS spectra of the Alq3

(30 nm), Cs2CO3:Alq3 (30 nm) and CsOH:Alq3 (30 nm)
films. It can be seen that a new peak appears and Al peak
shifts to higher binding energy value in the Cs2CO3:Alq3

and CsOH:Alq3 films. This indicates that there occurs
charge transfer between the Cs2CO3 and Alq3 or CsOH
and Alq3. Furthermore, the Al peak of CsOH:Alq3 film shifts
to higher binding energy than that of Cs2CO3:Alq3 film,
indicating that the more charge transfer states are formed
between CsOH and Alq3. As known, the formed charge
transfer state generally exhibits a high conductivity [41].
This should be used to explain the reason that the higher
free carrier density occurs in CsOH:Alq3 film. It can be seen
that the electron injection properties strongly depend on
the dopant structures and electron transport materials.
The detailed mechanism investigation should be benefit
for the understanding of the electron transport properties
in doping organic films, thus further optimizing device
performances.

4. Conclusions

We have studied the origin of the improvement in EL
efficiency and high temperature stability via the modifica-
tion role of CsOH:Alq3 interfacial layer on ITO cathode in
inverted bottom-emission organic light-emitting diodes
(IBOLEDs) in detail. The studies clearly demonstrated that
the CsOH:Alq3 interfacial modification layer on ITO cath-
ode significantly enhanced the stability of the cathode
interface and reduced the electron injection barrier from
ITO cathode. More importantly, inserting the CsOH:Alq3

between ITO and electron-transporting layer greatly in-
creased the free carrier density leading to the more effec-
tive electron injection.
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We have observed, respectively, a negative differential resistance (NDR) and switching
conduction in current–voltage (I–V) characteristics of organic diodes based on copper
phthalocyanine (CuPc) film sandwiched between indium-tin-oxide (ITO) and aluminum
(Al) by controlling the evaporation rate. The NDR effect is repeatable, which can be well
controlled by sweep rate and start voltage, and the switching exhibits write-once-read-
many-times (WORM) memory characteristic. The traps in the organic layer and interfacial
dipole have been used to explain the NDR effect and switching conduction. This opens up
potential applications for CuPc organic semiconductor in low power memory and logic
circuits.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction ganic devices showed negative differential resistance
Organic molecular semiconductors have been inten-
sively studied for more than twenty years due to their
envisioned applications in flexible, low-cost and light-
weight organic optoelectronics [1–4]. The physical pro-
cesses of electrical transport in organic semiconductors
(charge injection, transport, and space charge effects) have
also been widely explored [5], which are quite different
from the crystalline inorganic semiconductors. Considering
the injection process can be viewed as a supply vs. demand
problem, the current–voltage (I–V) characteristics in or-
ganic devices are generally dominated by the charge injec-
tion or transport processes in organic semiconductor. On
the other hand, it was found experimentally that some or-
. All rights reserved.

357; fax: +86 431
(NDR) characteristics [6–11] that have tremendous poten-
tial in the applications of low power memory and logic cir-
cuits, or irreversible switching currents which possibility
of obtaining write-once-read-many-times (WORM) memo-
ries for archiving non-editable databases [12–14]. These
devices based on organic semiconductors could satisfy
the requirement in the low end of the market and some
of them have been reported in recent years.

In this paper, we realized a single-layer diodes with
repeatable NDR and switching exhibiting WORM memory
in I–V characteristics based on copper phthalocyanine
(CuPc), a macrocyclic metal complex, which has been one
of the most popular organic semiconductors with high
thermal and chemical stability suitable for thin film prep-
arations [15], and widely reported in electrical transport
and switching in organic devices [4,16–18]. It was found
experimentally that the CuPc exhibits distinctly different
I–V characteristics by merely changing the evaporation

mailto:mdg1014@ciac.jl.cn
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rates of the CuPc. Our results demonstrate that CuPc is a
hopeful organic semiconductor as memory medium in or-
ganic diodes for the applications in low power information
storage and logic circuits.

2. Experimental details

The fabricated device in this study was a single-layer
sandwich structure. Indium-tin-oxide (ITO) coated on glass
substrate was used as one of the electrodes. CuPc was
firstly thermally evaporated on ITO coated glass substrate
at a controlled evaporation rate. The high, normal, and
low deposition rate (H, N and L for short) of CuPc was,
respectively, 0.50, 0.10, and 0.05 nm/s. Then 150 nm alu-
minum (Al) was thermally deposited on the CuPc film as
another electrode. If using calcium (Ca)/Al electrode,
10 nm Ca was first deposited and then 150 nm Al was
capped on Ca. For the case of molybdenum oxide (MoO3)/
Al electrode, 3 nm MoO3 layer was firstly deposited. The
thickness of CuPc film was about 400 nm. All of the depo-
sition processes were carried out in a vacuum of 10�4 Pa.
The I–V characteristics were performed by Keithley 2400
sourcemeter controlled by a computer, and the positive
electric voltage was defined the Al electrode as positive
bias. The atomic force microscope (AFM) measurements
were carried out on a scanning probe microscope (SPA-
300HV, Seiko Instruments, Inc.). All the electrical measure-
ments were done in ambient condition without any device
encapsulation.

3. Results and discussion

It was experimentally found that a large NDR is ob-
served in I–V characteristics only when the organic layer
was deposited by high rates and the applied voltage starts
from certain negative voltage. Fig. 1 shows the typical I–V
characteristics of the ITO/CuPc (H)/Al device between volt-
ages of �16 to 16 V. As sweeping the voltage from �16 to
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Fig. 1. Typical I–V characteristics (the first circle and tenth circle) of the
ITO/CuPc (H)/Al device. The arrows indicate the direction of voltage
sweep. The insert shows the I–V characteristics of ITO/CuPc (N)/Al.
positive bias, the current is initially high, and increases
with bias voltage. When the bias voltage reaches a certain
value, the current starts decrease with the bias, forming a
NDR region. Finally, the current remained at a low current
state from 16 V back to 0. It can be seen that a high current
state (ON state) and a low current state (OFF state) exist
simultaneously at the same voltage in the positive region.
It should be noted that the ON state and NDR characteristic
can be recovered from the low current state by simply
applying a negative bias voltage. However, the devices
ITO/CuPc (N)/Al, whose organic layer deposited with nor-
mal rate, have no similar NDR I–V characteristics, as shown
in the insert of Fig. 1.

Furthermore, it can be seen that the occurrence of the
hysteretic NDR and the ON/OFF current ratio depend
strongly on the magnitude of the applied reverse start volt-
age in ITO/CuPc (H)/Al. As shown in Fig. 2, a higher nega-
tive start voltage leads to the occurrence of the larger
hysteresis and higher ON/OFF current ratio, whereas the
hysteresis and NDR vanish if the sweep voltage from neg-
ative is less than a critical value. The insert of Fig. 2 shows
the currents of ON and OFF states at 3 V and the ON/OFF
current ratio as a function of the negative sweep voltages.
The maximum ON/OFF current ratio is over 4600. It is note-
worthy that the ON state current and ON/OFF current ratio
are also greatly dependent on the sweep rate. Fig. 3 shows
the I–V characteristics of the ITO/CuPc (H)/Al device at dif-
ferent sweep rates after applying �16 V reverse bias volt-
age for 3 s. It can be seen that a faster sweep rate results
in larger ON current and larger ON/OFF current ratio.

The similar hysteresis and NDR phenomenon in I–V
characteristics are also observed in ITO/CuPc (H)/Ca/Al de-
vices. However, as inserting an electron-blocking layer of
MoO3 between CuPc and Al to fabricate devices of ITO/CuPc
(H)/MoO3/Al, the NDR is disappeared and the hysteresis is
greatly reduced. Fig. 4 gives the comparison in I–V charac-
teristics of three different devices of ITO/CuPc (H)/Al, ITO/
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Fig. 2. Forward I–V characteristics of the ITO/CuPc (H)/Al device at
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0 4 8 12

0.0

5.0x10-6

1.0x10-5

1.5x10-5

2.0x10-5

2.5x10-5  0.5V/s
 1.0V/s
 2.0V/s
 4.0V/s

Cu
rr

en
t (

A)

Voltage (V)`

Fig. 3. I–V characteristics of the ITO/CuPc/Al device at different sweep
rates.

-12 -8 -4 0 4 8 1210-10

10-8

10-6

10-4

10-2

C
ur

re
nt

 (A
)

Voltage (V)

ITO/CuPc/A1

ITO/CuPc/Ca/A1
ITO/CuPc/MoO3A1

Fig. 4. Comparison of I–V characteristics of the ITO/CuPc/Ca/Al, ITO/CuPc/
MoO3/Al and ITO/CuPc/Al devices.

0 8642 10 1210-10

10-8

10-6

10-4

10-2

048 12

0.0

5.0x10-6

1.0x10-5

1.5x10-5

Cu
rr

en
t (

A)

Voltage (V)

 1
 2

C
ur

re
nt

 (A
)

Voltage (V)

Fig. 5. Typical I–V characteristics of the ITO/CuPc (H/L)/Al device, in
which curve 1 is the switching I–V characteristics from ON to OFF state,
and curve 2 is the I–V characteristics of OFF state. Insert shows the NDR
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Fig. 6. The retention ability of the memory device ITO/CuPc (H/L)/Al. The
currents of the ON and OFF states were measured continuously under a
constant bias of 1.0 V.
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CuPc (H)/Ca/Al and ITO/CuPc (H)/MoO3/Al. This indicates
that the electron injected in the device during the applica-
tion of negative voltage plays an important role in the NDR
properties.

However, it was found that the device ITO/CuPc (H/L)/Al
with a 20 nm low-deposited CuPc layer between 270 nm
high-deposited CuPc and Al electrode exhibit switching
conduction in I–V characteristics [19]. Fig. 5 shows the typ-
ical I–V characteristics of the device ITO/CuPc (H/L)/Al,
which were measured by scanning the voltage from 0 to
Vmax (10 V) and then to 0. The current in ON state is in-
creased linearly with the voltage and decreased abruptly
as switching transition at a critical bias (about 4.8 V). Then
the device remains the OFF state as the voltage sweeping
to high value and back to 0. This OFF state will be retained
permanently in the subsequent voltage sweeps. The typical
ON/OFF current ratio observed in the sweep I–V character-
istics at 1.0 V, as shown in Fig. 5, is over 5.6 � 105. It was
interestingly noted that the a repeatable NDR effect can
be observed in the I–V characteristics in the case of OFF
state, as shown in the insert of Fig. 5. Fig. 6 shows the
retention ability of the memory device, in which the cur-
rents of the ON and OFF states were measured continu-
ously under a constant bias of 1.0 V. It can be seen that
the device remains good stability without any degradation.

We further studied the I–V characteristics of the ITO/
CuPc (H/L)/Al device, and found that the currents of OFF
states were injection limited, as previous reported
[20,21], whereas the ON state currents are ohmic conduc-
tion. This means that a perfect ohmic contact at the inter-
face of CuPc (L)/Al is formed as the currents transit to ON
state from OFF state, i.e. the change of the injection barrier
height leads to the ON–OFF state transition.

It is worthy noting that the voltage value shifts away zero
as the current reaches the maximum value in the case of
ITO/CuPc (H)/Al. This should indicate the existence of space
charges in devices. Furthermore, as shown above, only by
applying certain negative voltage bias can lead to the NDR.
The bias polarity dependence demonstrates that the NDR
characteristics in our devices should be due to the interface
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effects [22], directly related to the interfacial traps [23],
leading to the formation of space charge due to trapping.

To clearly demonstrate the mechanism of the NDR and
switching conduction, the energy band diagrams of the de-
vices at forward bias are depicted in Fig. 7. For the case of
ITO/CuPc (H)/Al devices, some electrons are injected and
trapped in CuPc near the side of Al at sufficient negative
bias (ITO as anode and Al as cathode). In this state, when
the voltage is swept to the positive value, the electric field
at the Al/CuPc interface increases due to the existence of
the trapped electrons, resulting in the band bending, thus
greatly decreasing the injection barrier of holes, leading
to high hole current, as shown in Fig. 7a. However, with
the increase of forward voltage, the trapped electrons are
released and neutralized by injected holes. In this case,
the band bending will be gradually flatted, and the current
will decrease due to the increase of hole injection barrier,
forming the NDR region, which can be seen in Fig. 7b.
When the voltage is swept faster, the current is larger be-
cause the processes of trapping electron releasing and
injection barrier rising are slow. As the voltage keeps on
increasing and sweeping back to zero, the current will re-
main at the low current state. Obviously, the processes
are reproducible by simply applying a negative voltage.

The same operational mechanism can be observed in
ITO/CuPc (H)/Ca/Al device. In this device, the low electron
Fig. 7. Energy band diagrams (the side of anode) of the devices in the paper: (a) O
L)/Al, (c) ITO/CuPc (N)/Al, and (d) OFF state of ITO/CuPc (H/L)/Al.
injection barrier of the Ca electrode with respect to the
case of Al electrode leads to more electrons to be trapped
in CuPc near Ca electrode, resulting in larger NDR. How-
ever, for the case of ITO/CuPc (H)/MoO3/Al devices, the
MoO3 interfacial layer possesses a blocking role of elec-
trons [24]. In this case, no more trapped electrons by
applying negative bias voltage can make the processes of
the band bending and band flatting with bias. Therefore,
the NDR effect is disappeared. Accordingly, we can con-
clude that the interfacial traps and electron trapping are
the main reasons of the NDR formation in our devices.

In the device ITO/CuPc (N)/Al, the hole injection barrier
under positive voltage can also greatly decrease due to the
existence of the trapped electrons, resulting in the band
bending, leading to high hole current. However, there are
much more traps because the trap concentration in the
CuPc film will increase when the deposition rate decreas-
ing [25]. It is much more difficult to release sufficient
trapped electrons for flatting energy band and increasing
the injection barrier. That is why the forward currents of
the device with normal rate evaporated CuPc are larger
and have no NDR effects, as shown in Fig. 7c.

As known, a very low deposition rate of organic mole-
cules generally results in the much larger grain size [19].
It is well established that metal atoms can migrate inside
the organic layer during the evaporation of a top electrode
N state of ITO/CuPc (H)/Al, (b) OFF state of ITO/CuPc (H)/Al or ITO/CuPc (H/



Fig. 8. AFM morphology images of the CuPc films with L, N, and H deposition rate on ITO, respectively.
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and such an interdiffusion increases if the surface of organ-
ic film shows a larger gain size. As a result, a huge interface
dipole is easily formed [26,27]. Fig. 8 show the AFM images
of the morphology of CuPc films with L, N and H deposition
rate, respectively. As seen, the film fabricated by low depo-
sition rate indeed shows larger grain size. Therefore, in the
case of ITO/CuPc (H/L)/Al device, since the interface dipole
oriented in a suitable direction greatly pushes up the en-
ergy band of CuPc with respect to the vacuum level of me-
tal, the barrier for hole injection is significantly reduced
from a rectifying Schottky contact to an Ohmic contact.
Then the hole injection from Al into organic layer is easier,
forming the high ON state, as shown in Fig. 7d. This inter-
face dipole can be destroyed due to a high space field
caused by access hole injection, resulting in great increase
of the barrier height for the hole injection, as shown in
Fig. 7b. At this time, the hole injection is rather difficult
due to higher barrier, leading to a abruptly decrease in cur-
rent, and the destruction of the interface dipole under a
critical bias voltage is irreversible. However, the injection
barrier in the OFF state device may be temporarily de-
creased a little by the trapped electrons after negative
biased, which is similar as the ITO/CuPc (H)/Al device.

4. Conclusions

We have observed, respectively, a repeatable NDR effect
and switching conduction in the I–V characteristics of or-
ganic diodes based on CuPc film sandwiched between
ITO and Al by the control of the CuPc deposition rate. It
is found that a high deposition rate of CuPc results in a
repeatable negative differential resistance (NDR), where a
low deposition rate of CuPc near the metal electrode then
leads to unrenewable switching property. The traps in
the organic layer and interfacial dipole could well be used
to explain the NDR effect and switching conduction. It is
believed that these interesting characteristics could lead
to more deep understanding of devices based on CuPc.
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We have studied the phenomena resulting from the combination of a hole-conducting
poly(phenylene vinylene) (PPV) based light emitting polymer with a highly efficient elec-
tron injection layer of caesium carbonate (Cs2CO3) in light emitting diodes. A strong depen-
dence between the thickness of the applied Cs2CO3 and the electro-optical performance of
the diodes is detected and already with ultrathin Cs2CO3 layers high efficiency diodes are
achieved. The Cs2CO3 is shown to diffuse into the polymer layer leading to an increased
electron density but also quenching of both electro and photoluminescence when the
amount of applied Cs2CO3 is increased. During electrical stressing the electron density
decreases assumably through degradation of the n-doping and quenching Cs2CO3 species
inducing an unusual increasing luminescence behavior.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Ever since their discovery polymer light emitting diodes
(PLEDs) have raised great attention due to their potential
in fabrication of low-cost light emitting devices [1,2]. Due
to their solution processability and mechanical flexibility,
PLEDs offer a possibility to be applied on flexible substrates
with traditional roll-to-roll printing methods [3]. The po-
tential applications for these devices include ultra-thin, ul-
tra-light, low power consumption displays and lighting
elements. Although some products containing PLED dis-
plays are already commercially available, a lot of research
and development is still ongoing in order to enhance the
. All rights reserved.

CT MM 1, Günther-
l.: +49 9131 731300;

(R. Suhonen).
efficiency and especially the long-term stability of the
materials involved in these polymer based devices.

The standard structure of a PLED consists of a transpar-
ent substrate and anode on which a hole-injection layer
(HIL) is applied from solution. The HIL is then covered with
a light emitting polymer (LEP) film followed by a vacuum
deposited low work function metal electron injection layer
(EIL) and a protective higher work function metal cathode.
This asymmetric electrode structure is designed to supply
the injection of both electrons and holes in the LEP-layer
in order to achieve as efficient exciton formation as possi-
ble. Besides the injection of the charge carriers, also their
transport in the LEP must be sufficient enough to ensure
fast response times and low power consumption of the
devices.

‘‘Superyellow–PPV” (PDA-132 from Merck KGaA) is
known as an efficient alkoxy-phenyl-substituted poly(phe-
nylene vinylene) (PPV) based light emitting polymer [4].
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Like PPV-polymers in general, also SY is a hole-dominant
polymer meaning that the hole mobility is higher than
the mobility of electrons along the polymer chains [5–7].
Applying a low work function metal, like barium in this
study, on top of the SY improves the electron injection
from the aluminum cathode and thus also the diode per-
formance significantly. Even though the electron injection
is improved, due to the low electron mobility and the pres-
ence of electron traps in the PPV-polymer, the emission
zone is still located in the vicinity of the cathode leading
in to a partial loss of excitons via non-radiative energy
transfer to the metal cathode [5,8]. Therefore, more effi-
cient electron injection would be required to push the
emission zone further away from the cathode thus mini-
mizing the quenching and resulting in diodes with even
higher efficiency due to the better balance between the
charge carriers. Caesium carbonate (Cs2CO3) has been re-
ported to result in very low work function surfaces when
fabricated via thermal evaporation [9]. Recently, Cs2CO3

has also been shown to efficiently function as a solution
processed electron injection layer in PLEDs as well as an
n-dopant in the electron transport layer in vacuum depos-
ited small molecule based OLEDs [10–14].

In this work, a thin layer of Cs2CO3 was applied between
the SY and aluminum by thermal evaporation to explore the
effects initiated by a highly efficient electron injection layer
being deposited on top of a highly efficient, hole-dominated
LEP. As expected, diodes with higher efficiency were
achieved with a SY–Cs2CO3 structure in comparison to the
traditional SY–Ba structure. The strong increase in the elec-
tron injection of the Cs2CO3 diodes is apparently caused by a
highly conductive, n-doped layer resulting from the charge
transfer reaction between Cs2CO3 and SY, where by the
magnitude of the reaction and resulting effects depend
strongly on the amount of the applied Cs2CO3. This conclu-
sion can be drawn from the LIV, impedance and photolumi-
nescence measurements of the diodes with Ba and Cs2CO3

cathodes. Impedance spectrometry (AC-field with varying
frequency) is a powerful tool for investigation of the inter-
faces between organic layers and the effects of an n-doped
layer on conductance and capacitance behavior have been
shown in literature [15]. The tendencies in the impedance
spectra measured for our Cs2CO3 diodes align perfectly with
the published study [15] implying that n-doping of the SY
and the following increase in the number of intrinsic elec-
trons indeed is the source of the more efficient electron
injection. Further indications on the formation of an n-
doped region are the quenching of the intensity and the
shift of the maximum both in electro- and photolumines-
cence spectra. With the help of the simulated EL-spectra
the shift in the maximum is concluded to result from the
alteration in the location of the emission zone. A quenching,
n-doped region would also consequentially explain the
quenching of the intensity in the EL and PL spectra.

For industrial applications the long-term stability of the
light emitting devices is of outmost importance and there-
fore the behavior of the Cs2CO3 diodes during electrical
stressing was investigated both electrically and optically.
It is shown that the behavior of the highest efficiency
Cs2CO3-diodes during electrical stressing is comparable to
the behavior of the Ba-cathode. Interestingly, with thicker
Cs2CO3 layers, after an initial decay the light-output of the
diodes increases strongly reaching a maximum near the
initial luminescence. We attribute this behavior to result
from a better charge carrier balance and the simultaneous
decrease in the number of the quenching Cs2CO3 species in
the SY-layer. These conclusions are drawn based on the re-
sults from LIV, impedance and photoluminescence mea-
surements before, during and after the electrical stressing.

2. Experimental

The poly(3,4-polyethylenedioxythiophene) poly(styrene
sulfonate) (PEDOT:PSS) used in this study was Baytron�

PVP CH 8000 purchased from H.C. Starck. Superyellow
(SY) (PDA-132) (5 mg/ml in toluene) was acquired from
Merck KGaA as a ready-to-use solution and was used as re-
ceived. The caesium carbonate Cs2CO3 was purchased from
Sigma–Aldrich and stored in an inert atmosphere due to its
highly hygroscopic nature.

The light emitting devices studied in this work con-
sisted of glass-substrate/ITO/PEDOT:PSS (120 nm)/SY
(100 nm)/Ba or Cs2CO3/Al and were processed as follows.
The indium tin oxide (ITO) covered glass-substrates were
cleaned in ultrasonic bath followed by drying and reactive
ion etching (RIE) treatment. PEDOT:PSS was spin-coated on
ITO and baked in order to avoid water contamination of the
following layers. The SY-polymer was spin-coated on PED-
OT:PSS from toluene in an inert N2-atmosphere followed
by a heat treatment. Cs2CO3 and the protecting aluminum
electrode were thermally evaporated on the substrates.
The applied thicknesses of Cs2CO3 were 0.05, 0.10, 0.15,
0.25, 0.50, 0.75, 1.0 and 1.50 nm measured with a cali-
brated oscillating quartz crystal. Theoretically, one mono-
layer of Cs2CO3 molecules is formed with about 0.50 nm
layer thickness. The thickness of the reference barium layer
used in this study was 3 nm. After the cathode deposition,
the diodes were encapsulated in an inert argon atmo-
sphere followed by measurements in atmospheric condi-
tions. The active area of the devices was 4 mm2.

The current–voltage characteristics of the diodes were
measured with a computer controlled Keithley 238 high
current source measure unit and the luminescence and
spectra with a calibrated spectral camera Photo Research
PR650. The influence of the varying location of the emis-
sion zone on the EL spectrum was simulated with commer-
cially available optical simulation software etfos (FLUXiM)
[16]. In order to study the interfacial properties of the
SY-dielectric, impedance spectroscopy in a frequency
range of 5 Hz–10 MHz was performed with a Hewlett
Packard 4192A LF Impedance Analyzer.
3. Results and discussion

3.1. Diode performance dependency on the amount of applied
Cs2CO3
3.1.1. LIV characteristics
When Cs2CO3 is used as an electron injection layer on

the hole-dominant superyellow polymer, already with ul-
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tra-thin layers a significant change in the LIV-characteris-
tics of the diodes is detected. At a constant bias of 4.0 V,
the current density of the diodes with only aluminum
and 0.05 nm Cs2CO3 is almost equal (Fig. 1a). However,
the light-output at a constant 25 mA/cm2 current density
of the device with only Al as cathode material is roughly
two orders of magnitude lower in comparison to the
Cs2CO3 diode (Fig. 2b). The unsubstantial difference in
the current density but the significant difference in the
luminescence indicates that the current is still hole-domi-
nated in both devices (0 nm Cs2CO3 device behaves like a
single carrier device) but already an infinitesimal amount
of Cs2CO3 improves the electron injection into the SY-poly-
mer in such a way that a substantial improvement in the
light-output is detected. This behavior is in-line with the
previously reported comparison between the Al and Ca
cathodes [8]. As can be seen in Fig. 1a, when the thickness
of the Cs2CO3 layer is further increased, the current density
at 4.0 V bias is also increased reaching its maximum at
0.50 nm after which the current density decreases going
above the values of the reference Ba as the layer thickness
of Cs2CO3 reaches 1.50 nm.

Similarly with the current density plot in Fig. 1a, a curve
with a maximum can also be seen in the efficiency versus
Cs2CO3 thickness plot at 4.0 V bias (Fig. 1b). The optimum
ratio between the required voltage and the achieved light-
output and therefore also the maximum efficiency (over a
a

b

Fig. 1. (a) The current density and (b) the normalized power efficiency
measured at 4.0 V for devices with varying Cs2CO3 thickness and Ba.
third higher power efficiency [lm/W] at 4.0 V than refer-
ence Ba, Fig. 1b) is achieved with a layer thickness of
0.15 nm which corresponds not even to one monolayer of
Cs2CO3.

The efficiency optimum can also be seen in the electro-
luminescence (EL) spectra of the devices detected at a con-
stant current density of 25 mA/cm2 (Fig. 2) as a significant
increase in the EL-intensity when the Cs2CO3 thickness is
increased from 0 nm to 0.15 nm. As the Cs2CO3 layer thick-
ness increases above 0.15 nm, besides a decrease in the EL-
intensity also a shift in the emission maximum towards
higher wavelengths is detected (Fig. 2b). The kmax for Ba
and 0–0.15 nm Cs2CO3 layers is located at 552 nm whereas
the kmax for thicker Cs2CO3 layers is located at 596 nm. The
onset of this red-shift can already be detected in the EL-
spectrum of the 0.15 nm Cs2CO3 as an increase of another
peak next to the maximum.

3.1.2. Impedance and photoluminescence behavior
In order to investigate the change in the electrical prop-

erties of the Cs2CO3 diodes further, impedance spectros-
copy measurements were performed [15]. During these
measurements a small harmonic AC-voltage is applied
and both the amplitude and the phase difference of the
AC-current are detected as a function of frequency (f).
The complex admittance (Y which is the inverse of the
impedance) can then be written as a function of conduc-
tance (G) and capacitance (C) using the equation
Y = G(x) + ixC(x), where x = 2pf. While the DC-driven
measurements (Figs. 1 and 2) provide information about
the charge injection and transport properties in the de-
vices, the information gained from the AC-measurements
at zero applied bias is more related to the number of the
intrinsic charge carriers in the device. As already men-
tioned, Cs2CO3 has been shown to function as a very effi-
cient n-dopant in small molecule based OLEDs [11,13,14].
An n-doping reaction would result in a formation of a
charge-transfer complex and a following movement of
the Fermi-level of the bulk material towards the donor-
states introduced by the n-dopant [17]. Knowing that these
doping states are immediately charged with electrons dur-
ing deposition, the assumed n-doping reaction between SY
and Cs2CO3 should be detected as an increase in the num-
ber of intrinsic electrons in the layer.

In our measurements, a small 100 mV AC-pulse in the
5 Hz–10 MHz frequency range was applied between the
electrodes and the detected capacitance and conductance
as a function of frequency for different Cs2CO3 thicknesses
are shown in Fig. 3. From the curves it is clear that after the
Cs2CO3 thickness exceeds 0.15 nm, both the capacitance
and the conductance of the SY-layer increase significantly
at low frequencies. The strong increase in capacitance
and conductance at low frequencies indicates that the ap-
plied Cs2CO3 indeed forms a charge-transfer complex with
SY thereby introducing doping states on which the elec-
trons are then able to diffuse or tunnel with the oscillating
field [15]. This n-doping is further enhanced by increasing
the amount of applied Cs2CO3 and thus also the intrinsic
electron density in the SY layer. As the frequency of the
AC-pulse increases above 2 � 105 Hz (above 2 � 106 Hz
for 1.50 nm Cs2CO3), the mobile intrinsic electrons are no
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Fig. 2. The measured (a) EL-spectra for diodes with 0–1.50 nm Cs2CO3 and reference Ba and (b) the normalized electroluminescence maximal intensity and
the location of the electroluminescence maximum at a constant current density of 25 mA/cm2 for devices with varying Cs2CO3 thickness.

a b

Fig. 3. Frequency dependency at zero bias of the (a) capacitance and (b) conductance of diodes with different Cs2CO3 layer thickness. The inset in (a) shows
the Cs2CO3 layer thickness vs. capacitance at 1021.8 Hz and the inset in (b) the Cs2CO3 layer thickness vs. conductance at 1021.8 Hz.
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longer fast enough to follow the oscillation of the field and
the dielectric (SY-polymer) response takes over both the
capacitance and the conductance. This can be seen as an
alignment of the capacitance and conductance curves at
higher frequencies.

Gommans et al. [15] have reported similar results with
another PPV-derivative as light emitting polymer and pure
caesium metal as the cathode material. They concluded
that the enhancement in capacitance and conductance is
caused by the diffusion of the Cs atoms and following n-
doping of the PPV-layer. This reaction was reported to lead
into an increased hole transit time (resulting from a change
in the field distribution inside the device due to band bend-
ing and potential drop at the cathode interface) and im-
proved electron injection and/or higher electron mobility.
In our study, diffusion profiles are not measured but from
a simple calculation of the dielectric thickness derived
from the geometrical capacitance (C = e0eA/d), the calcu-
lated SY thickness at 1 kHz frequency for the thicker
Cs2CO3 layers is only half of the SY thickness calculated
to the Ba-diode. This significant decrease in the electrically
visible layer thickness of the dielectric indicates a strong
diffusion of the Cs2CO3 into the polymer layer.

Another indication of the diffusion of Cs2CO3 in the SY-
layer is the quenching of the photoluminescence (PL) inten-
sity (Fig. 4a and b). In previous studies it has been shown
that both p- and n-type dopants quench the EL and PL
intensities as they are diffused into the emissive layer via
exciton-dopant (in EL and PL) and exciton-polaron (in EL)
type quenching [18]. Unlike in the case of electrolumines-
cence, where charge injection and charge transport contrib-
ute to the exciton distribution (emission zone) and thus to
the emission spectrum, in the PL the response consists of
the emission from homogenously distributed excitons in
the layer. As shown in Fig. 4b, the PL intensity maximum
of these homogenously distributed excitons decays expo-
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Fig. 4. The measured (a) PL-spectra for diodes with 0.05–1.50 nm Cs2CO3 and reference Ba and (b) the PL-intensity and the location of the PL-maximum as a
function of Cs2CO3 thickness. (c) The EL-spectra simulated from the PL-spectrum of a pure superyellow-layer.
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nentially as a function of increasing Cs2CO3 thickness indi-
cating clearly that the more Cs2CO3 is applied the more the
PL-emission is quenched. The mechanism for this non-radi-
ative decay of the photoexcited excitons is assumed to be
the exciton-dopant quenching [18].

In order to simulate the red-shift detected both in EL and
PL spectra, a Gaussian-shaped 10 nm half-width emission
zone was moved from the interface of the cathode towards
the interface of the anode and was used as an input param-
eter for the optical simulation software (etfos) [16]. The
shape, width and the position of the emission zone was
chosen based on the hypothesis that Cs2CO3 diffuses into
the SY layer and quenches the emission starting from the
cathode as a function of the amount of applied Cs2CO3. A
red-shift similar to the measured PL- and EL-spectra (in
Figs. 4a and 2a, respectively) can be detected if the emission
zone is shifted in the optical simulation. As the emission
zone is located at the SY-cathode interface, the simulated
EL-spectrum has a similar shape than the spectra measured
for Ba and 0.05–0.10 nm Cs2CO3. Whereas if the emission
zone is located at the anode interface, the kmax shifts to-
wards higher wavelengths resembling the tendency of the
PL- and EL-spectra measured for thicker Cs2CO3 layers.

The red-shift detected in the PL-emission (Fig. 4a and b)
is indeed a strong indication that by quenching the PL-
emission starting from the cathode interface, the diffused
Cs2CO3 leads into a formation of a gradually narrowing
photo-emissive layer. If this quenching region would not
exist, the excitons would emit homogenously from the
whole SY-layer and the shape and intensity of the PL-spec-
trum would remain the same for all cathodes and cathode
thicknesses.

Based on the results from DC-, AC- and photo-excitation
measurements a theory that Cs2CO3 diffuses into the SY-
layer forming a charge-transfer complex via an n-doping
reaction is applicable. The magnitude of this n-doping is
dependent on the amount applied Cs2CO3 increasing the
intrinsic electron density and decreasing the PL-intensity
with increasing quantity of Cs2CO3. The long-term effects
resulting from the diffused Cs2CO3 are discussed in detail
in the following chapter.

3.2. Long-term stability of the diodes with Cs2CO3 and Ba
cathodes
3.2.1. LIV characteristics
The long-term stability of the SY-diodes with different

Cs2CO3 thicknesses was investigated in a lifetime measure-
ment setup where the diodes were driven at a constant DC-
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current corresponding to a certain initial luminescence. For
diodes with a Cs2CO3 thickness exceeding 0.25 nm, unu-
sual increasing luminescence-curves were measured.
Whereas in the case of Cs2CO3 layer thickness below
0.25 nm the lifetime behavior was normally decreasing
and aligned with the behavior of the Ba-diodes. In order
to further investigate the unusual behavior of the thicker
Cs2CO3 diodes in comparison to the thinner Cs2CO3- and
Ba-diodes during stressing, the device with 0.50 nm
Cs2CO3 is discussed here more in detail.

The behavior of the luminescence and driving voltage of
the diodes with 0.15 nm Cs2CO3, 0.50 nm Cs2CO3 and refer-
ence Ba are displayed in Fig. 5. The decay of the lumines-
cence and the increase of the driving voltage of the Ba-
and 0.15 nm Cs2CO3 devices are standard behavior for
SY-diodes and similar curves have also been reported else-
where [19]. The luminescence of the Ba-diodes (and
0.15 nm Cs2CO3) decays rapidly during the first hours of
the measurement losing about 30% of its initial brightness.
This has been reported to be due to the morphological
changes of the PPV-film [20]. After this rapid decrease,
the luminescence continues to decrease very slowly until
Fig. 5. (a) Luminescence and (b) driving voltage behavior during lifetime
for Ba, 0.15 nm Cs2CO3 and 0.50 nm Cs2CO3 cathodes measured at a
constant 22 �C temperature. The diodes were driven at a constant DC-
current calibrated to correspond 1000 cd/m2 initial luminescence.
reaching its half-lifetime (50% of the initial brightness)
after several thousands of hours. The luminescence over
time for the 0.50 nm Cs2CO3-device shows similar rapid
decrease in the beginning of the stressing but starts to in-
crease again already after 30 h of stressing. The lumines-
cence continues to increase until after reaching its
maximum value at 1000 h, a decrease begins leading into
a device failure after 1600 h of stressing.

After the initial rapid increase, the driving voltage of the
Ba-diode (and 0.15 nm Cs2CO3) continues to increase
slowly during stressing (Fig. 5b). The gradually increasing
driving voltage of the 0.50 nm Cs2CO3-diode is faster than
that of the Ba-diode (and 0.15 nm Cs2CO3) and after 550
h lifetime, the Cs2CO3-diode already consumes more volt-
age for its constant current than the Ba-diode.

The increasing luminescence behavior seen in Fig. 5a
resembles the published luminescence curves of the poly-
mer light emitting electrochemical cells (PLEC). In PLEC-
devices, under the influence of an applied electric field,
the ionic species mixed into the polymer move to the elec-
trode interfaces thereby enhancing the charge injection
and leading to a relatively slow formation of a light emit-
ting junction. The formation of this light emitting junction
is detected as an increasing luminescence under electrical
stressing. If such an ion drift were to happen also in the
studied devices during stressing, a decrease in the driving
voltage would be expected due to the enhanced charge
injection [19]. This is however not the case but the driving
voltage of the 0.50 nm Cs2CO3 device (that shows the
increasing luminescence) increases with increasing stress-
ing time indicating that the injection and/or transport in
the devices rather degrades than improves during electri-
cal stressing. This could mean that the charge-transfer
complexes providing the electrons to the LUMO of the SY,
degrade during stressing weakening the electron injection
and/or transport and thus increasing the resistance and
driving voltage in the layer.

Fig. 6 shows the electroluminescence spectra of the SY-
devices with Ba, 0.15 nm Cs2CO3 and 0.50 nm Cs2CO3 cath-
odes measured during stressing. For Ba and 0.15 nm
Cs2CO3 the spectra remain unchanged whereas a signifi-
cant blue shift is detected in the emission maximum of
the 0.50 nm Cs2CO3-diode with increasing stressing time
(Fig. 6c). According to the optical simulations shown in
Fig. 4c, this shift could result from a movement of the
emission zone from the interface of the anode towards
the interface of the cathode. Previously, an identical blue
shift was detected as the Cs2CO3 layer thickness decreased
from 1.50 nm to 0.05 nm (Fig. 2a). The shift in the emission
zone and the increasing driving voltage could result from
the decreasing electron contribution in the SY-layer during
electrical stressing. As Gommans et al. [15] reported the
doping reaction changes the field distribution in the device
leading to an increased hole transit time. If the doping
reaction between SY and Cs2CO3 degrades during stressing,
that would also result in a gradually decreasing hole transit
time. The decreasing hole transit time could then at least
partly induce the shift in the location of the emission zone
and thus also a shift in the EL-maximum.

The shift in the EL-spectrum is neither visible in the
diode with Ba-cathode (Fig. 6a) nor with the thinner
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Fig. 6. Normalized electroluminescence spectra measured during stress-
ing for (a) Ba, (b) 0.15 nm Cs2CO3 and (c) 0.50 nm Cs2CO3 cathodes.

c

b

a

Fig. 7. The change in the conductance of (a) Ba, (b) 0.15 nm Cs2CO3 and
(c) 0.50 nm Cs2CO3 diodes at 1021.8 Hz frequency during electrical
stressing. ‘‘Unstressed” indicates to the pixel which has not been under an
influence of a DC electric field and ‘‘Stressed” to a pixel that has been
electrically stressed.
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0.15 nm Cs2CO3 (Fig. 6b). This suggests that the emission
zone in the Ba- and 0.15 nm Cs2CO3 devices remain un-
changed during stressing.

3.2.2. Impedance and photoluminescence behavior
While the conductance (and the capacitance, not shown

here) of the 0.50 nm Cs2CO3 diode in the low frequency
range is strongly decreased during stressing (Fig. 7c), the
conductance of the Ba-reference and 0.15 nm Cs2CO3

diodes remain relatively constant during the measured
time (Fig. 7a and b).
The decreasing conductance, the increasing driving
voltage and the shift in the emission zone are all indica-
tions of the decrease in the electron contribution during
electrical stressing in the 0.50 nm Cs2CO3 diode. Knowing
that before stressing, the SY-diode with 0.50 nm Cs2CO3

has a very high density of electrons on the cathode side
of the polymer which then gradually decreases during
stressing and assuming that the hole transit time in the
SY decreases as the doping degrades, it can be assumed
that the ratio between the charge carriers changes from
electron domination via optimal balance to a hole domina-
tion. This variation in the charge carrier balance could at
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least partly explain the increasing luminescence of the
Cs2CO3 diode during stressing, the maximum lumines-
cence representing the optimal charge carrier balance.

The slight decrease in the conductance of the un-
stressed Cs2CO3 diode visible in Fig. 7c could be either
due to the repeated DC-measurements and following deg-
radation of the n-doping, or due to storage instability. The
storage stability of the SY–Cs2CO3 diodes is currently under
further investigation.

Interestingly, the PL-spectrum of the 0.50 nm Cs2CO3

diode measured after the operational lifetime shows a
strong increase in the PL intensity and also a blue shift in
the spectral maximum (Fig. 8c) in comparison to a diode
that has not been electrically stressed. This implies that
a

b

c

Fig. 8. PL intensity before and after a stressing period for (a) Ba, (b)
0.15 nm Cs2CO3 and (c) 0.50 nm Cs2CO3 diodes. The intensities are
normalized to the PL-maximum of the unstressed Ba-diode in (a).
‘‘Unstressed” indicates to the pixel which has not been under an influence
of a DC electric field and ‘‘Stressed” to a pixel that has been electrically
stressed.
the Cs2CO3 species which resulted into a quenched PL-
spectrum (Fig. 4a and b) before electrical stressing are in-
deed no longer active in the SY-layer after stressing. Be-
cause no EL is detected at this point anymore we assume
that the SY parts reacted with Cs2CO3 have lost their con-
jugation leading into an electrical isolation of the still con-
jugated and emissive SY-chains. Also the electron injection
is presumably decreased because of the decreasing number
of the active Cs2CO3. Thus after the complete degradation
of the diffused Cs2CO3 species, the electron injection into
the still conjugated parts of SY is no longer possible which
leads into a complete disappearance of the electrolumines-
cence. This decrease in the number of quenching units dur-
ing stressing could also, together with the optimized
charge balance, logically explain the increasing lumines-
cence behavior (Fig. 5) of the thicker Cs2CO3 devices.

In comparison to the PL-intensity before and after
stressing, both the stressed Ba-diode and the stressed
0.15 nm Cs2CO3 diode reach 70% from the intensity of the
corresponding unstressed device. Also the stressed
0.50 nm Cs2CO3 diode reaches about 75% from the inten-
sity of the unstressed Ba-device. This is in good agreement
with the EL-behavior where the electroluminescence is de-
creased to about 70% of the initial light-output (Fig. 5). The
result also implies that after the initial morphological
changes the SY-polymer is very stable against electrical
stressing and goes through identical changes indepen-
dently of the applied cathode material.
4. Conclusions

We have investigated the effect of introducing a Cs2CO3

interlayer as a cathode in PLED devices with a well known
highly efficient PPV-derivative as a light emitting polymer.
The Cs2CO3 cathode strongly influences both the electrical
and optical properties of the devices leading to a higher
density of electrons and to a shift in the electrolumines-
cence and photoluminescence emission maxima. These
phenomena are dependent on the applied Cs2CO3 layer
thickness leading to more pronounced effects with increas-
ing thickness. When the amount of the applied Cs2CO3 is
optimized, diodes with higher efficiency than the reference
Ba but similar long-term behavior are obtained. After elec-
trical and optical analysis of the Cs2CO3 diodes before, dur-
ing and after electrical stressing we conclude that as the
amount of Cs2CO3 is increased above the optimum, Cs2CO3

diffuses in the SY-layer reacting with the conjugated dou-
ble bonds forming an n-doped region on the cathode side
of the polymer. This n-doping degrades during electrical
stressing leading to a decrease in the intrinsic electron
density and in the number of quenching units. These two
phenomena result in a better charge carrier balance and
weaker quenching of the emission in the device and thus
into a shift in the emission zone. Consequently, an increas-
ing luminescence curve and increased photoluminescence
intensity during stressing are measured for the diodes with
thicker Cs2CO3 layer.

The results disclosed in this study are used to explain
the functional principle of the Cs2CO3-cathode with a
PPV-derivative as an emitting polymer. The outcome and
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the experimental route will serve as a useful guideline for
the future studies on other light emitting polymers and the
Cs2CO3-cathode initiated effects on them.
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We have fabricated high performance polycrystalline pentacene-based thin-film transis-
tors using several dielectrics with different surface properties, including inorganic oxide
and polymeric materials. These materials provide excellent samples for the analysis of
charge transport properties, particularly the impact of the grain boundary and the molec-
ular structural quality within the grain on the efficient charge transport. The carrier trans-
port in polycrystalline organic films with grain structures is often interpreted using the
grain boundary model. Assuming a large amount of charges are trapped at the boundaries,
the model neglects the microstructural quality inside a grain. According to joint experi-
mental and theoretical Raman spectra and normal modes analysis on these pentacene
films, we present a new observation that the microscopic hopping transport parameters,
i.e., intermolecular interactions and reorganization energy, in polycrystalline films govern
the carrier transport. An obvious, positive correlation is found between the mobility and
the molecular vibrational characteristics, especially the intermolecular vibrational cou-
pling energy, under all varieties of grain size morphology. MicroRaman mapping method-
ology reveals that the grain size of pentacene films should not be taken for granted in
structural quality and efficient charge transport. The microstructural qualities inside the
grain play an important role in efficient charge transport.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction formance. In particular, the organic TFT (OTFT) is one of
The use of organic semiconductors as active elements in
optoelectronic devices has become prevalent, such as in
thin-film transistors (TFTs), light-emitting diodes, solar
cells, sensors, switches and others devices [1–3]. The
charge transport properties of organic semiconductors
[2–4] will have a critical role in integrating organic materi-
als into useful devices and further optimizing device per-
. All rights reserved.

65286; fax: +886 6

L. Cheng).
the current hot topics in the research field of organic elec-
tronics applications, and the behavior of the charge trans-
port can be investigated in these devices. Recently, the
performance of OTFTs based on small molecule organic
semiconducting materials, such as oligoacenes, oligothi-
ophenes, and their derivatives, have demonstrated high
carrier mobilities (l) of above 1.0 and have surpassed that
of amorphous silicon [2,5]. For most OTFT device applica-
tions, these small molecules are generally and easily
deposited upon gate dielectrics using thermal evaporation
to form thin-films. However, these organic thin-films are
particularly challenging because of their polycrystalline
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nature with a grainy texture morphology [1,2,5]: they do
not form a single-crystal but instead are rife with multiple
polymorphisms [6], grain boundary (GB) effects [7,8], ori-
entation defects [9], static disorder [4c], and defects/impu-
rities [10]. Despite existence of extensively studies devoted
to the analysis of structure–carrier transport relationships
of organic semiconducting films, carrier transport proper-
ties in polycrystalline films remain unclear, in particular,
the role of GB and molecular microstructural quality with-
in the grain.

Concerning the polycrystalline media, including inor-
ganic materials (e.g., silicon, CdSe, etc.) and organic mate-
rials (e.g., oligoacenes, oligothiophenes, etc.), a grain
boundary model has been proposed to research the charge
transport mechanisms [7,11,12]. The l in a polycrystalline
material could be described as

LG þ LGB

l
¼ LG

lG
þ LGB

lGB
ð1Þ

where LG and LGB are the average lengths of the grain and
GB, respectively; lG and lGB are the intragrain and the
GB mobilities, respectively. The l qualities appear to be
dominated by GB effects, assuming a large amount of
charges are trapped at the boundary. For a small grain size,
where LGB� LG and lGB < lG, l is approaching the value of
lGB. Under this assumption, the microstructural quality
within the intragrain can be neglected. Grain size depen-
dent l values in oligothiophene [7] and pentacene [8] films
have been reported. It has become demanding work to de-
velop growth methods for realizing the super large grain
(e.g., 100 lm for pentacene [13]), producing single-crystal-
line films [14], or fabricating nanoscale OTFTs that enable
charge transport in a single grain and eliminate GBs [15].
However, in some cases there was no direct relationship
between l and grain size in organic films [5b,16]. Recently,
we observed a tiny grain (�0.1 lm) pentacene OTFT with
excellent electrical characteristics, including a l above
1.0 cm2 V�1 s�1, an on/off current ratio larger than 106,
and a subthreshold slope as low as 0.8 V/dec [17]. These re-
sults suggest that GBs may not act as a dominating mobil-
ity- and device performance-limiting mechanism. There
are several interesting questions raised by the above dis-
cussion. For one, the traps are quite likely to reside in
GBs rather than being uniformly distributed over the film
according to the GB model, but what is the microstructural
quality inside the grain? Is it acceptable to presume that
there are single-crystal-like and/or trap-free microstruc-
tures inside the grain and that these should, therefore, be
disregarded entirely?

In this study, to clarify the above questions, we applied
microRaman spectroscopy to investigate the correlations
between microscopic structural characteristics and charge
transport properties in pentacene thin-films deposited on
several dielectrics with different surface properties, includ-
ing inorganic silicon dioxide (SiO2) and polymeric insula-
tors. We discuss the structural characteristics of
polycrystalline pentacene films in view of a molecular pic-
ture of charge transfer processes in p-conjugated organic
semiconductors. Such transport processes can be described
using two key microscopic parameters [4]: intermolecular
electronic coupling (transfer integrals, Jab) and reorganiza-
tion energy (kreorg). The Jab is proportional to the intermolec-
ular interactions and thus inversely proportional to the
effective separation, R, between adjacent molecules. The
kreorg is a measure of the strength of the interaction between
the electronic structure and the vibrational states of the
molecule and of the material. In order to ensure an efficient
carrier transport process, the Jab must be maximized, while
the kreorg needs to be minimized [4]. In this paper, we show
that microRaman spectroscopy provides a powerful and
convenient tool for analyzing the actual microstructure
and the microscopic transport parameters of organic films
within the active channel of OTFTs. At the same time, the
relevant information of Jab and kreorg can be derived and re-
lated to the measured l in the OTFTs. Furthermore, microR-
aman mapping offers the ability to identify the quality of
both the intragrain and GB microstructures of these films.
Finally, the implications of crystal and grain size data ob-
tained from X-ray diffraction (XRD) and atomic force
microscopy (AFM) scans, respectively, are also discussed.
2. Experimental section

Preparation of gate dielectrics: Four type gate dielectrics
were used as follows: (i) thermally grown SiO2 (denoted
TSiO2): a heavily doped Si wafer was used as the gate elec-
trode substrate. A 300 nm SiO2 layer was thermally grown
on the substrate acted as the gate dielectrics; (ii) plasma-
enhanced chemical vapor deposition (PECVD) grown SiO2

(denoted PSiO2): heavily doped Si wafer or glass substrates
(with the indium–tin–oxide gate electrode upon the sub-
strate) were used as the gate electrode substrate. Then, a
300 nm SiO2 gate dielectric layer was prepared by PECVD
at 800 mtorr and 380 �C. The gases used were He, O2, and
tetraethylorthosilicate with corresponding gas quantities
of 100, 3500, and 175 sccm, respectively; (iii) poly(methyl
methacrylate) (PMMA): an approximately 60 nm PMMA
(molecular weight (Mw) = 5.4 � 105 g mol�1, Scientific
Polymer Products, Inc.) layer was deposited by spin coating
directly onto a SiO2 layer using a 1 wt% PMMA solution
from p-xylene, and then was baked for 2 h at 120 �C; (iv)
polyimide (PI, Nissan Chemical Co.): an approximately
80 nm PI layer was deposited by spin coating directly onto
a SiO2 layer, and then was baked for 60 min at 220 �C. In
this study, the root-mean-square surface roughness of
TSiO2, PSiO2, PMMA, and PI were 1.6, 2.8, 0.5, and 0.8 nm,
respectively, and the surface free energies were 59, 62,
49, and 39 mJ m�2, respectively.

Preparation of pentacene films: Pentacene was purchased
from Aldrich Chemical Company and was used as received
without further purification. All of the pentacene was ther-
mally evaporated upon dielectrics with a thickness of ca.
65 nm at a deposition rate of approximately 0.5–1 Å s�1

and a pressure of 2 � 10�5 torr. The pentacene active layer
was patterned using a shadow mask around the measured
OTFTs to minimize the leakage. The thickness of pentacene
films were calibrated using an AFM and monitored via the
frequency shift of a quartz oscillator.

OTFT fabrication and electrical characteristics measure-
ments: A bottom gate staggered transistor structure with
rectangular gold top-contacts was used (also see Fig. 1).



Fig. 1. Schematic cross-section of the thin-film transistor test structure
and herringbone packing of the pentacene molecules grown upon the
gate dielectric surface.
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In the final step, the gold source–drain electrodes were
deposited to form an electrode upon the surface of the
pentacene film through a shadow mask in order to com-
plete the top-contact OTFT device. The devices were then
transferred to a dry nitrogen-atmosphere glove box to
minimize the influence of H2O from the ambient air upon
the electrical properties of devices [12c]. The electrical
characteristics of OTFTs were measured by a Keithley
4200-SCS semiconductor parameter analyzer in the glove
box under dark conditions. In the saturation regime, the
saturated field-effect mobility (lsat) was calculated by fit-
ting the metal-oxide-semiconductor field-effect transistor
charge-sheet model equation described below [2,18]:

IDS ¼
WlsatCi

2L
ðVG � V thÞ2; if ðVG � V thÞ 6 VD ð2Þ

where IDS is the drain-to-source current, Ci is the gate
capacitance, VD is the drain bias, VG is the gate bias, Vth is
the threshold voltage, respectively, and W/L is the channel
width-to-length ratio.

Analytical methods: The surface morphology and root-
mean-square surface roughness were measured using
AFM (Digital Instrument Multimode SPM AS-12VMF). The
surface free energy was analyzed using the OCA15 contact
angles goniometer (Dataphysics Co.). Raman spectra of
pentacene films, produced by lattice phonons, were ob-
tained using a Jobin Yvon LabRam HR spectrometer. A
532 nm solid state laser and a 633 nm He–Ne laser served
as the excitation light source and were kept below 0.5 mW
to prevent thermal damage to the pentacene thin-film. The
spatial resolution of the beam spot was around 1 lm, at-
tained using a 100� objective microscope lens. The spec-
trometer resolutions are 0.4 and 0.2 cm�1 for using 532
and 633 nm excitation lines, respectively. Every Raman
spectrum was taken an average of five spectrums and at
least three spectra were measured for each sample.
MicroRaman mapping measurements were generated by
measuring Raman spectra for each with lines of over
5 lm in step sizes of 0.1 lm. The pentacene films on vari-
ous substrates were studied by XRD (Rigaku D/Max-2500
diffractometer) in the symmetric reflection coupled h–2h
arrangement. XRD patterns were obtained using a 18 kW
rotating-anode X-ray generator (Cu Ka radiation, kKa1 =
1.5406 Å) and a wide-angle graphite monochromator. The
data were collected with a step size of 0.01� with a scan-
ning rate of 1�/min. A Si single-crystal (111) wafer was
used to estimate the effect of the instrumental broadening
in XRD experiments. The observed FWHM of the (111)
peak at ca. 28� 2h is 0.061� under the same instrumental
conditions.

Quantummechanical calculations: The GAUSSIAN 03 pro-
gram [19] was used to perform the density functional the-
ory (DFT) calculations. The BLYP method (Becke’s 1988
exchange functional combined with the LYP correlation
functional of Lee, Yang and Parr) [20] was used for geome-
try optimization, Raman spectrum, and normal modes cal-
culations. In all cases, the 6-31G(d) basis set was used. The
observed Raman modes were assigned based on the calcu-
lation. However, it should be noted that the theoretical cal-
culated frequencies were scaled with a factor of 0.9613 to
fit the experimental obtained frequencies, as recom-
mended by Scott and Radom [21]. Comparison of theoret-
ical and experimental Raman spectra, the agreement
between theory and experimentation is generally very
good [22]. Therefore, the contributions of each vibrational
mode to the reorganization energy were calculated from
the normal mode analysis using the same 6-31G(d) basis
set. The kreorg is proportional to the extent of the molecular
geometry change between the neutral-state and charge-
state, including the inner- (ki) and outer- (ko) sphere
contributions. The ki (intramolecular) arises from the
molecular geometry modifications that occur when an
electron is added to or removed from a molecule. The
vibrational term ki is a sum of contributions from the
Raman active normal modes [4,23],

ki ¼
X

kv ¼
1
2

X
D2

k vk ¼
X

Skhvk ð3Þ

In the harmonic approximation, the vibrational reorganiza-
tion energy, kv, depends on the dimensionless displace-
ment, Dk, and vk is the vibrational frequency of mode k.
The displacement Dk along normal mode k is between
the equilibrium positions of the two electronic states, i.e.,
the ground and cation states. The Huang–Rhys factor Sk is
the distortion parameter and h is Planck’s constant. Calcu-
lated optimized geometries of neutral and cation states
and the normal mode coordinates were used to derive
the vibrational term ki [23]. The numerical procedure con-
sists of the following steps: (i) the optimized neutral (qg

k)
and cation (qe

k) geometries at charge 0 and charge +1,
respectively, are determined. The vector Dq ¼ ðqe

k � qg
kÞ de-

scribes the geometry change upon electronic excitation in
the mass weighted Cartesian coordinates; (ii) the normal
mode coordinates and the force constants are determined;
(iii) the normal mode displacements, Dk, are obtained by
projecting the displacements Dq onto the normal mode
vectors. By substituting the calculated quantities into Eq.
(3), the Sk, kv, and ki are obtained. The partition of the reor-
ganization energy into the contributions of each vibra-
tional mode is listed in Table 1.
3. Results and discussion

Carrier mobilities in pentacene-based OTFTs: We used a
typical bottom gate configuration with a gold top-contact
OTFT [2] (see Fig. 1a) to study the charge transport proper-
ties for the pentacene films grown on several dielectric
surfaces with different surface properties. The measured



Table 1
DFT/B3LYP/6-31G(d) estimates of frequencies, Huang–Rhys factors, S, and
vibrational reorganization energies, kv, and the experimental observation
frequencies, vexp, for pentacene in its neutral-state.

Frequency (cm�1) S kv vexp (cm�1)

(meV) (%)

264 0.0260 0.9 1.8 264
617 0.0001 0.0 0.0 600
647 0.0000 0.0 0.0 –
765 0.0009 0.1 0.2 753
800 0.0020 0.2 0.4 785

1029 0.0037 0.5 1.0 995
1194 0.0110 1.6 3.5 1158
1223 0.0525 8.0 17.0 1178
1348 0.0004 0.1 0.1 1350
1426 0.0740 13.1 27.9 1371
1451 0.0115 2.1 4.4 1409
1512 0.0021 0.4 0.9 1457
1572 0.0908 17.7 37.7 1498
1594 0.0115 2.3 4.8 1533
3175 0.0000 0.0 0.0 –
3180 0.0001 0.0 0.0 –
3184 0.0003 0.1 0.3 –
3210 0.0001 0.0 0.1 –

Total 47.0 100
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Fig. 3. Non-polarized (kexc = 532 nm, right-panel) and polarized
(kexc = 633 nm, left-panel) Raman spectra of pentacene films grown on
(1) TSiO2, (2) PSiO2, (3) PMMA, and (4) PI surfaces. The polarizations of the
incident and detected light are parallel (x, x) and perpendicular (x, y) to
each other. The Gaussian/Lorentzian functions used for the deconvolution
are presented by a thin solid line. The thick solid lines represent the
overall fit, while the open cycles to the experimental data. The dashed
lines serve as guidelines. The intermolecular vibrational coupling energy
(x1) and the full width at half-maximum (FWHM) of selected bands were
also shown.
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output and saturation transfer characteristics are shown in
Fig. 2. When the pentacene was grown on a SiO2 surface, it
showed a very low output on-current. The output on-cur-
rent was improved by nearly two orders of magnitude
when pentacene was grown on the PI surfaces. The lsat

was extracted from the slope (see Fig. 2b) using Eq. (2).
When the pentacene was deposited on a SiO2 surface, the
device generally displayed a poor lsat of around 0.01–
0.4 cm2 V�1 s�1. The obtained lsat values of pentacene
films in this work that grown on a native SiO2 surface are
consistent with previous studies done by other researchers
[2,5,16]. However, when pentacene films were grown upon
polymeric surfaces, the corresponding devices displayed
excellent performance with lsat values that were generally
above 1.0 cm2 V�1 s�1. In particular, the mobility of penta-
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Fig. 2. Comparison of electrical characteristics of OTFTs using pentacene
films grown on various dielectric surfaces: (h) TSiO2; (4) PSiO2; (s)
PMMA; and (5) PI. (a) Typical output characteristics: drain current (IDS)
versus source–drain voltage (VDS) curves. (b) Saturated electrical-transfer
characteristics: I1=2

DS versus gate voltage (VG) curves. The solid lines
indicate the linear fitting results. Calculated saturated field-effect mobil-
ities (lsat) were also shown.
cene on PI was above 1.6 cm2 V�1 s�1, which is close to two
orders of magnitude improvement when compared to
pentacene grown on a TSiO2 dielectric.

Ramanscattering analysis: The Raman spectra of the cor-
responding pentacene films are shown in Fig. 3. The bands
at 1158 (Ag) and 1178 (Ag) cm�1 are related to C–H in-plane
bending modes, and the 1351 (Ag), 1371 (Ag), and 1379
(B3g) cm�1 bands belong to the aromatic C–C stretching
modes. These modes are shown in Fig. 4. A molecule under
solid phase, Raman selection rules can be changed due to
the static field-effect arising from the crystalline environ-
ment, and also due to the dynamic effect (called correla-
tion field or Davydov splitting [24]) arising from the
nonidentical spatial orientation of anisotropic molecules
in the crystal and from the intermolecular forces between
molecules. First, we have focused on a significant splitting
Dx that occurred between ca. 1158 (v0 band) and ca.
1155 cm�1 (v1 band) and was explained by Davydov split-
ting [25]. Evidently, the relative intensity ratio of v1 and v0

bands ðIv1=Iv0 Þ has explicitly changed by altering polariza-
tions of incident and scattered light either parallel (x, x)
or perpendicular (x, y) to each other (see Fig. 3, left-panel).
We have observed that the v1 and v0 bands have the fol-
lowing features [22,26]: (i) compared with other Raman
modes, the relative intensity of the v1 band was much
more sensitive in response to the 633 nm excitation line
that corresponds to the Davydov component in the absorp-
tion spectrum; (ii) the Dx was sensitive to the unit cell
volume (i.e., the R) due to that Dx could be enlarged at
low temperatures; (iii) the Dx was related to the intermo-
lecular coupling parallel to the a–b lattice plane direction
(also see Fig. 1), which is said to be parallel to active chan-
nel direction in OTFT geometry.



1194 cm-1 (Ag)       1223 cm-1 (Ag)           1348 cm-1 (Ag) 

Exp. ~ 1158 cm-1      Exp. ~ 1178 cm-1        Exp. ~ 1350 cm-1

1426 cm-1 (Ag)          1433 cm-1 (B3g)    

   Exp. ~ 1378 cm-1    Exp. ~ 1371 cm-1 

Fig. 4. Shows a representation of the selected Ag and B3g vibrational modes of pentacene as determined by a DFT/B3LYP at 6-31G(d) calculation of an
isolated pentacene. The vectors representing the atom displacements in the Cartesian coordinates are multiplied by a factor of three.
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Recently, we have shown that the Davydov splitting of
the Raman mode could be used to study the intermolecular
interactions between molecules in films [22,26]. The inter-
molecular vibrational coupling energy, x1, could be esti-
mated by a simple coupled-oscillator model due to that
the transfer of energy from internal vibrations to external
vibrations (phonons) is equivalent to the damping of inter-
nal vibrations. In the weak-coupling regime, the splitting
of the characteristic frequencies is given by Dx ¼
v0 � v1 ¼ x2

1=2x0, where x0 is the frequency of the inter-
nal molecular band. The peak centre of v0 and v1 bands
could be obtained according to a curve-fitting procedure
reported previously [27], thus obtaining the Dx. Alterna-
tively, the obtained Dx could be further checked by using
polarized Raman measurements (see Fig. 3, left-panel).
Herein, both methods were used to determine the average
value of x1 based on at least six values from different loca-
tions. The results of x1 calculation are also shown in Fig. 3,
indicating that pentacene films on polymeric surfaces have
a higher value, e.g., x1 � 12 meV. Such polycrystalline
organic films do not have clear phonon modes in the
low-frequency spectral region (<200 cm�1) due to the lack
of long-range order [22]. Hence, the observed differences
in x1 among these films bear useful information in identi-
fying microstructural differences. Most importantly, in
Fig. 5a, we can observe a linear relationship between lsat

and x1 on a semi-logarithmic scale. A clear relationship
between the lsat and Iv1=Iv0 has also been discovered. The
magnitude of Davydov splitting is directly dependent
upon the R [22,24]. Consequently, there are good reasons
to believe that the charge carrier mobility can be scaled
to x1.
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Fig. 5. Relationships between saturated field-effect mobility (lsat) and
vibrational characteristics of pentacene films grown on different dielec-
tric surfaces: (h) TSiO2; (4) PSiO2; (s) PMMA; and (5) PI. (a) The lsat

versus the intermolecular vibrational coupling energy (x1) and the
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the FWHM of 1178, 1351, and 1379 cm�1 bands are within 0.1, 0.5, and
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sample from different locations. Solid lines indicate the linear fitting
results.
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Raman spectroscopy provides a powerful tool not only
for analyzing the molecular packing and orientation of or-
ganic molecules in thin layers and the thin-film uniformity
(homogeneity) in a specific direction, but also for obtaining
information on kreorg [4b,28]. When pentacene was grown
on polymeric surfaces, the films had a narrow full width
at half-maximum (FWHM) of 1178, 1351, and 1378 cm�1

bands (see Fig. 3, right-panel). According to DFT calcula-
tions (also see Fig. 4), the 1178 cm�1 band is the strongest
C–H in-plane vibrational mode and is related to the motion
of H-atoms located on both sides of the pentacene mole-
cule. The 1351 cm�1 band is the aromatic C–C stretching
vibration and is strongly related to the completeness of
the film parallel to the dielectric surface [22]. The
1379 cm�1 band is due to the asymmetric C–C stretching
vibration along the short molecular axis also in the molec-
ular plane. The smaller FWHM of these bands indicated
that the films have a higher environmental unity for
molecular vibrations occurring parallel to a dielectric sur-
face (or called the horizontal direction, i.e., along the direc-
tion of the active channel of OTFT, also see Fig. 1) due to
better molecular packing.

During the carrier transfer process, the total free energy
of reaction could contribute to the FWHM of the vibronic
bands that involve the excitation process and lead to an
unsymmetrical shape; thus, kreorg � (FWHM of the vibronic
bands)2 [4b,28]. We found that the larger the x1 was in the
experimental pentacene films, the smaller the FWHM of
the vibration modes became. However, the FWHM of the
strongest C–C band at 1371 cm�1 does not show the same
trend (see Fig. 3, right-panel). In fact, we have observed
that the FWHM of this band decreased with the increase
of pentacene film thickness [22]. DFT normal-coordinate
displacement analysis suggested that the 1371 cm�1 band
(see Fig. 4) are more sensitive to the film quality in the ver-
tical direction than that in the horizontal direction. Exam-
ining many pentacene films grown on various surfaces
with the same thicknesses, we found that the FWHM of
the 1371 cm�1 band is highly related to the FWHM of the
(001) diffraction peak from XRD scans (see Fig. 6). We
could further quantify the degree of asymmetry of the
1371 cm�1 band using an asymmetry ratio (ASR) [29] that
is described as the ratio of the blue half to the red half of
the FWHM. In general, the vibration modes have a higher
ASR in an amorphous (disordered) region than in a crystal-
line (ordered) region, since the crystalline environment
causes a shift of vibrational frequencies and possible split-
tings. Pentacene films grown on PI and PMMA have smaller
ASRs of 1.05 and 1.13, respectively, than the obtained val-
ues of 1.34 and 1.23 on TSiO2 and PSiO2, respectively. After
an annealing process, which aims to improve the crystal
quality, the band becomes more symmetrical.

In Fig. 5b, one can see that the lsat is inversely propor-
tional to the FWHM of these vibrational modes at 1178,
1351, and 1378 cm�1 and the ASR of 1371 cm�1. According
to the DFT computational results, the main contributions
to the ki of a single molecule in the dimensionless situation
come from a few normal modes, especially in the 1178
(17%), 1371 (28%), and 1498 (38%) [30] cm�1 bands (see
Table 1). In single-crystals and thin-films, we have to con-
sider the ko due to external environmental influences. A
simulation approach suggests that ki has a strong depen-
dence on the local intermolecular coupling; thus, the
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embedded pentacene molecule in a single-crystal has a
lower ki value than that of a free molecule [31]. For conju-
gated oligomers and polymers, it has been reported [32]
that the kreorg decreases with increasing degrees of inter-
chain and intrachain orders. However, in an OTFT, we need
to consider the influence of molecular packing and orienta-
tion on the vibrations as well as the direction of charge
transport in the active channel. Consequently, the analysis
results from these normal modes suggests that pentacene
grown on PI and PMMA surfaces have a superior micro-
structure with closed molecular packing, thus lowering
the kreorg, especially in the direction along the current flow.

X-ray diffraction analysis: As shown in Fig. 6, we have
also studied the crystal structure of the corresponding
pentacene films. All the films consist of only the (00 l) lat-
tice plane and show a dominant ‘‘thin-film” phase [33]
with almost identical d0 0 1 spacing (�15.4 Å). The results
indicated that the pentacene molecules are slightly tilted
to the plane of dielectric surface and form a herringbone
pattern within the layers [6]. The structural parameters,
including the paracrystal size (L0 0 l, i.e., the mean dimen-
sion of the crystallites perpendicular to the (00 l) plane)
and the fluctuation factor (gII, i.e., the distance fluctuation
between successive planes of the family (00 l) or the de-
gree of distortions of crystal structure), were calculated
according to the paracrystal theory, repeating the method-
ology used before [33,34]. The estimated parameters are
listed in Table 2. Contribution to the FWHM from instru-
mental broadening is negligible compared to the magni-
tude of the observed FWHM values. Therefore, the
calculated crystallite size L0 0 l is a minimum. As displayed
in the table, the pentacene films on PSiO2, PMMA, and PI
all have similar values for the FWHM of the (001) diffrac-
tion peak, L0 0 l, and gII. The obtained L0 0 l and gII values were
similar to those reported in other publications [33]. In con-
trast, the pentacene film on TSiO2 has significantly inferior
crystal quality. From the present case, it is difficult to draw
clear correlations between out-of-plane XRD data and lsat.
For OTFTs with top-contact configurations, the charge
transport runs through the path that includes the channel
near the dielectric surface at horizontal direction and the
way from source and drain electrodes to the channel at
the vertical direction (also see Fig. 1). Since there is only
the (00 l) lattice plane in the XRD pattern, we should men-
tion the importance of crystal quality in the vertical direc-
tion of the substrate. It is established that the quality of
vertical growth does not always determine the quality of
horizontal growth for pentacene films. Sometimes we
Table 2
Thin-film phase structural parameters of the pentacene films grown on
various dielectric surfaces.

Dielectric
surfaces

d0 0 1-spacing
(Å)

FWHM of (001)
peak (degree)

L0 0 l
a

(Å)
gII

a

(%)

TSiO2 15.5 0.18 263 2.84
PSiO2 15.4 0.12 363 1.60
PMMA 15.4 0.12 354 1.53
PI 15.4 0.14 350 1.75

a L0 0 l and gII are the mean dimension of the crystallites perpendicular
to the (00 l) plane and the distance fluctuation between successive planes
of the family (00 l), respectively.
could observe a good correlation between mobility and
L0 0 l [16d]. Large L0 0 l and low gII would help the charges
pass through the pentacene film easily, thus leading to
lower bulk film resistance and higher output on-current.

Upon further analysis of these pentacene films at low
thicknesses (ca. 1–2 monolayers), it was found that the
films on polymeric surfaces still have higher coverage asso-
ciated with a larger x1 (e.g., 10.5 and 10.3 meV for 50 Å
pentacene films on PI and PMMA surfaces, respectively)
and narrower FWHM of the Raman modes than those on
the SiO2 surface (e.g., x1 of 9.1 meV for 50 Å pentacene
films on SiO2 surfaces, respectively) [22]. It should be
noted that the results do not fully reflect the real situations
of the films for charge transport, since several monolayers
could possibly be incomplete layers, which is common for
organic films. However, the subsequent growth of penta-
cene films at a higher thickness was strongly influenced
by the bottom-most layer, i.e., the formation of a more
completed bottom-most layer will benefit pentacene
growth, thus higher mobility for real device applications
(in general, a-few-10-nm thick organic films).

MicroRaman mapping analysis of grain structures: The
microstructural quality inside the grain and near the GBs
is another concern. The v0 and v1 bands featured within
the grain and near GBs were investigated using microR-
aman mapping scans. In Fig. 7 (upper-panels), we could
see that the pentacene films grown on PSiO2 display larger
grain sizes than those on PMMA surfaces. First, Raman
line-mapping analyzes (spot size � 1 lm with step
0.1 lm) were performed for a pentacene film on PSiO2 as
shown in Fig. 7a (lower-panel). The intensities of v1 and
v0 bands were normalized to the intensity of the strongest
C–C bands at 1371 cm�1 (as an internal standard) to elim-
inate the thickness variation effects due to granular mor-
phology. We observed that both the relative intensities of
v1 and v0 bands exhibit a wavy shape with scan position.
The pinnacle and valley positions of the v1 band intensity
were used to calculate the highest (xH

1 ) and the lowest
(xL

1) intermolecular vibrational coupling energy, respec-
tively. The positions with stronger v1 and v0 intensities
are always associated with larger x1, indicating a large
contribution from the molecules within the grain. Because
there are large quantities of pentacene molecules within
the grain they form a more orderly crystal structure com-
pared to that in GB. For a classical treatment, Raman scat-
tering intensity is proportional to the density of scatters or
molecules per cubic centimeter [35]. Moreover, only the
pentacene in a crystal lattice can contribute to the x1

[24]. Hence, the lowest v1 and v0 intensities along with
lower x1 occur at the positions near GBs. Based on the Ra-
man mapping, the estimated grain size distributions at ca.
0.5–1 lm are consistent with those obtained by AFM
observations. Furthermore, the larger sizes of grains dem-
onstrate the higher Raman intensities.

Fig. 7b (lower-panel) displays the Raman mapping of
the pentacene film on PMMA featuring a very small grain
size of ca. 0.1 lm, which is far smaller than the spatial res-
olution of the Raman beam spot (ca. 1 lm). Thus the grain
and GB locations could not be recognized clearly although
the mapping measurements had a step of only 0.1 lm.
Whether due to grains or GBs, the film on PMMA had a
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used for calculating the highest (xH
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higher Iv1=Iv0 and larger x1 than that on PSiO2 featuring
large grains. The results imply that the microstructure
qualities inside the grain (i.e., the higher density crystals
with close packing and thus highly ordered microstruc-
tures) of pentacene film on PMMA are far superior to that
on PSiO2. At the early stage growth, other researchers [36]
have observed that the pentacene on PMMA had higher
first monolayer coverage than on the SiO2 surfaces.
Although the formed grain is bigger on the PSiO2, we sug-
gest that with looser crystal packing comes worse micro-
structures. Evidently, the intragrain mobility is lower
than that expected in single-crystals [37], thus Matsubara
et al. [8b] suggested that there exist some limiting factors
of charge transport other than the GBs. It should be noted
that in Refs. [7,8], these researchers only used SiO2 as the
dielectric surface and their OTFTs have an inferior l below
0.5 cm2 V�1 s�1. This is valid if the density of formed crys-
tals inside the grain was at a similar level. Indeed, we also
observed an apparent grain size dependent l in pentacene
OTFTs when one kind of surface, e.g., SiO2, was used. We
argue that the GB model does not apply to the case where
the density of crystals inside the grain has large disparities
among the specimens. This viewpoint could be supported
by using a higher Mw of PMMA, intended to increase the
density of polymer chains on the surface, thus leading to
the formed pentacene film becoming more dense and
forming high a density crystal (since the polar functional
groups on the PMMA surface could produce an extra
attraction force for the pentacene molecules). For instance,
when using PMMA with a higher Mw, we observed a higher
value of lsat. Investigations into the effects of the Mw of
polymer insulators (e.g., PMMA) on the electrical charac-
teristics of pentacene OTFTs will be reported elsewhere.
On the other hand, the pentacene film grown on PMMA
has tiny grain morphology, thus someone may suggest that
grain boundaries act as charge traps and consequently de-
grade OTFT characteristics, as well as the OTFTs may exhi-
bit a larger hysteresis effects in the current–voltage
characteristics. Interesting, we have not observed relation-
ship between grain size and hysteresis effect in pentacene
films. To the contrary, adding an extra PMMA layer upon
SiO2, the hysteresis effects of pentacene-based OTFTs were
reduced as compared to that only using SiO2 [38]. More-
over, Uemura et al. have not observed hysteresis effects
in the pentacene-based OTFTs by only using PMMA as gate
dielectric [39]. The results suggest that the GBs should not
be treated as an only dominant carrier transport/perfor-
mance constraint factor in polycrystalline pentacene-
based OTFTs.

For organic polycrystalline films with grain morphol-
ogy, there are many influencing factors on charge carrier
transportation. In the past, the GB effect is thought to be
a significant limiting factor on charge transport taking
dominance over others. As can be observed in the study,
the microstructural quality within the grain, i.e., molecular
packing, has a remarkable influence on l in pentacene
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polycrystalline films. Recently, Matsubara et al. [8b] trea-
ted the carrier transport behavior in pentacene polycrys-
talline films on SiO2 by a polycrystalline model with the
diffusion theory that a mean free path of a charge carrier
is smaller than the barrier width at GB. According to their
GB model, the apparent l can be influenced both by the
barrier height at the GB (grain size-dependent part) and
the mobility in grain (in-grain-relevant part). Previous re-
search papers are mainly concerned with the discussion
of the grain size-dependent part on the charge transport,
in which GB elimination is the main focus. Besides, we sug-
gest the improvement of the in-grain-relevant part, e.g.,
the microstructural quality within the grain, is also very
important in order to achieve ultrahigh l of organic poly-
crystalline films. Our observations do not contradict to pre-
vious reports from the point that the l is still limited by
the GB region.
4. Conclusions

To summarize, despite the use of different dielectrics
with various surface properties, we report a clear relation-
ship between the mobility and the x1 in the pentacene
films regardless of grainy morphology. The microstructural
qualities inside the grains must be considered case by case.
In other words, the inferior microstructures may have a
large grain appearance. Here, we have shown that microR-
aman mapping based on Davydov splitting, probing the
intermolecular vibrational coupling on a micrometer scale,
clearly shows that the grain morphology should not be ta-
ken for granted, for both structural quality and efficient
charge transport. The GB effects (assuming large amounts
of charge traps at the GBs) are found not to be a dominant
performance factor, thus suggesting that the traps may be
randomly distributed over the films. Our observations give
a possible reason why some experimental efforts could not
make carrier transport more efficient in samples featuring
large grains, in a single grain, or within the grain. After all,
eliminating GBs is still important since the microstruc-
tures are still inferior to inside the grain. However, the
most important thing is to improve the microstructural
qualities inside the grain, which was not addressed in pre-
vious studies. Furthermore, the microRaman mapping
methodology we proposed here can also be used to check
most organic semiconductors, both in films and in single-
crystals, since there exist two types of molecular orienta-
tions in a unit cell. For example, the Davydov splitting in
Raman spectroscopy has been observed in a n-type
perylene tetracarboxylic dianhydride [40]. Consequently,
we believe that the basic understanding of carrier trans-
port properties of an organic film at the microscopic level
will significantly contribute to the development of organic
thin-film devices and the advancement of relevant
technologies.
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a b s t r a c t

We demonstrate highly efficient white emission polymer light-emitting diodes (WPLEDs)
from multilayer structure formed by solution processed technique, in which alcohol/
water-soluble polymer, poly [(9,9-bis(30-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-
2,7-(9,9-dioctylfluorene)] (PFN) was incorporated as electron-injection layer and Al as
cathode. It was found that the device performance was very sensitive to the solvents from
solution of which the PFN electron-injection layer was cast. Devices with electron-injection
layer cast from methanol solution show degraded performance while the best device per-
formance was obtained when mixed solvent of water and methanol with ratio of 1:3 was
used. We attribute the variation in device performance to washing out the electron trans-
port material in the emissive layer due to rinse effect. As a result of alleviative loss of elec-
tron transport material in the emissive layer, the optimized device with a peak luminous
efficiency of 18.5 cd A�1 for forward-viewing was achieved, which is comparable to that
of the device with same emissive layer but with low work-function metal Ba cathode
(16.6 cd A�1). White emission color with Commission International de I’Eclairage coordi-
nates of (0.321, 0.345) at current 10 mA cm�2 was observed.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

White organic light-emitting devices (WOLEDs) are of
intense interest because of their potential applications in
full-color flat-panel displays, solid-state lighting source
and backlights for liquid-crystal displays [1–3]. Various ap-
proaches towards realizing WOLEDs have been reported,
which include doping of RGB fluorophors or phosphors in
a small molecule or polymer host [4–8], synthesis of a sin-
gle polymer incorporating RGB emitting moieties in the
polymer backbone or side chain [9,10], use of excimer or
exciplex formed by one or two dopants [11–13], multilayer
device with consecutive evaporations of RGB-emitting
compounds [14,15]. So far, efficiency of WOLEDs based
. All rights reserved.

7114609; fax: +86 20
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on vacuum deposited technology have exceeded that of
the incandescent light bulb (12–17 lm W�1) [1]. In con-
trast, only a few demonstrations with high efficiency
exceeding this benchmark were reported for WPLEDs
[16,17], and for most of white emission PLEDs, their power
efficiencies are still much lower tan 10 lm W�1 mainly due
to unbalanced charge injection, unsatisfactory charge
transport and weak confinement of electron and hole
[15]. Therefore, one of the most critical factors in achieving
high efficiency for a given polymer is to obtain balanced
electron and hole injection and effective confinement over
the charge carrier. To minimize the injection barrier height
for electron, low work-function metals are usually em-
ployed as cathode [18,19]. However, since the low-
work function metals are susceptible to degradation upon
water vapor and oxygen, high work-function metal, there-
by more stable electron injection cathodes are desirable, if
they can provide comparable device efficiency. Over the
past years, significant efforts have been made to develop
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Scheme 1. Chemical structure of the water soluble polymer (PFN).
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a new electron injection cathode from high work-function
metals in order to reach a high environmental stability,
easy fabrication in combination with high device efficiency
and a low operating voltage. For example, Park et al. re-
ported the use of the ionomer-type and salt-type elec-
tron-injection layer with air-stable metal Al as cathode
[20,21]. Recently, several groups reported that thin film
of alcohol- or water-soluble conjugated polymer in combi-
nation with air-stable metals (such as Al, Ag, and Au) can
be used as efficient electron injection cathode for PLEDs
with high efficiency of green or red-emitting devices [22–
29]. And more recently, Zhang et al. have developed a no-
vel method in which a thin layer of poly[9,9-bis(60-(die-
thanolamino)hexyl)-fluorene] (PFN-OH) spin-coated from
water/ethanol mixed solvent was used as electron-injec-
tion layer for WPLEDs consisting of two phosphores (blue
Ir complex and orange Os complex) doped into poly(N-
vinylcarbazole) (PVK), the device efficiency is much higher
than that with PFN-OH cast from neat ethanol, to improve
the performance of white phosphorescent PLEDs by
manipulating the morphology of the electron-injection
layer through solvent processing [17].

In this letter, we demonstrate that analogous concepts
can be applied to fabricate highly efficient multilayer WPL-
EDs based on blue and red Ir complexes, FIrpic and Ir(piq),
respectively, in which a water/alcohol-soluble polymer,
poly[(9,9-bis(30-(N,N-dimethylamino)propyl)-2,7-fluo-
rene)-alt-2,7-(9,9-dioctylfluorene)] (PFN) [24] was used as
electron-injection layer, and air-stable, high work-function
metal Al was used as cathode. We also found out that the
device performance was very sensitive to the solvent com-
position from which PFN layer was cast, which is consis-
tent with previous report [17]. We proposed that
washing out of electron transport materials, 1,3-bis[(4-
tert-butylphenyl)-1,3,4-oxadiazolyl] phenylene (OXD-7)
component in the EML layer upon spin-coating of PFN
layer from methanol solution is an important reason
responsible for degradation of such device performance.
Addition of water into PFN methanol solution prevents
erosion of Ir complexes/PVK layer undernearth and makes
efficient electron injection from bilayer cathode possible.
This implies that multilayer configuration is an effective
approach for producing low-cost, and large-area size white
PLEDs by spin-coating.

2. Experimental details

Devices configurations used in this study is ITO/poly
(ethylendioxythiophene):poly (styrene sulfonic acid) (PED-
OT:PSS) (40 nm)/PVK:OXD-7:FIrpic (5%):Ir(piq) (0.25%)(70–
80 nm)/cathode, in which PVK (70 wt%)/OXD-7 (30 wt%)
form the host matrix, iridium bis(2-(4,6-difluorophenyl)-
pyridinato-N,C20) picolinate (FIrpic, blue emission) and irid-
ium bis(1-phenylisoquinoline) (acetylacetonate) (Ir(piq),
red emission) are efficient triplet emitters. PVK was pur-
chased from Aldrich, Ir(piq) were obtained from America
Dyes Sources, respectively, and used as received. FIrpic,
OXD-7 and PFN were synthesized in our laboratory. The
chemical structure of PFN is shown in Scheme 1. PEDOT:PSS
(Baytron P 4083, Bayer AG) was purchased from H. C. Starck,
Inc.
The fabrication of devices followed well-established
processes [25]. Patterned indium tin oxide (ITO) coated
glass with a sheet resistance of 15–20 X/square were
cleaned by a surfactant scrub, then underwent a wet-
cleaning process inside an ultrasonic bath, beginning with
deionized water, followed by acetone and isopropanol.
After oxygen plasma cleaning for 4 min, a 40 nm-thick
PEDOT:PSS anode buffer layer of was spin-cast on the ITO
substrate and then dried by baking in vacuum oven at
80 �C overnight. The emitting layer, with thickness in the
70–80 nm range, was then deposited on top of PEDOT
layer, by casting from a chlorobenzene solution containing
PVK (60 wt%):OXD-7 (30 wt%):FIrpic (10 wt%):Ir(piq)
(0.5 wt%), followed by thermal annealing at 120 �C for
30 min. A Tencor, Alfa-Step 500 surface profiler was used
to determine thickness of the PEDOT and EL polymer films.
Deposition of PFN layers and determination of their thick-
ness follows a previously published paper [24,25] and
thickness control is adjusted by spin speed between
600 rpm to 2500 rpm. In a word, the thickness of PFN
was determined by a surface profiler (Alfa Step-500, Ten-
cor) in combination with extrapolation from an absor-
bance–thickness curve assuming a linear dependence of
absorbance at 380 nm of PFN peak on the film thickness.
Prior to making the co-solvent solution, the solubility of
PFN in methanol and water was checked, respectively. It
was found when dissolved into methanol, with a few drops
of acetic acid added and heating up to 60 �C, a concentra-
tion of 10–15 mg/ml was reached, yielding a clear solution
with no sign of saturation. Nevertheless, the solubility de-
creases rapidly in water, for instance, even dissolving 2 mg
of PFN in 1 mL of water requires heating, apparently due to
the reduced solvent polarity. Given these conditions, when
we handled with water/methanol (6v/1v) co-solvent
solution, or any other co-solvent solution, we made PFN
methanol solution first, for example, in a concentration of
2–5 mg/ml. Depending on the water/methanol blending
ratio, corresponding amount of water is added to form
the targeted diluted solution. When water was added in
the prepared PFN methanol solution, the resulted mixed
solution became slightly ropy whereas remained clear. Fi-
nally, 4 nm barium and 100 nm aluminum layer were
evaporated with a shadow mask at a base pressure of
3 � 10�4 Pa. The thickness of the evaporated cathodes
was monitored by a quartz crystal thickness/ratio monitor
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(Model: STM-100/MF, Sycon). The structure of electron-
only devices we studied in this letter is ITO/Ba(20 nm)/
EML(70-80 nm)/PFN(20 nm)/Al(120 nm). 20 nm barium
layer were evaporated on the ITO substrate with a shadow
mask at a base pressure of 3 � 10�4 Pa. The overlapping
area between the cathode and anode defined a pixel size
of 17 mm2. Except for the deposition of the PEDOT layers,
all the fabrication processes were carried out inside a con-
trolled atmosphere of nitrogen dry-box (Vacuum Atmo-
sphere Co.) containing less than 10 ppm oxygen and
moisture. The current–luminance–voltage (I–L–V) charac-
teristic was measured using a Keithley 236 source-mea-
surement unit and a calibrated silicon photodiode. The
forward-viewing luminance was calibrated by a spectro-
photometer (SpectraScan PR-705, Photo Research) and
the forward-viewing LE was calculated accordingly.
Throughout the whole manuscript, reported value of lumi-
nance and LE are for forward-viewing direction only. The
external quantum efficiency of EL was collected by mea-
suring the total light output in all directions in an integrat-
ing sphere (IS-080, Labsphere). The photoluminescent
spectra was recorded by a single-grating monochromator
(Instaspec IV, Oriel Co.) equipped with a CCD detector,
Fig. 1. LE-J (a) and J–L–V (b) characteristic of the devices with different
cathode (Al, Ba/Al, PFN (methanol)/Al, PFN (water/methanol, 1v/3v)/Al
cathodes, respectively.
and electroluminescent spectra was collected by a PR-
705 photometer. The photovoltaic measurement was car-
ried out under white-light illumination using a xenon lamp
(150 W, Oriel) as a light source.

3. Results and discussion

Fig. 1a display the forward-viewing luminous effi-
ciency–current density (LE–J) characteristics of the devices
with different cathodes (Al, Ba/Al, PFN (methanol)/Al, PFN
(water/methanol, 1v/3v)/Al, respectively). All the thickness
of PFN was fixed at its optimized value of 20 nm. It was
found that that the maximal LE of the device with neat
Al as cathode is only 0.59 cd A�1, which is consistent with
the fact that Al has a work-function of 4.3 eV and a big
electron injection barrier exists at the PVK/Al interface.
On the other hand, it is interesting to note that changing
the solution composition for PFN coating can make a sub-
stantial impact on the device performance. The maximal LE
of the device with PFN (water/methanol, 1v/3v)/Al as cath-
ode can be as high as 18.5 cd A�1, while a maximal lumi-
nance of 8672 cd m�2 was obtained at 12.6 V (Fig. 1b).
This is comparable to that of device with low work-func-
tion metal Ba as cathode (a peak forward-viewing LE of
16.6 cd A�1 and a maximal luminance of 7823 cd m�2 at
13.2 V, respectively). We also note that insertion of addi-
tional Ba between PFN (water/methanol, 1v/3v) layer and
Al have minor effect on the device performance further
indicating that the enhancement is originated from the
incorporation of PFN layer itself. On the other hand, the
maximal LE of device with the PFN (methanol)/Al device
is only 1.0 cd A�1 with a maximal luminance of 351 cd m�2

at 10.6 V. We also note that the turn-on voltage (defined as
voltage at which luminance of 1 cd m�2 was detected) of
the device with the PFN (methanol)/Al is quite high
(6.3 V), while for the device with PFN (water/methanol,
1v/3v)/Al, lower turn-on voltage of 4.8 V was observed,
close to that of Ba/Al device (3.9 V).

J–L–V characteristics of the devices with the four types
of cathodes are presented in Fig. 1b. It is obvious that the
Fig. 2. Photovoltaic characteristics of the white emission PLEDs with
different cathode.
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PFN (water/methanol, 1v/3v)/Al bilayer cathode provides
an efficient electron injection due to reduced electron
injection barrier height [25,26] and the device perfor-
mance with such bilayer cathode was dramatically en-
hanced over plain Al cathode devices. On the other hand,
despite its poor device performance, the PFN(methanol)/
Al device exhibit the maximal current density over any
other devices at any voltage studied, suggesting that its de-
vice performance is limited by imbalanced charge carriers
transport rather than by injection of electron itself. This is
supported by built-in potential measurement [23,25]
shown in Fig. 2. As deduced from the J–V cure under illumi-
nation from solar simulator, the built-in across the device
shift from 1.30 V for a plain Al device to about 1.60–
1.70 V for the PFN(W/M)/Al, PFN(M)/Al and Ba/Al cathode
device. This reveals that the built-in potentials of all of
the three types of devices are very close (with difference
of only 0.05 V), indicating electron injection barrier height
of these devices are similar. In order to further clarify the
influence of solvent composition on the charge transport
properties of the device, it is necessary to compare the sole
current of electron. Therefore, hole carrier flux must be
suppressed by a large barrier to form an electron-only de-
vice. Since highest occupied molecular orbital (HOMO) of
PVK is �5.8 eV, an hole injection barrier of 3.0 eV is ex-
pected when using low work-function metal such as Ba
(2.8 eV) as anode. Two sets of electron-only devices in
configuration like ITO/Ba(20 nm)/EML(70–80 nm)/
PFN(20 nm)/Al(120 nm) were fabricated with PFN layers
processed from two types of solvents, respectively, and
their J–V characteristics is shown in Fig. 3. In order to ob-
tain reliable anode/polymer contact with extra high injec-
tion barrier height, prior to spin-coating of EML, 20 nm of
barium film was evaporated on precleaned ITO substrate
with a shadow mask at a base pressure of 3 � 10�4 Pa.
More importantly, anhydrous grade chlorobenzene (Al-
drich) containing negligible water (less than 0.005 wt%)
was used as solvent for the EML solution to alleviate ero-
Fig. 3. J–V characteristics of electron-only device with PFN (methanol)/Al
and PFN (water/methanol, 1v/3v)/Al as cathode, respectively.
sion. Negligible emission from the resulted devices further
confirmed that electron is the dominant charge carrier in
the devices. In addition, diodes characteristics shown in
Fig. 3 also confirmed that it is not likely the 20 nm of bar-
ium be oxidated by the residue water completely. It is
found that electron current density through PFN (water/
methanol, 1v/3v)/Al device is significantly higher than that
of PFN(methanol)/Al device, which must be results of the
better electron transport properties in the former device
keeping in mind that the electron injection barriers are
the same for these two type of devices. In addition, the fact
that insufficient electron transport in the PFN(methanol)/
Al device results in higher total current density through
the device can be understood if one take into account the
fact that electron accumulation at the internal interface
can gives rise to a significant redistribution of the electric
field inside the device [30]. Furthermore, imbalanced
charge transport in the bulk of PFN (methanol)/Al was also
supported by the EL spectra of the PFN (methanol)/Al de-
vice (Fig. 4), which will be discussed later.

It is also worthy to point out that changing the ratio be-
tween water and methanol can significantly affect on the
device performance of the WPLEDs. Table 1 presents the
influence of various solvent ratios (from 6:1 to 1:10 by vol-
ume, water to methanol) on peak LE, peak luminance and
CIE coordinates (at 10 mA cm�2) the devices. It can be seen
that the best device performance (highest LE) is obtained
when water/methanol ratio is 1v/3v.

Fig. 4 displayed the EL spectra of the white PLEDs with
different cathodes (Al, Ba/Al, PFN(methanol)/Al,
PFN(water/methanol, 1v/3v)/Al) at a current density of
10 mA cm�2,which corresponded to CIE coordinates of
(0.366,0.362), (0.320,0.369), (0.205,0.328), and (0.321,
0.345), respectively, very close to ideal white emission
point (0.33, 0.33). For all of the EL spectra, two intense
peaks around 470 nm and 620 nm and a small shoulder
peak at 500 nm were clearly observed, which can be
Fig. 4. EL spectra for the different cathode structure, of which with Al, Ba/
Al, PFN (methanol)/Al, PFN (water/methanol, 1v/3v)/Al cathode, respec-
tively. Inset: EL spectra for device with PFN (water/methanol, 1v/3v)/Al
with different current density.



Table 1
Performances of the devices with PFN as EIL layer fro various water/
methanol concentrations. [Devices configurations: ITO/PEDOT:PSS(40 nm)/
PVK:OXD-7:FIrpic(5%):Irpiq(0.25%) (70–80 nm)/PFN (20 nm)/Al (120 nm)].

Cathode (PFN/Al)
(water/methanol)

Peak luminance
(cd m�2)

Peak LE
(cd A�1)

CIE (x,y)

6v/1v 1416 4.9 (0.364,0.362)
3v/1v 1547 8.5 (0.361,0.363)
1v/1v 9651 16.1 (0.348,0.361)
1v/3v 8672 18.5 (0.321,0.345)
1v/6v 1875 4.2 (0.331,0.359)
1v/10v 640 2.4 (0.235,0.354)
0v/1v 351 1.0 (0.205,0.328)

Fig. 5. LE–J characteristics of PLEDS based on green emitting poly [2-(4-
(30 ,70-dimethyloctyloxy)-phenyl)-p-phenylenevinylene] as active layer
and Al, PFN (methanol)/Al and PFN (water/methanol, 1v/3v)/Al as
cathode, respectively.

Fig. 6. The normalized spectral difference between the neat film and
those treated by methanol and UV–Vis absorption spectra of OXD-7.
Inset: the UV–Vis spectra of the EML, equivalent film treated by methanol
and co-solvent (water/methanol, 1v/3v), respectively.
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assigned to the emission from FIrpic and Ir(piq). However,
the device with PFN (methanol)/Al as cathode shows addi-
tional emission peak at 420 nm, which can be attributed to
the EL emission of PFN layer itself, indicating that the exci-
ton recombination zone shift towards cathode side as a re-
sult of imbalanced charge carrier transport in such device
and accumulated electron at PFN/emissive layer interface.
In contrast, PLEDs with single emissive component (i.e.
phenylenevinylene or polyfluorene derivative) does not
show such dependence on the solvent from which PFN
layer was spin-cast. As clearly seen from Fig. 5, with green
emitting poly[2-(4-(30,70-dimethyloctyloxy)-phenyl)-p-
phenylenevinylene] (P-PPV) as emissive layer, both
PFN(M)/Al and PFN(W/M)/Al cathode device show signifi-
cant enhancement with a peak luminous efficiency around
16 cd A�1 when compared with the plain Al device
(�0.40 cd A�1). We speculate that in the white emission
device with PFN (methanol)/Al device, methanol dramati-
cally affect on electron transport in the device by washing
away OXD-7, resulting in imbalanced electron transport,
therefore leading to degraded device performance. Since
FIrpic had been shown to exhibit bipolar transport proper-
ties [31], the reduced electron transport properties in the
device had even greater impact on the excitation of Ir(piq),
leading to a significantly reduced red emission from Ir(-
piq). Furthermore, since charge trapping is the dominant
process in the electrical excitation of these devices [8],
and Ir(piq) serve as hole traps due to its high HOMO level,
it is expected that a reduced electron transport will signif-
icantly influence the excitation of the Ir(piq), fully consis-
tent with the observation shown in Fig. 4.

The emission color of the device with PFN (water/etha-
nol, 1v/3v)/Al as cathode showed minor color shift upon
change of applied current density, for example, as the cur-
rent density increase from 5 mA cm�2 to 10, 20, and
50 mA cm�2, CIE coordinates shifted from (0.325,0.345)
to (0.321,0.347). EL spectra for device with PFN (water/
methanol, 1v/3v)/Al at different current density are also
shown in the inset of Fig. 4.

In order to get insight into the strong dependence of de-
vice performance on the solvent composition, UV–Vis
spectra of neat EML and equivalent film treated by metha-
nol and mixed solvent (water/methanol, 1v/3v) were com-
pared (inset in Fig. 6). As shown in Fig. 6, it was found that
the spectral difference between the neat film and those
treated by methanol is consist with the UV–Vis spectra of
OXD-7, while in contrast, UV–Vis spectra of the neat film
and the film treated with mixed solvent (water/methanol,
1v/3v) was nearly identical, thus confirm removal of the
small molecule in the EML in somehow upon drop casting
of PFN from methanol solution atop. The mechanisms of
alleviative erosion of PVK:OXD-7:Ir complexes upon incor-
poration of water into PFN methanol solution is not clear
so far and will be investigated in the follow-up study.

4. Conclusions

In summary, highly efficient white emission polymer
light-emitting diodes was fabricated from multilayer
structure formed by solution processed technique using a
water/alcohol-soluble polymer as electron-injection layer,
and air-stable, high work-function metal Al was used as
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cathode. To obtain optimized device performance, 25%
amount of water was added into PFN methanol solution
to prevent erosion of Ir complexes/PVK layer undernearth
and makes efficient electron injection from bilayer cathode
and transport possible. The maximal luminance efficiency
of the resulting device increase immensely from
0.59 cd A�1 for device with neat Al cathode, 1.0 cd A�1 for
device with PFN spin-coated from methanol to 18.5 cd A�1

for devices with optimized PFN/Al cathode, which is com-
parable to those obtained using Ba cathode. We found that
washing out of electron transport materials, OXD-7 com-
ponent in the EML layer upon spin-coating of PFN layer
from methanol solution is an important reason responsible
for degradation of such device performance. Addition of
water into PFN methanol solution prevents erosion of Ir
complexes/PVK layer undernearth although the mecha-
nism is not clear so far. Using air-stable metals as cathode
makes these white emitting PLEDs promising candidates
for lighting applications. Our study implies that multilayer
configuration is an effective approach for producing low-
cost, and large-area size white PLEDs by spin-coating.
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Space-charge limited current transport in organic devices, relevant to the operation of a
range of organic optoelectronic devices, is analyzed in the frequency domain. The classical
multiple trapping picture with one transport state and one trap level is used as the basis for
the descriptions. By varying the energetic and kinetic properties of the traps, we show that
the admittance and the capacitance spectra are considerably modified depending on the
interplay between the trap-limited mobility and the trap kinetics. We point out that capac-
itance steps at low-frequency, usually found in experiments, are observed only for slow
traps.
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1. Introduction

The discovery of electroluminescence in organic materi-
als [1] launched a vast research effort for improving the
performance and stability of organic semiconductors ap-
plied in optoelectronic devices such as organic light-emit-
ting diodes (OLEDs) [2]. Polymer-based OLEDs are quite
appealing for their easy processability by spin coating
and ink-jet printing techniques [3]. However, further
understanding of the physical behavior of such materials
is needed. For instance, the description of the charge trans-
port in organic layers by space-charge limited current
(SCLC) model requires to include field [4–6] or density-
dependent [7] mobility according to the percolation mod-
els [8]. Experimentally, the determination of transit times
in single-carrier devices has been widely used to measure
the mobility by time-of-flight (TOF) [9] and impedance
spectroscopy techniques [10,11], among others [12]. It
has also been recognized that the role of energetic disorder
is crucial for an adequate knowledge and control of the
. All rights reserved.
properties of organic transport layers. Transport in a sin-
gle-carrier device has been often rationalized in terms of
an extended state and a distribution of traps in the band-
gap [13–15]. In this approach, the traps produce a decrease
of the transport rate in the extended states [16]. However,
in general the dynamics of traps is far more complex, since
the traps relaxation intersects with the transport features
throughout the layer [17]. While the trapping-diffusion
dynamics can be solved completely in homogeneous situa-
tions [18], the typical carrier distribution at high injection
currents in an organic layer in the SCLC regime is highly
inhomogeneous [19].

The aim of this paper is to go beyond a quasistatic
approximation to the trap-limited mobility (in which free
and trapped charge remain in local equilibrium [13,20])
and to treat rather generally an apparently simple prob-
lem, a two level system composed of a transport state
and a single trap level. The advantage of this model is that
we can fully classify the different dynamic regimes of the
system by the interplay of the relevant kinetic constants.
This gives us physical insight in the interpretation of more
general systems with a distribution of localized levels
(e.g., exponential or Gaussian) which can be calculated

mailto:bisquert@fca.uji.es
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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numerically, a method also applied to dual-carrier devices
[10,21,22]. However, the latter systems are beyond the
scope of this paper.

The problem treated in this paper has been already con-
sidered some decades ago by Dascalu [23,24] and Kassing
[25,26], for the particular case of a slow-shallow trap
(i.e., when the transit time is shorter than trapping time)
and this case is also solved numerically in the present pa-
per. In addition, we consider the dynamic results in the fre-
quency domain for fast traps, and also for deep traps. By
formulating a general analytical model valid for a fast-shal-
low trap, we find a delay in the transit time (and thus, a
mobility decrease) due to multiple trapping, as measured
by means of impedance techniques [27].

The paper has the following structure. Firstly, a mathe-
matical description is presented of the single-trap model,
secondly, physical implications according to the applica-
tions of the model are discussed, and finally, we provide
the main conclusions.

2. Single-trap model

The SCLC for single-carrier transport (neglecting diffu-
sion) of electrons in a transport level with density nc that
drift in the electric field F, a trap level of occupancy ft

and total density Nt, is described by: the continuity equa-
tion, the drift–current equation, Poisson equation and the
trap dynamics equation, respectively [9,18]

dJ
dx
¼ 0 ð1Þ

J ¼ ql0ncF þ ere0
@F
@t

ð2Þ

dF
dx
¼ q

ere0
ðnc þ NtftÞ ð3Þ

@ft

@t
¼ cnc½1� ft� � eft ð4Þ

Here q is the elementary charge, l0 is the mobility, ere0 the
dielectric constant, and c and e are the coefficients for elec-
tron capture and release, respectively. The potential can be
calculated by integrating the electrical field along the
thickness L

V ¼
Z L

0
Fdx ð5Þ

The population of the extended states at the energy le-
vel Ec, for a non-degenerate semiconductor, relates to the
Fermi level EF as

nc ¼ NceðEF�EcÞ=kBT ð6Þ

where Nc is an effective density of states in the transport
level (conduction band). Assuming that the trap level at
energy Et reaches equilibrium with the extended states
(with the same Fermi level), the trap occupancy is given by

ft ¼
1

1þ eðEt�EF Þ=kBT
ð7Þ

In steady state, Eq. (4) gives
ft ¼
1

1þ e=ðcncÞ
ð8Þ

Therefore, the detailed balance condition provides the
following relationship for the trap emission and capture
coefficients:

e ¼ cNceðEt�EcÞ=kBT ð9Þ

Let us denote steady-state by �x and small perturbation
by x̂ applied at a certain angular frequency x. Therefore
every electrical variable can be expressed as x ¼ �xþ x̂ to
linearize the whole system of equations up to the first or-
der [28,29]. As shown in Ref. [17], by solving Eq. (4) for a
small perturbation, we obtain

f̂ t ¼
1
�nc

�f tð1� �f tÞ
1þ ix=xt

n̂c ð10Þ

This term gives the contribution to the spectra of the
capacitance and conductance of the trap. The trap fre-
quency is defined as

xt ¼
e

1� �f t

ð11Þ

This is the maximum frequency that the trap is acting as
such, since at higher frequencies the trap cannot follow the
ac perturbation, as will be described in Section 3. Inserting
Eq. (9) in Eq. (11), we find the dependence of xt on the trap
energy and the occupation, as

xt ¼
cNceðEt�EcÞ=kBT

1� �f t
ð12Þ

It should be remarked that in the SCLC regime, �f t is po-
sition-dependent along the organic layer. The impedance is
defined as the quotient of potential to current density,

ZðxÞ ¼ V̂ðxÞ
ĴðxÞ

ð13Þ

V̂ðxÞ is determined by spatial integration of F̂ðxÞ from the
solution of the above described model. The boundary con-
ditions at the injecting contact used to solve the electrical
variables along the thickness in dc and ac conditions are
[30,31]

�ncðx ¼ 0Þ ¼ Nc and F̂ðx ¼ 0Þ ¼ 0 ð14Þ

Capacitance and conductance are defined as follows:

C 0ðxÞ ¼ Re
1

ixZðxÞ

� �
ð15Þ

gðxÞ ¼ Re
1

ZðxÞ

� �
ð16Þ
3. Results and discussion

In this section we show the results of the calculations of
the capacitance and the conductance spectra for different
trap properties and voltages, compared to the trap-free
case. We first describe the latter case as a reference, and
then discuss variations of energetics (Et), by considering a
shallow and a deep trap level, and the trap kinetics (c),



Fig. 1. Model simulations of shallow (Ec � Et ¼ 0:1 eV) and deep
(Ec � Et ¼ 0:5 eV) trap configurations represented by blue solid lines
and red dashed lines. (a) Current density voltage-characteristics for a
shallow trap and a deep trap are plotted by blue dots and red triangles.
Fittings provide the exponent of the voltage. (b) Fermi level representa-
tions at 6 V along the thickness, for a shallow trap (blue solid line) and a
deep level (red dashed line). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this
article.)
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for a fast and a slow trap. The different configurations are
given in Table 1.

3.1. Trap-free

The well-known trap free SCLC model with constant
mobility is given by the analytical expression for stationary
and impedance responses as [32]

J¼ 9
8
el0

V2

L3 ð17Þ

ZðxÞ ¼ 6

g0ðixs0Þ3
1� ixs0þ

1
2
ðixs0Þ2� expð�ixs0Þ

� �
ð18Þ

where the transit time, the geometrical capacitance and
the conductance are, respectively,

s0 ¼
4
3

L2

l0V
ð19Þ

Cg ¼
e
L

ð20Þ

g0 ¼
dJ
dV
¼ 3

s0
Cg ð21Þ

For low-frequency, the admittance is

YðxÞ ¼ g0 þ ix
3
4

Cg ð22Þ

and for high-frequency it is

YðxÞ ¼ 2
3

g0 þ ixCg ð23Þ

It is well-known that the capacitance spectrum makes a
step from 3

4 Cg to Cg at around the transit time frequency,
i.e., when the small perturbation of charge carriers injected
by the frequency perturbation voltage is able to arrive at
the collecting contact. However, in experimental data, this
ideal behavior is usually distorted, mainly at low-frequen-
cies, by the trap contribution to capacitance.

3.2. Steady-state characteristics of organic layers with
shallow and deep traps

Experimental measurements of J–V curves have been
used to determine the transport properties in organic lay-
ers [33,34]. Simulations of current density–voltage curves
and the Fermi level distributions are displayed in Fig. 1
for two different trap energy levels configurations. These
results are well understood and described in the litera-
ture [35]. For a shallow trap, the trap population is much
less than the population of the transport level, hence the
electric field distribution is not significantly altered, caus-
ing only a slight variation in the Mott–Gourney square
law

J � 9
8
ehl0

V2

L3 ð24Þ

where h is a carrier-density dependent factor of trapped
and free charge defined as [27]

h�1 ¼ 1þ h
�nti
h�nci

� �
ð25Þ
with the brackets denoting an average over the thickness
of the film. For a deep trap, the occupancy of the trap level
increases and the trapped charges play a crucial role in the
current density–voltage curves. At low bias, most carriers
are trapped, thus significantly altering the carrier and elec-
tric field distributions with respect to trap-free case, lead-
ing to an abrupt increase of the current slope, J / Vm with
m P 2. At high bias, the trapping sites are already filled
and all the additional injected carriers are located in the
transport level. This situation bends the curve from a high-
er voltage exponent than 2, towards a square law
dependence.

3.3. Dynamic characterization of shallow traps

Let us now focus our attention on the dynamic
properties of the electrical variables (capacitance and
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conductance) in the case of the shallow trap. A general out-
line of the simulation results is displayed in Fig. 2. To accu-
rately determine the ac transit times sac , it is worth to
apply the representation of negative differential suscep-
Fig. 2. Simulation spectra for shallow traps at 2 V. Fast traps are plotted
by pink lines, slow traps by orange dashed lines and trap-free spectrum
by black. (a) Capacitance spectra normalized to Cg for fast and slow traps.
Low-frequency increase is displayed for slow traps whereas not for the
fast ones. (b) Conductance spectra normalized to g0 for fast and slow
traps. (c) Negative differential susceptance �DBðxÞ normalized to Cg to
extract transit times. In the case of fast trapping, ac transit time is
sac ¼ 1:36s0 (s0 ¼ 221:6 ls) with h�1 � 1:40, whereas for slow trapping
no deviation from the trap free is observed. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
tance ð�DBðxÞ ¼ ImðYðxÞÞ ¼ �xðC0ðxÞ � CgÞÞ, that pro-
vides peaks at certain frequencies fmax such that [36]

sac � 0:72 � f�1
max ð26Þ

Fig. 2a shows the capacitance spectra (normalized to Cg)
for the trap-free case, as a reference, and a shallow trap
with two different trap kinetics, fast and slow (as specified
below). At low-frequencies, the presence of a shallow trap
in the organic layer implies (1) a deviation of the capaci-
tance spectra for the slow case, and (2) of transit time for
the fast one. At high frequencies, all the spectra converge
to Cg with smooth and decaying oscillations as theoreti-
cally expected. In experiments, a slight decrease of the
capacitance occurs due to the dielectric relaxation of the
material [37].

As for conductance, Fig. 2b, the normalized low-fre-
quency value decreases by a factor h and the calculated
ac transit time (normalized to s0) is increased by h,
although only for fast traps, thus in Fig. 2b we obtain for
low-frequencies g ¼ 0:71g0 and for high frequencies,
g ¼ 2hg0=3. All these behaviors will be modeled and ex-
plained in terms of a quasi-equilibrium between the two
states (trapping and transport levels) in the forthcoming
subsections.

3.4. Fast-shallow traps

When the trap kinetics is fast, quasi-equilibrium pre-
vails between carriers in the trap and transport levels. In
this case we expect the standard formula of Rose [27] for
trap limited transport to be valid

l ¼ hl0 ð27Þ

and therefore, the trap-limited transit time is

s ¼ h�1s0 ð28Þ

In order to check Eq. (27), in Fig. 3 changes in the pop-
ulation of the traps were imposed by modifying Nt. The
resulting capacitance spectra are well described by the
trap-free case formulas by using the trap-limited values s
and g instead of s0 and g0. In particular we obtain

g ¼ dJ
dV
¼ 3

s
Cg ¼ hg0 ð29Þ

The inset of Fig. 3 shows that Eq. (28) is indeed satisfied.
The physical interpretation of this situation is given in

terms of the interplay between trapping and detrapping
and the carrier transit time. If fast-shallow traps are pres-
ent in an organic layer, a delay in the transit time is ex-
pected and thereby, a mobility decrease. An experimental
method to corroborate whether this kind of energetic dis-
order exists, consists on the evaluation of the ac transit
time from admittance spectroscopy, Eq. (26), and the dc
transit time, Eq. (19). The possible deviation should be
attributed to the presence of fast-shallow traps.

3.5. Slow-shallow traps

If the trapped charge is not able to achieve the quasi-
equilibrium with the carrier concentration in the transport



Fig. 3. Simulated capacitance spectra steps for fast-shallow traps at 6 V
(s0 ¼ 73:8 ls) with varying trap densities, from left to right: Nt = 8 � 1017,
4 � 1017, 2 � 1017, 0 cm�3. Inset shows an identification of the transit
times between the models discussed in the text, and the ac conductance
calculation.

J.M. Montero et al. / Organic Electronics 10 (2009) 305–312 309
levels, the spectra present a large low-frequency capaci-
tance that increases above the 3Cg=4 value, Fig. 4. When
exceeding the trap frequency xt of Eq. (11), capacitance
rapidly decreases as trapping action ceases for the rest of
the frequency range. In contrast to the previous case, here
carriers are able to cross the organic layer and reach the
collecting contact before being trapped, avoiding any delay
and following the trap-free transit time s0. Dascalu and
Kassing have given the analytical expression for the
impedance in this situation [23–26]

ZðxÞ ¼ 6a
g0

X1

k¼0

Cðhaþ 1Þ
Cðhaþ kþ 2Þ

ð�ixs0Þk

kþ 3
ð30Þ
Fig. 4. Model representations of the capacitance spectra for slow-shallow
traps at voltages 6, 4 and 2 V, from top to bottom. The trap-free spectrum
is pictured in black.
with a being

aðxÞ ¼ 1þxc

xe

1
1þ ix=xe

ð31Þ

Here xc ¼ cðNt � h�ntiÞ and xe ¼ bðh�nci þ NceðEt�EcÞ=kBTÞ are
the reciprocal lifetimes for electrons in the conduction
band and in the trap level, respectively. For low-frequency
with Nt � h�nti, we have the approximation [26]

YðxÞ ¼ g þ ix
Cg

xes0
ð32Þ

being g ¼ hg0 and for high-frequency

YðxÞ ¼ 2
3

g þ ixCg ð33Þ

The low-frequency capacitance increase is usually found
in experiments for single-carrier devices [11,38,10] and,
according to our model, due to the slow-shallow trap con-
tribution. The model also predicts a coincidence in transit
times by ac and dc techniques unlike the previous case.

In Fig. 5, it is shown that the low-frequency capacitance
dependence with the voltage exhibits a peak when quasi-
Fermi level crosses the trap energy level (Et) corresponding
to a maximum in the trap contribution to the capacitance,
Eq. (10). The low-frequency conductance is similar to the
trap-free value at high voltages since free charges domi-
nate the injected carrier concentration.

3.6. Limit between fast- and slow-shallow traps

In the previous subsection, we have shown two extreme
behaviors dominated either by transit or trapping time. It
is interesting to establish the conditions that determine
which regime prevails. Let us define the trap and transit
time frequencies as

hxtri �
cNceðEt�Ec Þ=kBT

1� h�f ti
ð34Þ

xtt ¼ 2p=s0 ð35Þ
Fig. 5. Calculations of the low-frequency capacitance (violet solid line)
and conductance (cyan dashed line) versus voltage at 1 Hz. (For
interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)



310 J.M. Montero et al. / Organic Electronics 10 (2009) 305–312
If the trap frequency is larger than the reciprocal transit
time, the fast trap regime with the multiple trapping tran-
sit time s ¼ h�1s0 is present. In the opposite situation, the
slow trap regime occurs with the trap-free transit time s0

value.
Inserting Eqs. (34) and (35) in hxtri � xtt , it is possible

to quantify a critical capture coefficient cc as

cc �
2p
s0

1� h�f ti
NceðEt�EcÞ=kBT

ð36Þ

According to the parameters of Table 1, this quantity is
estimated as cc � 10�13 cm3=s. If a trap capture coefficient
is lower than this critical value the trap is slow, whereas if
it is higher, the trap is fast. In Fig. 6, normalized transit
times are plotted versus normalized trap frequency and
both transit time regimes are depicted showing a narrow
transition from the trap-free formula to the multiple trap-
ping one.

As pointed out at the end of Section 3.4, to experimen-
tally determine if shallow traps of an organic layer are slow
or fast, the technique consists in comparing the transit
times from ac (Eq. (26)) and dc (Eq. (19)). A coincidence
would give us the slow result whereas a deviation indi-
cates the presence of fast traps.
Table 1
Material parameters used in the simulation of transport in an organic layer.

L (nm) Nc (cm�3) l0 (cm2/(Vs)) Et (eV) Nt (cm�3) c (cm3/s)

125 1019 4.7 � 10�7 1017

Trap properties Shallow �0.1 Fast 10�12

Deep �0.5 Slow 10�14

Fig. 6. Simulations of normalized transit times calculated from the ac
conductance method versus normalized trap frequency at 6 V and
Nt = 3 � 1017 cm�3, describing a step up from the classical transit time
s0 ¼ 73:8 ls to the multiple trapping one, sac ¼ h�1s0 with h�1 � 2.
Classical transit time occurs for normalized trap frequency (xtt ¼ 85 kHz)
hxti=xtt < h and multiple trapping for hxti=xtt > 1 according to dotted
vertical marks.
3.7. Comparison between dynamic and static capacitance

Dynamic capacitance, obtained from admittance spec-
troscopy at low-frequencies, is frequently compared to
the well-known static one [13]. In SCLC, the low-frequency
capacitance has a value of 3Cg=4 [32,39], whereas the static
capacitance is set at 3Cg=2 [13]. This reduced factor of 1/2
in the dynamic capacitance is attributed to the three con-
tributions to the ac current (velocity modulation, density
modulation and displacement term) [26]. In a two level
system with a shallow trap, the static capacitance is calcu-
lated by integrating the charge stored in the device per
voltage unit as [13]

Cst ¼
q
V

Z L

0

�ncðxÞdxþ
Z L

0

�ntðxÞdx
� �

ð37Þ

where V is the bias applied along the organic layer. In
Fig. 7, the static capacitance is plotted versus bias-voltage.
It is observed that the value remains at 3Cg=2 as in the
trap-free case. At low voltages, the capacitance contribu-
tion essentially comes from the majority of the charge
stored in the shallow trapping sites whereas at high volt-
ages the capacitance is mainly due to free charge.

3.8. Dynamic characterization of deep traps

In contrast to the shallow trap energy level, where
occupation is quite low, in the case of a deep trap, the
opposite situation occurs as occupation is approaching
the unity. This deviation strongly determines the contribu-
tion to the impedance from the trap dynamics Eq. (4). The
trap levels are so heavily occupied that the temporal vari-
ation of �f t is governed by the emitting rather than the trap-
ping term. The numerical solution for the capacitance and
the conductance is shown in Fig. 8a and b displaying dis-
tinct features with respect to the trap-free spectrum: a
Fig. 7. Model calculations of the static capacitance versus voltage for a
shallow trap (black squares). Free carrier contribution (solid and empty
triangles) and trap carrier contribution (solid and empty circles) to static
capacitance. Solid and empty symbols are for Nt = 1 � 1017, 5 � 1017 cm�3,
respectively.



Fig. 8. Model solution of impedance spectra for deep trap at 6 V. Traps are
plotted by maroon dashed lines and trap-free spectrum in black as a
reference. (a) Capacitance spectra normalized to Cg. (b) Conductance
spectra normalized to g0. (c) Negative differential susceptance �DBðxÞ
normalized to Cg.
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low-frequency capacitance below 3Cg=4, a conductance
spectrum significantly lower, and increased oscillation in
the transition from low to high frequencies. These results
are independent of the traps kinetics, which is another par-
ticularity in comparison to the shallow-trap results.

4. Conclusions

The single-trap model has been described and numeri-
cally solved for SCLC for impedance studies in order to
determine the dynamical properties of carrier transport
and storage depending on energy (shallow and deep) and
kinetics (fast and slow) of the trap. For a fast-shallow trap,
an analytical model is provided and validated by means of
the multiple trapping formula for mobility l ¼ hl0, where
h depends on the steady-state solution (trapped and free
charge). For a slow-shallow trap, the available analytical
model has been revised. Both regimes, fast and slow, have
been characterized depending on the dominance of either
trapping or transit processes and an experimental method
has been also provided by comparing dc and ac transit
times. A deep trap results in a decrease in the low-fre-
quency capacitance (with respect to the trap-free case)
and also in a delay in the transit times.
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a b s t r a c t

In this paper, low surface energy separators with undercut structures were fabricated
through a full-solution process. These low surface energy separators are more suitable
for application in inkjet printed passive-matrix displays of polymer light-emitting diodes.
A patterned PS film was formed on the P4VP/photoresist film by microtransfer printing
firstly. Patterned Au-coated Ni film was formed on the uncovered P4VP/photoresist film
by electroless deposition. This metal film was used as mask to pattern the photoresist layer
and form undercut structures with the patterned photoresist layer. The surface energy of
the metal film also decreased dramatically from 84.6 mJ/m2 to 21.1 mJ/m2 by modification
of fluorinated mercaptan self-assemble monolayer on Au surface. The low surface energy
separators were used to confine the flow of inkjet printed PFO solution and improve the
patterning resolution of inkjet printing successfully. Separated PFO stripes, complement
with the pattern of the separators, formed through inkjet printing. The separators also real-
ized the patterning of cathodes. A passive-matrix display device was obtained through the
assistant patterning of low surface energy separators.

Crown Copyright � 2008 Published by Elsevier B.V. All rights reserved.
1. Introduction

Organic light-emitting diodes (OLEDs) have exhibit tre-
mendous potential in flat panel displays (FPDs) since their
high brightness, low power consumption, wide viewing
angle and good contrast [1–5]. FPDs of polymer light-emit-
ting diodes (PLEDs) attracted more attention in this field
because of the color tunability of polymer materials within
the entire visible spectrum, simpler manufacture process-
ing, suitable for large area and soft substrate and so on.
The light-emitting polymer with different color need to
be patterned in a full color display of PLEDs. Many methods
have been used to pattern the light-emitting polymers,
2008 Published by Elsevier

175; fax: +86 431

a), ychan@ciac.jl.cn
such as screen printing [6,7], transfer printing [8], inkjet
printing [9–11] and photo-induced polymerization pat-
terning [12].

Thereinto, inkjet printing is a most potential technique
for application because of its simple and high efficient
patterning process, suitable for solution process, easy to
integration and automatization. To improve the pattern-
ing resolution of inkjet printing to up to par of patterning
of FPD of PLEDs, high-resolution pattern with low surface
energy was used to confine the wettability and flow of
inkjet printed liquid and improve the patterning resolu-
tion of inkjet printing [13–17]. The high-resolution pat-
tern normally formed by photolithography. Then, the
pattern can be modified by fluorinated self-assembled
monolayer (SAM) [14,15] or CF4 plasma treating [16,17]
to decrease its surface energy. Thereinto, modification by
fluorinated SAM can be a simple and high selective
approach.
B.V. All rights reserved.
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Another element need to be patterned is cathode for the
FPD of PLEDs. Separators with undercut structure are the
effective method to pattern the cathode in passive-matrix
display of FPD [18,19]. The separators with undercut struc-
tures have been fabricated by photolithography [20–24] or
soft lithography [25–27]. Photolithography has good sta-
bility and repeatability. But multilayer resist configuration
or special photolithography process is needed which com-
plicate the patterning process. Soft lithography is simple,
high efficient and low cost compared with photolithogra-
phy because of its characteristic, such as suitability with
roll-to-roll printing and solution process, simpler pattern-
ing equipment and so on.

In this paper, based on transfer printing of soft lithogra-
phy, a full-solution process was used to fabricate undercut
structures with low surface energy. At first patterned PS
film was formed on P4VP/photoresist films by microtrans-
fer printing. Metal film was formed on the uncovered P4VP
film by electroless deposition, which was simple and high
efficient compared with traditional deposition and pat-
terning process of metal films. This metal film pattern
can be used as mask to pattern the photoresist and fabri-
cate undercut structures, which can be used as separators
to pattern metal cathode in the passive-matrix display. It
also can be modified by fluorinated SAM to form separators
with low surface energy, which can be used to assist the
patterning of inkjet printing. Special separators, which
were suit to assist the patterning of passive-matrix dis-
plays of inkjet printed PLEDs, were obtained.
2. Experimental

2.1. Materials

The positive photoresist was purchased from Suzhou
Ruihong Electronic Chemical Co., Ltd., China. Polystyrene
(PS, Mw: �31600, Tg = 103 �C) and poly(4-vinylpyridine)
(P4VP, Mw: �60,000, Tg = 137 �C) were purchased from Al-
drich. Polydimethylsiloxane (PDMS, SylgardTM 184) was pur-
chased from Dow Corning. ITO glass (glass slide with
indium-tin-oxide films) was purchased from Chinese South
Glass Holding (CSC) Co., Ltd. The hole-injection materials of
poly(styrene sulfonic acid)-doped poly(3,4-ethylenedioxy-
thiophene) (PEDOT, Baytron P VP.AI4083) was purchased
from H. C. Starck GmbH. Poly(9,9-di-n-octylfluorene)
(PFO) was synthesized as shown in Ref. [28]. PS was
dissolved in toluene with a concentration of 1.5 wt%.
P4VP was dissolved in chloroform with a concentration of
0.8 wt%. PFO was dissolved in the mixture of iso-propylben-
zene and cyclohexylbenzene (iso-propylbenzene/cyclo-
hexylbenzene = 8/2 (w/w)) with a concentration of 0.8 wt%.

2.2. Patterning of metal film

The PDMS mold with a stripes pattern was obtained as
our previous work reported [27]. Then PS film was spin
coated on the PDMS mold at 2000 rms. Photoresist film
was spin coated at 2000 rms on the ITO glass substrate
and then baked at 110 �C for 3 min. P4VP film was spin
coated on the photoresist-coated ITO glass substrate at
2000 rms subsequently. The PDMS mold and the P4VP/
photoresist-coated ITO glass substrate were baked at
110 �C for 2 min. Then the PDMS mold was placed on the
P4VP/photoresist-coated ITO glass substrate and baked at
110 �C for 3 min sequentially. The PDMS mold was re-
moved from the P4VP/photoresist-coated ITO glass sub-
strate when their temperature dropped to �80 �C. The PS
film would remain on the P4VP film at the contact region.
A patterned PS film formed on the P4VP film.

The glass substrate with the patterned PS film was
dipped into Na2PdCl4/water solution (0.2 mg/ml) for
1 min. The Pd2+ was absorbed at the uncovered P4VP film.
Subsequently, the glass substrate was dipped into NaBH4/
water solution (0.5 mg/ml) to reduce the Pd2+. Then the
glass substrate was dipped into electroless deposition solu-
tions of nickel (Ni) for 2 min and gold (Au) for 30 s, respec-
tively. The Au-coated Ni film deposited at the uncovered
P4VP film. The components of the electroless deposition
solutions were shown in Table 1.

2.3. Undercut structures fabrication and surface modification

The glass substrate with the patterned metal film was
etched by oxygen reactive ion etch (O2-RIE) at a power of
120 w and an oxygen flux of 100 sccm for 5 min to remove
the PS and P4VP layer at the regions uncovered by metal
film. Then the substrate was exposed to UV light and real-
ized the UV-exposure of photoresist at the regions uncov-
ered by metal film. The undercut structures consist of the
metal film and the patterned photoresist, formed after
developing process.

The glass substrate with the undercut structures was
placed in the vapor atmosphere of fluorinated mercaptan
(Heptadecafluoro-1-decanethiol, Aldrich) for 30 min at
room temperature. The fluorinated mercaptan formed
SAM on the gold surface and decreased its surface energy.
Then the undercut structures were used as separators to
assist the deposition of inkjet printed solution and to pat-
tern the cathode of passive-matrix display.

2.4. Inkjet printing of PFO films and fabrication of PLEDs

The overall inkjet printing system consists of inkjet
print head and its controller, a translation stage equipped
with a hot plate for heating the substrate, and software
to control the translation stage. The inkjet print head was
manufactured by Microdrop Technique GmbH (Germany),
with nozzle diameter of 70 lm. The PEDOT was spin
coated on the substrate with the low surface energy sepa-
rators at 3000 rms for 60 s and then baked at 100 �C for
15 min to give a thickness of �40 nm. The PFO solution
was inkjet printed into the grooves between the separators
and formed PFO film. Then Ca/Al cathode was deposited on
the PFO film by physical vapor deposition to complete the
fabrication of PLEDs.

2.5. Characterization

The absorption and reduction of Pd2+ was proved by X-
ray photoelectron spectra (XPS). The patterned PS film,
metal film, undercut structures and inkjet printed polyflu-



Table 1
The component of the electroless deposition solutions of nickel and golda,b.

Electroless deposition solutions of nickel Electroless deposition solutions of gold

Materials Concentration (g/L) Materials Concentration (g/L)

Nickel sulfate 2.00 Sodium tetrachloroaurate 3.62
Sodium hypophosphite 30.00 Hydroxylamine hydrochloride 6.95
Sodium citrate 10.00 Sodium hydrogen phosphate 11.36
Ammonium chloride 30.00 Sodium thiosulfate 12.64

Sodium sulfite 40.32
pH 8.5 pH 8.0

a Sodium hydroxide was used to adjust the potential of hydrogen.
b The deposition temperatures are 40 �C for the electroless deposition of nickel and 56 �C for the electroless deposition of gold, respectively.
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orene film were all observed by optical microscope. The
undercut structures were also observed by ESEMFEG scan-
ning electron microscopy (XL30 ESEM, FEI Company). The
surface energy of the metal film was measured by contact
angle measuring system (Krüss DSA10-MK2, Germany).
The brightness-voltage characteristics of the PLEDs were
recorded using a computer-controlled sourcemeter (Keith-
ley 2400) at room temperature under ambient conditions.
3. Result and discussion

Fig. 1 shows the over all patterning process of undercut
structures with low surface energy. The first key step of the
fabrication process is the patterning of PS film on the P4VP
film. Microtransfer printing was used to pattern the PS
film. In this patterning step, the PS-coated PDMS mold
was placed on the P4VP/photoresist -coated glass sub-
strate. The PS film contacted with the P4VP film at the pro-
truded regions of the PDMS mold, as shown in Fig. 1(a).
When the PDMS mold and the glass substrate were heated
to 110 �C, which temperature was higher than the glass
transition temperature (Tg) of the PS (Tg = 103 �C) slightly,
the PS film and the P4VP film formed a stick because of
Fig. 1. The patterning process of undercut structures: (a) form patterned PS film
uncovered P4VP surface by electroless deposition; (c) expose the substrate to UV
surface of the undercut structures by SAM of fluorinated mercaptan. Insert: det
the movement of PS molecule. The movement of PS mole-
cule frozen when the temperature was dropped to �80 �C.
And the stick between the PS film and the P4VP film be-
came stronger. The PS film remained on the P4VP film in
the stick regions after the PDMS mold was removed from
the glass substrate because of the low surface energy of
the PDMS mold. A patterned PS film was obtained on the
P4VP/photoresist-coated glass substrate. Fig. 2(a) shows
the optical image of the patterned PS film.

The second step is the absorption of Pd2+ and electroless
deposition of metal film. The patterned PS film was used as
a mask to define the region of absorption of Pd2+. Previous
work has proved that P4VP and Pd2+ can form complex
[29]. Fig. 3 shows the XPS analysis of the P4VP surface with
patterned PS film after different treatment. It is obviously
that absorption of Pd2+ has occurred on the P4VP surface.
And a part of Pd2+ was reduced to Pd after the reduction
step. This was proved by the decreased intensity at
�338.5 ev and the slight increased intensity at �335.7 ev.
The reduced Pd can be used as catalyzer to catalyze the
electroless deposition of metal film.

Fig. 2(b) shows the optical image of the Au-coated Ni
film through electroless deposition. The electroless deposi-
tion of metal film has happened at the uncovered P4VP
on the P4VP/photoresist-coated substrate; (b) deposit metal film on the
light and then develop to obtain the undercut structures; (d) modify the

ailed description of the UV exposing and developing process.



Fig. 2. Optical images of P4VP/photoresist-coated substrate with (a) patterned PS film and (b) electroless deposited metal film. (c) Optical image of
patterned stripes with undercut structures and (d) its SEM image of the cross-section.
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surface selectively. This also proved that the absorption of
Pd2+ occurred at the uncovered P4VP surface. And the re-
duced Pd catalyzed the electroless deposition effectively.
So patterned metal film, complement with the pattern of
PS film, was obtained. The patterned PS film can also be
used as hydrophobic layer to avoid the edge diffusion of
metal film in the electroless deposition process. This en-
sured that the electroless deposited metal film pattern
was confirmed with the uncovered P4VP regions.

The patterned metal film was used as mask to realize
the selective UV-exposure of the photoresist layer at the
regions uncovered by metal film. The UV-exposed photore-
sist layer can be dissolved and removed at the following
Fig. 3. Surface analysis of P4VP/photoresist-coated substrate by X-ray
photoelectron spectra.
developing process. The remained photoresist pattern
was same with the pattern of the metal film. In the devel-
oping process, a lateral dissolving of photoresist would oc-
curred at the edge of the unexposed regions because of the
lateral nonideal exposure caused by the UV diffraction at
corresponding region [30], as shown in the insert of
Fig. 1. So the undercut structures, consist of the up-layer
of the patterned metal film and the bottom-layer of the
patterned photoresist, formed after the developing pro-
cess. Fig. 2(c) and (d) show the optical and SEM images
of the patterned undercut structures. It is obviously that
a lateral dissolving has happened at the unexposed region.
The undercut structures formed because of this lateral dis-
solving. These undercut structures can be used as separa-
tors to pattern the cathodes in the passive-matrix display.

The metal film can be modified by SAM of fluorinated
mercaptan to decrease its surface energy. The metal film
was placed in the vapor atmosphere of fluorinated mercap-
tan for 30 min at room temperature. A SAM of fluorinated
mercaptan formed on the surface of metal film because of
the chemical action between mercaptan and Au atom. The
surface energy of the metal film decreased from 84.6 mJ/
m2 to 21.1 mJ/m2 after the modification of SAM of fluori-
nated mercaptan. Fig. 4 also shows the contact angle be-
tween water and the metal film with or without the SAM
of fluorinated mercaptan. The contact angle between water
and the metal film has increased from 20.3� to 100.6�. The
surface energy of the metal film has decreased dramati-
cally through the SAM modification. This low surface en-
ergy separators can be used to confine the flow of the
inkjet printed solution and improve the patterning resolu-
tion of inkjet printing.



Fig. 4. Contact angle of water on the Au/Ni-coated substrate (a) with and (b) without the SAM of fluorinated mercaptan.
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To demonstrate their application, the undercut struc-
tures with low surface energy were used as separators to
assist the inkjet printing of PFO solution and pattern the
Fig. 5. Optical images of (a) spin-coated PEDOT film on substrate with low surface
(b) without and (c) with low surface energy separators. (d) Fluorescent image of in
SEM images of the cross-section of the separators with (e) PEDOT film and (f) P
cathodes of passive-matrix display of PLEDs. Photolithog-
raphy and wet-etching were used to realize the patterning
of ITO anode firstly. The patterned ITO stripes have a width
energy separators and inkjet printed PFO film on PEDOT-coated substrate
kjet printed PFO film on the substrate with low surface energy separators.

EDOT/PFO film.
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of 200 lm with a space of 50 lm. Then a group of parallel
stripes with undercut structures and low surface energy
were fabricated used the method described above. The
stripes, which were vertical with the ITO anode, were used
as confined pattern to assist the inkjet printing and separa-
tors to pattern the cathodes. The stripes have a width of
50 lm with a space of 200 lm. So the dimension of the
light-emitting region in every pixel of the passive matrix
was 200 lm � 200 lm.

The PEDOT film was spin coated on the substrate with
the low surface energy separators firstly. Fig. 5(a) and (e)
show the optical and SEM images of the substrate with
spin-coated PEDOT film. When the PEDOT film was spin
coated on the substrate, the PEDOT/water solution dewett-
ed from the separators surface because of its low surface
energy. So the PEDOT film just deposited in the grooves be-
tween the separators and formed separated PEDOT stripes
after the spin-coating process. The PEDOT film has obvious
edge deposition at the edge of the grooves which caused by
the morphology of the separators. The PFO solution was
then inkjet printed into the grooves at ambient atmo-
sphere and formed PFO film. Fig. 5(b) and (c) show the
optical images of inkjet printed PFO film on PEDOT-coated
substrate without and with low surface energy separators.
Compared Fig. 5(b) with (c), low surface energy separators
confined the wetting and spreading of inkjet printed solu-
tion effectively and improved patterning resolution.
Fig. 5(d) and (f) also show the fluorescent image of the ink-
jet printed PFO film and the SEM image of the cross-section
of low surface energy separators. The fluorescence of PFO
film emitted from the regions of grooves only. There was
no emitting of fluorescence at the regions of separators.
The PFO film just formed in the grooves because of the con-
fined flow of inkjet printed solution by separators with low
surface energy. Separated PFO stripes were obtained by
inkjet printing. There are also edge deposition of inkjet
printed PFO film at the edge of the grooves which caused
by the coffee-ring effect in the evaporating and drying pro-
cess of PFO solution [31,32].

A thin layer of calcium (10 nm) followed by a layer of
aluminum (100 nm) is deposited on the PFO/PEDOT/ITO
coated glass substrate through a physics vapor deposition.
The Ca/Al cathodes separated by the separators and formed
stripes pattern which were vertical with the ITO stripes. A
passive-matrix display device was obtained. Fig. 6 shows
the optical image of light-emitting matrix and its bright-
Fig. 6. (a) Optical image of the patterned PLEDs matrix; (b) the
brightness-voltage characteristic of the devices.
ness-voltage curve. It is obvious that the patterned matrix
of polymer light-emitting diodes have formed through ink-
jet printing. Certainly, there are some dead pixels in the
light-emitting matrix which may be caused by the defects
of the inkjet printed PFO film.
4. Conclusion

A full-solution process was explored to fabricate sepa-
rators with undercut structures and low surface energy.
By microtranfer printed PS film as mask, patterned metal
film was formed on the P4VP/photoresist film by electro-
less deposition. This metal pattern was used as mask to
pattern the photoresist layer and form undercut structures
with the patterned photoresist layer. The metal film can
also be modified by SAM of fluorinated mercaptan to form
low surface energy separators. The low surface energy sep-
arators were used to assist the deposition of inkjet printed
PFO solution successfully. Separated PFO stripes formed
through inkjet printing. The separators also realized the
patterning of cathodes. A passive-matrix display device
was obtained which proved the suitability of the low sur-
face energy separators in the application of inkjet printed
passive-matrix display of PLEDs.
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a b s t r a c t

We report a highly efficient electrophosphorescent bis(2-phenylquinoline) (acetylaceto-
nate) iridium(III) [Ir(2-phq)2(acac)]-based red organic light-emitting diode. The emission
layer consists of a periodic thin layer of guest material of Ir(2-phq)2(acac) separated by host
material of 4,40-Bis(carbazol-9-yl)biphenyl. The guest and host thicknesses were optimized
independently to obtain the best performance. The current efficiency reaches to a maxi-
mum of 16.2 cd/A then drops to 15 and 11 cd/A at brightness of 10 and 100 cd/m2, respec-
tively. By reducing the thickness of the host layer, the power efficiency was further
improved. Device with a maximum power efficiency of 8.3 lm/W was obtained. We also
found that the concentration quenching in Ir(2-phq)2(acac) is dominated by molecular
aggregation. Excitonic quenching by radiationless Förster process is miniscule.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Organic light-emitting diode (OLED) has emerged as
one of the most important display technologies for the fu-
ture. Various techniques have been reported in literature
to optimize the electroluminescence processes in OLED,
including: balancing the carrier transport and injection
[1,2], confining the excitons [3], doping the transport [4]
and emission layers [5], and the most recent electrophos-
phorescence [6].

By harvesting the triplet excitons, electrophosphores-
cence enables improvement of the efficiency by four times.
With further improvements in carrier balance and exciton
confinement, both green [7] and yellow [8] emitting de-
vices have reached the efficiency close to their maximum
. All rights reserved.
theoretical limit. Red phosphorescent OLED, however, still
has room for improvement. Li et al. reported a red phos-
phorescent OLED with a current efficiency of 13 cd/A at a
current density of 20 mA/cm2 [9]. Ho et al. reported a max-
imum external quantum efficiency of 12% photon/electron
at low current density but drops to 3% photon/electron at
200 mA/cm2 for their saturated red OLED [10].

In phosphorescent OLED, the emission layer (EML) is
normally made of a host-guest system formed by co-evap-
orating a small amount of guest molecule in the matrix of
host material [5,6]. Most excitons are formed in the matrix
host which then transfer the energy to the guest molecules
where final emission takes place. Host–guest system min-
imizes concentration quenching of guest molecules to en-
able high quantum yield.

Red emitting organic molecules suffer from a tremen-
dous concentration quenching [11]. As the concentration
of the emitting guest molecules increases, the quantum

mailto:exwsun@ntu.edu.sg
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efficiency of the device drops significantly. Concentration
quenching is originated from molecules aggregation [12]
and long range dipole–dipole interaction between the
guest molecules [13–15]. Molecular aggregation results in
a much red-shifted emission spectrum followed by a sig-
nificant drop in the efficiency [12]. On the other hand, exci-
tonic quenching by long range dipole–dipole interaction
only results in efficiency reduction without emission shift
[13–15]. Depending on the molecule, the dominant factor
is either molecular aggregation or dipole–dipole
interaction. Since conventional doping only allows one
parameter to be varied, the guest–host ratio, the effect of
molecular aggregation or dipole–dipole interaction can
not be controlled separately.

Recently we have introduced a technique termed
sequential doping that allows two independent parameters
to be varied for a better control of device performances
[14]. In sequential doping, the EML consists of periodic thin
layers of guest separated by the host. In this architecture,
device performance can be tuned by adjusting the thick-
nesses of the guest and host layers independently. For mol-
ecules with a severe excitonic quenching due to molecular
aggregation, the thickness of the guest layers can be mini-
mized. On the other hand for molecules that suffer a large
dipole–dipole quenching interaction, one may increase the
thickness of the host layers for better device performance.

Reineke et al. showed a similar EML structure to the
sequential doping, but compared to a neat film of guest
molecules, they prepare the guest containing layers by
co-evaporation of host and guest [16]. This method has
been able to improve the efficiency roll-off with the critical
current density increases from 140 to 270 mA/cm2 by con-
fining the exciton within the guest molecule. In spite of the
better roll-off performance, the device reported by Reineke
et al. shows a lower EQE value. The lack of guest molecules
available for emission results in appearance of host emis-
sion and reduction in EQE due to incomplete energy trans-
fer. Also the interlayer host thickness used is fixed at 2 nm.
At such distance, the excitonic quenching by long range di-
pole–dipole process becomes significant.

In this letter, we utilized the sequential doping method
to produce a highly efficient red OLED and to investigate
the quenching mechanism in bis(2-phenylquinoline) (ace-
tylacetonate) iridium(III) [Ir(2-phq)2(acac)]. Device with a
maximum current efficiency of 16.2 cd/A (8.4% photon/
electron) is reported. Interestingly the power efficiency
can be improved by minimizing the thickness of the host
layer. Using 3 nm of host layers, device with a maximum
power efficiency of 8.3 lm/W is achieved. We also found
that molecular aggregate dominates the exciton quenching
in Ir(2-phq)2(acac).

2. Experimental

Here, we employed N,N0-di(naphth-2-yl)-N,N0-diphe-
nyl-benzidine [NPB] as the hole transporting layer, 4,40-
Bis(carbazol-9-yl)biphenyl [CBP] as the host, Ir(2-phq)2(a-
cac) as the guest, and 2,9-dimethyl-4, 7-diphenylphenan-
throline (BCP) as the hole blocking layer and tris-(8-
hydroxyquinoline) aluminum [Alq3] as the electron trans-
porting layer. Fig. 1 shows the schematic of the sequential
doped device and the molecular structures of the materials
used in this work.

The routine cleaning procedures, including ultra-soni-
cation in acetone, ethanol, and rinsing in de-ionized water,
were firstly carried out to clean ITO glass (50 X/square).
Before deposition, the ITO was treated by oxygen plasma
at 10 Pa for 2.5 min. The ITO substrates were then trans-
ferred to the main chamber under high vacuum for device
fabrication. The deposition rate (thickness) is measured by
a crystal sensor quartz oscillator combined with a fre-
quency meter. Evaporation of organic materials and metals
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was carried out in a high vacuum condition of about
2� 10�4 Pa at a deposition rate of 0.5–4 Å/s.

Electroluminescence (EL) spectra of the fabricated de-
vices were measured with a PR650 Spectra Scan spectrom-
eter. Luminance–current density–voltage (L–J–V)
characteristics were recorded simultaneously with the
measurements of the EL spectra by attaching the spec-
trometer to a programmable Keithley 236 source measure-
ment unit. Assuming a Lambertian emission pattern, we
calculated the EQE from the luminance, current density
and EL spectrum. All measurements were carried out at
room temperature under ambient atmosphere without
any encapsulation.

3. Results and discussion

3.1. Variation of guest’s thicknesses

We fabricated devices with a structure of NPB/
[Ir(2-phq)2(acac) (x nm)/CBP (5 nm)] (6 cells)/ Ir(2-phq)2-
(acac) (x nm)/ BCP/ Alq3, where x varies from 0.1, 0.5, 1,
to 2.0 nm. Six cells were used to make sure the EML thick-
ness is larger than 20 nm to obtain a good carriers confine-
ment [3]. Fig. 2a shows the current density and luminance
versus voltage curves for devices with various guest thick-
nesses (x). It can be seen that the current density does not
vary much, while the luminance drops significantly as the
guest thickness increases. This means the Ir(2-phq)2(acac)
molecules do not trap or block charges significantly en-
ough to influence the current flow. On the other hand,
the large drop in the luminance for thicker guest layer
can be attributed to molecular aggregation. Fig. 2b shows
the current efficiency versus current density for various
guest thicknesses. As the thickness of the guest layers in-
creases, the degree of aggregation increases accordingly,
resulting in a decrease in efficiency.

It can also be seen from Fig. 2b that the efficiency drops
as the current increases. The efficiency roll-off is caused by
biexcitonic interaction of triplet–triplet (TT) annihilation
[17]. In the presence of triplet–triplet annihilation, the effi-
ciency ðgÞ becomes

g ¼ g0
J0

4J

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8J

J0
� 1

s !
ð1Þ

where g0 is the maximum efficiency, J is the current
density and J0 is the critical current density. The efficiency
in Fig. 2b, however, cannot be fitted with a single TT
annihilation model. Instead it can be fitted with a double
TT annihilation process of

g
g0
¼ k1

J01

4J

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8J

J01

s
� 1

 !
þ k2

J02

4J

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8J

J02

s
� 1

 !
ð2Þ

where k1 and k2 are constants, J01 and J02 represent the first
and second critical current densities, respectively. Similar
feature of double TT annihilation has been observed previ-
ously in various different OLEDs utilizing CBP as the host
material [17]. The reason behind this phenomenon is not
clear; however it may be related to exciton formation pro-
cesses. At a low current injection, the excitons are only
formed at the heterojunction interfaces. Therefore the TT
annihilation is severe due to the thin recombination re-
gion. As the current increases, the exciton starts to be
formed throughout the EML, increasing the effective
recombination region, hence reducing the TT annihilation.

It can be seen from Fig. 2b that the data can be fitted ni-
cely with double TT annihilations model. J01 and J02 values
are independent of the guest thickness. This suggests that
the TT annihilation is dominated by interaction between
the planar guest layers since the host thickness is fixed. La-
ter we shall see that variation of the host thickness changes
the value of the critical current density.

Inset of Fig. 2b shows the emission spectrum of the de-
vice in Fig. 2a. It can be seen that the emission red-shifts
with the increase in guest thickness. The emission peak
shifts from 600 nm to 612 nm for Ir(2-phq)2(acac) thick-
ness of 0.1 nm to 2.0 nm, respectively. This also supports
the argument on molecule-aggregation. When two similar
molecules are positioned close one another such that their
electronic wavefunctions start to overlap, a new state is
formed with different spectral properties compared to
the molecular spectrum. In most cases the emission spec-
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trum is broaden and red-shifted with a much lower quan-
tum efficiency than that of the molecule itself [12]. The
large drop in the efficiency and shift of the emission spec-
trum show that Ir(2-phq)2(acac) molecules tend to form
inefficient aggregates.

Fig. 3 shows the Commission Internationale de
l’Eclairage (CIE) coordinate for devices in Fig. 2. It can be
seen that there is a slight shift in CIE coordinate from
(x = 0.61, y = 0.38) to (x = 0.63, y = 0.36) for devices with
Ir(2-phq)2(acac) thickness from 0.1 nm to 2.0 nm. The CIE
coordinate is very close to that of the National Television
System Committee (NTSC) standard red color (x = 0.674,
y = 0.326) [9].

3.2. Variation of host’s thicknesses

We then varied the host thickness using a structure of
NPB/[Ir(2-phq)2(acac) (0.1 nm)/CBP (y nm)] (6 cells)/Ir(2-
phq)2(acac) (0.1 nm)/BCP/Alq3, where y varies from 3, 7,
10, to 15 nm. Fig. 4a shows the current density and lumi-
nance versus voltage curves for devices with various thick-
nesses of host layers. It can be seen that the current density
and the luminance shift toward higher voltage as the thick-
ness of the host increases. This is understandable due to a
thicker device structure. The maximum luminance in-
creases slightly with the host thickness. Fig. 4b shows the
current efficiency for devices in Fig. 4a. It can be seen that
the current efficiency increases slightly with the host
thickness.

Similar to previous observation, the efficiency drops
with the increase of current density. The efficiency roll-
off in Fig. 4b can only be fitted with double TT annihilation
model as shown by the solid line. The value of J01 is fixed at
0.05 mA/cm2. On the other hand J02 drops from 800 to
180 mA/cm2 when CBP thickness reduces from 15 to
3 nm. The maximum value of J02 even exceeds that of the
optimized device reported by Reineke et al. of 400 mA/
cm2, which indicates the advantage of using our sequential
doping method for this study [18]. The variation of J02 with
CBP thickness shows that the TT annihilation processes oc-
cur between the guest layers as mentioned before. When
the guest layers are separated adequately, the TT annihila-
tion is minimized as evidenced by the increase in the crit-
ical current density.

The TT annihilation between the Ir(2-phq)2(acac) with-
in the planar guest layer is also minimized due to the large
intermolecular spacing between the molecules. To esti-
mate the intermolecular spacing of the Ir(2-phq)2(acac)
layer, we assume that 0.1 nm of Ir(2-phq)2(acac) layer cor-
responds to 0.1 monolayer of Ir(2-phq)2(acac) film.
Assuming that a monolayer square lattice of Ir(2-phq)2(a-
cac) has intermolecular spacing of 1 nm [15,19], the inter-
molecular spacing of a 0.1 monolayer can be estimated as
a = 1 nm � 1ffiffiffiffiffi

0:1
p . We further assume that, two molecules

may be closely spaced forming aggregate (dimer), the
intermolecular spacing ranges between 3 and 6 nm. At this
distance, the Ir(2-phq)2(acac) molecules are isolated,
therefore minimizes the TT annihilation.

To our best knowledge this is the first time that Ir(2-
phq)2(acac) molecule was incorporated as a red OLED. In
the literature, a similar molecule of bis(1-phenylisoquin-
oline) (acetylacetonate)iridium(III) [Ir(piq)2(acac)] has
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Table 1
Summary of performances of devices in this work.

Thickness of
CBP (nm)

Thickness of
Ir(2-phq)2(acac)
(nm)

EQE (%) [Max,
@ 10, 100 cd/m2]

Current Efficiency
(cd/A) [Max, @ 10,
100 cd/m2]

Power Efficiency
(lm/W) [Max, @ 10,
100 cd/m2]

CIE (x,y) Peak of Emission
Spectrum (nm)

5 0.1 7.2, 6.6, 4.6 12.5, 11.2, 7.8 7.2, 6.0, 3.5 0.61, 0.38 600
5 0.5 6.9, 6.3, 4.4 10.8, 9.9, 6.8 6.3, 5.3, 3.0 0.62, 0.37 604
5 1 4.9, 3.9, 2.9 7.0, 5.6, 4.2 4.4, 2.8, 1.8 0.63, 0.37 608
5 2 2.5, 1.7, 1.4 3.5, 2.4, 2.0 2.5, 1.1, 0.8 0.63, 0.36 612
3 0.1 7.1, 6.4, 4.5 12.1, 11.2, 7.7 8.3, 7.5, 4.4 0.61, 0.38 600
7 0.1 7.2, 6.9, 5.0 13.1, 12.5, 8.9 7.2, 6.6, 3.9 0.61, 0.38 600
10 0.1 7.3, 6.9, 5.6 13.7, 12.6, 10.3 6.6, 5.8, 3.7 0.61, 0.38 600
15 0.1 8.4, 8.0, 6.0 16.2, 15.0, 11.0 6.1, 5.5, 3.3 0.61, 0.38 600
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also been used for red OLED [10]. The current efficiency
of a Ir(piq)2(acac) device fabricated using the conven-
tional co-evaporation method was included in Fig. 4b
represented as stars. The emission layer consists of
4 wt.% Ir(piq)2(acac) doped into CBP host. It is clear that
the performance of the device fabricated using the con-
ventional method is worse. The maximum current effi-
ciency reaches up to 10.1 cd/A and drops to 4.5 cd/A
at a current density of 100 mA/cm2. The J0 value is
much lower of 80 mA/cm2 [20].

Inset of Fig. 4b shows the emission spectrum of the de-
vice in Fig. 4a. No significant change was observed in the
emission spectrum for devices with various thicknesses
of CBP, which indicates the absence of molecular aggre-
gate. The slight drops of the current efficiency for device
with thinner layer of host material may arise from an in-
crease in interaction between the guest molecules.

Previous studies have shown that Förster type interac-
tions between the guest molecules result in excitonic
quenching in host–guest system [13–15]. The long range
interaction between the electronic and vibrational modes
between two molecules is enabled by dipole–dipole
interaction which applies up to a range of 20 nm [21].
In our case, it is clear that the long range excitonic
quenching is much less significant than the aggregation
effects. It can be seen that only a slight drops in current
efficiency is observed for device with different CBP thick-
nesses (drops from 16.2 to 12.1 cd/A for CBP thicknesses
of 15 to 3 nm, respectively). This means that the radia-
tionless Forster radius between the Ir(2-phq)2(acac) mol-
ecule is small.

Table 1 summarized the performances for devices re-
ported in this work. It worth mentioning that the current
efficiency obtained in this work (16.2 cd/A) is one of the
best for red OLED based on small molecule with CBP
host. Furthermore, the current efficiency shows only a
small roll-off with current density. At high current den-
sity of 100 mA/cm2 the current efficiency still reaches
8.7 cd/A. At brightness values of 10 and 100 cd/m2, the
current efficiency reaches 15 and 11 cd/A, respectively.

From Table 1 it can be seen that the best power effi-
ciency (8.3 lm/W) is obtained for device with a thinner
layer of CBP layer (3 nm) which corresponds to EML thick-
ness of 18 nm. In OLED it is known that reducing the thick-
ness of EML significantly reduces the efficiency due to
inadequate number of emitter molecules, which results
in emission saturation [3]. Therefore sufficient EML thick-
ness is required to achieve high power efficiency. In our
case, the numbers of guest emitter molecules are fixed
with variation of host thickness. Therefore the decrease
of the efficiency is not due to emission saturation but in-
crease intermolecular interaction between the guest mole-
cules. The slight drop in current efficiency is followed by a
significant reduction in operating voltage, which in overall
increases the power efficiency as the thickness of the host
reduces.

Inset of Fig. 5 shows the operating voltage for devices
with various CBP thicknesses at a current density of
25 mA/cm2. It can be seen that the voltage increases lin-
early with CBP thickness, indicating that the electric field
is constant throughout the CBP layer. The electric field
within the CBP can be obtained from the slope of the fit-
ting straight-line. Fig. 5 plots the average electric field
and the CBP electric field at various current densities.
The average electric field is determined by dividing the
operating voltage with the total thickness of the device
with EML thickness of 18 nm. It is clear that for a fixed
current density the electric field in the CBP is almost
two times higher than the average electric field. There-
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fore minimization of the CBP thickness effectively re-
duces the operating voltage and increases the power effi-
ciency since the number of emitting guest molecules is
unaltered.

It is worth mentioning that the device structure has the
potential for further optimization, such as the usage of Alq3

as the host, LiF [2] or CsF [22] cathodes, electron-blocking
layer [4], corrugated substrate [23], or microcavity [24]
and optimization of number of cells in order to further re-
duce the operating voltage and increases the current effi-
ciency of the device.

4. Conclusion

In conclusion, we have introduced sequential doping
method for efficient phosphorescent red OLED. The meth-
od presented here has an advantage since it allows two
independent parameters to be varied for optimization.
Device with current efficiency of 16.2 cd/A has been pro-
duced. Interestingly, the power efficiency increases with
reduction of the host thickness. Device with a power effi-
ciency of 8.3 lm/W is achieved. The excitonic quenching
in thin layer of Ir(2-phq)2(acac) was mainly due to
appearance of aggregation state. We also observed a
small amount of excitonic quenching due to inter-molec-
ular energy transfer among Ir(2-phq)2(acac) molecules,
i.e. by long range Förster process between the Ir(2-
phq)2(acac) molecules in different layers.
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a b s t r a c t

We report on the deposition of para-sexiphenyl (PSP) on poly(diphenyl bicyclo[2.2.1]hept-
5-ene-2,3-dicarboxylate) (PPNB) by hot wall epitaxy (HWE). The surface polarity of the
substrate, PPNB, can be increased by UV-illumination via a photo-Fries rearrangement.
The influence of the changed surface polarity on the surface morphology and the structure
of the PSP layers were studied by atomic force microscopy (AFM), X-ray diffraction (XRD)
and grazing incidence X-ray diffraction (GIXD). The observation of growth spirals and
islands, providing mono-layer step heights of standing PSP molecules, underline a high
crystallographic order of the films which is confirmed by XRD analysis. GIXD experiments
show a strong preferential (001) orientation of the PSP layers with better alignment on
substrates with smaller surface polarity. The c- and Baker-crystal structures are present
in the films grown at low substrate temperatures, but only Baker structure was found in
the films deposited at high substrate temperatures. However the main influence on the
growth of PSP, is caused by the polarity change induced by pre-treating the PPNB substrate
by UV-illumination.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction a promising candidate as an electro active layer in organic
Surface morphology and crystalline order are determin-
ing the electrical and optical properties such as mobility or
electroluminescence of organic semiconducting films.
Therefore it is of great importance to understand the
growth kinetics of organic materials on surfaces with well
controlled properties that could be potentially used for the
fabrication of optoelectronic devices. Para-sexiphenyl
(PSP) (C36H26), a six units oligomer of para-phenylene, is
. All rights reserved.

659; fax: +43732

G. Hernandez-Sosa).
LED displays due to its blue luminescence with high quan-
tum yield [1,2]. Moreover, it is classified as a wide band
gap organic semiconductor (3.1 eV) with photolumines-
cence in the blue visible range and polarisation dependent
absorption and emission if the PSP films are highly ordered
[3].

The hot wall epitaxy (HWE) technique was adapted for
the deposition of organic materials. Highly ordered organic
thin films can be obtained with this technique because it
allows organic molecules to find the most suitable arrange-
ment before settling into the crystal lattice [3,4]. Organic
thin films grown by HWE have shown outstanding electri-
cal and optical properties [5,6]. HWE grown PSP films have
been already deposited on different substrates such as KCl

mailto:Gerardo.HernandezSosa@jku.at
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Fig. 2. Structure of PPNB.

G. Hernandez-Sosa et al. / Organic Electronics 10 (2009) 326–332 327
and muscovite mica and extensive morphological and
structural characterization has been performed [7,8]. It is
generally shown that the nature of the substrate and the
growth conditions such as substrate temperature and
deposition rate are determinant parameters for the molec-
ular packing of the films.

In this contribution, an amorphous polymer poly(diphe-
nyl bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate) (PPNB)
containing photoreactive aryl-ester groups was used as
substrate. Upon illumination with UV-light of k < 280 nm
these ester groups isomerise to the corresponding
hydroxyketones in the so-called photo-Fries reaction
[9,10]. Fig. 1 shows the generally accepted mechanism
[11–13]. As a first step photolysis proceeding from an ex-
ited singlet (S1) state leads to the cleavage of the C–O
bond. The photogenerated radicals can recombine and
yield a derivative of cyclohexadienone as the ‘‘cage prod-
uct” (ortho and para product). Tautomerism then gives
the hydroxyketone, which is the rearranged acyl migration
product. Besides the release of free phenols as ‘‘escape”
product, decarboxylation occurs as competing reaction
[14,15].

The photo-Fries rearrangement is also observed in poly-
meric materials [16–18]. Recently, we have shown that the
photoreaction in PPNB (Fig. 2) yields up to 21% hydroxyke-
tones as photoproducts [19]. The UV induced reaction
leads to a large increase of the refractive index as well as
a change in surface polarity. This enhanced polarity and
the generated new functional groups can be used for selec-
tive post-modification reactions [20]. As a consequence we
expected a clear influence of the enhanced surface polarity
on the growth mechanism of PSP layers.

2. Experimental

PPNB was synthesized as described previously [19]. A
10 mg/ml solution of PPNB in CHCl3 was prepared and stir-
red for 12 h. Subsequently, the solution was spin cast onto
Si-substrates with a native 1.7 nm (±0.4 nm) thick oxide
layer, resulting in 80 nm (±10 nm) film thickness of PPNB
which was verified by ellipsometric measurements. Final-
ly, the film was dried at 40 �C in vacuum.

In order to provide equivalent growth conditions while
depositing PSP on UV-exposed and non-irradiated surfaces
each substrate was divided in two regions. One half of the
substrate was exposed for 20 min to UV-light (254 nm)
while the other half was covered with a chromium mask.
Fig. 1. Mechanism of photo
The unfiltered light of an ozone-free mercury low pressure
UV lamp (Heraeus Noblelight; 254 nm) was used. For these
experiments, the light intensity (power density) at the
sample surface was measured with a spectroradiometer
(Solatell, Sola Scope 2000TM, measuring range from 230
to 470 nm). The integrated power density for the spectral
range 240–270 nm was 1.41 mWcm�2. The illumination
process was performed under inert gas atmosphere (nitro-
gen with a purity >99.95%) in order to avoid unwanted oxi-
dation reactions. The surface tension c of the illuminated
and non-illuminated part was determined by measuring
the contact angle with a Drop Shape Analysis System
DSA100 (Krüss GmbH, Hamburg, Germany) using water
and diiodomethane as test liquids (drop volume �20 ll).
The contact angles were obtained by means of the sessile
drop method and they were measured within 2 s. Based
on the Owens–Wendt method, the surface tension c as
well as the dispersive and polar components (cD and cP)
were calculated [21]. The surface polarity is expressed as
the ratio cP/c and is given in percent (%). AFM investigation
of the surface roughness (before and after 1 h annealing at
160 �C) resulted in RMS values between 0.2 and 0.6 nm no
difference could be observed for the as prepared and illu-
minated parts of the substrate.

After the illumination process the substrates were
transferred via a load lock to a HWE evaporation chamber
working at a dynamic vacuum of 9 � 10�6 mbar. The work-
ing principles of a HWE system can be found elsewhere
[22]. In order to reduce surface contaminations a 15 min
in situ preheating procedure was applied. The substrate
temperature during preheating is chosen the same as the
growth temperature in order to permit constant thermal
conditions during the whole deposition process. The
preheating process also allows to remove any adsorbed
species (H2O, O2 etc.) from the surface of the substrate. A
complete series of samples was prepared varying growth
-Fries rearrangement.
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time (5–60 min) and substrate temperature (85–160 �C)
whereas the source- (240 �C) and wall-temperature
(260 �C) were kept constant resulting in a deposition rate
of �0.55 nm/min. All steps of the sample preparation pro-
cedure are shown schematically in Fig. 3.

For the structural characterization, specular scans were
performed on a SIEMENS D501 diffractometer using Cu Ka
radiation in Bragg–Brentano geometry equipped with a
secondary graphite monochromator. Complementary to
studies in our laboratory, grazing incidence X-ray diffrac-
tion (GIXD) was performed at the G2 line, Cornell high en-
ergy synchrotron source. The angle of incidence was
optimised for maximum scattering intensity, values be-
tween to 0.19� and 0.23� were used.

At the beam line a diffractometer in j-geometry was
operated with radiation of a wavelength of 0.12681 nm. Re-
ciprocal space maps were taken with an one-dimensional
detector collecting the scattered intensity in qz-direction.
Simultaneously an angular range of 6� was picked up with
a resolution of 0.1�. The surface parallel component of the
scattering vector (qxy) was varied by the goniometer in
steps of 0.1�. Since the PSP crystallites do not have any spe-
cific in-plane orientation the GIXD measurements could be
performed without sample rotation.

The vertical crystal size (in perpendicular direction to
the substrate surface) was determined from the specular
scans taking the integral width of the diffraction peaks.
No corrections for the instrumental line broadening were
used, since only relative changes in the peak width are of
interest. The lateral crystal size (in parallel direction to
the substrate surface) was determined from the GIXD pat-
tern by using the Scherrer formula. The crystal sizes ob-
tained from Williams–Hall plots reveal that the line
broadening arises dominantly by size effects, this reveals
that Scherrer formula can be applied [23,24].

Atomic force microscopy (AFM) studies of the deposited
films were performed using a Digital Instruments Dimen-
sion 3100 in the tapping mode. The AFM characterization
was performed on an area of 100 lm2 with a SiC tip.

3. Results and discussion

In Table 1 the contact angle data of the non-illuminated
and of the illuminated parts of the substrate are summa-
Fig. 3. Description of the
rized. Due to the illumination of the substrate the contact
angle of water decreases from 88 ± 1� to 83 ± 3� while the
contact angle of diiodomethane increases from 34 ± 1� to
43 ± 2� demonstrating that the surface becomes more
hydrophilic. The overall surface tension decreases slightly
upon illumination, due to a large decrease of the dispersive
component. However, the polar component becomes high-
er, leading to an increase of the surface polarity from 2.3%
to 6.5%.

Using AFM in tapping mode, a detailed surface mor-
phology analysis of the sample series was performed. The
influence of the polymer substrate on the surface proper-
ties of the grown PSP is analysed depending on substrate
temperature, deposition time and UV-illumination of the
substrate before deposition of PSP.

Fig. 4 depicts a chart with the AFM images (100 lm2)
of films grown at 85 �C, 100 �C, 130 �C and 160 �C varying
the deposition time from 5 to 20 and 60 min. The height
scale (z0) is presented at the bottom of each image. The
morphology of the PSP film grown on the UV-illuminated
side and on the as prepared surface are shown on the
right and left side of each image, respectively. A clear
morphological difference between non-illuminated and
UV-illuminated regions can be observed. While on the
non-illuminated side a more homogeneous PSP film is
formed, UV-irradiation of the substrate prior to HWE
leads to island formation. This can be clearly deduced in
the height distribution from the AFM scans. The UV-trea-
ted side always shows two peaks in the height histogram,
while the as prepared parts give only one. That means
that the AFM tip reached the substrate in the first case
between the islands, which does not occur for as prepared
samples. This effect in the surface morphology can be
attributed to the increase in surface polarity of the sub-
strate, resulting from the photochemical reaction of PPNB,
due to the fact that the preparation conditions of the
sample where identical and the only change was the UV
treatment.

Increasing the deposition time of PSP from 5 to 60 min
is leading to a lateral expansion of the single islands. In the
same way, an increase in size of the observed structures re-
sults from an increase of the substrate temperature. In
Fig. 5 more detailed AFM images of the two regions of
the sample grown at 160 �C for 20 min (Fig. 4-IVb) are pre-
sample preparation.



Table 1
Contact angle (sessile drop) of PPNB before and after UV-illumination, calculated values of the surface tension c using the Owens–Wendt method as well as the
dispersive and polar components (cD and cP) and the surface polarity [21]. The surface polarity is expressed as ratio cP/c � 100.

PPNB h H2O (�) h CH2I2 (�) c (mJ�2) cD (mJ�2) cP (mJ�2) Surface polarity (%)

Pristine 88 ± 1 34 ± 1 43.4 42.4 1.0 2.3(0.2)
UV-illuminationa 83 ± 3 43 ± 2 40.6 38.0 2.7 6.5(0.3)

a k = 254 nm, illumination time 20 min, power density 1.4 mW cm�2.
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sented. On the one hand, on the non-illuminated part
(Fig. 5a, Fig. 4-IVb left) we can observe a closed film with
growth spirals, which are characteristic for screw disloca-
tions [25,26]. On the other hand, in the UV-illuminated
side (Fig. 5c, Fig. 4-IVb right), crystallites with terraces of
up to hundreds of nanometres in length can be observed.
A substrate temperature of 160 �C seems to be the optimal
growth parameter to observe such differences in morpho-
logical features. Fig. 5b and d shows the scan profiles indi-
cated in Fig. 5a and c as black solid lines. The step heights
of the observed features are in good agreement with the
expected thickness of one mono-layer of standing PSP mol-
ecules corresponding to 2.6 nm. Similar results are found
for other small organic molecules grown on different sub-
Fig. 4. Atomic force microscopy images of para-sexiphenyl on PPNB pre-treate
different substrate temperatures and different deposition times.
strates [27]. The resulting surface morphology and the
observation of step heights corresponding to standing
PSP molecules gives a clear hint that the PSP layers have
a high degree of crystallographic order. Moreover, it is
demonstrated that it is possible to influence the crystal
morphology of PSP via a pre-treatment of the substrate
by illumination.

In order to deduce additional information concerning
the crystal structure of the samples detailed X-ray studies
were performed, taking as a motivation the results ob-
tained form the morphology studies. The thicker samples,
grown at substrate temperatures between 85 �C and
160 �C (60 min of deposition time) were selected for dif-
fraction experiments to ensure a higher intensity.
d with UV-light (right side of each image) and as prepared (left side) for



Fig. 5. AFM images and scan profiles along the indicated dark lines of the
PSP crystallites deposited on the as prepared (a and b) and UV-
illuminated (c and d) PPNB surface.

Fig. 6. Specular X-ray diffraction of PSP films grown on the as prepared
surface (a) and on the UV-illuminated surface (b). The substrate temper-
ature during the thin film growth was varied between 85 �C and 160 �C.
The curves are vertically shifted for clarity.
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The specular scans of the PSP films, deposited on the as
prepared surface and on the UV-illuminated surface, are
depicted in Fig. 6a and b, respectively. The film grown at
a substrate temperature of 160 �C (Fig. 6a) shows a diffrac-
tion peak series, arising from an interplanar distance of
2.6 nm. Please note that the 6th order reflection observed
at qz = 14.51 nm�1 shows enhanced intensity. The peak
positions in the specular scan together with the indexed
diffraction pattern of the reciprocal space map obtained
by GIXD (not shown), reveal that the present crystal struc-
ture can be identified as the well-known ‘‘Baker” structure
[28]. This crystal structure is a layered herringbone struc-
ture with lattice constants of a = 0.8091 nm, b =
0.5565 nm, c = 2.6241 nm and b = 98.17�. The reflections
of the specular scan can be indexed as 00L arising from
the crystallographic 001 plane parallel to the PPNB sub-
strate. This plane with the herringbone structure has the
lowest surface energy of the Baker structure [29]. In a real
space picture the orientation of the molecules within the
PSP crystals appears with up-right standing molecules
with the long molecular axes tilted 17� to the surface
normal.

At a substrate temperature of 115 �C, a considerable
shift of the 00L reflections appears (Fig. 6a), which is most
clearly visible at the 002 reflection at qz = 4.61 nm�1. A
change in the crystal structure can be concluded. The
new crystal structure can be assigned to the c-phase of
PSP. This polymorph phase is also a layered herringbone
structure [30]. In difference to the ‘‘Baker” structure, the
long molecular axes of the PSP molecules are oriented per-
pendicular to the surface normal. The GIXD pattern allow
an indexation of the c-phase with lattice constants of
a = 0.776 nm, b = 0.558 nm, c = 2.85 nm and b = 106.3�.
The GIXD investigations of these samples confirm the
simultaneous appearance of Baker and c-phase for PSP
crystals grown on the as prepared surface, however only
the c-phase was found at the UV-illuminated substrate.

The overall intensity of the 00L diffraction peaks de-
creases with decreasing substrate temperature. In case of
the films prepared on the as prepared surface (Fig. 6a)
strong diffraction peaks are observed for layers grown at
a substrate temperature of 160 �C, but no clear peaks are
present for layers grown at 85 �C. This decrease of intensity
is even more pronounced for films grown on the UV-trea-
ted surface (Fig. 6 b). This fact is clearly related to the
mosaicity of the PSP layers: at lower substrate tempera-
tures the 001 planes of PSP crystallites are much weaker
oriented, than at high substrate temperatures. This fact is
experimentally observed in the GIXD pattern where the
thin films grown at 160 �C show comparable sharp diffrac-
tion spots as it is expected for a two-dimensional powder.
The films grown at 115 �C show segments of circles (onset
of Debye–Scherrer rings), which reveal a much higher
mosaicity of the PSP crystals. The different mosaicity is also
reflected in the different intensity of the 00L diffraction
peaks between films grown on the as prepared and the
UV-illuminated surface (compare Fig. 6a and 6b).

The vertical crystal size was determined from specular
scans. Reliable values could be obtained only for the thin
films grown at a substrate temperature of 160 �C. The
small intensities of the 00L peaks for layers grown at lower



G. Hernandez-Sosa et al. / Organic Electronics 10 (2009) 326–332 331
substrate temperatures, did not allow a crystal size deter-
mination. The PSP crystallites grown on the as prepared
and on the UV-illuminated surface show a vertical crystal
size of 70 nm and 60 nm, respectively.

Specific results of GIXD measurements are shown in
Fig. 7. The figure shows the scattered intensity as a func-
tion of qxy obtained from cuts through the reciprocal
space maps at qz = 1.5 nm�1. The strongest diffraction
peaks of both PSP crystal structures (Baker as well as c
– structure) are visible. The lateral crystal size was deter-
mined from the peak widths. At a substrate temperature
of 160 �C (Fig. 7a) the lateral crystal size was estimated
with 40 nm which is comparable for films on both types
of substrates. At a substrate temperature of 115 �C, a lat-
eral crystal sizes of 40 nm and 20 nm is obtained for films
grown on as prepared and UV-treated substrates, respec-
tively. The lateral crystal size is not in the same range as
the island size observed in AFM images, which means
that the islands can contain grain boundaries, not obser-
vable by AFM.

The strongly preferred orientation of PSP crystallites
with the 001 plane parallel to the substrate surface is
known for isotropic surfaces such as glass or native oxide
single crystal surfaces [31,32]. It is reported that the crystal
orientation becomes more pronounced with increasing
substrate temperature [33]. This tendency is also clearly
seen on the PPNB substrate. This results from the fact that
the PSP molecules become more mobile on the surface and
are thereby able to arrange in larger crystallites. An addi-
tional contribution to this effect may stem from the fact
that PPNB has a glass transition temperature (Tg) of
96 �C. While below Tg the PPNB polymer is in a glassy state,
at temperatures above Tg molecular motion on the scale of
its repeating unit takes place. Therefore, the substrate can
adapt its surface with the 001 facet of PSP crystals which
have a lateral extension of 40 nm. With increasing sub-
Fig. 7. Line scans of the grazing incidence X-ray diffraction pattern taken
at qz = 1.5 nm�1. The results of the thin films grown at a substrate
temperature of 160 �C (a) and of the 115 �C (b) are depicted for the non-
illuminated and the UV-treated polymer surface.
strate temperature the softness of the substrate increases
which causes that the PPNB thin film becomes more
homogenous while the impinging PSP molecules become
more mobile on the surface resulting in a better alignment
of the 001 planes of PSP crystallites relative to the
substrate.

Recently, Kim et al. reported that depositing pentacene
on polymeric substrates below Tg results in better quality
thin films than when the deposition temperature is above
the glass transition temperature of the substrate [34]. At
first glance these findings seem to follow the opposite
trend of our observations. However, the temperature range
investigated in Ref. [34] ended shortly above the glass
transition and no data on higher temperatures are given.
In our study, the samples around the glass transition tem-
perature also exhibit a low order (samples prepared at
85 �C and 115 �C) compared to the samples prepared at
higher substrate temperature (samples prepared at
130 �C and 160 �C). In these samples, the effect that at
higher substrate temperatures higher quality films are ob-
tained [33], seems to be predominant.

As already discussed the size of the PSP crystals is
slightly smaller in the films grown on the UV-treated sub-
strates than on the as prepared ones, 20 and 40 nm for
the lateral crystal size (detected at Ts = 115 �C) and 60
and 70 nm for the vertical crystal size (detected at
Ts = 160 �C). This fact correlates with AFM results which
detects smaller lateral as well as vertical dimensions of
the islands on the UV-treated surface. Moreover, the PSP
thin film morphology shows a clear difference between
the as prepared and the UV-treated surface. Elongated is-
lands are observed at the UV-treated surface, especially at
high substrate temperatures, while the typical island
morphology of sexiphenyl is observed on the as prepared
surface [32,35]. Different mechanisms of crystal forma-
tion, like spiral growth caused by screw dislocations at
the as prepared surface, can be suggested. This can be
correlated to the different surface polarity of the illumi-
nated side of the substrate compared to the non-illumi-
nated side. It is obvious that on the pristine surface
(which contains ester groups and is non-polar) the inter-
action between the PSP and the polymer is enhanced.
However, on the illuminated side, these ester groups are
photochemically converted into hydroxyketones which
results in a more polar surface. Higher polarity disturbs
the favourable interaction between PSP and the substrate,
and consequently more island formation during the
growth process is observed.

No clear conclusion can be made for the observed
polymorphism. The c-phase can be classified as a surface
mediated polymorph of sexiphenyl [30,36], as it is also
known for other rod-like conjugated molecules like
pentacene or sexithiophene. These phases are observed
on silicon oxide surfaces at elevated substrate tempera-
tures [33,37,38]. The appearance of the c-phase of sexi-
phenyl on the polymeric substrate in a temperature
range close to the glass transition temperature of the sub-
strate layer can be induced by the smooth but not too
flexible surface of the polymer, favouring the formation
of a surface mediated polymorph structure at lower sub-
strate temperatures.
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4. Conclusions

Para-sexiphenyl films were successfully deposited on
PPNB at different temperatures and deposition times. Care-
ful AFM investigations demonstrate that PSP shows differ-
ent growth morphology when deposited on UV-
illuminated and as prepared PPNB substrates. Features
such as terraces or screw dislocations with step heights
corresponding to standing PSP molecules highlight the
high order of the layers.

The lateral and vertical sizes of the PSP crystallites were
estimated from the specular scans and line scans of the
GIXD measurements. For the samples grown at
Ts = 160 �C lateral and vertical crystal sizes of up to 40
and 70 nm were obtained, respectively. While for the sam-
ples grown at 115 �C values of 20 nm and 40 nm for the lat-
eral size of the as prepared and UV-treated substrates were
respectively evaluated. The grown films show a strong 001
orientation with a better alignment on the as prepared
than on the UV-treated substrate. It is also shown that at
lower Ts the 001 planes of PSP crystallites are much weaker
oriented relative to the surface than at high Ts. It is sug-
gested that the strong preferred orientation of PSP crystal-
lites with the 001 plane parallel to the substrate surface is
related to the fact that the impinging PSP molecules be-
come more mobile on the surface and is due to the effects
caused by depositing at temperatures above the glass tran-
sition temperature of PPNB (Tg = 96 �C). The specular scans
together with the indexed diffraction pattern of the reci-
procal space maps obtained by GIXD reveal the presence
of two different crystal structures of PSP. The formation
of Baker structure only was observed if elevated substrate
temperatures were used (Ts P 130 �C) and the simulta-
neous appearance of Baker and c-phase was obtain when
using low substrate temperatures.

We have shown that a change in polarity of amorphous
polymer films of PPNB does significantly influence the
growth of PSP films prepared by HWE. The polarity change
of the polymer film was generated by a photochemical
reaction, the photo-Fries rearrangement of the aryl-ester
units. In this reaction, the phenyl ester groups of PPNB un-
dergo upon irradiation with UV-light a rearrangement
reaction to the corresponding hydroxyketones which leads
to an increase in surface polarity. Consequently, it is clearly
demonstrated, that the growth on PSP can be modified by a
simple and easily reproducible pre-treatment of the sub-
strate surface and by the deposition conditions. This proce-
dure can potentially control the optical and electrical
properties of the films deposited on the different parts of
the substrate thus opening new perspectives for the fabri-
cation of devices by using the UV treatment of the sub-
strates as pre-structuring process.
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The presence of impurities in organic semiconductors is an important limitation for the
performance of related devices. Here, we investigate with density-functional theory calcu-
lations the effect of water and oxygen-related species on the properties of the prototype
system of rubrene, the current record-holder organic semiconductor in terms of carrier
mobilities. We identify the most stable impurity structures, with species in either substi-
tutional or interstitial configurations, and we analyze their complex role in changing the
shape and profile of rubrene energy bands. In certain cases the impurities either give rise
or help annihilate carrier traps, and we discuss the relevance of our findings for the opti-
mization of rubrene-based electronic systems.
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The absence of inter-molecular covalent bonding in or- Rubrene is an oligoacene derivative which is formed by

ganic semiconductors carries significant advantages such
as flexibility and versatility of film growth, but it also re-
lates to increased likelihood for impurity insertion. An
understanding of the atomic-scale mechanisms that con-
trol the presence of extrinsic species and their effect on
the properties of organic electronic materials is, therefore,
essential for the optimization of related devices. The issue
is even more pressing for materials like rubrene which has
attracted a lot of interest recently [1–11] because its films
show carrier mobilities that surpass those of any other or-
ganic semiconductor.
. All rights reserved.
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four phenyl rings linked (Fig. 1) on the side of a tetracene
back-bone (TBB). In the crystalline orthorhombic form
[12,13], large portions of the TBBs of neighboring mole-
cules face off in parallel, while other parts of the crystal
contain more open space. Impurities may be incorporated
in either region and, indeed, experimental studies [14–
18] have already reported oxygen-related effects on the
electronic properties of rubrene samples. In addition to
oxygen, water and hydrogen are known as key impurities
in conventional Si-based devices [19–22], but also in or-
ganic electronic materials, for example in pentacene [23–
27]. It can thus be expected that these species play an
important role also in rubrene-based systems.

In this article, we use quantum-mechanical first-princi-
ples calculations to elucidate several prominent impurity
effects in rubrene crystals. In particular, we examine
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oxygen impurities in ketone configurations, with or with-
out hydrogen atoms attached, and we find that they can
lead to distinct peaks formed out of the valence band of
rubrene. We also find that it is energetically favorable for
water molecules to enter rubrene crystals and that they
can either appear in physisorbed configurations between
phenyl groups, or they can dissociate to H atoms and hy-
droxyl groups attached on the TBB. An isolated hydroxyl
group is shown to give rise to energy levels deep in the
band gap of rubrene, an effect that is ameliorated upon
the arrival of a H impurity.

The results were obtained using density-functional
theory (DFT) calculations, with a local-density approxima-
tion (LDA) exchange-correlation (xc) functional [28],
Fig. 1. Amplitude of the highest occupied (HOMO), lowest u

Fig. 2. Chemical structure and amplitude of the HOMO and LUMO for ketone imp
that replaces a H atom in the defective molecule.
plane waves as a basis set (the energy cutoff was set at
400 eV) and ultrasoft pseudopotentials to represent the
ionic cores [29], as implemented in the code VASP [30].
As in a previous study that discussed the effect of hydro-
gen and interstitial oxygen atoms in rubrene [31], the
energetics of impurity incorporation were studied with
supercells that contain four molecules and which were
constructed based on the experimental data for the unit
cell [13] of rubrene. 2 � 2 � 2 k-grids and the Monk-
horst-Pack method for Brillouin zone sampling [32] were
employed for total energy calculations, whereas to obtain
the electronic density of states (DOS) we used larger
6 � 6 � 6 k-meshes and the tetrahedron sampling method
[33].
noccupied (LUMO), and HOMO-1 orbitals of rubrene.

urities in a rubrene molecule. The arrows show the positions of the O atom
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We start with results on substitutional oxygen impuri-
ties in rubrene crystals. We first consider an O impurity
that replaces a H atom in a rubrene molecule and forms
a ketone group with a double bond to the corresponding
C atom. The most stable ketone configurations are shown
in Fig. 2. Other defects with the C@O bond at different C
sites have energies higher by 0.2–0.3 eV. If we assume that
H and O atoms are exchanged with H2 and O2 molecules,
respectively, then the formation of the ketone defect of
Fig. 2b is an exothermic reaction with an energy gain of
0.73 eV.

In Fig. 2, we show the amplitudes of the highest occu-
pied molecular orbitals (HOMO) and the lowest unoccu-
pied molecular orbitals (LUMO) of rubrene molecules
with ketone substitutional groups on their TBB’s. For com-
parison, the HOMO, the HOMO-1, and the LUMO of a de-
fect-free molecule are included in Fig. 1. The figures
clearly show that the defects change the frontier orbitals
considerably. This effect is more pronounced for the HOMO
of Fig. 2b, where a substantial decrease in the weight of the
wavefunction is noticed for the parts of the molecule away
from the impurity.

The plots of frontier orbitals that are included in Fig. 1
and DFT results [34] on the projected density of states of
rubrene demonstrate that the tetracene units have a dom-
inant role in the formation of the valence and conduction
bands of this organic semiconductor. As a result, any orbi-
tal changes similar to the ones depicted in Fig. 2 that dis-
rupt the TBB stacking and the respective intermolecular
electronic coupling are bound to have a considerable effect
on the electronic properties of the crystal. Indeed, in com-
Fig. 3. Effect of ketone impurities on the electronic density of states (DOS) of a ru
molecule of the type of Fig. 2a and c, respectively, per 4 rubrene molecules in the
arrow shows the conduction band minimum (CBM). (For interpretation of the r
version of this article.)
parison to the electronic density of states of defect-free
rubrene, the DOS plots of Fig. 3 for 4-molecule supercells
with isolated ketone groups show that the valence and
conduction bands of the defective crystal split up and
change their relative positions.

An especially important effect is noted for the ketone
configuration of Fig. 2a: a distinct peak appears in the
DOS and its distance of about 0.22 eV to the bands below
is very close to the experimental value [15,16] of 0.25 eV
for O-related carrier traps in rubrene. We should note that,
the well known DFT band gap problem results in the theo-
retical underestimation of the energy separation between
the HOMO and LUMO states, and introduces an uncertainty
about the absolute position of defect levels. An approach
like GW (wherein the electronic self-energy is given by
the Green’s funtion G and the screened interaction W)
can enhance the accuracy of the calculated values, but its
use for large supercells requires excessive computational
power. In fact, though DFT results on impurity energy lev-
els lack in absolute accuracy, they are normally reliable in
predicting the nature of impurity effects and, in particular,
whether defects introduce deep or shallow levels in a
semiconductor band gap.

As noted above, hydrogen is a typical impurity in many
types of systems [22,20]. In its most stable configuration in
rubrene [31] hydrogen is attached to the C atom that links
the TBB to a phenyl group. The interaction of this H-struc-
ture with a ketone-containing molecule can lead to the for-
mation of the hydroxyl group depicted in Fig. 4, an
exothermic process that releases 1.6 eV of energy. The
differences between the HOMO’s and LUMO’s of rubrene
brene crystal. Dark (black) and light (green) lines for one defective rubrene
crystal. The DOS for defect-free rubrene is shown with light impulses. The
eferences to color in this figure legend, the reader is referred to the web



Fig. 4. Chemical structure and amplitude of the HOMO and LUMO for passivated ketone impurities (shown with arrows) in a rubrene molecule (upper part)
and effect on the electronic DOS (lower part). The arrows show the valence band maximum (VBM) and conduction band minimum (CBM) in the lower part.
The DOS for defect-free rubrene is shown with light impulses.
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molecules with substitutional hydroxyl and those of defect-
free rubrene molecules are much less pronounced com-
pared to the case of ketone impurities. As a result, the effect
of OH species on the electronic DOS of a rubrene crystal is
also less pronounced. For example, the passivation of the
ketone of Fig. 2a with a H atom results in a more compact
form for the electronic DOS (Fig. 4) in the range of the va-
lence band and the 0.2 eV peak of Fig. 3 disappears.

In addition to substitutional configurations, oxygen spe-
cies may enter rubrene in interstitial structures, either as
isolated atoms, or in pairs. The most stable configurations
of extra O atoms are epoxy groups, wherein O atoms form
triangles of bonds with two C atoms of the TBB of rubrene.
The structural details of epoxy groups and their effect on
the electronic properties of rubrene have been reported in
Ref. [31]. In Fig. 5, we show a number of other configurations
of a pair of O atoms in rubrene. They include variants of per-
oxy bridges, which have been suggested as likely oxidized
rubrene configurations in previous studies [2,14], and non-
dissociated O2 molecules. All these structures are consider-
ably less stable than the epoxy pairs since their energies are
higher by at least 1.2 eV. We note that following the removal
of one of the two O atoms in the configurations of Fig. 5a–c,
the remaining O impurity relaxes to form bonds with two C
atoms of rubrene, creating thus an isolated epoxy group.
We now turn our attention to the effect of water-related
impurities in rubrene crystals. In Fig. 6a, we show the most
stable configuration for a non-dissociated water molecule
inside rubrene. The molecule physisorbs with a significant
energy gain of 0.38 eV compared to an H2O species in vac-
uum. It gets trapped in the space between two side phenyl
groups of a rubrene molecule, with the two O–H bonds
pointing to two different C atoms. The distances between
the H atoms of water and the two C atoms of the phenyl
moieties are approximately equal to 2 Å. In another physi-
sorbed configuration, which is similar to Fig. 6a and has an
energy gain of 0.30 eV compared to vacuum, only one of
the water O–H bonds points to a phenyl group, while the
other O–H bond is directed to the space between neighbor-
ing molecules. When one of the O–H bonds points to the
end of a TBB and the other to a neighboring molecule the
energy gain for H2O insertion drops to 0.23 eV.

In addition to physisorbed configurations of non-disso-
ciated H2O molecules in a rubrene crystal, we found stable
impurity structures that can be viewed as the result of the
breakup of water species. One such configuration is shown
in Fig. 6b; it comprises a hydroxyl group and a hydrogen
impurity that are both attached on the same rubrene mol-
ecule and the C sites that link the TBB to phenyl groups.
This chemisorbed structure is, in fact, more stable than



Fig. 5. Metastable configurations with oxygen impurities in endoperoxide or molecular configurations in rubrene. The energies of these configurations are
at least 1.2 eV higher in energy than the epoxy pairs discussed in Ref. [31] [C: gray, O: dark gray (red), H: white spheres]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Water-related impurities in a rubrene crystal: (a) a physisorbed water molecule, (b) vicinal OH and H impurities after dissociation of H2O, and (c)
chemical structure of (b). Only the defective molecule is shown for clarity. The energy of (b) is lower than that of (a) by 0.2 eV [C: gray, O: dark gray (red), H:
white spheres]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the physisorbed configurations of the type of Fig. 6a by at
least 0.2 eV of energy.

As might be expected, the physisorption of an H2O mol-
ecule in the configuration of Fig. 6a has a minimal effect on
the electronic DOS of rubrene. The corresponding DOS
curve is depicted in Fig. 7. The dissociation of an H2O spe-
cies, on the other hand, in the structure of Fig. 6b has a
more discernible effect; it splits the valence band in two
parts, and it introduces an isolated peak between this band
and the one below it. Overall, the effect of attaching the OH



Fig. 7. Effect of water-related impurities on the electronic DOS of a rubrene crystal. Dark (black) and light (green) lines for one defective rubrene molecule
of the type of Fig. 6a and b, respectively, per 4 rubrene molecules in the crystal. The arrows show the valence band maximum (VBM) and the conduction
band minimum (CBM). The DOS for defect-free rubrene is shown with light impulses. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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and H species at C sites between a rubrene TBB and the
side phenyl groups is similar to the corresponding change
[31] in the DOS in the case of a configuration with two H
atoms at the same positions.

A water-related impurity that introduces a more pro-
nounced change in the DOS is an isolated hydroxyl group
attached at the OH position of Fig. 6b. As shown in Fig. 8,
the introduction of an OH species on a rubrene molecule
breaks the symmetry of the impurity-free HOMO and
LUMO. For this reason, it can be expected that this defect
gives rise to changes in the DOS away from the bands of
pristine rubrene. This qualitative argument is validated
by the results of Fig. 8 for the DOS of the cell with an OH
impurity, which show that the isolated hydroxyl species
introduces a level that lies deep in energy band gap of rub-
rene, almost at the midgap position.

The attachment of a H atom on the molecule of Fig. 8
leads to the formation of the structure of Fig. 6b and an en-
ergy gain of 1.6 eV. In other words, the dissociation of the
latter H–OH complex to H and OH species in rubrene car-
ries an energy penalty of 1.6 eV. The role of H in the forma-
tion of the H–OH group is similar to its role in the creation
of stable H–H complexes [31] in rubrene. In fact, the simi-
larity extends as well to the effect of H on the electronic
properties of rubrene: whereas isolated H and OH species
introduce states deep in the energy band gap, H–OH com-
plexes and H–H pairs lack such deep levels. Hydrogen has,
therefore, a dual role in creating and annihilating carrier
traps in rubrene.
The incorporation of impurities and, especially, the
formation of levels in their energy band gap is funda-
mentally important in semiconductor physics. For
example, oxygen species have been identified as acceptor
states in rubrene [15] and impurities control the behavior
of pentacene-based transistors under bias stress [35] and
photo-oxidation [36]. Impurities like ketone groups may
be incorporated in a rubrene molecule during synthesis,
while other defects like water species may enter a
rubrene crystal during growth or operation of rubrene-
based devices. In addition, the pronounced effects of
impurities on the shape and position of the valence and
conduction bands of rubrene may provide mechanisms
[31] for effective defect engineering in this prototype or-
ganic semiconductor. Finally, another possible role for
impurities in rubrene that can be explored in the future
relates to mechanisms of selective adsorption and of
nucleation similar to the ones that have been suggested
[37,38] or observed [39] for pentacene growth on
substrates.

In summary, we examined the stability of water and
oxygen-related impurities in rubrene and we showed that
they have pronounced effects on the electronic properties
of the host crystal, including the possibility of formation
or annihilation of carrier traps. It is energetically favorable
for water molecules to enter this system in either physi-
sorbed or chemisorbed configurations, and ketone or hy-
droxyl groups create shallow and deep levels in the
energy band gap of rubrene.



Fig. 8. Top: chemical structure and amplitude of the HOMO and LUMO for a hydroxyl impurity on a rubrene molecule. The arrows show the positions of the
hydroxyl group. Bottom: effect of the OH impurity on the electronic DOS for one defective molecule per 4 rubrene species in a crystal. The dotted arrow
shows the position of an impurity level in the energy band gap of rubrene. The solid arrows show the valence band maximum (VBM) and the conduction
band minimum (CBM).

L. Tsetseris, S.T. Pantelides / Organic Electronics 10 (2009) 333–340 339
Acknowledgements

We acknowledge support by the William A. and Nancy
F. McMinn Endowment at Vanderbilt University, and by
DOE Grant No. DEFG0203ER46096. The calculations were
performed at ORNL’s Center for Computational Sciences.

References

[1] V. Podzorov, V.M. Pudalov, M.E. Gershenson, Appl. Phys. Lett. 82
(2003) 1739.

[2] V. Podzorov, V.M. Pudalov, M.E. Gershenson, Appl. Phys. Lett. 85
(2004) 6039.

[3] V. Podzorov, E. Menard, A. Borissov, V. Kiryukhin, J.A. Rogers, M.E.
Gershenson, Phys. Rev. Lett. 93 (2004) 086602.

[4] C. Goldmann, S. Haas, C. Krellner, K.P. Pernstich, D.J. Gundlach, B.
Batlogg, J. Appl. Phys. 96 (2004) 2080.

[5] V.C. Sundar, J. Zaumseil, V. Podzorov, E. Menard, R.L. Willett, T.
Someya, M.E. Gerzhenson, J.A. Rogers, Science 303 (2004) 1644.

[6] D.A. da Silva Filho, E.G. Kim, J.L. Brédas, Adv. Mater. 17 (2005) 1072.
[7] I.N. Hulea, S. Fratini, H. Xie, C.L. Mulder, N.N. Iossad, G. Rastelli, S.

Ciuchi, A.F. Morpurgo, Nature Mater. 5 (2006) 982.
[8] J. Takeya, M. Yamagishi, Y. Tominari, R. Hirahara, Y. Nakazawa, T.

Nishikawa, T. Kawase, T. Shimoda, S. Ogawa, Appl. Phys. Lett. 90
(2007) 102120.

[9] M. Yamagishi, J. Takeya, Y. Tominari, Y. Nakazawa, T. Kuroda, S.
Ikehata, M. Uno, T. Nishikawa, T. Kawase, Appl. Phys. Lett. 90 (2007)
182117.
[10] M.F. Calhoun, J. Sanchez, D. Olaya, M.E. Gershenson, V. Podzorov,
Nature Mater. 7 (2008) 84.

[11] K.P. Pernstich, B. Rössner, B. Batlogg, Nature Mater. 7 (2008) 321.
[12] B.D. Chapman, A. Checco, R. Pindak, T. Siegrist, C. Kloc, J. Cryst.

Growth 290 (2006) 479.
[13] O.D. Jurchescu, A. Meetsma, T.T. Palstra, Acta Cryst. B 62 (2006) 330.
[14] D. Käfer, G. Witte, Phys. Chem. Chem. Phys. 7 (2005) 2850.
[15] O. Mitrofanov, D.V. Lang, C. Kloc, J.M. Wikberg, T. Siegrist, W.Y. So,

M.A. Sergent, A.P. Ramirez, Phys. Rev. Lett. 97 (2006) 166601.
[16] C. Krellner, S. Haas, C. Goldmann, K.P. Pernstich, D.J. Gundlach, B.

Batlogg, Phys. Rev. B 75 (2007) 245115.
[17] M. Kytka, A. Gerlach, F. Schreiber, J. Kovac, Appl. Phys. Lett. 90 (2007)

131911.
[18] W. So, J.M. Wikberg, D.V. Lang, O. Mitrofanov, C.L. Kloc, T. Siegrist,

A.M. Sergent, A.P. Ramirez, Solid State Commun. 142 (2007) 483.
[19] M. Needels, J.D. Joannopoulos, Y. Baryam, S.T. Pantelides, Phys. Rev. B

43 (1991) 4208.
[20] L. Tsetseris, S.W. Wang, S.T. Pantelides, Appl. Phys. Lett. 88 (2006)

051916.
[21] I.G. Batyrev, B.R. Tuttle, D.M. Fleetwood, R.D. Schrimpf, L. Tsetseris,

S.T. Pantelides, Phys. Rev. Lett. 100 (2008) 105503.
[22] L. Tsetseris, D.M. Fleetwood, R.D. Schrimpf, X.J. Zhou, I.G. Batyrev,

S.T. Pantelides, Microelectr. Eng. 84 (2007) 2344.
[23] Z.T. Zhu, J.T. Mason, R. Dieckmann, G.G. Malliaras, Appl. Phys. Lett.

81 (2002) 4643.
[24] J.E. Northrup, M.L. Chabinyc, Phys. Rev. B 68 (2003) 041202.
[25] C. Goldmann, D.J. Gundlach, B. Batlogg, Appl. Phys. Lett. 88 (2006)

063501.
[26] L. Tsetseris, S.T. Pantelides, Phys. Rev. B 75 (2007) 153202.
[27] K. Diallo, M. Erouel, J. Tardy, E. André, J.L. Garden, Appl. Phys. Lett. 91

(2007) 183508.



340 L. Tsetseris, S.T. Pantelides / Organic Electronics 10 (2009) 333–340
[28] J.P. Perdew, A. Zunger, Phys. Rev. B 23 (1981) 5048.
[29] D. Vanderbilt, Phys. Rev. B 41 (1990) 7892.
[30] G. Kresse, J. Furthmuller, Phys. Rev. B 54 (1996) 11169.
[31] L. Tsetseris, S.T. Pantelides, Phys. Rev. B 78 (2008) 115205.
[32] D.J. Chadi, M.L. Cohen, Phys. Rev. B 8 (1973) 5747.
[33] O. Jepsen, O.K. Andersen, Solid State Commun. 9 (1971) 1763.
[34] L. Tsetseris, S.T. Pantelides, unpublished.
[35] D.V. Lang, X. Chi, T. Siegrist, A.M. Sergent, A.P. Ramirez, Phys. Rev.
Lett. 93 (2004) 086802.

[36] W.L. Kalb, K. Mattenberger, B. Batlogg, Phys. Rev. B 78 (2008) 035334.
[37] L. Tsetseris, S.T. Pantelides, Appl. Phys. Lett. 87 (2005) 233109.
[38] L. Tsetseris, S.T. Pantelides, Mater. Sci. Eng. B 152 (2008) 109.
[39] B.R. Conrad, E. Gormar-Nadal, W.G. Cullen, A. Pimpinelli, T.L.

Einstein, E.D. Williams, Phys. Rev. B 77 (2008) 205328.



Organic Electronics 10 (2009) 341–345
Contents lists available at ScienceDirect

Organic Electronics

journal homepage: www.elsevier .com/locate /orgel
Enhancement of top emission for organic light-emitting diode via
scattering surface plasmons by nano-aggregated outcoupling layer

Ziyao Wang, Zhijian Chen *, Lixin Xiao, Qihuang Gong *

State Key Laboratory for Mesoscopic Physics and Department of Physics, Peking University, 100871, People’s Republic of China
a r t i c l e i n f o

Article history:
Received 13 August 2008
Received in revised form 11 December 2008
Accepted 17 December 2008
Available online 25 December 2008

PACS:
73.20.Mf
85.60.Jb
78.55.Kz

Keywords:
Enhanced top emission
Surface plasmon
Organic light emitting diode
1566-1199/$ - see front matter � 2009 Elsevier B.V
doi:10.1016/j.orgel.2008.12.008

* Corresponding authors. Tel.: +86 10 62754990; f
E-mail addresses: zjchen@pku.edu.cn (Z. Chen),

(Q. Gong).
a b s t r a c t

A stable self nano-aggregated bathocuproine film was fabricated and introduced atop of a
conventional organic light emitting diode for enhancing top emission. It leads to a 2.7–2.1-
fold enhancement on top emission at applied voltage from 4 to 9 V which is much larger
than the 1.5–1.3-fold enhancement for a device overlaid with an amorphous bathocupro-
ine film. The more effective outcoupling of this method probably arises from surface plas-
mon modes being scattered by only the nanostructured surface, and thus without phase
cancellation, at the bathocuproine/air boundary. Moreover, this method nearly preserves
the original electroluminescent spectra and has no damage on electrical properties.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Organic light-emitting diodes (OLEDs), typical struc-
tures of which consists of an anode, organic materials
and a metallic cathode, have been attracting considerable
attention because of their application to flat-panel dis-
plays. One problem that occurs though is that a large frac-
tion of the power generated by excitons within the organic
emissive layer is lost to surface plasmon (SP) modes, which
are surface free electron density oscillations confined to
the metallic electrode/organic layer interface and can not
radiate out due to its larger wave vector than that of a
freely propagating photon. Calculations have shown that
as much as 40% of the light produced in a typical OLED
based on small molecules may be lost via this decay route
[1], and an even more significant SP loss for top electrolu-
. All rights reserved.

ax: +86 10 62756567.
qhgong@pku.edu.cn
minescence (EL) devices [2], that are practical and suitable
for high-resolution active matrix displays; while the emit-
ted light extraction efficiency is limited to be as low as
�20% [3–5]. Therefore, many fabrication methods, such
as the incorporation of appropriate sub-wavelength scale
periodic corrugations fabricated by holographic techniques
[6], solvent assisted micromolding [7] and nanoimprint
lithography [8,9], have been employed to outcouple SP
modes to improve light extraction. For top EL devices in
particular, the recovery of significant SP loss has been
anticipated to be a desirable and powerful way to enhance
light output [10]. In this work, a nano-aggregated batho-
cuproine (BCP) film has been layered in a simple manner
on top of an Ag cathode of a conventional OLED based on
tris-8-hydroxyquinoline aluminum (Alq3) to enhance top
emission. This method avoids currently costly and complex
fabrication processes and more importantly does not dam-
age the electrical properties of the device. Its top emission
intensity increases by a factor of 2.7–2.1 compared with
that of the equivalent device without such a nanostruc-
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mailto:qhgong@pku.edu.cn
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tured layer, while a similar device capped with an amor-
phous BCP layer exhibits 1.5–1.3 times enhancement. The
experimental data emphasize the excellent outcoupling
capability of a nano-aggregated BCP film on a single side
of an Ag cathode, an arrangement ensuring no phase can-
cellation when scattering SP modes. Furthermore, this
method does not modify the original EL spectra because
of nonperiodic BCP nanostructures. All these properties
are desirable for application in OLED displays.

2. Experimental

2.1. Nano-aggregated BCP layer formation

A 50 nm thick Ag film was deposited on a quartz sub-
strate by vacuum evaporation, and then an 80 nm layer
of BCP was deposited on Ag/quartz; meanwhile a sample
of BCP (80 nm)/quartz was fabricated for comparison. The
two samples were kept in vacuum at room temperature
for 24 h, and then a stable self nano-aggregated BCP films
were obtained. The top surface morphography of all the
samples were measured by atomic force microscopy
(AFM), as shown in Fig. 1.

2.2. Photoluminescence (PL) and lifetime measurements

To properly apply a nano-aggregated BCP film to an EL
device, we first need to investigate the formation mecha-
nism of such nanostructures and the SP resonance sup-
ported by these nanostructures. The relevant experiments
are outlined as follows. The PL spectra of amorphous BCP
film on quartz and nano-aggregated BCP films on both
quartz and Ag film were recorded by a Hitachi F2500 fluo-
rescence spectrophotometer in air at room temperature
with �15% relative humidity (RH). The fluorescence decay
dynamics for nano-aggregated BCP films on quartz and on
Ag film were studied at 383 nm (monomer emission) and
492 nm (excimer emission). The samples were excited by
a femtosecond laser and then the fluorescence was re-
corded by a Hamamatsu streak camera system synchro-
nized with laser repetition rate. For the above samples,
intensity decays at 524 nm, viz. the wavelength of PL
enhancement maximum, were investigated by an FL920
fluorometer. All the lifetime data were attained by using
deconvolution methods with exponential functions.

2.3. EL device fabrication and characterization

Such a nano-aggregated BCP film was introduced onto
an EL device with the aim to improve top emission. The
device, composed of glass/180 nm indium tin oxide (ITO)
anode/40 nm 4,4-bis[N-(1-naphthyl)-N-phenylamino]
biphenyl (NPB) hole transport layer/40 nm tris-8-hydroxy-
quinoline aluminum (Alq3) emitting layer/2 nm Ca for
enhancing electron injection/28 nm Ag metallic cathode,
was fabricated by vacuum deposition without thickness
optimization. The active device region was confined to a
12.56 mm2 area by a shadow mask during cathode evapo-
ration. For comparison, half the area of the Ag cathode was
covered by a 30 nm layer of BCP. The top EL properties of
the device were measured immediately after vacuum
evaporation, during which time the fresh BCP film was still
amorphous. And the top EL properties were measured
again after the nano-aggregated structures were formed
in BCP film by preserving in vacuum at room temperature.
The current density–voltage-luminance and spectral char-
acteristics were simultaneously recorded using a program-
mable array 3645A power supply and Photo research
PR650 spectrophotometer. All measurements were carried
out on an unencapsulated device in air with �15% RH at
room temperature.

3. Results and discussion

Fig. 1a shows the amorphous BCP film on a quartz sub-
strate examined immediately after vacuum evaporation
revealing a surface roughness of 1.2 nm. Surface roughness
of 9.9, 9.6 and 0.6 nm are found, respectively, for nano-
aggregated BCP film on quartz (Fig. 1b), for nano-aggre-
gated BCP film on Ag film (Fig. 1d), and for Ag film on
quartz (Fig. 1c). Nano-aggregated BCP films on quartz
and on Ag film exhibit similar topography. As shown in
Fig. 2, compared with the emission spectrum of an amor-
phous BCP film on quartz, which displays only the mono-
mer band (�383 nm), the spectral profile of a nano-
aggregated BCP film on quartz, exhibits a slight decrease
in monomer emission with a concomitant emergence of
an emission band (�492 nm). This emission (�492 nm)
substantially increases in the PL spectrum of a nano-aggre-
gated BCP film on Ag film. In general, many aromatic
hydrocarbons are subject to excimer formation, a diffu-
sion-controlled process; the corresponding fluorescence
band has red shift relative to that of the monomer and does
not show vibronic bands [11]. These features can be ob-
served in the PL spectra of nano-aggregated BCP films,
indicating that BCP molecules, which themselves contain
aromatic groups, have probably formed excimers. To fur-
ther verify the existence of these excimers, the fluores-
cence decay dynamics for nano-aggregated BCP films on
quartz and on Ag film were analyzed. As shown in Fig. 3,
the intensity decay at 492 nm exhibits rise-times of 186
and 167 ps for nano-aggregated BCP films on quartz and
on Ag film, respectively, with negative exponential prefac-
tors. These values are close to the lifetimes of 251 and
236 ps for nano-aggregated BCP films on quartz and on
Ag film, respectively, associated with the fast monomer de-
cay at 383 nm. Because fast monomer decay lifetimes cor-
respond to rise-times indicative of excimer formation [12],
the emission band (�492 nm) occurring in the PL spectra
of nano-aggregated BCP films on both quartz and Ag film
should originate from excimers. Based on the AFM results
and excimer presence reflecting molecular diffusion, we
can deduce the formation mechanism of this nano-aggre-
gated BCP film as follows [13]. The vacuum evaporation
produces a film in non-equilibrium, and thus molecules
diffuse and agglomerate to minimize the total surface en-
ergy. Finally, the original film arrives at an equilibrium
state, i.e., forming a stable nanostructured film.

To ascertain the range of wavelengths of the SP reso-
nance supported by the nano-aggregated BCP film, the



Fig. 2. PL spectra of a: amorphous BCP film on quartz, b: nano-aggregated
BCP film on quartz and c: nano-aggregated BCP film on Ag film. The
chemical structure of BCP is shown in the inset.

Fig. 3. PL decay dynamics of the nano-aggregated BCP film on quartz (a)
and on Ag film (b). The emission was recorded at 383 and 492 nm and the
excitation wavelength was 300 nm. IRF is the instrumental response
function.

Fig. 1. AFM morphological images (3 lm � 3 lm) and depth profiles (along solid line) for (a) amorphous BCP film on quartz; (b) nano-aggregated BCP film
on quartz; (c) Ag film on quartz; (d) nano-aggregated BCP film on Ag film. The pair of arrows in (a), (b), (c) and (d) indicate vertical distances are 1.8, 39.4,
2.1 and 31.2 nm, respectively.
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experimental PL enhancement ratio of nano-aggregated
BCP film on Ag film to that on quartz as a function of wave-
length was obtained, as shown in the inset of Fig. 4 (curve



Fig. 4. PL decay dynamics of nano-aggregated BCP films on quartz and on
Ag film. The excitation wavelength was 300 nm, and the emission was
recorded at 524 nm. IRF is the instrumental response function. Curves in
the inset show (A) the experimental PL enhancement ratio of nano-
aggregated BCP film on Ag film to that on quartz; (B) the calculated PL
enhancement ratio caused by reflection and interference; (C) the PL
enhancement ratio of the data in (A) to that in (B) as a function of
wavelength.

Fig. 5. Current density–voltage characteristics of the device for the first
measurement, viz. before BCP aggregation (open triangle D), and for the
second measurement, viz. after BCP aggregation (inverse open triangle
r). Top emission luminescence-voltage characteristics for both measure-
ments, and the corresponding EL spectra at 8.4 V (shown in the inset). For
the first measurement: top emission from amorphous BCP film (solid
square j) and from Ag cathode (open square h); for the second
measurement: top emission from nano-aggregated BCP film (solid circle
d) and from Ag cathode (open circle s).

Fig. 6. Top EL enhancement for ITO/NPB/Alq3/Ca/Ag/with amorphous
(square) and nano-aggregated (circle) BCP film compared with ITO/NPB/
Alq3/Ca/Ag as a function of voltage. The inset shows a schematic drawing
of the EL device as well as a photo of top emission from bare Ag cathode
and from nano-aggregated BCP film for the second measurement.
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A). The PL intensity increases over a broad range of green
emission wavelengths and the PL enhancement ratio
reaches a maximum (�6.5 times) at 524 nm. We also cal-
culated the PL enhancement ratio resulting from the reflec-
tion and interference of exciting light, as well as that of
fluorescence, arising from the presence of Ag film, as
shown in the inset of Fig. 4 (curve B). Those small values
(�2 times) can not explain the larger experimental
enhancement, which indicates the existence of another
PL enhancement mechanism. Meanwhile, the intensity de-
cays at 524 nm in Fig. 4 show both a reduced mean time
(smean = 5.3 ns) and an amplitude-weighted lifetime
(<s> = 3.8 ns) for a nano-aggregated BCP film on Ag film
as compared with a quartz control sample (smean = 14.6 ns,
<s> = 7.0 ns). The increased fluorescence, accompanied by
the decreased lifetime in the presence of flat Ag film over-
laid with a nanostructured layer, can be attributed to the
resonant coupling of spontaneous emission into SPs, which
can compete with nonradiative decays and can be scat-
tered out to the far field by nanostructures, thus enhancing
the output of light [14–18].

Accordingly, we introduced such a nano-aggregated
BCP film onto a typical OLED based on the green emitter,
Alq3, to improve top emission. As shown in Fig. 5, the
curves of current density–voltage and top emission lumi-
nance-voltage from the bare Ag cathode for the device,
both before and after BCP aggregation, are nearly identical
for both measurements, indicating almost no degradation
of electrical properties occurring. The inset of Fig. 5 depicts
the EL spectrum at 8.4 V for both measurements. The top
emission spectral shape from the nano-aggregated BCP
film, the amorphous BCP film and the bare Ag cathode
are almost the same. This result can be expected from non-
periodic nanostructures and is favorable for OLEDs
applications.

A previous report has demonstrated that a capping
layer can enhance the light output in top-emitting OLEDs
due to the reduction of an Ag cathode reflection [19]. As
shown in Fig. 6, a similar phenomenon is observed in that
the top EL intensity from the amorphous BCP film increases
by a factor of 1.5–1.3 compared with that from the bare Ag
cathode, while the top EL intensity from the nano-aggre-
gated BCP film exhibits a 2.7–2.1-fold enhancement over
applied voltage range of 4–9 V. To compare outcoupling
capabilities, the outcoupling enhancement factor g is de-
fined as: g ¼ ðEnanostructured�EamorphousÞ

Eamorphous
� 100%, where Enanostructured

and Eamorphous are top EL enhancements from nano-
aggregated and amorphous BCP films, respectively. The
calculated outcoupling enhancement factors demonstrate
that the outcoupling capability of the nano-aggregated
BCP film is �60% higher than that of the amorphous film.
Because the absorption band of the nano-aggregated BCP
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film does not overlap the EL emission band of Alq3, there is
no PL from the overlaid nanostructured BCP layer to
contribute to an enhanced light output. The improvement
of the top emission from the nano-aggregated BCP film
may be attributed to two factors [10,20,21]. First, the Ag
cathode is thin enough to allow the fields of the SP modes
associated with each metal interface to overlap. Organic
materials with similar refractive indices on both sides of
the Ag cathode enable those SP modes to interact due to
wave vector matching of each SP mode, thus allowing the
energy to transfer across the metal. Second, a pathway
opens to recover energy in the SP modes as free light. In
symmetric nanostructures used in previous studies, SP
modes may be scattered by either metal surfaces of the
cathode and light mediated via these two routes are out
of phase [22], decreasing the strength of emission. In this
work, the single nanostructured surface on one side of
the Ag cathode ensures the absence of phase cancellation,
thus supporting the more effective scattering of SP modes
into free radiation. In general, the recovery of the trapped
energy from the SPs relies on suitable surface corrugation.
It has been reported that a surface depth modulation of
approximately 30–40 nm can efficiently scatter SPs as light
[23], and even the surface roughness on the order of 7–
10 nm can scatter SPs [24]. Therefore, we believe that the
nano-aggregated BCP film with a depth modulation of
about 30–40 nm can offer similar recovery.
4. Conclusion

Nano-aggregated BCP film, which is easily obtained, has
been incorporated into a typical OLED based on Alq3 and
has been found to increase top emission by a factor of
2.7–2.1, compared with a typical OLED overlaid with amor-
phous BCP film, which exhibited only an enhancement of
1.5–1.3 times in top emission. Thus the outcoupling capa-
bility of the nano-aggregated BCP film is �60% higher than
that of the amorphous film. Moreover, this non-periodic
nanostructured layer has proved beneficial in preserving
the EL spectrum of the light emitting device, and its intro-
duction won’t have damage on current injection. All these
properties are favorable in OLED applications.
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a b s t r a c t

Polar polymers (polyfluorene copolymers, PFN–PBT) with different polarities are utilized to
modify the surface of tantalum pentoxide (Ta2O5) insulator in n-channel organic thin-film
transistors (OTFTs). A high mobility of 0.55 cm2/Vs, high on/off current ratio of 1.7 � 105,
and low threshold voltage of 2.8 V are attained for the OTFT with the modification poly-
mers, the performances of which are much better than those of OTFT with only Ta2O5 insu-
lator. The performances of the OTFT with only Ta2O5 insulator are only 0.006 cm2/Vs in
mobility, 5 � 103 in on/off ratio, and 12.5 V in threshold voltage. Furthermore, it is found
that the threshold voltage of the OTFTs with PFN–PBT modification layer is easily tuned
by polarities of the polymers. Further studies show that self-assembly dipole moments
in the polymers play an important role in the improvement of the OTFT performances.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction fore, to reduce the operating voltage or threshold voltage
In recent years, organic thin-film transistors (OTFTs)
have received more and more attention due to their poten-
tial applications in low-cost and flexible electronics such as
organic light-emitting diodes (OLEDs) and organic comple-
mentary circuits [1,2]. The performances of p-channel (hole
transporting) OTFTs based on pentacene can be comparable
to those of amorphous silicon transistors [3]. However, the
performances of n-channel (electron transporting) OTFTs
are not as good as those of p-channel OTFTs. So to improve
n-channel OTFTs performances is urgent for many applica-
tions, such as in complementary circuit.

To date, most of n-channel OTFTs are based on low
dielectric-constant materials (e.g., SiO2 [4,5] or insulating
polymers [6,7]) as the gate insulators, which may lead to
high operating voltage or high threshold voltage. There-
. All rights reserved.
is an important issue in investigation of OTFTs. Tantalum
pentoxide (Ta2O5) is one of the most promising materials
for gate insulators due to its high dielectric-constant
(er = 20–35) [8–12] which would result in low operating
voltage or low threshold voltage in OTFTs. However, the
Ta2O5 insulator has the problem of seriously trapping elec-
trons at the interface between Ta2O5 and n-type active
semiconductors [13], which may cause low electron mobil-
ity and poor electrical stabilities in n-channel OTFTs.

In this work, we use polar polymers to modify the sur-
face of Ta2O5 insulators, and achieve great improved per-
formances in n-channel OTFTs.
2. Experimental

The polar polymers used as the modification layers are
based on Poly[(9,9-bis(30-((N,N-dimethyl)-N-ethylammo-
nium)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)]

mailto:psjbpeng@scut.edu.cn
http://www.sciencedirect.com/science/journal/15661199
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(PFN, Fig. 1a), which is widely utilized in polymer light-
emitting diodes to improve electron injection from the
cathode into emission polymers due to its strong molecule
polarity [14,15]. Here, polar PFN and its copolymers
(Fig. 1b) are firstly used to fabricate OTFTs.

The copolymers (PFN–PBT) (Fig. 1b) were synthesized
in our lab from monomers of 2,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (1), 2,7-
dibromo-9,9-bis(30-(N,N-dimethylamino)propyl)fluorene
(2), and 4,7-bis(5-bromo-N-methylpyrrol-2-yl)-2,1,3-ben-
zothiadiazole (3), processed by using Pd-catalyzed Suzuki
coupling methods. The co-monomer feed ratios of 3 to
1 + 2 are 1:99 and 5:95 and the corresponding polymers
are named PFN–PBT1 and PFN–PBT5, respectively. Higher
feed ratio copolymers are poor soluble in methyl alcohol
solvent. The active material is N,N0-didodecyl-3,4,9,10-per-
ylene tetracarboxylic diimides (PTCDI, Fig. 1c), a typical n-
type semiconductor [16].

The schematic structure of the OTFTs with top contact
configuration is shown in Fig. 1d. A 600 nm thick tantalum
(Ta) film was deposited on a cleaned glass substrate by a
DC magnetron sputtering. The Ta2O5 insulator was pre-
pared by anodizing Ta. The anodizing process was per-
formed as follows: the glass substrate with a Ta layer
was immersed in a 0.01 wt.% citric acid solution. Ta acts
as the anode of the circuit and platinum electrode is the
cathode. A constant current density of 0.2 mA/cm2 was
established at the beginning with increasing the voltage
up to about 100 V. The current would experience an expo-
nential decay process when the voltage keeps constant
(100 V) during anodizing [8], and then Ta2O5 film with
200 nm thick was formed. The polymers of PFN, PFN–
PBT1, and PFN–PBT5 were dissolved in methyl alcohol at
the concentration of 5 mg/ml (a small amount of acetic
acid was added in the methyl alcohol to improve the solu-
bility). Then the solution was deposited, respectively, onto
the Ta2O5 film by spin-coating to form a 40 nm-thick poly-
mer film. The polymer films were naturally dried in N2

atmosphere overnight at room temperature. PTCDI was
thermally evaporated onto the polymer films with a thick-
ness of 50 nm. The initial deposition rate was controlled
between 0.01 and 0.05 nm/s to form a 10 nm thick film.
Then the rate was increased to about 0.2 nm/s for another
40 nm, because the first 10 nm-thick PTCDI is a key issue in
optimizing performances of OTFTs. Finally the Al source
and drain electrodes with 80 nm thick were thermally
deposited through a shadow mask onto the PTCDI film.
The transistor channel length and width were 0.1 and
10 mm, respectively. The OTFT characterization was per-
formed in N2 atmosphere by using a probe station and a
semiconductor parameter analyzer (Agilent 4155C). The
capacitance–voltage (C–V) measurements were carried
out by using a HP4192A impedance analyzer.
3. Results and discussion

3.1. Device characteristics for PTCDI OTFTs

Leakage current density vs. gate voltage (VG) is shown in
Fig. 2. Clearly, the current density is remarkably reduced to
10�10 A/cm2 order in minimum for the device structure
with PFN or its copolymers. It is noted that the VG values
corresponding to the lowest leakage current density are
not at zero but at a positive values in VG range (VG > 0)
for the structure with PFN and its copolymers, which sug-
gests the existence of an internal electric field induced by
PFN or its copolymers, which will be discussed below.

Fig. 3a–d show the output characteristics (ID vs. VD) ob-
tained from OTFTs based on Ta2O5, Ta2O5/PFN, Ta2O5/PFN–
PBT1, and Ta2O5/PFN–PBT5 insulators, respectively. All
types of the transistors show n-channel behavior with
operating voltages lower than 16 V. In the transistor fabri-
cated by using Ta2O5 only, the drain current (ID) remarkably
decreases in higher drain voltages (VD), indicating that the
electron carriers are trapped seriously at the PTCDI/Ta2O5

interface or in bulk of Ta2O5 layer. Fortunately, in the tran-
sistors fabricated by using Ta2O5/PFN, Ta2O5/PFN–PBT1,
and Ta2O5/PFN–PBT5, the output characteristics demon-
strate typically saturated behavior, and the saturated ID

reaches as high as 114 lA when the gate voltage (VG) is
biased at 16 V for the OTFT based on Ta2O5/PFN insulator.
Similarly, saturated current ID is about 45 and 39 lA at
VG = 16 V for OTFTs based on Ta2O5/PFN–PBT1 and Ta2O5/
PFN–PBT5 insulators, respectively. This implies that the
electron transport properties are greatly improved when
using a PFN, or PFN–PBT1, or PFN–PBT5 modification layer.

Fig. 4 shows ID vs. VG, and corresponding |ID|1/2 vs. VG for
the OTFTs with Ta2O5, Ta2O5/PFN, Ta2O5/PFN–PBT1, and
Ta2O5/PFN–PBT5 insulators, respectively. Clearly, the on/
off ratio reaches as high as 1.7 � 105 for the device with
Ta2O5/PFN insulator while it is only 5 � 103 for the one
based on Ta2O5 only. It should be noted, the subthreshold
swing (SS) tends to increase in the transistors with the
modification layer from PFN to PFN–PBT1 to PFN–PBT5,
which is different from the case of the transistors with
modified surface of SiO2 insulators [17]. It indicates fewer
traps at the interface of PFN/PTCDI, or PFN–PBT1/PTCDI, or
PFN–PBT5/PTCDI than those at the interface of Ta2O5/
PTCDI. The detailed information for SS and on/off ratios is
listed in Table 1.

The threshold voltages (VT) as illustrated in Fig. 4b for
the transistors with Ta2O5, Ta2O5/PFN, Ta2O5/PFN–PBT1,
and Ta2O5/PFN–PBT5 insulators are 12.5, 2.8, 4.8, and 6 V,
respectively. Clearly, the VT decreases when Ta2O5 insula-
tor is modified by PFN or its copolymers, and tuned by
PBT contents in PFN–PBT copolymers. We ascribe the VT

changes to dipole moments formed at the interface of
PFN/PTCDI or PFN–PBT/PTCDI, as discussed below.

The electron mobility (l) in the saturated current re-
gime is calculated as follows:

ID ¼
WlCi

2L
ðVG � VTÞ2 ð1Þ

where L is the channel length, W the channel width, and Ci

the capacitance per unit area of the dielectrics. The capac-
itances are 51.3 nF/cm2 for Ta2O5, 43.1 nF/cm2 for Ta2O5/
PFN, 44.3 nF/cm2 for Ta2O5/PFN–PBT1, 43.8 nF/cm2 for
Ta2O5/PFN–PBT5 dielectric layers, respectively, measured
by an impedance instrument. The electron mobility of
the OTFTs fabricated on Ta2O5/PFN reaches as high as
0.55 cm2/Vs which is almost 100 times large compared to
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that of the transistor with Ta2O5 insulator (0.006 cm2/Vs).
This value is higher than that reported before [16], and
can be comparable to those of many p-channel OTFTs
[17]. Table 1 summarizes the data of l and VT, suggesting
that the PFN or PFN–PBT modification layer can greatly im-
prove the performances of the n-channel OTFTs. Mean-
while, during comparing the mobilities of the OTFTs with
PFN, PFN–PBT1, and PFN–PBT5 modification layers, we find
that the PBT monomer seems disadvantageous for the n-
channel OTFT performances (Table 1), probably it is due
to the non-polarity of PBT monomers.

3.2. Interface structure between insulator and PTCDI

We now discuss the reasons for VT changes with differ-
ent polymer modification layers. We believe that the
changes attribute to the different polarities of PFN, PFN–
PBT1, and PFN–PBT5. In order to conform the speculation,
we measure the water-contact angle of Ta2O5, PFN, PFN–
PBT1, and PFN–PBT5 surfaces, respectively, as shown in Ta-
ble 1. We can see that PFN has the smallest water-contact
angle and the angles increase with increasing PBT contents,
suggesting that PFN has the strongest polarity and the
polarity is reduced as the PBT content increases. Further-
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more, we speculate that the polar PFN or PFN–PBT may
form self-assembly electric dipolar layer between PFN or
PFN–PBT and PTCDI because of PFN and its copolymers
containing the amino polar groups, similar case has been
discussed by Wu in light-emitting diodes [14]. The specu-
lation can be confirmed via measuring small angle X-ray
diffraction (XRD). Fig. 5 displays the results of the samples
of PTCDI deposited on Ta2O5, PFN, PFN–PBT1, and PFN–
PBT5, respectively. No diffraction peaks are observed in
Ta2O5/PTCDI structure. As for PFN /PTCDI structure, a peak
located at 2h = 2.58� is observed, indicating the existence of
an ordered structure with a spacing of �34.2 Å, which is
consistent with that reported in Ref. [13]. Similarly, a peak
located at 2h = 3.48� (corresponding to a spacing of
�25.4 Å) for the PFN–PBT1/PTCDI structure, and a peak at
2h = 3.80� (corresponding to a spacing of �23.2 Å) for the
PFN–PBT5/PTCDI structure appear, showing decreased
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both the spacing in the ordered layer and the diffraction
intensities with increasing the PBT contents. It means that
the dipoles are less ordered when the PBT contents in-
crease, which would weaken the self-assemble electric di-
pole field. The changes of the intensity of the self-assemble
electric dipole field will cause the VT changes. The situation
is quite similar to the statement of Campbell et al. [18].
They found that the dipole moment strength depends on
the functional group of the investigated molecule. When
such molecules form a self-assemble layer, the molecular
dipoles will give rise to a net polarization to influence on
the surface potential [19]. So, when PFN or PFN–PBT
copolymers to modify non-polar Ta2O5 insulator, the di-
pole field in the PFN or PFN–PBT copolymers would pro-
vide a surface potential which produces a similar effect
as applying a (positive) gate voltage (Fig. 6). It means that
a lower gate bias is high enough to turn on the OTFTs, i.e.,
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Table 1
Summarized properties of the transistors with various surface modification
polymers.

Insulators VT (V) SS
(V/dec)

l
(cm2/Vs)

On/off
ratio

Ha

(deg)

Ta2O5 12.5 1.2 0.006 5 � 103 90.6
Ta2O5/PFN 2.8 0.6 0.55 1.7 � 105 29.0
Ta2O5/PFN–PBT1 4.8 0.7 0.30 7.5 � 104 38.4
Ta2O5/PFN–PBT5 6.0 0.9 0.26 6 � 104 52.0

a H is the contact angle of water on different substrates.
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the VT is lowered. The discussion coincides with the ten-
dency of VT changes (Table 1).

3.3. Traps at the interface

The traps at the insulator/semiconductor interface
could strongly affect the performances of the OTFTs. As
known, Ta2O5 insulator can seriously trap electrons [13].
Therefore, to reduce the interface-traps is an important is-
sue in fabricating n-channel OTFTs based on Ta2O5 insula-
tors. Fortunately, the interface-trap densities could be
reduced greatly by modifying Ta2O5 surface with PFN or
PFN–PBT copolymer layer, and the electron mobility would
be enhanced.

In order to investigate the trap densities at the inter-
faces of Ta2O5/PTCDI and polymer/PTCDI, capacitance–
voltage (C–V) measurement on Ta/Ta2O5/PTCDI/Al and Ta/
Ta2O5/polymer/PTCDI/Al structures has been carried out.
The frequency and the amplitude for the AC component
of the bias to the Ta electrode were 100 kHz and 50 mV,
respectively. The DC component was swept between �16
and +16 V. The hysteresis swept forward and reverse re-
flects the trap density at the insulator/PTCDI interface or
in the bulk of insulators.

Fig. 7 shows the C–V characteristics. The shifts of the
flat-band voltages (DV) are 8.2, 1.4, 1.9, and 3.3 V for
Ta2O5/PTCDI, PFN/PTCDI, PFN–PBT1/PTCDI, and PFN–
PBT5/PTCDI interface, respectively. Assuming that DV orig-
inated from trapped electrons at the insulator/PTCDI inter-
face, the density of interface-traps (N) can be estimated by
the following equation [17,20]:
N � CiDV=q ð2Þ

where Ci is the capacitance per area of the insulator and q
is the elementary charge. Using this formula, we are able to
estimate the trap density to be 3 � 1012 cm�2 for Ta2O5/
PTCDI, 5 � 1011 cm�2 for PFN/PTCDI, 7 � 1011 cm�2 for
PFN–PBT1/PTCDI, and 1 � 1012 cm�2 for PFN–PBT5/PTCDI
interfaces. As seen, the trap density is the smallest for
the PFN/PTCDI interface. According to the data, we may
conclude that the stronger polarity of the polymer modifi-
cation layers will lead to fewer traps at the interface and
higher electron mobility for the n-channel PTCDI OTFTs.

3.4. Gate bias stress effects

One of the obstacles for a commercialization of OTFTs is
gate bias stress effects. The effects are often investigated
by applying a fixed gate voltage for an extended time, fol-
lowed by a measurement of the shift of the transfer char-
acteristic [21].

Fig. 8 shows the VT shift due to the gate bias stress. Dur-
ing the measurement, the gate bias was stressed at 16 V at
the interval between every two sweeps, and the transfer
curves were recorded at a drain bias of 16 V with the gate
bias sweeping from �8 to 16 V. Five transfer curves were
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recorded with interval time of 60 s. Clearly, very little VT

shift occurs in the OTFTs with PFN or PFN–PBT modifica-
tion layer during the gate bias stress, while the OTFT with-
out PFN or PFN–PBT layer displays large shift. The result is
consistent with the hysteresis (DV) in C–V measurements.
It should be noted that the effects of H2O and O2 on the
electrical instability can be neglected, because all of the
measurements were carried out in a dry nitrogen atmo-
sphere. Thus, the improvement in the electrical stability
is most probably due to the reduction of the interface-trap
density.

4. Conclusion

We fabricated n-channel PTCDI OTFTs using Ta2O5 as
the insulator. The performances of OTFTs are significantly
improved by using polar PFN and PFN–PBT polymers to
modify the surface of Ta2O5. The electron mobilities of
the OTFTs with PFN modification layer are increased by al-
most two orders (0.55 cm2/Vs) compared to that of the
transistor with only Ta2O5 insulator (0.006 cm2/Vs). The
drain current is as high as 114 lA. The reason for the
improvement was discussed to be ascribed to the forma-
tion of self-assembly dipole moments in the polymers.
The polarity of PFN–PBT can strongly influence on the per-
formances of OTFTs. Strong polarity of the polymers can
decrease both electron-trap density at the interface of
insulator/ PTCDI and the gate bias stress effect, and finally
increase electron mobilities of OTFTs. The threshold volt-
ages of the OTFTs decrease with increasing the polarity of
PFN–PBT, the stronger the polarity of the polymer is, the
lower the threshold voltages of the OTFT are. We believe
that it is an available way to improve the n-channel OTFT
performances by using polar polymers to modify Ta2O5

insulator surface.
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We demonstrate organic photovoltaic (PV) and ultraviolet (UV) photodetector devices
using 1,3,5-tris(3-methylphenyl-phenylamino)-triphenyamine and 1,3,5-tris(N-phenyl-
benzimidazol-2-yl)-benzene to function as the donor (D) and the acceptor (A), respectively.
Two types of structural devices, a planar heterojunction of layer-by-layer and a bulk het-
erojunction with a D/A blend layer are fabricated, respectively. Under UV-365 irradiation,
the PHJ device offers a power conversion efficiency of �10%, while the BHJ device behaves
with a responsivity of 135 mA/W at �4 V bias. The BHJ device can also obtain a high exci-
plex electroluminescence (EL). The dependencies of PV and EL performances on exciplex
formation were also discussed.

� 2008 Elsevier B.V. All rights reserved.
Ultraviolet (UV) sensitive photovoltaic (PV) diodes can cribed to simpler fabrication processes, lighter weight

be used for environment monitoring, combustion flames,
UV curing monitors, developing areas, and so on [1–7].
Moreover, the devices, especially the visible–blind (VB) de-
vice, also has potential applications in solar astronomy,
missile plume detection, space-to-space transmission,
and sterilization monitors. The wide-band-gap inorganic
photodetectors based III-nitrides [2], SiC [3] and II–VI
materials [4] are constructed on expensive substrates such
as sapphire [5] or SiC [3], and the associated fabrication
techniques are troublesome and costly. Differing from
inorganic systems, organic UV photodetectors have under-
gone rapid development in recent years, which can be as-
. All rights reserved.

Li), beichu@163.com
and lower costs [6,7]. However, organic UV photodetectors
still exhibit lower responsivity, such as a peak responsivity
of 30 mA/W [6]. Organic PV performances rely intensively
on electrical properties including energy levels and the car-
rier mobility of the donor (D) and acceptor (A) materials
and the diode structure. For this reason, we will select a
new material system in which the D material has a low
ionization potential (IP) and the A material presents a
higher electron affinity (EA) and electron-mobility. 1,3,
5-tris(3-methylphenyl-phenylamino)-triphenyamine (m-
MTDATA) is a well- known effective D materiel due to its
lower IP (5.1 eV) and high hole mobility of 3� 10�5 cm2/Vs
[8]. It has also been studied on various exciplex-type de-
vices [9–11]. However, the efficiency of m-MTDATA based
PV devices shows lower performance which may be due to
the unmatched energy alignment between m-MTDATA and

mailto:wllioel@yahoo.com.cn
mailto:beichu@163.com 
http://www.sciencedirect.com/science/journal/15661199
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bathocuproine (BCP) [11]. Compared with BCP as an accep-
tor, 1,3,5-tris(N-phenyl-benzimidazol-2-yl) benzene (TPBi)
presents a higher electron mobility (EM) over BCP and tris-
(8-hydroxy-quinoline) aluminum (Alq3) [12]. Its electron
mobility increases three times than that of BCP when the
applied electrical field increased only two times, which
lead to a decisive PV performance. TPBi is generally used
as the exciton blocking and electronic transporting mate-
rial to substitute BCP/Alq3 layers in the field of OLED fabri-
cations. In this Letter, a new PV diode was constructed
where m-MTDATA and TPBi serve as D and A, respectively,
and BCP was also employed as the exciton blocking layer
(EBL).

All devices were fabricated on cleaned glass substrates
pre-coated with conducting indium–tin–oxide (ITO) anode
with a sheet resistance of 25 X/sq, and the substrates were
treated by UV ozone in a chamber for 15 min after solvent
cleaning. The organic films were thermally evaporated in
high vacuum (<10�6 Torr) using previously calibrated
quartz crystal monitors to determine the deposition rate
and the film thickness. The organic layers were deposited
at a rate of 2 Å/s. The evaporating rate of LiF and Al cathode
were controlled to be 0.5 Å/s and 10 Å/s with the thickness
of 10 Å and 2000 Å, respectively. A 365 nm UV light with a
Fig. 1. Materials and schematic energy-level diagram of the PHJ device used in th
lowest unoccupied molecular orbital (LUMO) level which were cited from litera
power of 0.426 mW/cm2 was employed to illuminate both
types of diodes at zero bias and various reverse biases.

Fig. 1 shows the chemical structures of the used
materials and the schematic energy level diagram of the
PHJ device. The function of three layers has been expati-
ated in the preamble. About 10 Å LiF was used as the
complex cathode with Al to further increase the perfor-
mance [13,14]. To compare the performance of the diodes,
two types of devices were constructed. One is device-A
with a structure of ITO/m-MTDATA(350 Å)/TPBi(500 Å)/
BCP(120 Å)/LiF(10 Å)/Al. The other is device-B with a struc-
ture of ITO/m-MTDATA(300 Å)/m-MTDATA:TPBi (1:1,
100 Å)/TPBi(450 Å)/BCP(120 Å)/LiF(10 Å)/Al, which were
called the planar heterojunction (PHJ) and bulk-hetero-
junction (BHJ) devices hereafter, respectively.

Fig. 2a shows I–V characteristics of the PHJ and BHJ de-
vices. According to the figure, the open-circuit voltage
(VOC), short-circuit current density (JSC), and fill factor
(FF) for PHJ and BHJ devices were 2.26 and 2.22 V, 46.1
and 46.7 lA/cm2, 37.5% and 31.3%, yielding a power con-
version efficiency (gp) of 9.15% and 7.63%, respectively.
Compared with previous reports [15], the gp of 9.15% is
highest found until now. The above data depicts that
gp is higher for PHJ than for BHJ structure devices. It is
is work with the highest occupied molecular orbital (HOMO) level and the
tures (see Ref. [20,21]).



Fig. 2. (a) I–V characteristics of the PHJ device (filled block) and BHJ
device (filled triangle) under irradiation at 365 nm at an incident light
density of 0.426 mW/cm2. (b) Normalized absorption and PL spectra of
neat m-MTDATA, TPBi and BCP neat films on quartz substrates. The insert
shows the same photocurrent spectral response of PHJ and BHJ-devices.

Fig. 3. (a) Dark-corrected photocurrent response as a function of different
reverse biases for the different structure detector devices. (b) Dependence
of photocurrent response on the 365 UV irradiation intensity at zero bias.
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interesting that this result is very different from the previ-
ous relationship in which the blend-device (BHJ) generally
provides a higher PV property than that of a bilayer (PHJ)
device reported in Yang’s work [16]. The discrepancy in
the phenomena of PV efficiency can be understood as fol-
lows. First of all, BHJ devices can provide a large interface
area where photoinduced charge transfer by excitons into
separated electrons and holes can efficiently occur. In this
case, excitons are always generated within a diffusion
length (�3–10 nm) of a donor–acceptor interface, poten-
tially leading to higher cell efficiency than a planar hetero-
junction. Secondly, m-MTDATA is an amorphous film. It
possesses a denser film structure and finer surface mor-
phology than CuPc microcrystalline [17]. Because the
charge mobility is higher in crystalline than in amorphous
materials, the existence of crystalline structures is impor-
tant for ensuring a low cell series resistance [16]. Thirdly,
the mean distance between neighboring molecules of the
same species in the mixed layer is larger than that in their
respective homogeneous layers. The hopping mobilities
are expected to decrease upon intermixing on the molecu-
lar scale. Both the second and third reasons lead to a larger
internal series resistance in our BHJ device, which result in
a lower FF, i.e., the FF is lower for the BHJ-device (0.313)
than for the PHJ-device (0.375), consequently a lower gp

for the BHJ-device. In other words, the introduction of
the blend layer produces a pair of contradictory processes
and results in a trade-off in which the highest gp can be ob-
tained. However, when the thickness of blend layer de-
creases from 20 to 2 nm, the gp increases linearly and the
maximum photocurrent is highest only at 10 nm. This sug-
gested that the method of mixing D:A could be unfit for our
system, and the causes will be illuminated at the latter of
part of this paper.

Fig. 2b shows the normalized absorption and photolu-
minescence (PL) spectra of neat m-MTDATA, TPBi and
BCP neat films on quartz substrates as well as the photo-
current spectral response of the PHJ-device. In the insert
of Fig. 2b, it shows that both types of devices offer the same
photocurrent spectral responses which mainly correspond
with the absorption of m-MTDATA film. It proved that
most of the excitons were generated in the m-MTDATA
layer. An absorption peak of TPBi is located at 315 nm, at
which the photons can be completely absorbed by ITO
glass, leading to a smaller contribution of spectral response
in TPBi layer. The spectral response is located at the band
from 300 to 400 nm, which is just at the VB UV spectral po-
sition. We also found that these two types of diodes have a
higher photoelectric detector effect under the irradiation of
365 nm UV light.

Fig. 3a depicts the dark-corrected photocurrent re-
sponse as a function of the different reverse bias for the
two types of devices. It is clearly shown that generation
rate of the free carrier is prominently enhanced with the
increase of the reverse bias voltage and gradually reach a
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saturation value. The BHJ device has a higher photocurrent
and saturation photocurrent density than the PHJ one,
which is due to a higher amount of intermolecular contact
between the D/A, which proves that the generation and
disassociation ratio of the exction in the BHJ device is eas-
ier than that of the PHJ. The difference between the photo-
currents gradually increases with the increase of the
reverse bias which indicates that the external electric field
gradually plays a leading role over the built-in electric
field. But the case is different when the thickness of the
mixed layer is increased to 20 nm. That is, at lower reverse
bias, the responsivity is higher for the PHJ device than for
the BHJ one because the built-in field plays a dominating
role in exciton dissociation. But as the reverse bias in-
creases, the external electrical field plays a dominant role
in exciton dissociation for the BHJ device, because the
external electrical filed could overcome the disadvanta-
geous influence of the higher resistance at the blend layer
while taking advantage of the much higher photogenerat-
ed exciton ratio, thus the photocurrent will be higher than
that of the PHJ one but lower than the optimized BHJ de-
vice with a 10 nm blend layer (see Fig. 3a).

The dependence of the photocurrent response on the
incident UV light intensity under zero bias was shown in
Fig. 3b. From the slope of the fitted line, the responsivities
of 100 and 85 mA/W for the PHJ and BHJ detectors were at-
tained, respectively, which is three times higher than that
reported by Ray’s [6] and can be compared with that of
Fig. 4. (a) Plot of current efficiency and luminance as a function of current
density for PHJ device and BHJ device. (b) The EL spectra of PHJ and BHJ
devices and the PL spectrum of BHJ device.
GaN (�100 mA/W) and of SiC (130 mA/W) based on inor-
ganic UV detectors [2,3]. When the reverse bias rises to
4 V, the responsivity of the BHJ structure based the detec-
tor can up to 135 mA/W, and the photodetector presents a
constant at broad irradiation density range with only a
sharp spectral response as shown in the insert of Fig. 2b.

Fig. 4a provides the current efficiency and luminance as
a function of current density for the two devices. Fig. 4b
indicates the EL and PL spectra of the PHJ and BHJ-struc-
ture devices. Both the PHJ and BHJ devices show a bright
green emission peak at 520 nm, which are completely dif-
ferent from the emission spectrum of m-MTDATA and TPBi
monomers, proving it is caused by exciplex [10]. Exciplex
is formed at the intermolecular interface between the ex-
cited state of m-MTDATA and the ground state of TPBi mol-
ecules [18]. We note that the emission of the BHJ and PHJ
devices exhibit the maximum current efficiencies of 7.14
and 2.05 cd/A, and the peak luminance of 4182 and
1319 cd/m2, at 8.2 V and 7.5 V biases, respectively. That
means these two types of devices have an EL effect and a
PV effect, which were connected by exciplex and will be
explained as below. There is a weak emission at blue wave-
band even extending to UV area in PHJ EL device and it
increases with applied voltage. It is because the exciplex
formation takes place only at the interface between
m-MTDATA and TPBi. The increasing in the applied voltage
leads to an increase in the number of injected holes and
electrons, which recombine not only at the interface but
also in the bulk of the TPBi layer, which can be proved from
the PL spectrum of TPBi.

It is well known that the energy level offset of D and A
at heterojunctions interface plays a very important role in
the operation of the PV diode because exciton dissociation
occurs at the D/A interface, while exciplex can be formed in
the same place in some system. Based on our previous
experiments [9,10,19], the formation of exciplex would
be easier in the BHJ than for the PHJ structure device as
there is a higher number of D/A molecular interactions.
That is, the intensity of exciplex EL is higher for the BHJ de-
vice. Compared with the EL result, there is a contrary
dependence on the PV performance in our system. That
is, the PHJ device offers higher PV properties and better
EL performance but its PL of exciplex is almost indetectable
(data not shown), which is due to less contact and interac-
tion among D/A molecules, while the BHJ device offers
lower PV properties and better EL performance and its
intensive PL of exciplex which is due to much more contact
and interaction between D/A molecules (see Fig. 4b).

We deduced that there would be a competitive process
between exciplex formation and photo-generated free
charge carriers. Thus we supposed that they have a com-
mon precursor, which is most likely a similar non-emissive
geminate pair. The PL of exciplex competes with the PV ef-
fect, which leads to a lower PV effect. The dynamic physical
process may be like this: When the PV device was irradi-
ated by a photon of a suitable energy, photo-generated
excitons diffuse to the interface of the heterojunction and
converse into non-emissive geminate pairs, and they are
the generated common precursor. They will transform
either into exciplex and emit photons or free charge
carriers that drive the external circuit load. However, the
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dynamic factors that decide what the common precursor
will change into are still confusing.

In conclusion, we have fabricated a high efficiency PHJ-
PV device with the gp of 9–10%. This diode could be used as
a photodetector for its sharp response in VB-UV and a
responsivity of 100 mA/W at zero bias. A maximum
responsivity of 135 mA/W was achieved in the BHJ device
with a 10 nm blend layer with 1:1 D:A at a �4 bias, while
this device has peak current efficiency and maximum
luminance of 7.14 cd/A and 4182 cd/m2 under electrical
excitation. A new dependence of the PV and EL perfor-
mances on the exciplex formation was discovered in our
small molecular system, which will inspire us to design
more efficient organic electronic diode devices.

Acknowledgement

This work was supported by the National Natural Sci-
ence Foundation of China under Grant No. 60877027.

References

[1] M. Razeghi, A. Rogalski, J. Appl. Phys. 79 (1996) 7433.
[2] B. Butun, T. Tut, E. Ulker, T. Yelboga, E. Ozbay, Appl. Phys. Lett. 92

(2008) 033507.
[3] X. Chen, H. Zhu, J. Cai, Z. Wu, J. Appl. Phys. 102 (2007) 024505.
[4] A. Ohtomo, M. Kawasaki, Y. Sakurai, Y. Yoshida, H. Koinuma, P. Yu,

Z.K. Tang, G.K.L. Wong, Y. Segawa, Mater. Sci. Eng. B 54 (1998) 24.
[5] Y.D. Jhou, S.J. Chang, Y.K. Su, Y.Y. Lee, C.H. Liu, H.C. Lee, Appl. Phys.

Lett. 91 (2007) 103506.
[6] D. Ray, K.L. Narasimhan, Appl. Phys. Lett. 91 (2007) 093516.
[7] T.P.I. Saragi, M. Fetten, J. Salbeck, Appl. Phys. Lett. 90 (2007) 253506.
[8] C. Giebeler, H. Antoniadis, D.D.C. Bradley, Y. Shirota, Appl. Phys. Lett.

72 (1998) 2448.
[9] W.M. Su, W.L. Li, Q. Xin, Z.S. Su, B. Chu, D.F. Bi, H. He, J.H. Niu, Appl.

Phys. Lett. 91 (2007) 043508.
[10] M. Li, W. Li, L. Chen, Z. Kong, B. Chu, B. Li, Z. Hu, Z. Zhang, Appl. Phys.

Lett. 88 (2006) 091108.
[11] L.L. Chen, W.L. Li, M.T. Li, B. Chu, J. Lumin. 122–123 (2007) 667.
[12] Y.Q. Li, M.K. Fung, Z.Y. Xie, S.T. Lee, L.S. Hung, J. Shi, Adv. Mater. 14

(2002) 1317.
[13] C.J. Brabec, S.E. Shaheen, C. Winder, N.S. Sariciftci, P. Denk, Appl.

Phys. Lett. 80 (2002) 1288.
[14] A.K. Pandey, K.N.N. Unni, J.-M. Nunzi, Thin Solid Films 511–512

(2006) 529.
[15] J.Y. Kim, K. Lee, N.E. Coates, D. Moses, T.-Q. Nguyen, M. Dante, A.J.

Heeger, Science 317 (2007) 222.
[16] F. Yang, M. Shtein, S.R. Forrest, Nat. Mater. 4 (2005) 37.
[17] S.-F. Chen, C.-W. Wang, Appl. Phys. Lett. 85 (2004) 765.
[18] H.O.Y.S. Tetsuya Noda, Adv. Mater. 11 (1999) 283.
[19] D. Wang, W. Li, B. Chu, Z. Su, D. Bi, D. Zhang, J. Zhu, F. Yan, Y. Chen, T.

Tsuboi, Appl. Phys. Lett. 92 (2008) 053304.
[20] M.Y. Chan, C.S. Lee, S.L. Lai, M.K. Fung, F.L. Wong, H.Y. Sun, K.M. Lau,

S.T. Lee, J. Appl. Phys. 100 (2006) 094506.
[21] P. Peumans, S.R. Forrest, Appl. Phys. Lett. 79 (2001) 126.



Organic Electronics 10 (2009) 357–362
Contents lists available at ScienceDirect

Organic Electronics

journal homepage: www.elsevier .com/locate /orgel
Letter

Vertical structure permeable-base hybrid transistors based on
multilayered metal base for stable electrical characteristics

J.P.M. Serbena a,b, J.Y. Huang b, D. Ma b, Z.Y. Wang c, I.A. Hümmelgen a,*

a Group of Organic Optoelectronic Devices, Departamento de Física, Universidade Federal do Paraná, Caixa Postal 19044, PR 81531-990 Curitiba, Brazil
b State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of Applied Chemistry, Graduate School of the Chinese Academy of Sciences,
Chinese Academy of Sciences, Changchun 130022, PR China
c Department of Chemistry, Carleton University, 1125 Colonel By Drive, Ottawa, Ontario, Canada K1S 5B6
a r t i c l e i n f o

Article history:
Received 21 August 2008
Received in revised form 5 November 2008
Accepted 8 November 2008
Available online 17 November 2008

PACS:
81.07.Pr
85.30.De
85.30.Tv

Keywords:
Characterization
Permeable-base hybrid transistor
Organic semiconductor
Vertical-architecture transistor
1566-1199/$ - see front matter � 2008 Elsevier B.V
doi:10.1016/j.orgel.2008.11.001

* Corresponding author. Tel./fax: +55 41 3361364
E-mail address: iah@fisica.ufpr.br (I.A. Hümmelg
a b s t r a c t

In this work we present a permeable-base transistor consisting of a 60 nm thick N,N0-
diphenyl-N,N0-bis(1-naphthylphenyl)-1,10-biphenyl-4,40-diamine layer or a 40 nm thick
2,6-diphenyl-indenofluorene layer as the emitter, a Ca/Al/Ca multilayer as the metal base,
and p-Si as collector. In the base, the Ca layers are 5 nm thick and the Al layer was varied
between 10 and 40 nm, the best results obtained with a 20 nm thick layer. The devices
present common-base current gain with both organic layer and silicon acting as emitter,
but there is only observable common-emitter current gain when the organic semiconduc-
tor acts as emitter. The obtained common-emitter current gain, �2, is independent on col-
lector-emitter voltage, base current and organic emitter in a reasonable wide interval. Air
exposure or annealing of the base is necessary to achieve these characteristics, indicating
that an oxide layer is beneficial to proper device operation.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction new possibilities of flexible [5,6] and hybrid organic/inor-
The concept of the modern metal-base transistor (MBT)
is almost 50 years old [1,2], but it was not widely explored
because such devices constructed in the inorganic semi-
conductor/metal/inorganic semiconductor vertical struc-
ture suffered from severe limitations. These devices
present complex production procedures showing poor
electrical characteristics, despite the promise of operation
at higher frequencies than bipolar transistors [3,4]. The
interest on MBTs received a new impulse after many re-
search groups used the approach of the substitution of
the inorganic semiconductors by organic ones. By doing
this, not only the fabrication process became easier, but
. All rights reserved.

5.
en).
ganic integrated devices were opened [7–10].
The MBT structure, which is a vertical stack of ultra-thin

layers, is specially suitable for organic semiconductor
applications. In this architecture high currents can be at-
tained at low voltages due to the short paths for charge
carriers, of the order of tens of nanometers, reducing the
limitations imposed by the low charge carrier mobilities
usually observed in organic semiconductors.

The MBT is constructed in the semiconductor/metal/
semiconductor vertical structure, constituting a three-ter-
minal device, named emitter, base and collector. In the
case of inorganic semiconductors, the transistor is formed
by two Schottky junctions, one is forward-biased (emit-
ter/base junction) and the other is reverse-biased (base/
collector junction), the emitter and collector semiconduc-
tors traditionally being crystalline ones. However, when
organic semiconductors are used, the junction can be more

mailto:iah@fisica.ufpr.br
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Fig. 1. Scheme of the structure in which the devices are constructed. O.S.
means organic semiconductor, DPIF or NPB. (a) top view, the PMMA
covers the entire silicon wafer, except inside the broken line rectangle,
which lies under the base and emitter layers; (b) side view, layer-by-layer
structure of the devices. The p-Si/Al corresponds to the collector, the Ca/
Al/Ca to the base and the O.S./V2O5/Al to the emitter.
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complex due to its amorphous and disordered character,
interface polarization, etc. [11,12]. In general, these junc-
tions are asymmetrical in order to increase the base trans-
port factor, to improve current gains and to prevent a high
leakage current or minority charge carrier injection. Addi-
tionally, as the charge carriers must be transported from
the emitter through the base to reach the collector, a thin
metal layer is required as the base and a low electron scat-
tering is desired to improve device performance. In such
ultra-thin base layers, typically of a few tens of nanome-
ters, the existence of pinholes directly connecting emitter
and collector is quite common. When this happens, the de-
vice is called permeable-base transistor (PBT) as character-
ized by the interdependence between emitter-base and
collector-base voltages due to its inability of electric field
shielding, analogous to the solid-state triode [13]. Using
newly developed techniques, PBTs with controlled pinhole
size and distribution and showing high current gains and
on/off ratios have been demonstrated [14–17].

Recently, several PBTs containing organic materials
were designed using different approaches, including elec-
trochemically deposited metal base layer [18], bi-metal
base layer [19], conducting polymer base layer [20] and or-
ganic collector and emitter layers [21,22], and all aimed at
achieving improved electrical characteristics. Despite the
high common-emitter current gains and low operational
voltages already achieved, these devices suffer from high
leakage currents and current gains dependent on emitter-
collector voltage and base current, which leads to low
on/off ratios and severely restricts practical applications
related to signal amplification and modulation.

In this work we report the construction of hybrid PBTs
with constant common-emitter current gain, i.e., indepen-
dent of collector voltage and base current. The devices are
constructed using a Ca/Al/Ca layered base. In addition, we
compare two organic semiconductors with different band
gaps as an emitter, observing only a slight dependence of
device characteristics on the emitter materials and thus
confirming the importance of the base structure for achiev-
ing high performance devices.

2. Experimental

The hybrid transistors were prepared onto p-type Si
(100) substrate (resistivity 1–10 X cm). The silicon sub-
strates were immersed in a 35% hydrofluoric acid (HF)
aqueous solution to remove surface oxide. In the sequence,
an insulating poly(methyl methacrylate) (PMMA) thick
layer was deposited by spin-coating on part of the p-Si,
in order to further prevent the direct contact between
the emitter and collector electrodes, in the same geometry
as reported elsewhere [24].

The deposition of the Ca/Al/Ca three-layer metal base
was sequentially made without vacuum break on the p-Si
polished side. The Ca layer thickness was maintained con-
stant at 5 nm for all devices, while devices having different
thickness dAl of the Al layer (dAl = 10, 15, 20 or 40 nm) were
prepared. After the Ca/Al/Ca base deposition the vacuum is
broken, exposing the three-metal layer to air and allowing
oxidation of the highly reactive Ca layer. These samples are
not submitted to any thermal treatment. However, addi-
tional devices were made in which an dAl = 20 nm three-
metal base was annealed in air at 120 �C for 5 min just
after its deposition, being the sequence of device construc-
tion the same.

The organic emitter, a 60 nm thick layer of N,N0-diphe-
nyl-N,N0-bis(1-naphthylphenyl)-1,10-biphenyl-4,40-diamine
(NPB), or a 40 nm thick layer of 2,6-diphenylindenofluo-
rene (DPIF), was further deposited by thermal sublimation
in vacuum. To improve the hole injection into the organic
semiconductor emitter layer, a 5 nm layer of nominally
V2O5 was deposited on top of the NPB layer [23,24] prior
to the top contact metal electrode deposition, which con-
sisted of a 120 nm thick Al layer. The resulting devices have
an effective area of �9 mm2. Another 120 nm thick Al layer
was deposited on the silicon unpolished backside to act as
the back contact for the collector terminal. The layers
thickness were controlled during device preparation using
a quartz oscillator and all base and emitter related deposi-
tions were made at a base pressure lower than 6 � 10�6

torr. Fig. 1 presents the geometry in which the devices
are constructed (Fig. 1a) together with the final structure
of the transistors (Fig. 1b).

Two- and three-terminal electrical measurements car-
ried out in the dark using two Keithley 2400 Sourcemeters
were made in both, common-emitter and common-base
mode. Furthermore, the devices were measured again after
a period under air exposure to investigate degradation.

3. Results and discussion

As reported elsewhere [24], the energy levels of the
involved materials favors holes as majority charge carriers.
The metal work functions [25], the valence and conduction



Fig. 2. Energy levels of materials used in this work and chemical
structure of DPIF and NPB. O.S. means organic semiconductor, DPIF (full
line) or NPB (broken line).

Fig. 3. Two terminal current versus voltage characteristics of dAl = 20 nm
devices using as organic emitter (a) NPB and (b) DPIF.
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band energies of Si [26], and HOMO and LUMO levels of
NPB [27] and DPIF [32] are summarized in Fig. 2. Both,
NPB and DPIF are used in p-type conduction hybrid devices
and their HOMO levels differ by approximately 0.1 eV.
However, it must be pointed out that the Ca/Al/Ca layer
was exposed to air after evaporation in all cases, so that
the actual Ca work function during device operation can
significantly differ from that presented in the figure, since
the work function of CaO is around 1.7 eV [28].

Although the detailed energy level structure of this Ca/
Al/CaO layer is difficult to predict, it plays an important
role in device operation, as freshly-prepared devices do
not work properly, their characteristics being not repro-
ducible. However, after some days under air exposure,
the device characteristics become more stable and the re-
sults highly reproducible. The following results for the
NPB-based devices were acquired after four days device
exposure to air, and for the DPIF-based devices the results
were acquired one day after air exposure. However, the
base of the DPIF-based device was submitted to the men-
tioned thermal treatment.

In the presentation of the electrical characteristics of
the devices we will use the subscripts E, B and C to denote
emitter, base and collector currents I and voltages V,
respectively. Additionally, we define Vij Vi – Vj (i,j = E, B
or C).

We made two-terminal current versus voltage measure-
ments between each of the three terminals, i.e., collector/
base, emitter/base and emitter/collector, maintaining the
unmeasured electrode unconnected to the measurement
setup. Fig. 3 presents these measurements for a dAl = 20
nm device, using NPB (Fig. 3a) or DPIF (Fig. 3b) as organic
emitter. Considering the first device, it can easily be seen
that the collector-base characteristic curve presents rectifi-
cation. However, it seems not to follow a Schottky junction
behavior. Instead, a series resistance appears to limit the
injected current, possibly due to the oxidized Ca layer.
The emitter-base characteristic curve also presents rectifi-
cation. As expected from Fig. 2, the injection is favored
when the emitter is positively biased, due to the different
energy barriers for hole injection from V2O5/Al and Ca/
CaO. Furthermore, the injected current is higher than the
collector-base current for voltages V > 2 V, favoring its
use as the emitter electrode. The emitter-collector charac-
teristic curve shows almost no rectification. Moreover, this
current is lower than the previous ones, possibly due to the
necessity of the charge carriers to transpose the base layer
through pinholes. These results are similar to those ob-
tained in dAl = 40 nm devices, while for all other devices
(dAl < 20 nm) the base was not able to transport charge.
Therefore, 20 nm is a critical thickness in this structure.
The same behavior is observed for a device using DPIF as
organic emitter (Fig. 3b), although different current values
are achieved.

Fig. 3 presents the NPB-based device characteristics
while operating in common-base mode. Interestingly,
these devices can operate using the NPB or the p-Si as
emitter electrode, as presented in Fig. 3a and b, respec-
tively. The inset presents the measured IC versus VCB, for
different IE values, for devices with dAl = 20 nm. As can
easily be seen, in this operation mode there is no leakage
current, i.e., IC (IE = 0) = 0 in both cases. With NPB as the
emitter (Fig. 4a), the IC saturation value is not close to IE,
indicating a common-base current gain a lower than the
ideal value, which equals 1. The plot of the IC versus IE at

VCB = 0 V allows the calculation of a ¼ @IC
@IE

���
VCB¼const:

[29].

The slope of this straight line gives a = 0.67, being lower
than the previously reported values on p-type hybrid tran-



Fig. 4. Common-base characteristic curves of a dAl = 20 nm NPB-based
device in case of (a) NPB operating as emitter and; (b) p-Si operating as
emitter. Inset: Emitter currents ranging from 0 to 50 lA in steps of 10 lA.

Fig. 5. Common-base characteristic curves of a dAl = 20 nm DPIF-based
device in case of (a) DBIF operating as emitter and; (b) p-Si operating as
emitter. Inset: emitter current ranging from 0 to 50 lA in steps of 10 lA.
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sistors [24,30], but is highly reproducible. Furthermore, the
devices suffer from a very slow degradation process, be-
cause after eleven days air exposure, a dropped to 0.60, a
fall of only �10%. The dAl = 40 nm device presented a =
0.62. In contrast, when the p-Si is the emitter (Fig. 4b),
the saturation IC is close to IE, indicating a nearly ideal a
= 0.99 at VBC = 3 V. These devices support a maximum IE

of the order of 50 lA, higher currents leading to saturation
of IC at �50 lA.

The common-base characteristic curves of DPIF-based
devices are presented in Fig. 5, for the organic material
acting as emitter (Fig. 5a) and collector (Fig. 5b). These
characteristics are very similar to those observed in the
NPB-based devices for both emitters, DPIF and p-Si: low
leakage currents and similar saturation currents, which
lead to a similar to that observed in NPB-based devices.
This is a very interesting result because changing the or-
ganic emitter does not influence the device characteristics,
despite energy level differences, and thus strongly indi-
cates that in this system the base layer is the key terminal
and determining factor to high device performance. It is
reasonable to attribute this characteristic to the small
difference in HOMO energies, 0.1 eV between NPB and
DPIF, when compared to the energy difference between
CaO work function and NPB- or DPIF-HOMO, of the order
of 3.5-3.6 eV. In all cases permeable-base characteristic
was observed through the typical dependence of
@VBE=@VCB ¼ 1 at a constant IE [29]. Despite the fact that
the total thickness of the metallic base is much thicker
than the Fermi-Thomas length, across which an electric
field is screened, we attribute the permeable-base charac-
teristic of these devices to the roughness of the base layer,
which can be of the same order as the layer thickness, cre-
ating natural pinholes that allow the direct connection of
emitter and collector [24,30].

The common-emitter characteristics for dAl = 20 nm
NPB- and DPIF-based devices are presented in Figs. 5a
and b, respectively. These measurements show that, inde-
pendent on the organic material used as emitter, the leak-
age current IL = IC (IB = 0) is low compared to previously
reported hybrid p-type transistors [24,31,32], leading to
higher on/off ratios. Additionally, it is easy to see that in
both cases the difference between two IC curves remains
constant as VCE changes, which leads to a constant com-

mon-emitter current gain b ¼ @IC
@IB

���
VCE¼const:

. Due to the step-

wise character of our measurements, we considered the
related quantity b* defined as b� ¼ IC�IL

IB
. The obtained

results are constant, b* ffi 2, independent on IB and on the



Fig. 6. Common-emitter characteristic curves of a dAl = 20 nm (a) NPB-
based device and; (b) DPIF-based device. Base currents ranging from (a) 0
to 5 lA in steps of 1 lA and; (b) 0 to 20 lA in steps of 4 lA. Inset: b* for
different IB values ranging from (a) 1 to 5 lA in steps of 1 lA and; (b) 4 to
20 lA in steps of 4 lA.
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organic emitter material, as can be seen in the insets of
Fig. 6. However, a small dependence of b* on IB in the
DPIF-based device can be observed: b* increases as IB in-
creases, reaching a saturation value of about 2 at IB ffi 12
lA. Despite the low value, it represents an important
achievement because previously reported permeable-base
hybrid transistor devices show common-emitter current
gain dependent on base current and collector voltage,
restricting practical applications. Most of those reported
devices show very high gains at very low base currents,
but the gain strongly diminishes as the base current in-
creases. Moreover, the operation voltage of our devices is
low, near 3 V, with a low ‘‘turn-on” voltage of about 2 V.
The same operation and ‘‘turn-on” voltages are achieved
in the dAl = 40 nm NPB-based device, but in this case b*

drops to 1.6. In both devices, the maximum supported IB

is �20 lA. Higher currents lead to saturation of IC and, con-
sequently, to lower b*, possibly due to the low conductivity
of the organic emitter, which cannot provide enough
current to the collector, as demanded by the base. It is
important to notice that these values of a and b follow in
all cases exactly the expected relation b ¼ a

1�a, also valid
for bipolar transistors [33].
At last, it was not possible to observe a common-emit-
ter current gain when operating the devices using the
organic materials as collector. Probably, this is because in
order to operate in the active-forward mode while in the
common-emitter configuration, the voltages required to
drive the charge carriers through the collector are much
higher than those used in the measurements. As a conse-
quence, devices degrade before achieving the required
operational condition.

As mentioned earlier, the reported characteristics are
observed only after the devices are exposed to air. The
most plausible hypothesis is that the Ca layer oxidizes
completely, considering its thickness and period of air
exposure. This could explain the dramatic change in the
electrical properties in a fresh-prepared device and its late
stability. In order to help supporting this hypothesis, we
made a dAl = 20 nm NPB-based device and submitted it to
a thermal treatment in air at 120 �C during 5 min. The ob-
tained results were exactly the same as those presented
above for long time air exposure devices. This result
strengths the hypothesis that an isolating layer between
emitter and base is a key factor to improve device charac-
teristics, as already reported elsewhere [7,21,22,34] for all-
organic transistors, since higher temperature is expected
to lead to faster oxidation.

Finally, despite the similarity in the structure of these
devices and the one presented in previous work [24], the
device characteristics are very different. The difference
can be partially attributed to the substitution of the Ag
by the Al in the base layer. However, the oxidation of the
Ca layer cannot be neglected, as it may play an important
role in defining device characteristics. The strong mis-
match between CaO work function and NPB- and DPIF-
HOMO probably imposes severe constraints for charge
transport from NPB or DPIF through the Ca/CaO to the Al,
effectively acting as an energy barrier and leading the de-
vice base to operate as a high impedance terminal. How-
ever, due to the high conductivity of the Al layer in the
base, this high impedance base is able to act as an equipo-
tential surface, producing a homogeneous potential drop in
the NPB or DPIF layer between Al top metal electrode and
Al in the base.
4. Summary

In conclusion, we have demonstrated hybrid organic/
inorganic metal base transistors with low leakage current
in common-emitter mode and with a highly reproducible
common-emitter current gain independent on both base
current and collector voltage. These devices are stable
when operated in air. Furthermore, a critical thickness of
20 nm is necessary for the proper base operation. A key
factor to the stable device operation is related to the oxida-
tion of the Ca base layer, since a device submitted to a
short thermal treatment presents the same characteristics
as those exposed to air for longer periods. Additionally, the
observed nearly identical characteristics of the devices dif-
fering only by the organic emitter lead to a conclusion that
in this system the base plays a key role in device
characteristics.
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Multiwalled carbon nanotubes (MWNTs) were solubilized in water by wrapping them non-
covalently with poly(4-styrene sulfonate) (PSS). The PSS-wrapped MWNTs exhibited a high
conductivity (2.0 � 102 S/cm) when compared to other solution-processed electrodes.
Ultraviolet photoelectron spectroscopy results show the PSS-wrapped nanotubes have a
work function of 4.83 eV, which is 0.36 eV higher than that of untreated MWNTs. We fab-
ricated triisopropylsilylethynyl pentacene field-effect transistors (FETs) using the PSS-
wrapped MWNTs as source/drain electrodes and found that the field-effect mobility of
the thus obtained devices was 0.043 cm2 V�1 s�2. This mobility is four times higher than
that of similar FETs containing gold electrodes (0.011 cm2 V�1 s�2).

� 2008 Elsevier B.V. All rights reserved.
In the past decade, there has been a growing interest in
organic field-effect transistors (OFETs) because of their po-
tential commercial applications as driving units in low-
cost, large-area, and bendable electronics, for example,
for the development of flexible displays, radio-frequency
identification tags, smart cards, and so forth [1,2]. Intensive
studies performed on OFETs using solution-processed
small molecules and polymers, such as triisopropylsilyle-
thynyl pentacene (TIPS-PEN), poly(3-hexylthiophene),
and poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thio-
. All rights reserved.

x: +82 54 279 8298.
phene), as the active layer have made it possible to achieve
device performances comparable to those of amorphous-
silicon transistors [3–5]. The electrode materials used in
such OFETs must be highly conductive and flexible and ex-
hibit a high work function (for p-type transistors) to ensure
a good performance of the devices. Furthermore, the elec-
trode materials should be solution-processable and print-
able to allow the fabrication of low-cost logic devices. To
date, several materials, including poly(3,4-ethylenedioxy-
thiophene):poly(styrene sulfonate), polyaniline, silver
paste, and conductive polymer–carbon nanotube compos-
ites, have been tested as possible electrodes for OFETs
[6–9]. However, these materials have not been shown to
be good enough to replace the gold electrodes due to the

mailto:cep@postech.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Fig. 1. Electrical conductivities of MWNT/PSS films as a function of the
MWNT:PSS ratio. The inset at the bottom shows 20-ml vials containing
PSS-wrapped MWNTs (left) and untreated MWNTs (right) in water.
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low conductivity of the conductive polymers and the low
work function of the silver paste.

Multiwalled carbon nanotubes (MWNTs), composed of
co-axially arranged single-walled carbon nanotubes of dif-
ferent radii, are good candidates to be used as electrodes in
OFETs. This is because of their high conductivity and
mechanical strength [10,11]. However, their poor solubility
and low work function have complicated their use. In this
Fig. 2. SEM images of (a) as-received MWNT powder and (b) PSS-
wrapped MWNTs.
work, we solubilized MWNTs in water by simply wrapping
them with poly(4-styrene sulfonate) (PSS) [12]. The wrap-
ping of the MWNTs with the water-soluble polymers was
thermodynamically driven to eliminate the hydrophobic
interface between the tubes and their aqueous medium
[12–14]. In addition to the good solubility of the PSS-
wrapped MWNTs in water, we also found—via ultraviolet
photoemission spectroscopy (UPS) measurements—that
their work function was high enough to allow their use
as electrodes in OFETs. Using the PSS-wrapped nanotubes
as source/drain electrodes, we fabricated solution-pro-
cessed TIPS-PEN OFETs and examined their device
performances.

The MWNTs were obtained from Carbon Nano-material
Technology Co. Ltd. and used as received. PSS was pur-
chased from Aldrich (Mw � 75,000). The nanotubes were
dispersed in a 2 wt.% solution of PSS in water (at a concen-
tration of 20 mg/ml) by ultrasonication for 30 min. The
homogeneous dispersion of the as-prepared PSS-wrapped
MWNTs was stable and no phase separation with aggrega-
tion of nanotubes was observed—not even after two weeks.
The conductivity of a PSS-covered MWNT film formed by
drop-casting on a glass was calculated from the sheet
resistance measured using the four-point probe method
(KEITHLEY 2400 source meter). The film thickness was
measured with a surface profiler (alpha step 500, TENCOR)
at different MWNT:PSS ratios. Scanning electron micros-
copy images of both the PSS-wrapped MWNTs and the
nanotube powder were obtained using a field-emission
scanning electron microscope (FESEM, Hitachi S-4800)
operating at 3 kV. All the materials, namely, the untreated
MWNTs, the polymer (PSS), and the PSS-wrapped MWNTs
spin-coated on the gold substrate, were characterized by
UPS (Escalab 220IXL) with an He(I) emission of 21.2 eV to
measure their work function. During the UPS measure-
ments, a �5.0 eV bias was applied to improve the trans-
mission of low-kinetic-energy electrons and ensure the
determination of the energy of the low-kinetic-energy
edge.

OFETs with bottom-contact configurations, where the
source/drain electrodes are built before depositing the
Fig. 3. Right: full UP spectra of a PSS film, PSS-wrapped MWNTs, MWNTs,
and gold. Left: magnified view of the secondary electron region to
determine the work function.



Table 1
Work functions of MWNTs, PSS, PSS-wrapped MWNTs, and Au calculated from UPS measurements.

MWNTs PSS PSS-wrapped MWNTs Au

Work function 4.47 eV 4.58 eV 4.83 eV 5.01 eV
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semiconductor layer, were fabricated on heavily doped sil-
icon wafers covered by thermally grown 300-nm-thick sil-
icon-dioxide layers. The substrates were modified with
hexamethyldisilazane (HMDS) after rinsing with acetone
and cleaning with a UV–ozone cleaner, GCS-1700 (AHTECH
LTS, Korea), for 20 min. In order to pattern the source/drain
electrodes, the substrates were irradiated with an O2 plas-
ma (at 70 W for 6 s) through a shadow mask. Then, the
PSS-wrapped MWNTs were spin-coated on these sub-
strates. In this way, source/drain electrode patterns com-
posed of PSS-wrapped MWNTs were formed on the
irradiated areas. This patterning method has been de-
scribed in previous reports [7,15,16]. Before spin-coating
the PSS-wrapped MWNTs, we added glycerol to the modi-
fied nanotube solution (at a concentration of 0.8 g/ml) to
obtain a clear pattern (it should be noted that glycerol does
not affect the conductivity of the PSS-wrapped MWNTs).
The electrode-patterned substrates were dried in a vacuum
oven for one hour at 60 �C. A solution of TIPS-PEN in tolu-
Fig. 4. (a) ID–VG transfer characteristics in the linear regime (drain voltage, VD = �
PSS-wrapped MWNTs and gold. (b) ID–VD output characteristics of both devices
ene (1 wt.%) was then dropped onto the patterned sub-
strates and dried under ambient conditions. The electrical
characteristics of the OFETs were measured in air using
Keithley 2400 and 236 source/measure units.

The conductivities of MWNT/PSS films at different ra-
tios of MWNTs and PSS—measured using the four-point
probe method—are shown in Fig. 1. Upon varying the ratio
of PSS and MWNTs from 2:1 to 4:1, and then to 8:1, we ob-
serve a decrease in the conductivity, which is caused by the
excess of PSS. At an MWNT:PSS ratio of 1:1, the conductiv-
ity becomes saturated (at 2.0 � 102 S/cm). However, at a
ratio of 1:2, aggregates of MWNTs are observed due to a
lack of PSS wrapping the tubes. Therefore, we can roughly
say that a MWNT:PSS ratio of 1:1 is optimal in this case.
The PSS-wrapped MWNTs (with a MWNT:PSS ratio of
1:1) are homogenously dispersed in water, even after 2
weeks. However, if the MWNT content exceeds the PSS
content, nanotube aggregates start to precipitate at the
bottom of vial, as shown in the inset of Fig. 1. The surface
6 V) for TIPS-PEN OFETs containing source/drain electrodes composed of
. The values of W and L are 1000 and 100 lm, respectively.
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of the pristine MWNTs is smooth (see Fig. 2a), whereas
that of the PSS-wrapped nanotubes is rough, with the poly-
mers helically wrapping the surface of the MWNTs. Fig. 2b
shows the successful fabrication of PSS-wrapped MWNTs
with a MWNT:PSS ratio of 1:1.

The work functions of pristine MWNTs, the polymer
(PSS), and PSS-wrapped nanotubes were determined
from the UPS experiments shown in Fig. 3 and summa-
rized in Table 1. The work function of the pristine nano-
tubes was found to be 4.47 eV, a value that is quite
consistent with that reported previously [17]. The work
function of the PSS-wrapped MWNTs was 0.36 eV above
that of the pristine nanotubes. Since the work function of
the surface of a PSS bulk film spin-coated on a gold sub-
strate is 4.58 eV, we can conclude that the increased
work function does not come from the PSS bulk. Ago
et al. showed that carboxylic-acid groups introduced at
the surfaces of MWNTs by acid oxidation increase the
work function of the nanotubes from 4.4 to 5.1 eV due
to the presence of oxygen-induced surface dipole mo-
ments [17]. Similarly, the increased work function ob-
served here may originate from a negative dipole
moment at the pendent group (benzene sulfonate) of
the wrapping polymer, which is oriented away from
the nanotube [18]. The increased work function of the
PSS-wrapped MWNTs (i.e., 4.83 eV) is comparable to that
of gold, the material generally used for source/drain elec-
trodes in OFETs due to its high work function, which is
comparable to the highest occupied molecular orbital
(HOMO) of an organic semiconductor. Consequently,
since the PSS-wrapped MWNTs exhibit good conductivity
and a high work function, as well as good solubility, they
represent good candidates to be used as electrodes in
OFETs.

Fig. 4a shows typical drain current–gate voltage (ID–VG)
transfer curves for TIPS-PEN OFETs fabricated using source/
drain electrodes composed of PSS-wrapped MWNTs and
gold. The carrier mobility was calculated in the linear re-
gime from the slope of a plot of the drain current versus
the gate voltage. This was done by fitting the data to the
following equation: ID = (WCi/L)l(VG � Vth)VD, where ID is
the drain current, l is the carrier mobility, Vth is the thresh-
old voltage, and VD is the drain voltage (namely, �6 V). The
measured capacitance, Ci, was 10 nF/cm2. The carrier
mobility of the pentacene OFETs containing the PSS-
wrapped MWNTs was 0.043 ± 0.006 cm2/V s whereas that
of the devices based on gold substrates was
0.011 ± 0.004 cm2/V s. Ohmic contact behavior was ob-
served for the devices based on the modified nanotubes
(see Fig. 4b), which implies that the contact resistance be-
tween the PSS-wrapped MWNTs and TIPS-PEN is
negligible.

The mobility of OFETs containing PSS-wrapped MWNT
electrodes is about four times higher than that of gold-
based devices, even though the work function of gold is
slightly higher than that of the modified nanotubes. In pre-
vious reports, a large downward vacuum level shift was
observed between pentacene and gold [19,20] due to the
high induced density of interface states (IDIS) originated
from the strong local orbital exchange and the potential
correlation between the metal and the semiconductor
[19–21]. This large vacuum level shift also leads to a large
hole-injection barrier between pentacene and gold, despite
the high work function of gold. In contrast, the electrodes
having an organic surface show a smaller vacuum level
shift—or no shift at all—between the electrode and penta-
cene. This is because no strong local orbital exchange or
potential correlation are expected on the organic surface
[20,22,23]. From this viewpoint, a large downward vacuum
level shift at the interface between TIPS-PEN and the
metallic surface of gold leads to a large hole-injection bar-
rier. In contrast, the organic surface of PSS causes a small
vacuum level shift between the PSS-wrapped MWNT elec-
trode and TIPS-PEN, thus leading to a smaller hole-injec-
tion barrier. Since a smaller hole-injection barrier implies
a smaller contact resistance in the OFETs [23,24], we can
assume that the higher mobility of the devices containing
the PSS-wrapped MWNT electrodes comes from their low-
er contact resistance relative to that of the transistors con-
taining gold electrodes.

In conclusion, we have fabricated PSS-wrapped
MWNT electrodes exhibiting a high work function (of
4.83 eV), high conductivity (of 2.0 � 102 S/cm), and good
solubility in water. The good performance of TIPS-PEN
OFETs fabricated using these electrodes as source/drain
electrodes demonstrates that PSS-wrapped MWNTs are
a competitive material for the fabrication of OFET
electrodes.
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In this work, we tested an approach towards novel organic materials that can permanently
increase conductivity upon thermal or photo treatment, and potentially, change from insu-
lator to conductor or semiconductor. Using dichlorodicyanoquinone (DDQ) doped thermo
and photo responsive pentacene precursors as model systems, we found that conductivity
of the thermal responsive material increased over 2 orders of magnitude to 10�3–10�2 S/
cm after thermal treatment, while that of a photo responsive material did not significantly
increase after photo irradiation even though the composites are same. Based on the results
of conductivity measurement, SEM, XRD, UV–Vis, and FT–IR, the phenomena are attributed
to that the crystalline morphology of thermally generated pentacene/DDQ thin films
favored charge transfer while the amorphous morphology of the photo generated material
favored solid-state Diels–Alder reaction. The result implies that the mechanism of solid-
state reaction can be altered by controlling morphology.

� 2008 Elsevier B.V. All rights reserved.
Current research on organic electronic materials focuses
on organic semiconductors and conductors. Our group is
working on a novel type of organic electronic material that
can permanently increase conductivity upon photo or ther-
mal treatment, and potentially, change from insulator to
conductor or semiconductor. Such materials may be ap-
plied to improve the interface between insulator, semicon-
ductor and conductor. More interestingly, they have
potential to largely simplify the process of multilayer
interconnection; and allow ink-free printing of microcir-
cuit with high resolution.

Substantial conductivity increase after intense UV irra-
diation and multistep processing has been reported in
early works aimed at photo patterning of conducting poly-
mer [1–4]. We are developing a systematic approach that
can control electric property in a wide range with mild
photo and/or thermal process. The approach is based on
. All rights reserved.
the fact that nonconjugated organic materials are insulat-
ing; conjugated polymers or oligomers are semiconduct-
ing; and effectively doped conjugated polymers or
oligomers can be highly conducting in the presence of a
suitable morphology. Thus, converting nonconjugated
structure to conjugated, or activating an ineffective dopant,
i.e. converting a precursor dopant that is not oxidizing or
reducing enough for charge transfer to a dopant that can
induce charge transfer efficiently, can largely increase
conductivity.

Inspired by the previous works that utilized precursor
chemistry to solve solubility problems associated with
aromatic polymers and oligomers [5–12], we utilized ret-
ro-Diels–Alder chemistry for converting nonconjugated
structure to conjugated in the presence of an effective dop-
ant. This process can potentially convert an insulating
material to a conducting material, and thus largely in-
crease conductivity. While the idea is straightforward,
the process is complicated since it involves solid-state
reaction, morphology change, and consequent change of
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charge transfer and transport. Successful development of
such materials requires understanding how factors includ-
ing structures of polymers or oligomers, dopants, morphol-
ogy and processing procedures affect solid-state reactions
and charge transport. In this communication, we demon-
strate a large conductivity increase using dichlorodicyano-
quinone (DDQ) doped pentacene precursors as a model
system. The factors that affect the conductivity change
are carefully analyzed. In addition, we observed intriguing
competition between charge transfer and solid-state reac-
tion of pentacene and DDQ.

To demonstrate conductivity increase upon thermal
and photo treatment, thermal responsive pentacene pre-
cursor 1 [9] and photo responsive pentacene precursor 2
[10] were doped by DDQ and spin cast into thin films.
The idea is that 1 and 2 will be converted from nonconju-
gated structures to pentacene by thermal and photo treat-
ment, respectively, followed by charge transfer between
pentacene and DDQ, which will largely increase the con-
ductivity. (Scheme 1)

Precursor 1 was developed by Afzali et al for solving the
low solubility problem in preparing thin films of pentacene
by solution process [9]. Thin films with charge mobility as
high as 0.1 cm2 V�1 S�1 were achieved after pentacene was
generated from 1 via a retro-DA reaction at �150 �C. It
must be pointed out that, as described below, the conduc-
tivity of 1 is at least 2 orders of magnitude higher than the
pentacene generated from it. Simply converting 1 to penta-
cene decreases conductivity though increases the charge
mobility, which may be due to that ionic conductivity is
predominant in low conductivity range. Precursor 2 can
be converted to pentacene in solution or solid-state under
UV–vis irradiation (Scheme 1) [10,13].

A solution of 1 and DDQ in CH2Cl2 was spin cast to thin
films (concentration: �2% total solid weight; spin rate:
1000 rpm; substrate: ITO or glass.) The molar ratio of
DDQ/precursor was varied between 1:5 and 1:1. The con-
ductivity was measured by a Keithley 2400 source meter
using four-point technique and I–V scan. Thin films of 1
and DDQ showed a conductivity of 10�6–10�5 S/cm which
was close to or slightly higher than that of the undoped 1
(2 � 10�6 S/cm). Baking the film at 150 �C under N2 in-
duced the retro-DA reaction and changed the color of the
film from light yellow to blue or greenish blue. The in-film
retro-DA reaction was monitored by attenuated total
O
O

2
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S O

O

1

hv

+ DDQ
+ DDQ

+ DDQ + DDQ

+

+ CO
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Scheme 1. Thermal and photo responsive composites based on DDQ
doped pentacene.
reflection infrared (ATR-IR) and UV–vis spectroscopy. The
aliphatic C–H stretch disappeared in IR after thermal treat-
ment, which indicated that the retro-DA reaction is close to
completion [9]. The change of UV–vis spectra between
350 nm and 900 nm is similar to that of the undoped 1
(Fig. 1a). No charge transfer band can be undoubtfully as-
signed in this range. However, the conductivity increased
more than two orders of magnitude after heated for
15 min. The conductivity stayed in the same order of mag-
nitude after a couple of days. The highest conductivity in-
crease was �570 fold (3.6 � 10�5 S/cm to 2.0 � 10�2 S/cm)
obtained from 1:3 DDQ/pentacene. The magnitude of con-
ductivity change was reproducible with commercial DDQ
and 1. Additionally, a film of 1 without DDQ showed that
a low conductivity of �10�8–10�7 S/cm after heated under
the same condition, which is consistent with the fact that
undoped pentacene has very low conductivity [14]; heat-
ing a mixture of 1 and FeCl3 and NOSbF4 [15] also substan-
tially decreased conductivity, which confirmed that the
conductivity increase was indeed caused by interaction be-
tween pentacene and DDQ.

Photoresponsive pentacene precursor 2 was synthe-
sized according to a literature procedure [10]. Compound
2 was thermally stable. No decomposition was observed
upon stationary heating at 150 �C. Thin films of undoped
2 and DDQ doped 2 showed conductivity of 10�6 S/cm.
UV–vis spectrum of 2 showed an absorption peak at
470 nm, while neither pentacene nor DDQ strongly ab-
sorbs at this wavelength. The 470 nm absorption is due
to the diketone structure of the DA adduct 2. Therefore
we irradiated a thin film of DDQ doped 2 under nitrogen
with a 472 nm LED bundle [16]. The 470 nm absorption
peak disappeared after irradiation which indicated that
conversion from 2 to pentacene was close to completion
Fig. 1. (a) UV–vis spectra of DDQ doped 1 before and after thermal
treatment. (b) UV–vis spectra of DDQ doped 2 before and after irradiated
at 472 nm. Disappearance of the absorption at 470 nm after irradiation
indicated that the precursor 2 had completely changed into pentacene.
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[11] (Fig. 1b). While conductivity increase was observed as
expected, the magnitude is much less than that of the ther-
mal system. The conductivity only increased �5 fold in the
best case.

The low conductivity increase of the photo generated
pentacene/DDQ films may be attributed to three possible
reasons: incomplete conversion from 1 to pentacene, inef-
ficient charge transport due to undesirable morphology,
and inefficient charge transfer between pentacene and
DDQ due to undesirable molecular orientation. Prolonged
irradiation did not increase (or decrease) conductivity
which implies that the low conductivity increase was unli-
kely due to incomplete conversion. Scanning electron
microscope (SEM) was applied to study the morphology
of the thin films. After photo irradiation, bumps with diam-
eter of �300 nm and average height of �25 nm appeared
on the surface (Fig. 2). The height of the bump was mea-
sured by AFM. Elemental analysis of the bumping areas
Fig. 2. SEM of thermal generated (a) and photo generated (b) pentacene/DDQ film
show any special feature (Supporting information Figures 3 and 4).

Fig. 3. UV–vis (a) and FTIR (b) of the photo generated pentacene/DDQ films after
showed.
and the adjacent areas by SEM did not show apparent dif-
ference, which indicated that the bumps are not aggregates
of pure DDQ or pentacene. Since irradiation was at room
temperature in nitrogen filled glove box, thermal mecha-
nisms and air oxidation are also ruled out. Therefore,
bumping must be due to release of CO during the retro-
DA reaction (Scheme 1). Small CO molecules aggregated
in the film before evaporated out, which caused the bumps.
SEM of the thermal responsive films also showed morphol-
ogy change after the retro-DA reaction. However, instead
of bumps, crystalline domains appeared on the surface.
(Fig. 2) This may be due to that the size of the N-sulfinyl
dienophile released during the thermal reaction is much
larger than CO, which makes them difficult to move and
aggregate in the film. In addition, the thermal process
provided energy for generated pentacenes to align them-
selves and fill the space left by the released dienophiles
for reaching a low energy state stabilized by intermolecu-
s. The films before thermal or photo treatment looked smooth and did not

heated at 150 �C for 10 min. The spectra of the pure DA adduct 3 are also
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lar p�p interactions. The difference in crystallinity was
further proved by both X-ray diffraction (XRD) and UV–
vis spectroscopy. Only the thermally treated thin films
of 1 and DDQ showed the 001 peak of pentacene in XRD
(Supporting information). Moreover, UV–vis indicated that
pentacene generated from 2 by photo irradiation is disor-
dered and amorphous. The coulomb interaction between
a pentacene molecule and its surrounding is weak, which
lead to low intensity of the Davydov doublet [17] (Fig. 1).

O

O
NC
NC

Cl

Cl

3

To improve the crystallinity of the photo generated films, a
film of 2 and DDQ was heated at 150 �C for 10 min after
photo irradiation. While the pentacene absorption in UV–
vis became similar to that of the thermally generated films
(Fig. 3) and SEM showed that the bumps became flat, no
conductivity increase was observed. IR and UV–vis spectra
showed that substantial amount of DDQ/pentacene DA ad-
duct 3 was generated by the annealing process. (Fig. 3) This
is an unexpected observation since the films of 1 and DDQ
did not show notable absorption of 3 in UV–vis or IR after
being heated at the same condition. Upon prolonged heat-
ing for over 1 h, only a small shoulder on the CN stretch
peak of DDQ appeared in the IR, which may be due to the
formation of 3 (Supporting information).

All the results can be attributed to that the morphology
of DDQ and pentacene in the thermally generated films fa-
vored charge transfer interaction while that of the photo
generated films favored solid-state Diels Alder reaction.
Morphology includes both long-range alignment (crystal-
linity) and short-range relative molecular orientation be-
tween pentacene and DDQ. The precursor 1 and 2
interact differently with DDQ which may lead to different
relative orientation between pentacene and DDQ after ret-
ro-DA reaction. While it is well known that molecular ori-
entation is important for both bimolecular reaction and
charge transfer, [18] the long-range alignment may also
play an important role since it affects the energy levels of
the donor and acceptor, and the subsequent charge separa-
tion [19]. Charge transfer will result in positively charged
pentacene and negatively charged DDQ, which suppresses
DA reaction since DA reaction normally requires electron-
rich diene and electron-deficient dienophile. It is possible
that the amorphous morphology of the photo-generated
films cannot stabilize the charge transfer state as the crys-
talline morphology of the thermally generated ones and
consequently favors the DA reaction.

In conclusion, we have demonstrated an approach to-
wards organic materials that can permanently increase
conductivity upon thermal or photo treatment. Over two
orders of magnitude conductivity increase to 10�2 S/cm
was achieved by thermally converting a DA adduct to
pentacene in the presence of DDQ. The photo generated
materials did not show large conductivity increase though
the composition was the same as the thermally generated
ones. This is attributed to undesirable morphology includ-
ing long-range alignment and short-range molecular orien-
tation. The observation that different morphologies can
favor either charge transfer or solid-state reaction is both
intriguing and important since it implies that the mecha-
nism of a solid-state reaction can be altered by controlling
the morphology. It is worth pointing out that two orders of
magnitude conductivity increase is much less than the
potential of the general approach described here. Future
work will focus on further understanding the fundamen-
tals by modeling the interactions between the precursors
and dopants, measuring charge density and charge mobil-
ity, designing new oligomers and polymers as well as
dopants, and testing processing conditions for desirable
morphology.
Appendix A. Supplementary data

SEM of the thin films before thermal and photo treat-
ment; XRD of a pentacene/DDQ film generated from ther-
mal treatment; FTIR of thermally generated pentacene/
DDQ. Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.orgel.2008.
12.003.
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The device performances of spin-coated and stamp transfer printed devices were com-
pared. There was little difference of morphology between the spin-coated and stamp trans-
fer printed devices. However, the stamp transfer printing process was better than the spin-
coating process in terms of current density, light-emitting efficiency and lifetime. In partic-
ular, the lifetime of the stamp transfer printed device was doubled compared with that of
the spin-coated device.

� 2008 Elsevier B.V. All rights reserved.
Polymer light-emitting diodes (PLEDs) have advantages
over small molecule based organic light-emitting diodes
(OLEDs) such as an easy fabrication process, less material
consumption and scalability to large size. In particular,
the PLEDs is superior to small molecule OLEDs for large
size applications because large size PLEDs can be easily
fabricated by a solution coating process.

Spin-coating and ink-jet printing has been typically
used as film-forming methods in PLEDs [1]. The spin-coat-
ing is a simple method to form a thin polymer film and the
ink-jet printing has been used as a color patterning method
of PLEDs [1–3]. Other than the two methods, the laser in-
duced thermal imaging has also been used in PLEDs [4,5].
A light-emitting polymer film spin-coated on a donor film
was transferred from the donor film to the substrate with a
hole transport layer by an excimer laser irradiation. The
pattern transfer process depended on the interfacial adhe-
sion between the light-emitting polymer and the hole
transport layer. Even though the efficiency was not de-
. All rights reserved.

85.
graded by the laser transfer process, it is not good for the
lifetime of the device. A stamp transfer printing method
has also been developed as a film-forming method of poly-
mers [6–8]. A polymer pattern could be effectively trans-
ferred by the stamp transfer printing method even
though detailed device performances of the stamp transfer
printed device were not reported.

In this work, the device performances of the stamp
transfer printed PLEDs were compared with those of the
spin-coated PLEDs. The extension of lifetime by the stamp
transfer printing process was demonstrated in this work.

A device structure of indium tin oxide(ITO, 150 nm)/
polyethylene-3,4-dioxythiophene:polystyrenesulfonate-
(PEDOT:PSS, 100 nm)/yellow emitting layer(30 nm)/LiF/Al
was used to study the effect of coating process on device
performances of PLEDs. Polyphenylenevinylene based sup-
per yellow polymer from Merck was a yellow emitting
material. The spin-coating of the yellow polymer was car-
ried out from 0.3 wt% toluene solution, while the stamp
transfer printing of yellow polymers was carried out by
spin-coating of the 0.3 wt% yellow polymer solution on Si
substrate and a subsequent transfer printing of yellow

mailto:leej17@dankook.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Fig. 1. Atomic force microscopic images of spin-coated and stamp transferred yellow polymer films. (a) Spin-coated film, (b) stamp transferred film.
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Fig. 2. Current density-voltage curves of hole only devices of spin-coated
and stamp transfer printed yellow polymers.
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polymer from the Si substrate to an ITO substrate using
polydimethylsiloxane (PDMS) stamp. The PDMS stamp
was fabricated by curing Sylgard� 184 from Dow Corning
Co. at 95 �C for 2 h. The yellow polymer film was separated
from the Si substrate by contacting the cured PDMS stamp
with the yellow polymer coated Si substrate at room
temperature. Then, the yellow polymer was transferred
from the PDMS stamp to the PEDOT:PSS coated substrate
by pressing the PDMS stamp on the substrate at 120 �C
for 10 s. Hole only devices of spin-coated and stamp trans-
fer printed yellow devices were fabricated to study the ef-
fect of film-forming process on the hole injection of yellow
devices.

Morphology of spin-coated and stamp transfer printed
yellow polymer films was analyzed with atomic force
microscope and a non-contact method was used to get
images from the films. Current density-voltage-luminance
characteristics of the devices were obtained by Keithley
2400 source measurement unit and a CS 1000
spectrophotometer.

The transfer of the polymer film was carried out from Si
substrate using a PDMS stamp. The use of Si substrate for
the film transfer is advantageous because the interfacial
adhesion between Si and polymers is poor, leading to easy
detachment of polymer film. In addition, a smooth polymer
film with a low surface roughness can be coated and trans-
ferred to the substrate. The temperature during the transfer
process was critical to the film transfer and the film transfer
was not perfect below 100 �C and it was optimized at
120 �C.

The morphology of polymer films is critical to the de-
vice performances and the surface morphology of a trans-
ferred yellow film was analyzed with an atomic force
microscope to compare the surface roughness of spin-
coated and stamp transferred films (Fig. 1). Mean surface
roughness of spin-coated film was 0.4 nm with a peak to
valley value of 9 nm, while the transferred film showed a
mean surface roughness of 0.5 nm and a peak to valley va-
lue of 6 nm. There was little difference of the mean surface
roughness between spin-coated and stamp transferred
films and they showed similar morphology even though
some spikes were observed in spin-coated films. The trans-
fer printed polymer film was transferred from Si substrate
which has a smooth surface, resulting in the low surface
roughness. This indicates that the film morphology of
spin-coated polymer film is not affected by the stamp
transfer printing process. A smooth surface film morphol-
ogy was maintained during processing. Therefore, it can
be expected that device performances may not be de-
graded by the stamp transfer process.

To study the effect of the stamp transfer process on de-
vice performances, the device performances of hole only
devices of the yellow polymer fabricated by a spin-coating
process and the stamp transfer process were compared.
Fig. 2 shows current density-voltage curves of the hole
only devices of the yellow polymer. The current density
of the yellow device fabricated by the stamp transfer pro-
cess was not decreased compared with that of the spin-
coated devices. The current density was rather increased
by 20%. The small increase of current density in the trans-
fer printed device may be due to intimate interface forma-
tion between PEDOT:PSS and yellow polymer during
transfer printing process at 120 �C. The interfacial contact
can be improved because of pressure and heat applied dur-
ing the transfer printing process [5]. Considering the simi-
lar film morphology of spin-coated and transfer printed
films, the high current density of transfer printed films is
due to improved hole injection rather than efficient elec-
tron injection. The interface between PEDOT:PSS and the
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yellow polymer may be influenced by the film-forming
process and the hole injection was different [9].

Fig. 3 compares device performances of yellow polymer
devices prepared by the spin-coating process and the
stamp transfer printing process. The stamp transfer print-
ing process was better than the spin-coating process in
terms of current density as expected from the hole only de-
vice data. Hole injection was efficient in the stamp transfer
printed device, resulting in high current density in the
stamp transfer printed device. Luminance was also high
in the stamp transfer printed device due to high current
density.

Current efficiency was also improved in the stamp
transfer printed device. Although maximum current effi-
ciency was similar in the two devices prepared by the
different process, efficiency roll-off was serious in the
spin-coated device, resulting in a high efficiency at high
luminance in the stamp transfer printed device. The high
efficiency of the stamp transfer printed device may be
due to good interfacial contact between PEDOT:PSS and
the yellow polymer. In our previous work about the device
performances of laser transferred PLEDs, the use of high
energy laser irradiation increased the current efficiency
of PLEDs. At high laser dose, the temperature was high
and additional pressure by laser contributed to the high
efficiency. Similarly, the pressure and heat applied during
the transfer process of polymers might enhanced the inter-
facial contact between the transferred polymer and the
hole transport layer.
The lifetime of the stamp transfer printed and spin-
coated devices was also compared and it is shown in
Fig. 4. The lifetime was measured at a constant current
density of 40 mA/cm2. The lifetime of the stamp transfer
printed device was much better than that of the spin-
coated device. The lifetime may depend on the interface
considering the similar surface roughness and the similar
efficiency at the lifetime test condition. Intimate interface
formation by the stamp transfer process may be responsi-
ble for the improved lifetime of the stamp transfer printed
device. The low voltage rise during lifetime measurement
supports this explanation. The voltage rise typically de-
pends on the internal resistance increase during driving
which is originated from the interface [10]. Therefore, the
low voltage rise during measurements implies that the in-
creased lifetime of the stamp transfer printed device is due
to good interfacial contact between PEDOT:PSS and the
yellow polymer.

To clarify the origin of the improved lifetime in the
stamp transferred device, the lifetime of the spin-coated
device with and without stamp pressing was compared.
The lifetime data of the two devices are shown in Fig. 5.
The lifetime of the spin-coated device was almost doubled
after pressing stamp on the spin-coated yellow film. This
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indicates that the stamp press process at 120 �C is respon-
sible for the enhanced lifetime in the stamp transfer
printed device. Improved interfacial contact by the stamp
press process may contribute to the improved lifetime.
Therefore, it can be concluded that the stamp transfer
printing process is better than the spin-coating process in
terms of device performances.

EL spectra of the spin-coated and the stamp transfer
printed devices are shown in Fig. 6. The two devices
showed the same spectra, indicating that the film coating
process did not greatly affect the emission behavior of
the yellow devices.
In conclusion, the device performances of the stamp
transfer printed device were better than that of the spin-
coated device. In particular, the lifetime of yellow devices
were greatly improved by using the stamp transfer print-
ing process. Therefore, it can be expected that the stamp
transfer printing method can be effectively used as a film
coating method of polymers in organic electronic devices.
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Flexible, plastic chemical sensors were fabricated using a thin polymer gate dielectric layer
and polymer electrodes patterned via selective wetting directly on the surface of the
organic semiconductor film. Low-voltage transistors based on DDFTTF with PEDOT:PSS
electrodes had a mobility as high as 0.05 cm2/Vs with an on–off ratio of 1.2 � 104 on
ITO/PET substrates. These devices demonstrated stable operation in water with sensor
characteristics similar to those reported on rigid silicon substrates, with sub-ppm detection
for cysteine and 2,4,6-trinitrobenzene (TNB).

� 2008 Elsevier B.V. All rights reserved.
Recent progress in organic materials has given a great functionality to direct the interaction with target analytes

deal of promise to plastic electronics, especially for organic
light-emitting diodes (OLEDs) [1] and radio-frequency iden-
tification cards (RFIDs) [2–4]. The rapid progress of the field
has been, in part, due to improvements in fabrication pro-
cesses and new material design, with noticeable improve-
ments in electronic properties for the semiconducting [5–
7], conducting [8] and insulating [9–12] components. Re-
cently, organic field-effect transistors (OTFTs) have gained
considerable attention with the demonstration of poten-
tially scalable patterning processes [13–18] and improved
semiconductor and gate insulator performance, laying the
groundwork for low-power circuits [11] and devices [19].

Due to the versatility of chemical synthesis, organic
materials have a niche application in chemical sensors
based on OTFTs [20], in which the semiconductor functions
simultaneously as the active transport layer and the sensing
component. Functional derivatives of organic semiconduc-
tors have already demonstrated utility in chemical and bio-
logical sensors based upon the ability to impart specific
. All rights reserved.
[21,22]. However, most devices used a rigid, planar sub-
strates and required high operating voltages. The develop-
ment of low-cost, disposable sensors for environmental
monitoring, health diagnostics or detection of chemical
warfare agents requires incorporation of simple processing
on inexpensive, large area substrates. The ability to detect
chemical species in water adds another degree of versatility
to OTFT sensors, allowing for in situ measurements with
these applications for non-volatile species. For example,
detection of amino acid concentrations in situ could have
a profound impact on disease detection and prevention
[23], while the ability to monitor munitions disposal is
important for maintaining safe water supplies [24]. In this
report, we combine the fundamental advantages of organic
materials for the demonstration of flexible, transparent
chemical sensors based on plastic thin-film transistors in
aqueous solutions.

Our OTFT sensors are fabricated using organic and poly-
meric materials with simple processing on a conductive in-
dium tin oxide (ITO) film on polyethylene terephthalate
(PET) substrates. These devices were operable at low bias
in vapor and liquid solutions enabled by the use of a

mailto:zbao@stanford.edu
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Fig. 1. Fabrication scheme for flexible sensors with gold and PEDOT:PSS electrodes. (i) A 35 nm PVP–HDA film is deposited via spin-coating on ITO/PET. (ii)
30 nm DDFTTF is thermally evaporated on the PVP–HDA films. (iii) Gold electrodes are deposited through a shadow mask. (iv) DDFTTF surface is modified
with UV-ozone through a shadow mask. (v) PEDOT:PSS solution is selectively patterned on the UV-ozone treated areas. (vi) The solvent is removed in
vacuum leaving conductive polymer electrodes.
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cross-linked gate dielectric layer [9]. Additionally, we show
the chemical sensing performance of these devices is com-
parable to that of OTFTs fabricated on rigid, planar sub-
strates, with detection of cysteine and trinitrobenzene
(TNB) down to 100 parts per billion.

The fabrication scheme for the flexible OTFTs is shown
in Fig. 1. A previously reported polymer dielectric film,
[9] poly(4-vinylphenol) (PVP) cross-linked with 4,40-(hexa-
fluoroisopropylidene)diphthalic anhydride (HDA), was
deposited via spin-coating directly on the ITO surface at
3000 rpm and cured at 100 �C for 2 h, resulting in a film
with a thickness of 35 nm and a capacitance of 115 nF/
cm2. Fig. 2B shows the atomic force micrograph (AFM) of
the PVP–HDA surface with a surface roughness of 2.6 nm,
moderately rougher than that reported on a planar surface.
DDFTTF, an organic semiconductor demonstrating long-
term stability in water, was thermally deposited on the
cross-linked polymer film at a rate of 0.2–0.3 Å/s and a
substrate temperature of 105 �C to a thickness of 30 nm.
Top-contact electrodes were deposited on the semiconduc-
tor surface using two methods. Gold (40 nm) was depos-
ited via thermal evaporation (1.0 Å/s) and PEDOT:PSS was
deposited via selective wetting.

The surface energy of the organic semiconductor sur-
face can be considerably modified as shown by a decrease
in water contact angle (First Ten Angstroms FTA200
equipped with a CCD camera) upon UV-ozone exposure.
Without any treatment, the DDFTTF surface is very
hydrophobic (112�), due to the vertically-aligned, den-
sely-packed alkyl chains. After treating the organic semi-
conductor surface with UV-ozone for 12 min, the water
contact angle decreases substantially from 112� to 23�
(shown in Supporting information, figure S1), due to the
complete removal of the alkyl chains. Using X-ray photo-
electron spectroscopy (SSI S-Probe Monochromatized XPS
Spectrometer, Al(ka) radiation (1486 eV)), we showed that
a dodecyl silane monolayer is completely removed from a
silicon oxide surface after 12 min (Supporting information
figure S2).

The unique contrast in surface energy is the premise for
the deposition of poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) [25] via selective wet-
ting. Immediately after UV-ozone exposure, the substrate
with a patterned DDFTTF surface (with features varying
from 50 lm to 400 lm) is briefly held in a solution vortex
[26] of PEDOT:PSS (Baytron P, 1.2–1.4% aqueous solution,
Bayer Corp.) diluted with water and ethylene glycol (EG)
at a ratio of 47:47:6, 90:0:10, or 50:50:0 (Baytron
P:water:EG). As the substrate is withdrawn from the solu-
tion, the contrast in surface energy results in the deposi-
tion of PEDOT:PSS solution on the regions previously
exposed to UV-ozone. The substrates are then placed on
a hot plate at 90 �C for 1 h to dry the film. The addition
of ethylene glycol is known to lead to a significant increase



Fig. 2. (A) AFM images (10 � 10 lm2, phase left, height right) of the top-contact PEDOT:PSS electrode interface with DDFTTF. The line profile (red line in
height image) shows good conformity of the PEDOT:PSS electrodes that are actually smoother than the top surface of the DDFTTF film. (B) AFM
(10 � 10 lm2, height) of the PVP–HDA surface on an ITO/PET substrate.
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in the conductivity of PEDOT:PSS films [27]. We found that
ethylene glycol can either be directly added to the PED-
OT:PSS formulation as described above or the sample can
be subsequently treated by dipping it into ethylene glycol.
In the latter case, the significant surface energy contrast
between DDFTTF and the already deposited PEDOT:PSS
electrodes leads to an exclusive wetting of the ethylene
glycol on the PEDOT:PSS electrodes (Supporting informa-
tion, figure S4). Both treatments resulted in a reduction
of the surface resistivity of the PEDOT:PSS electrodes by
several orders of magnitude (compared to untreated PED-
OT:PSS electrodes) to values as low as 20 X/sq.

Atomic force micrographs (AFM) (Digital Instruments
Nanoscope IV operated in tapping mode (�350 kHz fre-
quency, Si tip)) images of the PEDOT:PSS electrodes on
the DDFTTF surface are shown in Fig. 2A. The PEDOT:PSS
makes a good, conformal contact with the surface of the
DDFTTF film (see line profile, red line in height image), par-
tially filling the pores on the top surface of the DDFTTF
film. The resultant PEDOT:PSS electrode surface is there-
fore significantly smoother than the top surface of the
DDFTTF film.

Aside from the top-contact gold electrodes, the resul-
tant devices shown in Fig. 3 are both flexible and transpar-
ent, highlighting the advantageous properties of organic
materials. Fig. 3C and D show optical micrographs of PED-
OT:PSS electrodes patterned on the semiconductor surface.
While the DDFTTF surface was patterned with UV-ozone
using a shadow mask with channel lengths (L) of 50 lm
and 100 lm, and respective channel widths (W) of 1 mm
and 2 mm for a W/L ratio of 20, the final electrodes had a
W/L ratio ranging between 4 and 6 for L = 50 and
100 lm. As the solvent (water and ethylene glycol) evapo-
rated, the polymer in solution was drawn to the center
leaving slight remnants along the periphery of the UV-
ozone treated regions while maintaining the defined L,
shown by the light extensions of the electrodes in the
images. The lighter regions of the electrodes, however,
were not conductive. The feature size can potentially be re-
duced by stamping hydrophobic masks [28], for example,
using a PDMS elastomeric template for dimensions down
to 10 lm [29].

5,50-Bis-(7-dodecyl-9H-fluoren-2-yl)-2,20-bithiophene,
DDFTTF, was chosen for the semiconductor layer based on
its proven stability in ambient and water [9], thin-film
transistor characteristics, and long alkyl side chains that
promote molecular packing and water stability. Previously,
we showed that thin evaporated films of DDFTTF grow per-
pendicular to the substrate with highly two-dimensional
films promoted by the interactions between the alkyl side



Fig. 3. Digital photograph of an OTFT with PEDOT:PSS electrodes on black and white text (A) and a flexed OTFT with gold electrodes (B); optical
micrographs of OTFTs with PEDOT:PSS electrodes with 50 lm (C) and 100 lm (D) channels. Panel C shows the device on a dark surface while D shows the
device on a white surface, illustrating the transparency. Note that the electrodes are invisible when the light is focused on the substrate.
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chains [30–32]. Additionally, it is well known that the
charge transport occurs within the first 5 nm (in proximity
to the dielectric) [33], therefore, the gentle UV-ozone
surface modification of the film should not affect the trans-
port properties, as shown in the following section.

OTFTs with top-contact gold and PEDOT:PSS were elec-
trically characterized in ambient and water to determine
their suitability for sensing in water environments. By
incorporating a thin, cross-linked polymer gate dielectric,
we were able to operate at gate and source-drain biases be-
low 1 V. The OTFTs fabricated with gold electrodes (W/
L = 20) on DDFTTF showed a mobility of 0.06 cm2/Vs with
an on–off ratio of 4 � 103. The rough ITO surface, and cor-
respondingly rough dielectric surface, lead to the de-
creased electrical performance compared to using rigid,
planar substrates. OTFTs fabricated with PEDOT:PSS elec-
trodes (W/L = 4–6) performed comparable to those with
gold electrodes with a mobility of 0.05 cm2/Vs with an
on–off ratio of 1.2 � 104. Although the performance of
the two systems was quite similar, the OTFTs with PEDOT
electrodes had a lower on-current due to the shorter elec-
trode width from the solution deposition process. A slight
increase in leakage current was observed for OTFTs on
ITO/PET (3 nA at 1 V) as compared to devices on planar sil-
icon substrates (0.2 nA at 1 V), both of which are much less
than the source-drain current. The influence of bending on
the OTFT performance for devices fabrication with small
molecule organic semiconductors and polymer dielectrics
has been reported previously [9,34,35], and we expect sim-
ilar mechanical properties for these sensors.

Electrical characterization in water is performed by
placing a droplet of deionized water across the entire elec-
trode (channel) region. It was critical to reduce the source-
drain bias (VDS) to�0.6 V in order to limit the ionic conduc-
tion through water. The transfer characteristics of the OTFT
with gold electrodes are shown in Fig. 4A in ambient (black)
and water (grey). The influence of water on the electronic
properties is similar to that reported in a previous report,
with a slight increase in the mobility (0.12 cm2/Vs), positive
threshold shift, and a reduction in the on–off ratio due to
the finite ionic current through water. The output charac-
teristics under water are shown in Fig. 4D. As mentioned
above, a slight leakage current is observed as a result of
using a thin insulating layer on a rough electrode surface.
Similar plots for the OTFT with PEDOT:PSS electrodes are
shown in Fig. 4C and D. Interestingly, only a small change
in transfer characteristics is observed when exposing these
devices to water. Other than an increase in the off-current,
as previously discussed, and a marginal increase in mobil-
ity, the characteristics are nearly identical. This is most
likely due to the fact that the semiconductor was previously
exposed to water during the PEDOT:PSS deposition process.

We demonstrated chemical sensing by adding a small
volume of analyte solution to a droplet of water spanning
the source and drain electrodes. Based on the sensitivity
to various analytes in a previous report, we investigated
the influence of cysteine, trinitrobenzene (TNB), and pH
on the OTFT performance. In the sensing trials, the
source-drain and gate electrodes are continuously biased
at �0.6 V (in the saturation regime), and a droplet of ana-
lyte solution is added after current stabilized (approx.
30–60 s). The relative drain current change, DIDS = IDS/IDS�0

(IDS�0 is the drain current baseline before the analyte addi-
tion) is plotted versus time for each analyte system. We
observed similar DIDS responses on the flexible ITO/PET
substrates as we previously observed on silicon for cys-
teine solutions and pH [9], which was performed on OTFTs
with PEDOT:PSS electrodes.

Top-contact OTFTs with PEDOT:PSS electrodes were
covered in water (5 ll) and biased according to the condi-



Fig. 4. (A) Semi-log plot of the transfer characteristics (IDS versus VG) for the OTFT on ITO/PET with 35 nm PVP–HDA, 30 nm DDFTTF and gold electrodes in
ambient (black) and under water (grey). IDS

1/2 versus VG is also plotted on the right axis. (B) Output characteristics (IDS�VDS) for the device in (A) under
water. (C) Log plot of transfer characteristics with PEDOT:PSS electrodes in ambient (black) and under water (grey) with the square root shown on the right
axis. (D) Output characteristics for device in (C) under water. The structure of a top-contact OTFT with the structure of DDFTTF is shown above.

Fig. 5. (A) Optical micrograph of an OTFT under operation in water. (B) DIDS of an OTFT with PEDOT:PSS electrodes when exposed to solutions of TNB with
concentrations as low as 100 ppb, (inset) resistive current of PEDOT electrodes in air, water, and 100 ppb TNB solution. (C) DIDS (IDS/IDSbaseline) when exposed
to solutions of cysteine with various concentrations, (inset) relative saturation current change with concentration for OTFTs fabricated on silicon and ITO/
PET substrates. (D) DIDS with solution pH on ITO/PET substrates with PEDOT:PSS electrodes, (inset) DIDS as a function of change in [H+] concentration.

M.E. Roberts et al. / Organic Electronics 10 (2009) 377–383 381
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tions described. Fig. 5A shows the droplet of water span-
ning the channel region. After establishing a baseline,
2 ll of 300 ppb TNB was added to the droplet, and an in-
crease in IDS was observed. The same procedure was done
using 3 parts per million (ppm) TNB, and the composite
current characteristics are shown in Fig. 5B in the form of
DIDS versus time. A higher degree of noise relative to the
signal is observed due to the contact between the gold wire
probes and the soft, conducting polymer electrodes. Previ-
ously, we observed a decrease in current when the OTFTs
(silicon substrates and gold electrodes) were exposed to
TNB; however, with the polymer electrodes we observed
an increase in current. To explain this, we measured the
resistive current of the electrodes in water and in the sat-
urated (300 ppb) TNB solution. Indeed, the conductivity of
the electrodes increases by an average of 31% in the TNB
solution due to a charge transfer between the analyte
and conducting polymer [36,37], indicating, in this case,
that a change in contacts plays a major role. Therefore,
when using electrode materials, such as conducting poly-
mers, that can dope and de-dope under specific solution
conditions, it is important to consider the influence of
the analyte on the electrode conductivity. In fact, the use
of polymer doping/de-doping can be used to fabricate or-
ganic electrochemical transistors [38].

We also investigated the influence of pH on the polymer
electrode conductivity since the conductivity has been
shown to vary with acidity [39] or alkalinity [40]. However,
we observed a change in resistive current of less than 3%
when exposing the polymer electrode to solutions of pH
3 (based on HCl) and pH 11 (based on NaOH). Therefore,
the DIDS response was similar for OTFTs fabricated with
gold and PEDOT:PSS electrodes (Fig. 5D). The inset shows
a plot of DIDS versus change in hydronium ion, H+, concen-
tration. It is important to note that the parasitic current be-
tween the S-D electrodes in negligible for the acidic or
basic solutions under the bias conditions applied [9].

Fig. 5C shows the drain current response to solutions of
cysteine with concentrations ranging from 0.1 ppm to
10 ppm. For comparison, the inset of Fig. 5C shows the con-
centration dependent OTFT drain current change (IDS at
saturation minus IDS of the baseline, divided by IDS of the
baseline) for plastic and rigid substrates.

With the demonstration of chemical sensing using or-
ganic thin-film transistors fabricated on flexible substrates,
we have taken a step toward the realization of low-cost,
disposable sensors. In our fabrication process, we maintain
the requirements of low input power and device stability
in air and water environments. Our fabrication process re-
lies on the simplicity of solution methods with the ability
to deposit a polymer insulating layer and patterned poly-
mer electrodes from solution without damaging the organ-
ic semiconductor or plastic substrate. However,
consideration must be given to the choice of electrode
material, which can potentially influence the OTFT re-
sponse toward certain analytes.
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a b s t r a c t

Small molecule based white organic light-emitting diodes were fabricated by using an
alignment free mask patterning method. A phosphorescent red/green emitting layer was
patterned by a metal mask without any alignment and a blue phosphorescent emitting
layer was commonly deposited on the patterned red/green emitting layer. A white emis-
sion could be obtained due to separate emission of red/green and blue emitting layers. A
maximum current efficiency of 30.7 cd/A and a current efficiency of 26.0 cd/A at
1000 cd/m2 were obtained with a color coordinate of (0.39, 0.45). In addition, there was lit-
tle change of emission spectrum according to luminance because of balanced red/green
and blue emissions.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction emission using a blue emitting layer and color converting
White organic light-emitting diodes (WOLEDs) have at-
tracted great attention from many researchers for their
application as a display and a general lighting. WOLEDs
have advantages over red, green and blue pattered device
such as a simple process and the ease of fabrication. How-
ever, WOLEDs suffer from low efficiency, color shift at high
luminance and poor color stability.

There have been many studies to develop WOLEDs with
a high efficiency and a good color stability. A red, green and
blue stacked structure [1–9] and a single layer emitting
structure doped with red, green and blue dopants were re-
ported [10–13]. The stack structure has a merit of high effi-
ciency and good color stability, while the single layer
emitting structure has a problem of poor color stability
even though high efficiency can be obtained. Other than
the stacked and single layer mixed structures, a color con-
verting structure has also been developed to get white
. All rights reserved.

85.
materials [14,15]. Another method to realize white devices
is to use a single white emitting material which can emit
red, green and blue colors [16–18].

In the case of common WOLED structures, it was difficult
to manage the light emission from each color because RGB
materials are included in a single layer or in a single stack
structure. In addition, color stability could not be obtained
because there was an exciton movement or charge leakage
between emitting layers depending on the luminance of
the device [1]. These problems can be overcome by designing
a device structure with separated RGB or RB regions [19].

A combination of RGB separate emission and a diffuse
film was effective to get white emission and white color
could be easily controlled by managing the luminance of
each RGB pixel. However, each RGB pixel had to be pre-
cisely patterned to get controlled white emission. The
RGB patterning by a fine metal mask after mask and sub-
strate alignment was required. Although a high efficiency
and controlled light emission could be obtained from the
device, the device fabrication process was complicated
due to mask alignment process.

mailto:leej17@dankook.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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Fig. 1. Schematic diagram of the pixel structure.
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In this work, a simple device fabrication method which
can achieve controlled white emission without any mask
alignment process was developed. A separate emission
without any mask alignment can be achieved by a device
structure with a patterned red/green layer and a common
blue layer. The common blue layer would be stacked on
the patterned red/green emitting layer in some region
and it will exist as a blue single layer in the region without
the red/green layer. The blue layer can play a role of hole
blocking layer of the red/green emitting layer and the de-
vice performances of red/green and blue emitting layers
can be separately managed. Three color devices could be
fabricated by the method and stable white device perfor-
mances were demonstrated from three color white
devices.

2. Experimental

One pixel in this work was patterned by metal mask
and it had red and blue emitting units. Red emitting region
had a stack structure of indium tin oxide(ITO, 150 nm)/
poly-3,4-ethylenedioxythiophene:polystyrenesulfonate(PEDOT:
PSS, 60 nm)/ N, N0-di(1-naphthyl)-N,N0-diphenylbenzi-
dine(NPB, 10 nm)/ 4,40,400-tris(N-carbazolyl)triphenyl-
amine(TCTA, 10 nm)/N, N0-dicarbazolyl-3,5-benzene(mCP,
10 nm)/TCTA:3-phenyl-4-(10-naphthyl)-5-phenyl-1,2,4-triazole
(TAZ): iridium(III) tris(2-phenylpyridine)(Ir(ppy)3):irid-
ium(III) bis(1-phenylquinoline) acetylacetonate(Ir(pq)2-
acac)(20 nm, 10%, 1%)/2-diphenylphosphorylspirofluo-
rene(SPPO1): iridium(III) bis(4,6-(di-fluorophenyl)-pyridi-
nato-N,C20) picolinate (FIrpic) (30 nm, 15%)/4,7-diphenyl-
1,10-phenanthroline(Bphen, 5 nm)/tris(8-hydroxyquinoline)
aluminum(Alq3, 20 nm)/LiF(1 nm)/Al(200 nm). Blue emit-
ting region had a structure of ITO/PEDOT:PSS(60 nm)/
NPB(10 nm)/TCTA(10 nm)/mCP(10 nm)/SPPO1:FIrpic(30 nm,
15%)/Bphen(5 nm)/Alq3(20 nm)/LiF(1 nm)/Al(200 nm). Pixel
size was 2 mm by 2 mm and the open width of stripe type
metal mask was controlled to investigate the effect of the
emitting area of red/green and blue colors on the device
performances of pixel divided white devices. Two devices
with different relative emitting area were fabricated. Rela-
tive emitting areas of red/green to blue were 1:1(device I)
and 2:1(device II). Current density–voltage–luminance
characteristics and electroluminescence (EL) spectra of
PHOLEDs were measured with Keithley 2400 source mea-
surement unit and CS 1000 spectrophotometer.
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Fig. 2. Current density–voltage and luminance–voltage curves of red/
green, blue and white devices. (a) Current density–voltage and (b)
luminance–voltage.
3. Results and discussion

It is required to use hole blocking type blue phosphores-
cent emitting layer to get high efficiency and pure red/
green emission in red/green emitting layer [20]. Therefore,
a new electron transport type blue phosphorescent host
material based on spirofluorene and phosphine oxide was
synthesized. The 2-(diphenylphosphoryl)spirofluorene
(SPPO1) was synthesized by the reaction of diphenylphos-
phonylchloride with 2-bromospirofluorene followed by
oxidation with H2O2. The SPPO1 had a triplet bandgap of
2.8 eV and the highest occupied molecular orbital (HOMO)
level of 6.5 eV. The HOMO level was deep enough for effec-
tive hole blocking and the triplet energy of SPPO1 was
wide enough for efficient energy transfer to FIrpic with a
triplet bandgap of 2.6 eV. Therefore, the FIrpic doped
SPPO1 layer can play a role of hole blocking layer on red/
green emitting layer. Schematic diagram of the pixel struc-
ture is shown in Fig. 1. The relative area of the red/green
emitting region was 50% in device I, while it was 66% in de-
vice II.
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Standard devices with red/green emitting layer and
blue emitting layer were also fabricated in addition to
the white device with divided red/green and blue pixel re-
gion. Fig. 2 shows the current efficiency–voltage and lumi-
nance–voltage curves of red/green, blue and two white
devices. The current density was high in the blue device,
while red/green device showed the lowest current density.
The low current density in the red/green device can be ex-
plained by the thickness of red emitting layer. Total thick-
ness of the emitting layer in the red/green device was
50 nm compared with 30 nm of the blue device, resulting
in low current density. The white devices showed an inter-
mediate current density value of red/green and blue de-
vices. The current density was high in the device with
large area for blue emission because of high current den-
sity in the blue device. The luminance of the devices also
followed the same trend as current density.

Quantum efficiency and current efficiency of the red/
green, blue and white devices are shown in Fig. 3. The
red/green device with blue emitting layer stacked on red/
green emitting layer showed a quantum efficiency of
12.6% and a current efficiency of 28 cd/A at 1000 cd/m2.
Compared with the red standard device without the blue
emitting layer, the efficiency was not degraded. The similar
efficiency of the red/green device may be due to hole
blocking properties of the SPPO1 with the HOMO level of
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Fig. 3. Quantum efficiency and current efficiency of red/green, blue and
white devices. (a) Quantum efficiency–luminance and (b) current effi-
ciency–luminance.
6.5 eV. The blue standard device showed a quantum effi-
ciency of 13% and a current efficiency of 29 cd/A at
1000 cd/m2. The SPPO1 can be a good host material for FIr-
pic because of a wide triplet bandgap of 2.8 eV and a wide
singlet bandgap of 3.8 eV. An exothermic energy transfer
can be induced by using the SPPO1 host and a high quan-
tum efficiency of 12% was obtained. The white device
showed a little lower quantum efficiency value than red/
green and blue devices. A maximum current efficiency of
30.7 cd/A and a current efficiency of 26 cd/A at 1000 cd/
m2 were achieved in the white device II. Relative area of
the red/green emitting region to blue emitting region in
the white pixel affected the efficiency of the white device
and high efficiency was observed in the device II with lar-
ger red/green emitting area compared with blue emitting
area. This is due to a rather large efficiency roll-off and high
current density of the blue device. Local current density is
high in the blue emitting region due to high current den-
sity through blue emitting layer (Fig. 2). The blue emitting
region contributes to the efficiency of the white device and
the luminance of the blue emitting region is relatively high
compared with that of red emitting region. Therefore, the
luminance of the blue emitting region is higher than
1000 cd/m2 even at 1000 cd/m2 white emission in the pix-
el. In the case of the blue emission, a rather large efficiency
roll-off was observed, leading to relatively low quantum
efficiency in the white device. The quantum efficiency
was increased as the relative area of blue emitting region
was decreased because of less contribution of the effi-
ciency roll-off behavior on the white emitting
characteristics.

Fig. 4 compares EL spectra of red/green, blue and white
devices. The red/green device showed a red/green emission
with little blue emission from the blue emitting layer
stacked on the red/green emitting layer. This indicates that
most excitons are generated inside the red/green emitting
layer and the blue emitting layer does not contribute to the
red/green light emission. The blue layer just acts as a hole
blocking layer even though there is a little hole leakage
through FIrpic in the blue emitting layer. The HOMO level
of SPPO1 is suitable for hole blocking and holes cannot be
injected from red/green emitting layer to SPPO1 layer.
Therefore, red/green emission with little blue emission
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Fig. 4. Electroluminescence spectra of red/green, blue and white devices.
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diodes according to luminance. (a) Device I and (b) device II.
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was observed from the red/green emitting layer. In the
case of blue device, only blue emission from FIrpic doped
SPPO1 layer was observed. The blue device showed a peak
maximum at 474 nm and a strong shoulder at 499 nm
which is overlapped with green emission peak of the red/
green device. The white device showed both red/green
and blue emissions because it had red/green emitting re-
gion and blue emitting region. The relative intensity of
the red/green and blue emissions were dependent on the
relative area of the red/green and blue emitting region
and the blue emission was strong in the device with large
area for blue emission. Color coordinate of device I was
(0.33, 0.43), while the color coordinate of device II was
(0.38, 0.45). More blue emission was observed in device I
due to large blue emitting area.

One merit of using the patterned pixel structure for
white light emission is the color stability through indepen-
dent red/green and blue emissions. The red/green and blue
emissions are separate, which makes it easy to keep good
color stability in the device. Fig. 5 shows the EL spectra
of device I and device II according to luminance. The EL
spectra were not greatly changed within the luminance
range from 100 to 5000 cd/m2. The white device with the
patterned pixel structure does not have the problem of
exciton leakage or charge leakage through the interface be-
tween emitting layers in common stacked white devices.
Detrapping of charges in a single layer white device is also
not observed in this patterned pixel structure, resulting in
constant EL spectra irrespective of luminance. The color
coordinate of the device I was (0.35, 0.44) at 100 cd/m2

and it was (0.34, 0.44) at 5000 cd/m2. The color coordinate
was kept stable even at 10,000 cd/m2 and it was
(0.35,0.45). Similar data were obtained in the device II
and the color coordinate was changed from (0.40, 0.45)
to (0.38, 0.45) by changing luminance from 100 to
5000 cd/m2. It was (0.39,0.46) at 10,000 cd/m2.

4. Conclusions

In summary, a white device with patterned red/green
and blue region inside a pixel was effectively fabricated
by using a fine metal mask without any alignment. Red/
green and blue emissions were independently controlled
in a single pixel and good color stability was observed. A
high current efficiency of 30.7 cd/A was achieved in the
white device with a color coordinate of (0.39, 0.45).
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For efficient hole-extraction in solution processed organic solar cells the transparent
indium-tin oxide (ITO) electrode is invariably pre-coated with a thin layer of the high work
function conducting polymer poly(3,4-ethylenedioxythiophene) doped with poly(styrene-
sulfonate). Herein we show that thin films of partially oxidised multi-wall and single-wall
carbon nanotubes are equally effective at facilitating hole-extraction in efficient (�2.7%)
bulk-heterojunction organic solar cells based on poly(3-hexylthiophene) (P3HT): [6,6]-
phenyl-C61 butyric acid methyl ester (PCBM) blends. Crucially, in contrast to PEDOT:PSS,
deposition is from aqueous solutions of low acidity (pH 6–7) ensuring compatibility with
ITO and other emerging conducting oxides. Furthermore, thin oxidised carbon nanotube
films offer greater transparency in the near-infrared as compared to PEDOT:PSS films of
comparable thickness. The functionality of these nano-structured films is demonstrated
in relatively large area devices (�0.35 cm2) and the performance rationalised based on
measurements of the electronic structure and morphology.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction films is far below the axial conductivity of individual CNTs
Organic solar cells (OSCs) [1] have strong potential as a
low cost path to harvesting electrical energy from sunlight
and in recent years a great deal of progress has been made
in the search for low cost, transparent and flexible sub-
strate electrodes for this application [2,3]. One particularly
promising material system is that of carbon nanotube
(CNT) films, which can be prepared by filtration [3a–f],
densification of nanotube yarns [4a,b] or spraying [5],
although it is yet to be seen which processing technology
will dominate. Whilst the electrical conductivity of these
. All rights reserved.

4.
Hatton).
it is now approaching that of commercial ITO glass for
comparable transparency (i.e. <100 X/sq at >80% transpar-
ency) [3f]. With the exception of the pioneering work of
Zhang et al. [4], which pertains to the densification of dry
CNT yarns, all other processing methods involve deposition
from relatively dilute dispersions typically achieved using
a surfactant to de-bundle and solubilise the CNTs without
damaging their highly conductive graphitic structure. In
the context of OSC applications optimal performance is
only realised when the CNT electrode is coated with a thin
layer of the high work function [6] conducting polymer
poly(3,4-ethylenedioxythiophene) doped with poly
(styrenesulfonate) (PEDOT:PSS) which reduces the sheet
resistance [3d] and planarizes [3e] the porous CNT film.

mailto:ross.hatton@warwick.ac.uk
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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OSCs fabricated on CNT electrodes without PEDOT:PSS
were reported by Lagemaat et al. to exhibit inferior open-
circuit voltage (Voc) and short-circuit current density (Jsc)
as compared to devices employing PEDOT:PSS [5]. Notably,
the work function of the pristine CNTs in that work, whilst
comparable to ITO glass, was lower than that of
PEDOT:PSS. Consequently, optimal alignment of the elec-
trode Fermi level with the highest occupied molecular
orbital (HOMO) of the adjacent donor material was unli-
kely to be realised.

Thin films of PEDOT:PSS are widely regarded as efficient
hole-extracting layers (HELs) in OSCs, combining a high
work function, good optical transparency, high electrical
conductivity and ease of processing from solution [6,7].
The primary drawback of PEDOT:PSS is its acidity, which
is believed to etch the surface of ITO liberating oxygen
and metal ions which contaminate the adjacent photoac-
tive organic layer to the detriment of device performance
[8a–c]. In this paper we show that thin films of both mul-
ti-wall and single wall carbon nanotubes (MWCNTs and
SWCNTs, respectively) that have been extensively oxidised
via acid treatment to render them soluble in water, are as
effective as PEDOT:PSS for hole-extraction in efficient
archetypal OSCs based on poly(3-hexylthiophene)
(P3HT): [6,6]-phenyl-C61 butyric acid methyl ester (PCBM)
blends supported on ITO glass. The monochromatic inter-
nal quantum efficiency of OSCs employing PEDOT:PSS in
conjunction with P3HT:PCBM photoactive layers is re-
ported to be as high as �90% at optimum wavelengths
[7a] making this material system an excellent benchmark
against which other HELs can be compared [9]. Impor-
tantly, in this study both PEDOT:PSS and acid oxidised
CNT films were supported on ITO glass to ensure that the
bulk conductivity of the transparent electrode was the
same in all devices. Care was also taken to ensure that
the different HELs were of comparable transparency across
the range of wavelengths over which P3HT-PCBM absorbs
light (400–675 nm) [7b] and that the photoactive layer
thickness was the same in all devices. In this way differ-
ences in the performance of OSCs employing different HELs
could be decoupled from variations in the transparency
and conductivity of the substrate electrode and rational-
ised solely in terms of their respective electronic structure
and morphology.
2. Experimental

MWCNT (>90 wt.%) and SWCNT (>90 wt.%) grown by
chemical vapour deposition were obtained commercially
(Nanocyl) and used as received. Stable dispersions of
SWCNTs and MWCNTs in de-ionized water were prepared
by ultrasonically dispersing CNT in a 3:1 mixture of con-
centrated sulphuric and nitric acids for ten minutes. The
mixture was refluxed at 130 �C for 60 min or 25 min for
MWCNT and SWCNT respectively, before diluting with
HPLC grade de-ionized water. The very low pH of the
resulting solution destabilizes the CNTs causing them to
flocculate. To accelerate this process the dispersion was
centrifuged and the acid supernatant decanted off. The
remaining solid was repeatedly washed with de-ionized
water over a 50 nm polycarbonate filter until the washings
were pH 6–7. Before allowing the oxidised nanotubes to
dry the entire filter paper was submerged in a small quan-
tity of de-ionized water whereupon they spontaneously
disperse to form a concentrated dispersion. The resulting
dispersion was centrifuged to remove residual aggregates.
In order to determine the actual CNT loadings in solution a
sample of known volume was completely dried and
weighed. The resulting black solutions required no further
preparative treatment and were stable for >6 months.

CNTs were characterized using a Philips CM200 ST
transmission electron microscope (TEM) with a LaB6

filament and 200 kV accelerating voltage. Transmission
spectra were obtained using a UV-Vis Varian Cary 5000
UV-Vis-NIR spectrometer. The XPS measurements were
carried out in an Omicron multi-probe system, with a base
pressure in the 10�10 mbar range. The analysis chamber
was equipped with a ThermoVG XRE32 twin anode X-ray
source and an Omicron EA 125 electron energy analyser.
The XPS was measured using the Mg k (1256.3 eV) anode
of the source operated at 300 W with a 6mm circular diam-
eter analyser entrance slit and electron pass energy of
20 eV. The zero of the binding energy scale of the XPS is
such that the Au 4 f7/2 peak is at 83.9 ± 0.1 eV. Field-emis-
sion scanning electron microscopy imaging was conducted
with a Zeiss SUPRA 55-VP using an accelerating voltage of
500–600 V. Atomic force microscope (AFM) measurements
were made using a Dimension 3100 AFM under ambient
conditions. Raman scattering spectra were obtained using
a Renishaw Raman Scope 1000 and laser excitation wave-
length of 785 nm. Kelvin probe measurements performed
in air were referenced to freshly cleaved highly orientated
pyrolytic graphite (HOPG). Thick CNT films (>1 micron)
were used for the work function measurements to ensure
no contribution from the underlying substrate. Sheet resis-
tance measurements of o-CNT and PEDOT:PSS films were
made on glass microscope slides of comparable roughness
and hydrophilicity to ITO glass using the four point probe
method.

Devices were fabricated on ITO coated glass (PsiOTec)
with a nominal sheet resistance of 15 X sq�1. The ITO
substrates were cleaned using a three stage ultrasonic
cleaning procedure: toluene; an aqueous solution of
Decon-90; and acetone. Immediately prior to use the ITO
substrates were oxygen plasma treated. o-SWCNT or
o-MWCNT films were prepared by the drop-then-spin
method with a spin speed of 2250 r.p.m. onto clean ITO
substrates followed by heating at 120 �C in air for 20 min
to remove residual water. The drop-then-spin method,
which is widely used for PEDOT:PSS, ensures a high degree
of uniformity of large areas. Conductive grade (1 S/cm)
1.3 wt% dispersion of PEDOT (0.5 wt.%):PSS (0.8 wt.%) in
water was spin cast at 6000 rpm prior to baking at
120 �C for 20 min in air. Poly(3-hexylthiophene): [6,6]-
phenyl-C61 butyric acid methyl ester blends in dichloro-
benzene with loadings 20 mg ml�1 each were spin cast
onto substrates at 600 r.p.m. and allowed to dry in an open
Petri-dish in a nitrogen filled glove-box for 20 min. The
P3HT:PCBM coated substrates were heated at 110 �C in a
nitrogen atmosphere for 10 min to remove residual solvent
before transferring to a vacuum system. The thickness of
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the P3HT:PCBM layer was measured directly using a
Dektak profilometer to be 210–230 nm. The electron
extracting electrode, comprising a 10 nm calcium layer fol-
lowed by 80 nm aluminum was deposited at <10�5 mbar
with deposition rates of 0.1 nm s�1 and 0.3–4 nm s�1,
respectively. The thickness of the evaporated layers was
monitored using a calibrated quartz crystal microbalance.
The photoactive device area was �35 mm2. Devices were
tested using an Oriel solar simulator under AM 1.5 G spec-
tral illumination of 100 mW cm�2 (1 sun). The output
power of the simulator was measured using an NREL cali-
brated silicon reference cell. All measurements were made
in the air immediately after device fabrication.

3. Results and discussion

Treatment of CNTs using nitric [10] or hydrochloric acid
[10,11] under relatively mild conditions is an established
method for removing metal catalyst particles without
altering CNT dimensions. Conversely, sulphuric acid is
known to shorten CNTs via scission of the sidewalls and
ends and so is not normally used as part of a purification
procedure [12]. Both of these treatments introduce oxygen
containing groups at pre-existing or new defect sites,
which – crucially for the current application – help to in-
crease the solubility in water. When nitric and sulphuric
acids are used together at elevated temperature (70–
130 �C), oxidation and chopping proceed rapidly, decorat-
ing the CNT ends and sidewalls with a high concentration
of oxygen containing groups which render the CNTs highly
soluble in water and alcohols. In this work the oxidation
procedure has been optimised to strike a balance between
achieving stable concentrated dispersions of CNTs via sur-
face oxidation and the requirement to maintain the integ-
rity of the tubular structure.
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Fig. 1. C1s XPS spectrum of o-MWCNT. Dots correspond to experimental
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Acid oxidation of CNTs is known to result in the forma-
tion of oxygen containing moieties, including CO– (e.g.
alcohol, ether), C@O (e.g. aldehyde, ketone) and COO–
(e.g. carboxylic acid, ester) [13]. Using X-ray photoelectron
spectroscopy (XPS) (Fig. 1) and high-resolution transmis-
sion electron microscopy (HRTEM) (Supporting informa-
tion) we have studied the effect of the acid treatment
described herein on MWCNTs with diameters �10 nm.
The relative proportions of these groups based on atomic
percentages determined from peak fitting to the C1 s XPS
peak are 5:4:8, making COO– the most abundant moiety.
From this data it is possible to estimate the COO– density
to be 3–4 nm�2, or 7.3 � 1020 �9.7 � 1020 sites/g of
MWCNTs, which is in excellent agreement with the value
of 7.6 � 1020 sites/g determined by titration of acid oxi-
dised MWCNTs with NaOH. [14] Furthermore, only the
outer 2–3 layers were appreciably modified by the acid
treatment – determined by HRTEM (Supporting informa-
tion) – and so the oxygen containing moieties are essen-
tially confined to the MWCNT surface.

In SWCNTs all constituent atoms are located at the CNT
surface and so defects formed in the side walls tend to
propagate, chopping the SWCNT into shorter lengths
[12,15a,b]. As a result the oxygen containing groups are
believed to be concentrated at the ends of acid oxidised
SWCNTs [12,15a,b]. The increased susceptibility of
SWCNTs to oxidation required that the oxidation time be
reduced from 60 min for MWCNTs to 25 min for SWCNTs.
After treatment with acid there was no trace of residual
metal catalyst using energy dispersive X-ray analysis. To
probe the effect of acid oxidation on the SWCNTs Raman
scattering (Fig. 2) was employed in conjunction with
HRTEM (Supporting information).

In the low frequency region of the Raman spectrum ra-
dial breathing modes (RBM) in resonance with the laser
photon frequency can be probed to obtain information
about the tube diameters present [16]. In this case there
are numerous peaks, some of which appear as shoulders
on more intense neighbours corresponding to contribu-
tions from SWCNTs of different radii. The relationship
between SWCNT diameter (dt) and the RBM frequency is
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Fig. 2. Raman spectra of single-walled carbon nanotubes before and after
acid oxidation using 785 nm laser excitation.
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given by dt(nm) �223.7 cm�1/xRBM from which the diam-
eter range present is estimated to be 0.8–1.5 nm [16].
Using a Kataura plot [17], which relates the SWCNT diam-
eter to the electronic transition energies calculated using
the first-neighbour tight binding method, it is possible to
assign o-SWCNT diameters in the ranges 0.8–1.1 nm and
1.2–1.5 nm to semiconducting and metallic respectively.
Assuming a transfer integral of 2.9 eV and a carbon-carbon
distance of 0.142 nm, the energy gap between the valence
and conduction bands (Eg) in the semiconducting SWCNTs
present ranges between �0.8–1.0 eV. Notably the Raman
modes of metallic tubes are broadened by the interaction
with free electrons, whilst the lines for semiconducting
tubes should have a Lorentzian profile, making the latter
easier to resolve. Such a large diameter distribution is not
unexpected for SWCNTs grown by chemical vapour deposi-
tion (CVD) since the CNT diameter is to a large extent
determined by the catalyst size, which is difficult to control
on the nanometre scale. Upon acid oxidation some RBM
peaks increase in intensity whilst others decrease. These
changes can be attributed to changes in the degree of
bundling and inter-tube contact area and/or the effect of
chemical functionalisation which cause tubes with differ-
ent radii to come into resonance with the laser photon
frequency whilst others move away [18].

Raman scattering is also an effective probe of disorder
in sp2 carbons such as graphene [19] and CNTs. The band
characteristic of well ordered graphite (E2 g � 1582 cm�1)
is split into a number of components in the spectrum of
CNTs due to their cylindrical symmetry [18]. Disorder ap-
pears as a broad band at �1300 cm�1 (D-band) and is acti-
vated by any change in the periodicity of the sp2 network
such as missing carbon atoms or surface functionality
resulting from chemical treatment. In Fig. 2 it is evident
that the relative intensity of the D band is fractionally in-
creased, broadened and up-shifted upon acid oxidation
consistent with a decrease in structural order resulting
from the incorporation of oxygen containing moieties into
the sp2 lattice. The G band is also slightly up-shifted con-
sistent with previous reports pertaining to the effective
of electronegative functionality on the Raman spectra of
SWCNTs [20]. Throughout the remainder of this paper,
SWCNTs and MWCNTs acid treated according to the proto-
col reported herein will be abbreviated as o-SWCNT and
o-MWCNT, respectively.

An important property of CNTs for OSC and OLED appli-
cations is their work function, since the difference between
the CNT Fermi level and the relevant energy level of charge
carriers in an adjacent organic semiconductor sets the
barrier for injection or extraction. Table 1 gives the work
function of o-SWCNT, o-MWCNT, PEDOT:PSS and ITO glass
Table 1
Summary of work function measurements made of commercial ITO
(100 nm) on glass, PEDOT:PSS (�45 nm) on ITO glass, and thick films
(>1 lm) of o-SWCNT and o-MWCNT films on plain glass using the Kelvin
probe method referenced to freshly cleaved HOPG [21].

ITO glass PEDOT:PSS MWCNT
(oxidised)

SWCNT
(oxidised)

//eV ± 0.04 eV 4.73 4.94 5.07 5.06
cleaned according to the procedure described herein,
measured using the Kelvin probe method. These measure-
ments are referenced to freshly cleaved HOPG [21]. Impor-
tantly, since the Kelvin Probe method measures the spatial
average of the work function, the values for o-MWCNT and
o-SWCNT given in Table 1 were made on relatively thick
(>1 lm) films supported on non-conducting glass sub-
strates, ensuring that the underlying substrate did not con-
tribute to the measurement. Notably, the work function of
the same films supported on ITO glass was identical to that
on plain glass, verifying the credibility of the measurement
[22].

The work function of PEDOT:PSS coated ITO glass is en-
tirely consistent, within the experimental error, with that
recently reported in the literature [23]. The work function
of o-MWCNT is �0.5 eV higher than that of HOPG
(4.475 eV) [21] and of untreated MWCNTs [13]. We con-
sider that such a large increase is due to modification of
the CNT surface potential by the high density of electroneg-
ative oxygen containing moieties which decorate the outer-
most layers only, since MWCNTs are essentially metallic in
nature [13] and the inner walls remain intact. The work
function of o-SWCNTs (�5.06 eV) is slightly higher than
that reported for untreated SWCNT (4.7–4.9 eV) [13,24].
However, since in SWCNTs all constituent atoms are lo-
cated at the CNT surface the interpretation of the increase
in work function is more complex than in the case of o-
MWCNTs. We attribute the observed increase in work func-
tion to a lowering of the Fermi level in the semi-conducting
SWCNTs due to p-type doping by the electronegative oxy-
gen containing moieties formed upon acid treatment.

For application in OSCs thin films of o-SWCNTs and o-
MWCNTs were prepared by the drop-then-spin casting
method onto ITO glass from 2.7 mg ml�1 dispersions. The
nanotube film thicknesses – determined by the dispersion
concentration and spin speed – were selected to ensure
that their transparency, thickness and conductivity was
comparable to that of PEDOT:PSS films typically used in
OSCs. The film thickness was measured directly using an
AFM by carefully scoring films with a moist probe without
scratching the underlying ITO (Fig. 3a). Notably, from the
cross-section it is evident that the narrow strips between
channels (A and C) have the same peak-to-peak roughness
as the step edge of the widest channel (D), evidence that
nanotubes are removed by the probe rather than displaced
to the edges which would otherwise artificially increase
the step height at the edge of the channel. The effective
thickness of both films, based on the peak-to-peak rough-
ness, was�30 nm. SEM images of o-SWCNT and o-MWCNT
films drop and spin cast onto ITO glass are shown in Fig. 3b
and c. These images are representative of a number of mea-
surements at different sites on a number of different sam-
ples, from which it can be concluded that the films are
uniform and relatively dense because the distinctive poly-
crystalline surface of the underlying ITO glass is not evi-
dent. Upon close inspection it is clear that both films
comprise dense mats of entangled individual CNTs, with
the difference in density reflecting the difference in nano-
tube dimensions.

Fig. 4a shows the transparency of the PEDOT:PSS, o-
MWCNT and o-SWCNT coated ITO glass substrates. In all



Fig. 3. (a) AFM image of a scored o-MWCNT film on ITO glass, with associated cross-section. SEM images of o-MWCNT (b) and o-SWCNT (c) films on ITO
glass respectively. All films were prepared by drop-then-spin casting from 2.7 mg ml�1 dispersions.
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cases the substrates were illuminated from the glass side,
as is the case in an OSC. The highlighted region is that over
which P3HT:PCBM absorbs light, from which it can be seen
that, to a good approximation, the same photon flux is inci-
dent on the photo-active layer in all devices. It is clear from
Fig. 4 that the oxidised CNT films have greater transpar-
ency at near infra-red wavelengths (>700 nm) at which a
significant proportion of the terrestrial solar spectrum is
located. This would prove to be a distinct advantage for
the growing body of photoactive materials that harvest
light in the near infrared, although this is not the case for
P3HT:PCBM.

With improvements in the recorded efficiency of OSCs,
the requirement to measure these values accurately has
become increasingly important. A number of leading re-
search groups have highlighted common sources of error
when measuring device efficiency [25,26]. Arguably the
greatest potential source of error relates to the accurate
measurement of device area owing to shadowing [25]
and edge effects [26] particularly when the device area is
very small. The vast majority of reports in the literature
pertain to devices with areas 60.1 cm2. In this study we
have taken care to minimise these errors by both increas-
ing the device area to �0.35 cm�2 and by masking off the
edges of the device with a mat black mask to minimise
edge effects. Furthermore, the calcium/aluminium electron
extracting electrode was deposited using a rotating sub-
strate stage to eliminate shadow effects. Devices were
tested under standard test conditions of 100 mW cm�2

AM1.5 G irradiance using an NREL traceable calibrated sil-
icon solar cell.

In order to draw meaningful conclusions from a direct
comparison of the performance of OSCs employing different
hole-extracting electrodes it is critical to have knowledge of
any difference in the thickness or roughness of the photoac-
tive organic layer between cells employing different elec-
trodes. The thickness of the photoactive layer can depend
on properties of the substrate surface such as hydrophilicity
and surface roughness particularly when deposited using
the spin coating method. In this case the thicknesses of
the P3HT:PCBM films deposited under identical conditions
on ITO, ITO/PEDOT:PSS, ITO/o-MWCNT and ITO/o-SWCNT
were 246 ± 15 nm. A thickness variation of ±15 nm across
different samples with the same substrate electrode is con-
sistent with that previously reported by Li et al. [27] using
identical deposition procedure. The peak-to-valley rough-
ness of P3HT:PCBM films deposited using the slow dry
method employed herein is known to be �100 nm, which
corresponds to �50% of the mean film thickness [27]. The
peak-to-valley roughness of P3HT:PCBM films deposited
on PEDOT:PSS, o-SWCNT and o-MWCNT films in this work
was�100 nm, and fractionally smaller,�70 nm, on the vir-
gin ITO glass substrate. This small difference, combined
with the fact that these features are much smaller than
the wavelength of visible light, make it unlikely that any sig-
nificant differences in device performance can be attributed
to variations in the extent to which light is scattered by the
reflective back contact.

The OSCs employing a PEDOT:PSS HEL at the interface
between the ITO electrode and bulk-heterojunction exhibit
increased open circuit voltage (Voc), short circuit current
(Jsc) and fill factor (FF) as compared to ITO alone (Fig. 5:
Voc = 0.61 V vs. 0.57–0.60 V; Jsc = 6.8–7.3 mA cm�2 vs. 6.3–
6.6 mA cm�2; FF = 0.61–0.62 vs. 0.5–0.55). The Voc of devices
employing o-MWCNT or o-SWCNT HELs was identical to
that of devices using PEDOT:PSS and fractionally larger
than in devices employing plasma cleaned ITO glass
alone.

Whilst the factors that determine Voc in OSCs are not yet
fully understood this result indicates that Voc is weakly
dependent on the positive contact (cathode) work function
and that the optimal value lies between that of ITO
(4.73 eV) and PEDOT:PSS (4.94 eV) which correlates with
the ionisation energy of P3HT (4.65–4.85 eV) [28]. Interest-
ingly, in the simplest case where the vacuum level is
aligned across the interface (i.e. in the Schottky-Mott limit)
there would be a modest barrier (P0.2 eV) to hole-extrac-
tion by o-MWCNTs and o-SWCNTs, which would be ex-
pected to deteriorate device performance as compared to
OSCs employing PEDOT:PSS or plasma cleaned ITO alone.
Clearly, this is not the case and so the simplistic assumption
of vacuum level alignment across the interface between
oxidised CNTs and P3HT is unlikely to be valid. In cases
where the work function of the HEL is higher than the ion-
isation energy of P3HT and when the former has accessible
states above the Fermi level (as in the case of o-MWCNTs
and metallic o-SWCNTs) ground state charge transfer from
the HOMO of P3HT to the HEL is expected [29]. The effect of
such charge transfer across the interface would be to pin
the electrode Fermi level close to the P3HT HOMO level
[29], thus removing any energy barrier to hole extraction
that would otherwise exist across interfaces with o-SWCNT
or o-MWCNT. The implication for device performance of
such an interaction would be an insensitivity of Voc to
the work function of the hole-extracting electrode for
HELs having work functions equal to or greater than the
ionisation energy of P3HT, which is observed to be the
case.

In bulk-heterojunction OSCs free carriers are generated
throughout the light absorbing organic layer and so charge
carrier extraction is primarily driven by the built-in
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electric field that results from asymmetry in the anode and
cathode work functions. The fact that in all devices the Jsc

changes very little as the electric field is increased beyond
the maximum built-in potential by an applied bias of up to
0.5 V (i.e. in the 3rd quadrant response) is evidence that in
all cases the field is sufficient to sweep out the photogen-
erated carriers to the external circuit. The Jsc in devices uti-
lizing ITO glass alone was consistently lower than those
using o-MWCNT, o-SWCNT or PEDOT:PSS HELs. Khoda-
bakhsh et al. [30] have previously shown that the Jsc in dis-
crete heterojunction OSCs increases as the work function
of the hole-extracting electrode approaches the ionisation
energy of the donor material. The observation of a larger
Jsc in OSCs incorporating o-SWCNT, o-MWCNT and PED-
OT:PSS as compared to ITO glass only is therefore consis-
tent with improved alignment between the Fermi level of
the electrode (in this case the HEL modified ITO glass)
and the HOMO of P3HT. The fractionally lower Jsc in cells
incorporating o-MWCNTs as compared to PEDOT:PSS can
be attributed to the lower transparency across the part of
the solar spectrum that P3HT:PCBM absorbs (400–
700 nm) [7b]. However, in narrower band gap devices,
which harvest a greater proportion of the near infrared
spectrum, this disadvantage would be off-set.

The high and comparable shunt resistance (defined as
the gradient of the JV characteristic at Jsc) of all the device
structures reported herein is compelling evidence that the
incorporation of o-CNT layers does not increase leakage
due to filamentary short circuits. The primary advantage
of incorporating an o-CNT or PEDOT:PSS HEL is the large
(�50%) reduction in cell series resistance (defined as the
gradient of the JV characteristic at J = 0 mA cm�2) as com-
pared to those using plasma-cleaned ITO glass only. The
sheet resistance of the �30 nm thick o-MWCNT and o-
SWCNT films supported on plain glass was found to be
very high and comparable to that of the �45 nm thick
films of PEDOT:PSS: �107 X sq�1. Such a high sheet resis-
tance is consistent with the very low film thickness uti-
lised (�30 nm) and disruption of the pi-conjugation in
the CNT walls as a result of acid treatment. Consequently,
the observed reduction in device series resistance cannot
result from an increase in the conductivity of the electrode
due to the presence of the o-CNT or PEDOT:PSS layers. It
can also be assumed that the resistance to transport
though the photoactive layer and ITO electrode is the same
in all device structures and so the observed reduction in
device series resistance must be attributed to a difference
in contact resistance. In the context of OSCs the interaction
between the photoactive organic layer and the supporting
substrate electrode is a weak van der Waals type interac-
tion and so the difference in contact resistance may be cor-
related with a difference in molecular conformation at the
interface. Conjugated molecules including polythiophenes
[31] are known to adopt a parallel orientation with respect
to the graphitic wall of CNTs a configuration that would be
expected to minimise the contact resistance, although in
this instance the nature of the interaction is complicated
by the presence of surface bound oxygen containing moi-
eties. The low series resistance and high shunt resistance
in devices incorporating CNTs results in a high F.F. (o-
MWCNT �0.64, o-SWCNT �0.63), comparable to that uti-
lising PEDOT:PSS (0.61–0.62) and, to our knowledge, the
largest F.F. for an OSC employing CNTs in any capacity
[2c,3b,4,5,32a–c]. Importantly, the power conversion effi-
ciency in devices employing o-SWCNT and o-MWCNT
films is identical to that achieved using PEDOT:PSS films:
�2.7%.

MWCNTs are essentially metallic in nature having a
small but finite density of states at the Fermi level [13]. Con-
sequently they are equally capable of conducting both elec-
trons and holes and so offer predictable functionality as
reliable high work function nano-wires, simplifying the
interpretation of functionality as well as design in a device
context. Conversely, the electronic structure of o-SWCNTs
is more complex than that of o-MWCNTs primarily due to
the presence of both semi-conducting and metallic
SWCNTs, which co-exist in bulk samples regardless of the
method of synthesis. From the spread of Raman active radial
breathing modes (Fig. 2) it is evident that the sample com-
prises a distribution of SWCNT diameters with Eg � 0.8–
1.0 eV. The result is a complex multi-level energy structure
of metallic and semiconducting o-SWCNT. Clearly, from the
performance of devices incorporating o-SWCNTs this com-
plexity is not disadvantageous. A possible explanation is
that the Fermi level in the semiconducting o-SWCNT is close
to the valance band edge due to p-type doping by oxygen
defects, enabling holes to move easily between metallic
and semiconducting o-SWCNTs. This does not however
rule out the possibility of significantly better perfor-
mance should the type selection of the SWCNT be more
precise.
4. Conclusion

In conclusion we have shown that thin films of exten-
sively oxidised single wall and multi-wall carbon nano-
tubes can be utilised as high work function, solution
processable hole-extraction layers in efficient OSCs. An
important advantage over PEDOT:PSS – the most widely
used hole-extraction layer in OSCs – is that they are pro-
cessed from a pH neutral aqueous dispersion, reducing
the likelihood of adverse chemical reaction with conduct-
ing oxide electrodes. Furthermore, absorption measure-
ments show that films of acid oxidised carbon nanotubes
of comparable thickness to PEDOT:PSS offer greater trans-
parency at near infra-red wavelengths over which a signif-
icant portion of the terrestrial solar spectrum is located. As
such we have demonstrated that extensively oxidised car-
bon nanotubes are a new tool in electrode design for low
cost OSCs pointing the way to the realisation of wholly car-
bon nanotube based conformable hole-extracting elec-
trodes in OSCs.
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a b s t r a c t

Ultraviolet transfer embossing is optimized to fabricate bottom gate organic thin-film tran-
sistors (OTFTs) on flexible plastic substrates, achieving significant improved device perfor-
mance (l = 0.01–0.02cm2/Vs; on/off ratio = 104) compared with the top gate OTFTs made
previously by the same method (l = 0.001–0.002 cm2/Vs; on/off ratio = 102). The perfor-
mance improvement can be ascribed to the reduced roughness of the dielectric-semicon-
ductor interface (Rrms = 0.852 nm) and thermally cross-linked PVP dielectric which leads
to reduced gate leakage current and transistor off current in the bottom-gated configura-
tion. This technique brings an alternative great opportunity to the high-volume production
of economic printable large-area OTFT-based flexible electronics and sensors.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Organic thin-film transistors (OTFTs) are receiving
increasing interest in the area of printed low-cost and
large-area electronics on flexible substrates for applica-
tions such as electronic paper, solar panels and flexible
sensors [1–3]. To lower the cost of organic electronics, it
is important to develop fabrication processes that do not
rely on clean room and that are compatible with solution
processable dielectric materials and organic semiconduc-
tors [4]. Cold welding methods, both subtractive and addi-
tive, developed by Forrest’s group [1,5,6] are capable to
. All rights reserved.
transfer metallic patterns on submicrometer scale by
applying high pressure to form metallic bonds at the con-
formal contact area. In the additive cold welding method,
a strike layer for facilitating the bonding process requires
a gentle etching or simple sputtering process to be re-
moved. Inkjet printing is an alternative technique to pho-
tolithography that has recently reached submicron scale
resolution [7]; this process, however, requires a chemically
modified ink to fabricate ultra-hydrophobic electrodes and
post-printing sintering at a high temperature to increase
the conductivity of the electrodes. Screen printing and mi-
cro contact printing (lCP) have been actively investigated
by different research groups [8], but these techniques are
limited to low resolution of �20 lm. Nanotransfer printing
(nTP), developed by rogers’ research group as advances of

mailto:ECMLi@ntu.edu.sg
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lCP, offers a better resolution (�100 nm) comparing to
lCP [9,10]. The process utilizes the surface chemistry or
noncovalent forces between the receiving surface and
transferred metal to form the source and drain electrodes
in OTFTs [11,12].

Our lab has previously demonstrated a fast and effi-
cient OTFT fabrication process employing ultraviolet
(UV) transfer embossing at room temperature with a res-
olution (�2 lm) comparable to lithography process [13].
UV transfer embossing is fast, does not require clean
room and can achieve small micron-resolution. The
embossing template fabrication itself does require clean
fabrication conditions, but once it is made, it may be
used repeatedly to produce OTFTs under less stringent
conditions. However, our previous top gate devices,
regardless of using P3HT or poly(3,30 0 0-didodecyl quater-
thiophene) (PQT-12) (see Supplementary material) as or-
ganic semiconductors, have relatively low device
performance of mobility (l) of 0.001–0.002 cm2/Vs and
on/off ratio of 102 [13]. The poor performance is attrib-
uted principally to the roughness between the PVP
dielectric and the semiconductor; this is propagated from
the relatively rough PET substrate surface through the
thin semiconductor film. The high roughness at the
dielectric-semiconductor interface significantly perturbs
the structure of the semiconductor and forms many elec-
tron traps. Further, the top-gated configuration, which
requires deposition of the organic semiconductor prior
to deposition of the poly(4-vinylphenol) (PVP) dielectric,
prevents thermal cross-linking of the dielectric since that
PET substrate

ITO

(I) (II
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PVP
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Fig. 1. Schematic illustration of the UV transfer embossing process in fabrication
(II) PVP with MPMF is spin-coated on top of ITO and cross-linked in an oven follo
embossing mold and UV resin coated substrate are brought into contact and exp
after demolding and (VI) semiconducting polymer is drop-coated to complete d
would damage the underlying semiconductor (the typical
cross-link temperature for PVP is above 150 �C, which
would degrade the semiconductor [14]), with the conse-
quence of high leakage current through the dielectric
layer.

In this letter we report our optimization of the UV
transfer embossing process by fabricating bottom gate de-
vices with a resolution of �2 lm which exhibit much im-
proved device performance. Bottom gate devices allow
deposition of PVP dielectric before semiconductor deposi-
tion. Fig. 1 shows a schematic illustration of the fabrication
process for bottom gate devices by our UV transfer
embossing process.

2. Experimental

The UV embossing resin was a mixture of epoxy bisphe-
nol-A diacrylate (Ebecryl 600), dipropylene glycol diacry-
late (SR 508) and trimethylolpropane triacrylate (SR 351)
with weight ratio of 12:5:3 diluted (50 wt%) in isobutylm-
ethylketone (IBMK). Ebecryl 600 was supplied by UCB
chemicals and SR 508 and SR 351 were supplied by Sar-
tomer. Our UV resin mixture offers a fast curing response,
good adhesion and superior cured film strength. This for-
mulation was chosen also because the contact between
UV resin and PVP thin-film was good enough for the depo-
sition of UV resin on PVP via spin-coating. PVP and meth-
ylated poly(melamine-co-formaldehyde) (MPMF, used as
PVP cross-linking agent) with weight ratio of 4:1 were dis-
solved in dimethyl formamide (DMF) to give a 8 wt% solu-
PVP
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PVP

PET substrate

ITO

PVP
)

PET substrate

ITO

)

Si embossing mold

Au film

UV

PVP

PET substrate

ITO

I)

Semiconducting 
polymer

PVP

PET substrate

ITO

of bottom gate devices: (I) ITO coated PET films are cleaned in detergent,
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osed to UV light, (V) source and drain electrodes are transferred onto PVP
evice fabrication.
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tion. The solution was filtered with a polytetrafluoroethene
(PTFE) syringe filter with 0.2 lm pore size. The embossing
template was fabricated, passivated and coated with Au
film in the same manner as reported in our previous work
[13].

Poly(ethylene terephthalate) (PET) films coated with in-
dium tin oxide (ITO) supplied by Sigma–Aldrich were
cleaned by sonication in detergent. ITO served as the tran-
sistor gate electrode. The PVP solution was spin-coated
onto the ITO coated PET substrate at 500 rpm for 3 min.
The dielectric layer was then cross-linked in air at 200 �C
for 2 h. For high-volume production, PVP dielectric could
also be sufficiently cross-linked at 200 �C for 15 min as it
turns insoluble in acetone and chlorobezene. Since reduced
cross-linking time is critical for the mass production, we
conducted this process and successfully fabricated proper
transistor devices. O2 plasma treatment at power of
400 w and O2 pressure of 200 m Torr were applied to PVP
dielectric for 10 s. UV resin was then spin-coated onto
the PVP thin-film at 3000 rpm for 2 min. The UV resin
coated substrate was immediately brought into contact
with a gold coated embossing template and exposed to
UV light through the transparent substrate, ITO gate elec-
trode and PVP thin-film. After removal of the template,
the adhered gold patterns formed source and drain elec-
trodes. The whole construct was rinsed with ethanol or iso-
propyl alcohol to remove the uncured UV resin. The
transistor channel formed after removal of the uncured
UV resin which is in the uncontacted areas and inhibited
from curing by oxygen. The fabrication process was
completed by drop coating of PQT-12 solution in chloro-
benzene and annealing at 125 �C for 15 min in a vacuum
oven.
Fig. 2. (a) Incomplete transfer of source and drain electrodes without plasma a
activated PVP, (c) water contact angle of PVP surface without plasma activation a
source electrode in transistor device; D, drain electrode in transistor device; cha
3. Results and discussion

O2 plasma treatment is a key step for the successful
transfer of electrodes onto the hydrophobic PVP surface.
Fig. 2a and b shows transferred gold electrodes on PVP
thin-film without (a) and with (b) O2 plasma treatment.
Without plasma treatment, the gold electrodes were only
partially transferred. It is known that O2 plasma treatment
can activate a surface, make it hydrophilic and greatly im-
proved the adhesion of cured UV resin to the PVP, which
was necessary for the gold electrodes to remain on the con-
struct after removal of the UV embossing template. Fig. 2c
and d shows micrographs of water droplets on untreated
and plasma-activated PVP surfaces. The O2 plasma treat-
ment reduces the water contact angle from 76 ± 1� to
19 ± 2�.

The transfer embossed electrodes were characterized
by high resolution scanning electron microscope (HR-
SEM) and atomic force microscope (AFM). Fig. 3a shows
the top view of the gap between two patterned electrodes
on PVP dielectric film. The measured length of the gap,
which is the channel length of the transistor device, is
3.0 ± 0.1 lm and the ratio between the length of the gap
and roughness of the electrodes is estimated to be 30:1,
resulting in a roughness of around 100 nm. The relatively
high roughness is believed to arise from the mechanical
breakage in the Au film at the edge of the mold during
demolding. Fig. 3b shows a 3D AFM image of the patterned
electrodes, focusing on the gap between two electrodes.
The measured gap of 3.0 ± 0.3 lm in length between the
two electrodes was obtained. These results indicate that
the technology described in this work is capable of achiev-
ing a resolution as low as �3 lm.
ctivation, (b) intact source and drain electrodes transferred onto plasma-
nd (d) water contact angle of PVP surface with brief plasma activation. (S,
nnel, a line indicating the position of transistor channel).



Fig. 3. (a) High resolution SEM image of a gap between two electrodes and (b) AFM image of a gap between two electrodes.
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The device performance of OTFT fabricated by this
transfer embossing technology was measured in air using
an Agilent 5270B parameter analyzer with a cascade probe
station. Fig. 4a shows a representative drain current versus
drain voltage (Id–Vd) curve and Fig. 4b shows the transfer
characteristics (Id–Vg) curve. The devices achieved a much
better performance than the prior top gate devices we have
b

a

Fig. 4. (a) Output and (b) transfer characteristics of bottom gate OTFTs
fabricated by UV transfer embossing.
reported. The calculated carrier mobility ranged from
0.01–0.02 cm2/Vs in the saturation regime, which is more
than 1 order of magnitude higher than our previous top
gate devices [13]; the on/off ratio reached as high as 104,
which is 2 orders of magnitude higher than that in our pre-
vious report [13].

The electrical properties at the interface of transfer em-
bossed Au electrode/semiconducting polymer was studied
with standard TLM method [15]. The total contact to con-
tact resistance (Rtotal) can be divided into sheet resis-
tance(Rsh) in the channel and the contact resistance(Rc) at
the electrodes. At low drain voltage [15],

Rtotal ¼ Rsh þ RC ¼
L

WlCiðVG � VTÞ
þ RC;

and by normalizing resistance with channel width [16],

RtotalW ¼ L
lCiðVG � VTÞ

þ RCW;

where W, l, L, Ci, VG and VT are channel width, charge
mobility, channel length, capacitance per unit area of
dielectric layer, gate voltage and threshold voltage, respec-
tively. The width-normalized contact resistance can be
evaluated at L = 0. Devices with four different channel
Fig. 5. Plot of width normalized total contact to contact resistance as a
function of channel length to obtain contact resistance values.



Fig. 6. AFM morphology of (a) ITO coated PET substrate and (b) cross-
linked PVP.
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lengths were fabricated and tested. Fig. 5 shows the plot of
width normalized Rtotal as a function of L. A straight line is
fitted to four corresponding total contact to contact resis-
tances. The interception between the fitting line and Y axis
gives a width normalized contact resistance of around
500 KX cm when VG = �20 V. The moderate contact resis-
tance is believed to be caused by the roughness produced
at the demolding step.

To investigate the cause of the improvement in charge
carrier mobility, atomic force microscopy (AFM) was used
to study the dielectric-semiconductor interface. Fig. 6a
and b shows the surface morphology of ITO coated PET
substrate and cross-linked PVP, respectively. The root
mean square roughness (Rrms) of ITO coated PET substrate
was 3.7 nm. With proper spin-coating parameters for the
PVP thin-film, Rrms of the dielectric surface was reduced
to 0.9 nm. It is well-known that the mobility in OTFTs is af-
fected by morphology and grain size of the semiconductor
film [17]. The semiconductor film morphology is in turn
partly driven by the substrate surface [18]. Therefore, sub-
strate roughness, to some extent, determines the quality of
interface and further affects transistor characteristics
[19,20]. In our earlier top gate devices, the PET substrate
showed a regular ripple-like morphology (Rrms = 6.7 nm),
which was a typical surface morphology of a polymer sub-
strate. The spin-coated semiconductor film was very thin
and closely conformed to this morphology; the roughness
of semiconductor film only reduced modestly to
Rrms = 4.4 nm [13]. In the present bottom-gated configura-
tion, the PVP film is thick enough (800–1000 nm) to cover
up the rough surface of the ITO film and produce a very
smooth (Rrms = 0.9 nm) dielectric interface. We propose
that the increased mobility is a consequence of this signif-
icant roughness reduction at the dielectric-semiconductor
interface.

The bottom gate device structure makes it possible to
cross-link the PVP thin-film at high temperature without
affecting the quality of semiconductor layer, which is
deposited after PVP has been cross-linked. Generically,
cross-linking of polymer systems enhances mechanical
strength and stiffness and increases the resistance to sol-
vents [21,22]. In our experiments, PVP thermally cross-
linked with MPMF also shows high solvent resistance to
chlorobenzene and, as a result of the cross-linking process,
the gate leakage current is reduced below nA scale and the
off current is as low as 0.1 nA, leading to the increase of on/
off ratio. These results agree well with others’ reports in
which leakage current through PVP cross-linked with the
proper amount of MPMF is more than two orders of mag-
nitude lower than uncross-linked PVP film [23] and tran-
sistor off current is found to decrease by 2 orders of
magnitude with prolonged cross-linking time [24]. Based
on our optimized process, real, commercially interesting
OTFT applications such as low-cost, large-area sensor sys-
tems become feasible.

4. Conclusions

In summary, our UV transfer embossing process is opti-
mized by using bottom-gated configuration so that the
resulting OTFT has greatly improved mobility and on/off
ratio of 0.01–0.02 cm2/Vs and 104, respectively. The bot-
tom-gated configuration permits thermal cross-linking of
the PVP dielectric and hence lower gate leakage current
and off current. The increased mobility is proposed to re-
sult from significant roughness reduction at the dielec-
tric-semiconductor interface. The improved OTFT
performance makes this technique feasible for medium
performance and/or disposable applications such as elec-
tronic paper and large-area environmental sensors.
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a b s t r a c t

In this article, we report the effects of the thickness of metal and oxide layers of the Al/
WO3/Au interconnecting structure on the electrical and optical characteristics of the upper
and bottom units of the two-unit stacked organic-light-emitting-devices (OLEDs). It is
found that light emission performance of the upper unit is sensitive to the transmittance
of semitransparent Al/WO3/Au structure, which can be improved by changing the thickness
of each layer of the Al/WO3/Au structure. It is important to note that the introduction of
WO3 between Al and Au significantly enhances the current efficiency of both the upper
and bottom units with respect to that of the corresponding Al/Au structure without
WO3. In addition, the emission spectra of both the upper and bottom units are narrower
than that of the control device due to microcavity effect. Our results indicate that the Al/
WO3/Au interconnecting structure is a good candidate for fabricating independently con-
trollable high efficiency stacked OLEDs.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Independently controllable and dependently controlla-
ble stacked organic-light-emitting-device (OLED) struc-
tures have been widely studied to improve the emission
efficiency [1–6,8,9]. Each OLED unit of the independent
controllable stacked OLEDs can be individually biased and
operated. The performance of the stacked OLEDs strongly
depends on the carrier conduction into the emissive units.
For independently controllable stacked OLEDs, the inter-
connecting electrode plays a special role for OLED perfor-
mances because the electrode has the dual functions of
hole injection for the upper OLED unit and electron injec-
tion for the bottom unit simultaneously. Thus, serious at-
. All rights reserved.

x: +852 2559 8738.
y).
tempts have been put on exploring high performance
interconnecting electrodes. To realize the role, the inter-
connecting electrode generally utilizes structures based
on thin semitransparent metal layer or transparent in-
dium-tin oxide (ITO), such as, Mg:Ag/indium zinc oxide
[6] and Cs:BCP/indium-tin oxide(ITO) [7], apart from LiF/
Ca/Ag and LiF/Al/Au [8,9]. ITO might cause damage to the
underlying organic thin films because it is usually depos-
ited by means of magnetron sputtering process. Metal elec-
trodes can contribute to good carrier injection when the
Fermi level can match with the highest occupied molecular
orbit (HOMO) and the lowest unoccupied molecular orbit
(LUMO) of the organic material for hole and electron injec-
tion, respectively. However, the transmittance of metal is
generally low which may cause problems. Therefore, it is
urgent to develop new connecting layers.

In this article, we shall discuss the effects of the Al/
WO3/Au interconnecting electrode. The interconnecting

mailto:chchoy@eee.hku.hk
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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electrode can be proved to be an efficient interconnecting
structure for uses in high efficiency stacked OLEDs with
good transmission and to improve the color purity. We will
investigate the effects of the thickness of each metal and
oxide layers of the interconnecting structure on the electri-
cal and optical properties of each unit in the stacked
OLEDs. To ease the study, the two-units of the stacked
OLEDs are identical which are integrated by Al/WO3/Au
and Al/Au connecting layers as detailed in next section.
Each unit in the stacked OLEDs can be independently
biased.

2. Experiment

Fig. 1 shows the schematic diagram of the indepen-
dently controllable stacked OLEDs (Device A) and control
OLED (Device B) used in this study. The structure of Device
A is ITO /MoO3 (8 nm)/4,40-N,N0-bis[N-(1-naphthyl)-N-
phenyl-amino]biphenyl (NPB) (50 nm)/(tris (8-hydrooxy
uinoline) aluminum(III) (Alq3):C545T (30 nm)/Alq3

(30 nm)/LiF(1 nm)/Al/WO3/Au/MoO3 (5 nm)/NPB (50 nm)/
Alq3:C545T (30 nm)/Alq3 (30 nm)/LiF (1 nm)/Al(140). De-
vice B is ITO/MoO3 (8 nm) /NPB (50 nm)/Alq3:C545T
(30 nm)/Alq3 (30 nm)/LiF (1 nm)/Al (150 nm). All devices
were fabricated on indium-tin oxide (ITO) coated glass
with a sheet resistance of 15 X/h and the thermally depos-
ited LiF/Al was used as cathode. ITO substrate was cleaned
and then treated by UV ozone. The deposition was carried
out at a pressure less than 3 � 10�4 Pa without vacuum
breaks. The organics and metal oxide were evaporated at
the rate of 0.2–0.3 nm/s, and the metal of Au was evapo-
rated at the rate of 0.1 nm/s and Al at the rate of 0.8–
1 nm/s. The OLEDs had an emissive area of 16 mm2. The
current density–voltage–luminance (J–V–L) characteristics
were measured by using a computer controlled sourceme-
ter (Keithley 2400) and multimeter (Keithley 2000) with a
calibrated silicon photodiode. The electroluminescence
(EL) spectra were measured by JY SPEX CCD3000 spec-
trometer. All the measurements were carried out in ambi-
      Control device
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Fig. 1. Schematic diagram of the independently controllable stacked
OLED (Device A) and control OLED (Device B).
ent atmosphere at room temperature. Al/WO3/Au
structures with different thicknesses of Al, WO3 and Au
were also deposited on glass substrates for transmission
studies.
3. Results and discussion

Fig. 2 depicts J–V–L characteristics and current effi-
ciency of the upper unit of the stacked OLEDs with var-
ious thicknesses of Al, Au and WO3 layers as the
interconnecting electrode. It can be seen that the current
injection generally increases when the total thickness of
metal layers (Al and Au) increases. However, inserting
WO3 layer between the Al and Au layers make the cur-
rent injection decrease as shown in Fig. 2a. The current
injection of the device with Al/WO3/Au (2 nm/3 nm/
16 nm) is lower than that of the device with Al/Au
(2 nm/16 nm). When the thickness of WO3 is further in-
creased, hole injection enhances due to the modifying ef-
fect of the oxide layer on the Al layer which is similar to
the case reported by Lee [10]. They used C60 as the adja-
cent buffer layer of Al layer for improving hole injection
in OLEDs. Despite that the total metal thickness of the
OLED with Al/WO3/Au (2 nm/3 nm/16 nm) is the thicker
than that of the OLED with Al/WO3/Au (1 nm/5 nm/
14 nm) (see Fig. 2a), the carrier injection of the device
with Al/WO3/Au (1 nm/5 nm/14 nm) is higher than that
of the devices with Al/WO3/Au (2 nm/3 nm/16 nm). This
is attributed to the increase of the oxide thickness. For
example, at J = 100 mA/cm2, the driving voltages of
OLEDs with Al/WO3/Au structures of (1 nm/5 nm/
14 nm), (2 nm/3 nm/16 nm), and (2 nm/3 nm/15 nm) are
13.9, 14, and 14.5 V, respectively.

Fig. 2b shows the brightness–efficiency–current density
plots of the upper unit of Device A. At any current density,
the brightness of the OLEDs with various Al/WO3/Au struc-
tures is higher than that of the corresponding Al/Au OLEDs.
For example, at current density of 20 mA/cm2, the bright-
ness reaches 2700 cd/m2 for Al/WO3/Au (2 nm/3 nm/
16 nm) OLED, which is larger than 2033 cd/m2 for Al/Au
(2 nm/16 nm) OLEDs and close to 2752 cd/m2 for the con-
trol OLED. By using Al/WO3/Au (1 nm/5 nm/14 nm) struc-
ture, the brightness increases to 2900 cd/m2 at current
density of 20 mA/cm2, this means that the current effi-
ciency is further improved. The inset of Fig. 2b shows the
current efficiency versus current density of the OLEDs with
various Al/WO3/Au and Al/Au structures as well as the con-
trol device. The maximal current efficiency are 14.6 cd/A
(for the OLED with Al/WO3/Au thicknesses = 1 nm/5 nm/
14 nm, respectively), 14.3 cd/A (2 nm/3 nm/15 nm),
13.2 cd/A (2 nm/3 nm/16 nm), 12.6 cd/A (1 nm/5 nm/
17 nm), and 11 cd/A (the OLED with Al/Au thick-
ness = 2 nm/16 nm, respectively), and 10.9 cd/A (2 nm/
17 nm). It is clearly observed that the current efficiency
of the upper unit of the Al/WO3/Au OLEDs is greater than
that of the control device as well as the upper unit of Al/
Au OLEDs with same Al and Au thicknesses. One of the rea-
sons of the lower current efficiency of the upper unit of Al/
Au OLEDs is due to the low optical transmittance which
will be discussed below.
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Fig. 2. (a) Current density–brightness–voltage characteristics of the upper unit of the Al/WO3/Au and Al/Au stacked OLEDs. (b) Current density–brightness
characteristics of the upper unit of the Al/WO3/Au and Al/Au stacked OLEDs and the control OLED. The inset show the current density–current efficiency
characteristics of the upper OLED unit of the Al/WO3/Au and Al/Au stacked OLEDs and the control OLED.
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To achieve efficient light emission from the upper unit
in the stacked device, the intermediate connecting layers
shall have high enough transmission and low absorption
[11,12]. Here we study the transmittance of Al/WO3/Au/
MoO3 as depicted in Fig. 3. The results clearly indicate that
the transmittance of the Al/WO3/Au structure is indeed en-
hanced with respect to the corresponding Al/Au structure
without WO3. One of the possible reasons is the improve-
ment of transmission of the opaque metallic structure
through the coupling of the SP modes to radiative modes
[13,14]. It has been reported that coupling of SP modes
can occur by inserting an insulating layer between two
metal films to form metal/insulator/metal [15] which can
enhance the radiation. These results are important for
improving of device performance. For the upper unit, the
light will propagate through the interconnecting structure
and bottom unit before emitting to the outside environ-
ment from the ITO glass, the increase of the transmittance
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of the interconnecting structure results in improvement of
brightness. Although the introduction of thin WO3 layer re-
duces the injection current, the improvement of the bright-
ness not only overcomes the reduction but also enhances
the emission efficiency. The maximal power efficiency of
upper units of the Al/WO3/Au stacked OLEDs reaches about
11 lm/W, when that of the Al/Au stacked OLEDs is 9 lm/W
and the efficiency of the control device is 8.9 lm/W. In
addition, the structure Al/WO3/Au is similar to a capacitor
structure. Since a layer of WO3 between Al and Au layers
serves as a dielectric layer. There is no direct contact be-
tween the Au and Al; thus the positive charge exists on
the positive anode and the negative exists on the cathode.
These results indicate that both Al/Au and Al/WO3/Au are
excellent dependently interconnecting electrodes for
upper emitting unit in stacked OLEDs and the introduction
of WO3 further improve the performance of the stacked
OLEDs. Consequently, the metal/oxide/metal structures
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can serve useful interconnecting structures for improving
the stacked OLEDs performance.

Regarding the bottom unit of the stacked OLEDs, Fig. 4
shows the J–V–L characteristics and current efficiency. The
thin WO3 oxide has no obvious influence on the current
injection of the bottom devices. The driving voltage of the
bottom OLED with Al/Au structure of (2 nm/16 nm), Al/
WO3/Au structures of (2 nm/3 nm/16 nm), and (1 nm/
5 nm/17 nm) at J = 100 mA/cm2 are 12.1, 12.1, and 12.7 V,
respectively (see Fig. 4a). It is interesting to note that the cur-
rent efficiency and brightness of corresponding devices are
improved as shown in the inset of Fig. 4b. For example, at
current density of 20 mA/cm2, the brightness is 3354 cd/m2

for Al/WO3/Au (2 nm/3 nm/16 nm) OLEDs, which is higher
than 3019 cd/m2 for the corresponding Al/Au (2 nm/16 nm)
OLEDs and 2752 cd/m2 for the control device. The maximal
current efficiency the devices are 16.7 cd/A (Al/WO3/Au
thicknesses = 2 nm/3 nm/16 nm), 14.3 cd/A (2 nm/3 nm/
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15 nm), 13.8 cd/A (1 nm/5 nm/17 nm), 12.9 cd/A (1 nm/
5 nm/14 nm), 15.3 cd/A (Al/Au thicknesses = 2 nm/16 nm),
and 14.2 cd/A (2 nm/17 nm). The current efficiency of the
bottom device depends on the thickness of the oxide layer
and the metal layers. In addition, with the same metal thick-
ness, the current efficiency (16.7 cd/A) of stacked OLEDs with
the interconnecting electrode of Al (2 nm)/WO3 (3 nm)/Au
(16 nm) has been improved compared to the current effi-
ciency (15.3 cd/A) of stacked OLEDs with the interconnect-
ing electrode of the Al/Au (2 nm/16 nm) device, which
should be attributed to microcavity effect enhancement
and the transmittance improvement of Al/WO3/Au (2 nm/
3 nm/16 nm) OLEDs (see Fig. 4b). However, the current
efficiency of the Al/WO3/Au OLEDs with structure of
(1 nm/5 nm/17 nm) and (1 nm/5 nm/14 nm) are lower
than that of the Al/Au (2 nm/16 nm) structure which indi-
cate that the increase of the Al thickness favors the elec-
tron injection. It has been reported that the electron
injection at the organic/metal contact is mainly controlled
by the work function [16,17]. The Al in the interconnecting
structure, which has lower work function, provides the
electron injection for the bottom unit. One can modify
the thickness of each metal and oxide layer to fulfill the
performance of a particular OLED design.
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Fig. 5. EL spectra of device respectively, from the upper units of (a) Al/WO3/Au
OLEDs as well as the bottom unit of (c) Al/WO3/Au (2 nm/3 nm/16 nm) stacked
angles.
Due to the utilization of semitransparent interconnect-
ing layer, the microcavity effect exists in upper and bottom
units of the stacked OLEDs. Fig. 5a and b shows the EL spec-
tra from upper units of Al/WO3/Au (2 nm/3 nm/16 nm) and
Al/Au (2 nm/16 nm) OLEDs, Fig. 5c and d shows that from
bottom units. All devices emit green color with the peak
at about 526 nm, but both the bottom and upper units of
Al/WO3/Au OLEDs show narrower EL spectrum than that
of the Al/Au OLED. The full-width at half-maximum
(FWHM) of the upper and bottom units of Al/WO3/Au
OLED are 43 and 40 nm respectively, and that of Al/Au
OLED 52 and 50 nm respectively, which is narrower than
69 nm of the one-unit control device. Obviously, the nar-
rowing phenomenon is due to the microcavity effect, and
the utilization of WO3 between Al and Au, indicating that
the Al/WO3/Au possesses the more effective microcavity
optical confinement role [18] than the Al/Au which should
be favor in the improvement of device efficiency. Further-
more, it can be seen that the microcavity effect does not
produce any significant angular dependence in the emis-
sion spectrum for both bottom and upper units of the Al/
WO3/Au stacked OLEDs, although the emissive spectra of
the upper units of the both OLEDs slightly red shift and
widen at 50o as shown in Fig. 5a and b.
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4. Conclusion

An independently external bias interconnecting struc-
ture for improving the efficiency of both the upper and bot-
tom units of stacked OLEDs has been reported and
discussed. The connecting structure is composed of a thin
metal oxide sandwiched between Al and Au layers. Our re-
sults show that the utilization of metal oxide between Al
and Au significantly improves the transmittance of the
interconnecting structures, and thus the device efficiency.
The spectra of both the upper and bottom emitting unit
are also narrow down compared to the control device. Be-
sides the angular dependence of spectrum caused by
microcavity effect is not significant. The concept of intro-
ducing oxide layer between metal layers can be applied
to other metal multilayered structures. By adjusting the
thickness of each layer of the interconnecting structures,
one can tailor the performance of the top and bottom units
of the stacked OLEDs to meet the special requirement. Fur-
thermore, such interconnecting layered structure can be
easily fabricated by simple thermal evaporation, and can
be easily applied the structures for fabricating real-time
color-tunable stacked OLEDs for realizing high-resolution,
independently addressable, stacked red–green–blue pixels
in color displays.
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The transfer of benchtop knowledge into large scale industrial production processes repre-
sents a challenge in the field of organic electronics. Large scale industrial production of
organic electronics is envisioned as roll to roll (R2R) processing which nowadays comprises
usually solution-based large area printing steps. The search for a fast and reliable fabrica-
tion process able to accommodate the deposition of both insulator and semiconductor lay-
ers in a single step is still under way. Here we report on the fabrication of organic field
effect transistors comprising only evaporable small molecules. Moreover, both the gate
dielectric (melamine) and the semiconductor (C60) are deposited in successive steps with-
out breaking the vacuum in the evaporation chamber. The material characteristics of evap-
orated melamine thin films as well as their dielectric properties are investigated,
suggesting the applicability of vacuum processed melamine for gate dielectric layer in
OFETs. The transistor fabrication and its transfer and output characteristics are presented
along with observations that lead to the fabrication of stable and virtually hysteresis-free
transistors. The extremely low price of precursor materials and the ease of fabrication rec-
ommend the evaporation processes as alternative methods for a large scale, R2R produc-
tion of organic field effect transistors.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction conductors, as used for example in current organic light
Macroelectronic devices, such as flexible or conform-
able displays, smart cards, sensors etc. are impelling the
emerging field of organic electronics [1,2]. Materials em-
ployed in such applications include small molecule semi-
. All rights reserved.

; fax: + 43 732 2468

imia-Vladu).
emitting diode displays (OLEDs) as well as polymeric or-
ganic semiconductors that have proven to be favorable in
organic solar cells [3]. Advantageously, these soluble mate-
rials offer the possibility to be processed by cost-efficient
roll-to-roll (R2R) printing technologies [4,5]. As has been
demonstrated in the packaging industry, R2R processing
is also compatible with vapor deposition methods that
generally apply not only for small organic molecules [6]
but also for polymers [7].
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While small molecules can be purified to a high degree,
polymers and solvents are more likely to present impuri-
ties. Solution based processing may require extensive
cleaning steps, to avoid contamination of the devices with
ionic impurities [8]. In the field of organic field-effect tran-
sistors (OFETs), such impurities may give rise to unwanted
ionic electret effects, causing bias stress degradation or
hysteresis in transfer characteristics [9]. Though the hys-
teresis in the transfer characteristics of OFETs may be used
as an advantage in non-volatile memory elements [10,11],
it is detrimental in transistors designed for integrated or-
ganic circuits and sensors [12]. Therefore alternative routes
for production of key components in OFETs are desirable.
These include not only the deposition of the active semi-
conductor material, but also the fabrication of the insulat-
ing dielectric layer [7]. Advantageously, small molecule
evaporable materials allow fabrication to be pursued by
vapor deposition only [13], enabling therefore high purity
production of organic electronic devices. Importantly,
small molecule materials allow the forming of well defined
interfaces between the organic semiconductor and the or-
ganic dielectric when growth conditions are optimized.
Consequently, thermal oxide growth and wet chemical
steps which are used in classical inorganic semiconductor
technology would no longer be required. Moreover, since
there are no dangling bonds, the organic-organic interface
in such devices may also provide for low interface trap
densities in comparison to inorganic-inorganic interfaces
like the ones present in silicon-metal oxide-semiconductor
transistors [14]. As a result, vacuum processed small mol-
ecule OFETs may represent a viable alternative route for
the R2R processing of organic electronics [6].

Here we report on vacuum processed small molecule
OFETs with vacuum evaporated melamine as gate dielec-
tric and C60 as semiconductor material. We describe the
vacuum evaporation of melamine, the structural and
dielectric properties of the evaporated melamine thin film
dielectrics, the fabrication of the vacuum processed small
molecule OFETs and their electrical characterization.

The first synthesis of 1,3,5-triazine-2,4,6-triamine (i.e.
C3H6N6) can be traced back to the German scientist Justus
von Liebig, who first synthesized the material in 1834 by
heating an intimate mixture of ammonium chloride and
potassium thiocyanate [15]. He called the fusion product
melamine. Perceived initially as an expensive chemical,
melamine attracted significant commercial interest one
century later, for applications including fabric impregna-
tion, adhesives and moulding powders containing cellu-
losic fibers, fillers and pigments. The reaction of
melamine with formaldehyde to produce a thermosetting
resin firmly established the industrial interest towards
the duroplasts. Nowadays, melamine represents one of
the most common molecular units of our daily life owing
to its excellent chemical stability, low fabrication cost
and simple synthesis route. In addition, melamine pos-
sesses a considerable number of attractive properties, like
excellent optical transmission; very good fire and abrasion
resistance; excellent chemical inertness including stability
to heat, light, moisture and various chemicals attack. All
these features pushed melamine as a front runner in appli-
cations including cross-linking additives for coatings of
automotive and household parts; flame retardant additives
for foams in furniture and mattresses; various moulded
plastic wares; laminates for kitchen cabinets, floors and ta-
ble tops; concrete plasticizers; resins for textile and paper
finishing and others [16]. However, despite intensive aca-
demic interest shown in the second part of the last century
towards elucidating the electronic and structural proper-
ties of melamine [17–19], no report has surfaced to date
with respect to the suitability of melamine for large scale
industrial production of electronic devices.

Melamine crystallizes in monoclinic crystal structure in
which each molecule is linked to its neighbours by eight
hydrogen bonds [18,20–23]. Melamine crystals have a
melting point of 350 �C and start sublimating at a temper-
ature greater than 270 �C in a vacuum of 10-5 torr, the
recrystallized product consisting of melamine and possibly
a series of fused products of pyrolysis referred elsewhere
as melam (i.e. C6H9N11), melem (i.e. C6H6N10) and melon
(i.e. C6H3N9) [19,24]. Melon is the final condensate ob-
tained during the melamine pyrolysis and was recently
investigated by several groups for the inexpensive route
of fabrication of carbon nitride (i.e. C3N4) [24,25]. The
above mentioned thermal behaviour therefore recom-
mends melamine as a suitable material for the deposition
of the dielectric layer in fully evaporated organic field ef-
fect transistors.
2. Experimental

Transistors are built on 1.5 � 1.5 cm glass substrates.
Melamine is evaporated through a square mask on top of
an evaporated aluminium stripe acting as gate electrode
for the transistor. After the evaporation of the organic semi-
conductor layer, the transistors are placed on top of a pat-
terned mask and aluminium is used to define the source
and drain electrodes. All the aluminium electrodes (gate,
source and drain) are 60 nm thick. For the batches built
on Cr/Au gate electrodes, the thickness of the two succes-
sively evaporated metal layers was 10 nm and 50 nm,
respectively. The ITO gate electrodes for the batches featur-
ing this gate material were patterned by etching the ITO
glass with ‘‘aqua regia” (i.e. an aqueous etching solution
containing 36% hydrochloric acid, 65% nitric acid, and water
in the volume ratio 0.92:0.08:1). Melamine was purchased
from Aldrich Inc. and purified by two successive recrystal-
lizations in a glass tube in an open furnace. The closed side
of the tube was inserted in the furnace heated at 300 �C and
the open end connected to a vacuum pump and a pressure
of 10�2 bar established. The low fractions of melamine
impurities evaporated first and were drained into vacuum
and the rest of the material condensed at the end of the
tube exiting the furnace. The recrystallization was repeated
one more time in order to increase the purity of the mate-
rial. We observed that the quality of the transistors built
from precursor material recrystallized more than twice
was no different to that of the transistors produced from
the twice-recrystallized material. Attempts to build transis-
tors from the ‘‘as received material” proved successful in
the sense that transistor behaviour was observed in both
output and transfer curves, however the evaporation of
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melamine was marred by an unsteady sublimation rate at
fixed temperature, presumably due to the evolution of
ammonia containing impurities. The organic materials
were evaporated successively in the same vacuum typically
of 1 � 10�6 bar in an EDWARDS High Vacuum (Manor Roy-
al, Crawley, Sussex), from crucibles containing melamine
and C60. The distance measured from the plane of the cruci-
ble holder to the one of the sample holder during the evap-
oration of the organic layers was always 15 cm in this work.
We observed that altering this distance had a great influ-
ence on the quality of the melamine layer condensed on
the substrate. Higher distances (up to 25 cm in total) of-
fered a much better dielectric behaviour of the melamine
layer in terms of breakthrough voltage, but also a consider-
ably higher film roughness leading therefore to undesired
transistor characteristics like more pronounced hysteresis,
higher threshold voltage and modest on-off ratio. All the
transistor samples within this work that were built on glass
Fig. 1. Schematic of the vapor deposited melamine-C60 OFET. The inset

Fig. 2. AFM image of a 1.25 lm thick melamine film (a) a
substrates have gone through a post-production heat treat-
ment at temperatures in the range of 100 to 125 �C, on hot
plate in glove box under nitrogen. The transistor samples
prepared on 1.5 � 1.5 cm PET foils have been treated at
80 �C for four hours under the same environmental condi-
tions. The channel length L of the OFETs is 100 lm and
the channel width W is 1 mm. The area of the overlapping
top and bottom electrodes of the MIM capacitor built for
the dielectric measurements is 6.25 mm2. The electrical
characterization of all transistor batches was performed
in inert environment (i.e. nitrogen filled glove box). The
dielectric measurements of the MIM capacitor were per-
formed in a sample chamber under argon gas, without
any prior heat treatment of the melamine sample after
thermal evaporation. For the steady state current-voltage
measurements, an Agilent E5273A instrument was em-
ployed, whereas a Novocontrol Alpha Analyzer was used
for the dielectric spectroscopy investigation. For both the
displays the schematic of the small molecules melamine and C60.

nd 75 nm thick C60 film on the top of melamine (b).
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Fig. 3. FTIR spectra of precursor melamine (a) and evaporated melamine
(b); the peaks are labelled according to literature data summarized in
Table 1.

Table 1
Observed FTIR peaks of melamine and their corresponding assignment in literature.
do not link themto any particular mode [18].

Observed peaks (this work)
[cm�1]

Literature reported peaks
[cm�1]

Vibrationa

�3468 �3464–3471 Free NH st
�3417 �3416–3421 Interchain
�3320 �3320–3333 Interacting
�3113–3118 �3120–3130 Interacting
�2685–2687 �2684 Mixed mo

bending
�2186–2203 �2193 Mixed mo
�1623 �1626–1660 NH2 bendi

CN ring di
CN stretch

�1515–1530 �1531–1550 NH2 bendi
Side chain
CN stretch

�1465 �1465–1469 Side-chain
�1432 �1434–1438 CN ring st
�1370 �1338 CN ring st
�1173–1195 �1164–1195 NH2 rockin

NH rockin
�1023–1026 �1022–1033 CN ring br

CN stretch
�810–811 �811–813 CN ring be

CN waggin
�731–767 �730–780 CN ring be

CN waggin
�610–615 �619–620 NH2 wagg
�581–585 �581–582 CN ring be

CN ring be
�505–513 �518 Side-chain
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transfer and the output characteristics, a sweep rate of
66 mV s�1 was employed, and the instrument featured a
timing of 1 s for each of the hold, delay and step delay times
respectively. For the calculation of the electron mobility in
the OFETs, an experimentally measured value of capaci-
tance per unit area (C0d = 3.85 nF/cm2) was employed. For
the calculation of interface trap state density, the transistor
displayed in this work in Fig. 7a–b was inserted in the mea-
surement cell for dielectric measurements and the capaci-
tance vs. voltage measurements performed with the
Novocontrol Alpha Analyzer. The measurement was per-
formed connecting the electrical wires to the bottom gate
and to only one of the top electrodes, neglecting the finite
influence of the nearby floating top electrode for the calcu-
lation of the interface trap density of states. An active area
of 1.2 mm2 for the metal-insulator-semiconductor-metal
(MIS) structure was considered, as well as a value for the
capacitance per unit area of the dielectric insulator
(C0d = 3.85 nF/cm2). Implementing during the measure-
ment the active area of the measured structure and consid-
ering the corresponding value of depletion capacitance
offered by the instrument, a depletion capacitance per unit
area (Cdep = 3.3 nF/cm2) was used to compute the calcula-
tion for the interface trap density of states, and a value of
subthreshold swing (S = 4 V/dec) extracted from the ratio
of the derivatives of gate voltage to logarithm of source-
drain current [26]. The FTIR measurements were performed
on a BRUKER OPTICS (EQUINOX 55) attenuated total reflec-
tion spectrometer with all analyzed samples in KBr pellet
mode. Precursor powder (collected after the second
Schneider and Schrader list only the intensity of the observed vibrations but

l mode assignment References

retching [17,18,22]
H bonded NH stretching [17,18,22]
NH groups [17,18,22]
NH groups [18,22]

de of free N–H stretching and side-chain out-of-plane C–N [17]

de of NH2 rocking and ring breathing [17]
ng [17]
stortion [22]
+ NH rocking + NH scissor [23]

ng [18,22]
asymetric [17,23]
ing
CN breathing [17,18]

retching [17,18,23]
retch in Melam type structure [27]
g [17,18]

g + CN stretch [23]
eathing [17,18]
+ NH rocking [23]

nding [17,22]
g + CN torsion + NH torsion [23]
nding [17,18]
g + CN torsion + NH wagging + NH torsion [23]

ing [17,18]
nding [17,18]
nding + CN rocking [23]
in-plane CN bending [17]
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Fig. 4. X-ray diffraction spectra of precursor melamine (a) and evapo-
rated melamine (b) and (c); The bottom graph displays a five times
thicker evaporated film. The corresponding crystallographic planes are
labelled according to the pattern in a standard card.

Fig. 5. SEM image of a region in the melamine film (1.25 lm thick)
displaying nanometer size cracks.
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recrystallization) was mixed with KBr, whereas evaporated
melamine was vacuum deposited on the surface of a pure
KBr pellet. SEM measurements were performed on Zeiss-
Cross Beam Series, scanning electron microscope on
1.25 lm thick samples thermally evaporated on glass slides
with no heat treatment performed after the deposition. A
thin layer of 5 nm Au layer was thermally evaporated on
the top of melamine thin film to avoid charging of the
dielectric during the SEM scanning. X-ray diffractograms
were obtained using a Bruker AXS X-ray diffractometer
(Cu Ka), on precursor powder (two times recrystallized)
and thin films of 1.25 and 6.25 lm, respectively, which
were thermally evaporated on glass slides, with no heat-
treatment following thermal evaporation of melamine.
Topographical surface investigations were performed by
analyzing the Atomic Force Microscope (AFM) images of
the surface of the samples obtained from a Digital Instru-
ments Dimension 3100 microscope working in tapping
mode. As in the case of SEM measurements, the samples
were not submitted to heat treatment at the end of mela-
mine deposition. Thickness measurements of the melamine
and C60 layers were initially performed with the aid of the
AFM microscope and all the values reported here confirmed
by a DekTak profilometer.

3. Results and discussion

3.1. Structural and dielectric characterization of melamine

In this work we used no solution processing; instead
both types of small molecules (i.e. melamine and C60) have
been successively evaporated without interrupting the
vacuum in the evaporation chamber. A schematic of both
melamine and C60 small molecules is displayed, as an inset
of Fig. 1 showing schematically a fully evaporated OFET
structure. Fig. 2a and Fig. 2b show atomic force microscopy
(AFM) images of 1.25 lm thick melamine films evaporated
on aluminium electrodes and 75 nm thick C60 films depos-
ited on top of the evaporated melamine, respectively. The
melamine grains are of elongated shape and randomly ori-
ented. Most of the grains have lengths ranging from 350 to
700 nm, and the width is around 150 nm. The surface of
the film displays a considerable peak-to-valley ratio in
the range of 60 nm and an average root-mean-square
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(RMS) roughness equal to 15 nm. The C60 layer built on top
of the melamine film shows randomly oriented grains with
no clearly defined shape. The surface of the C60 film dis-
plays a somewhat reduced roughness as compared to the
melamine film; the peak-to-valley ratio and RMS values
are situated in the range of 40 and 10 nm respectively.

Further analysis of the evaporated material was per-
formed by means of Fourier transform infrared spectros-
copy (FTIR) and X-ray diffraction (XRD). For the two
investigations, 1.25 lm thick melamine films have been
evaporated on KBr pellets and glass slides, respectively.
The FTIR spectra of the precursor and evaporated mela-
mine are displayed in Fig. 3a and b, respectively, and the
characteristic peaks are assigned in very good agreement
to the literature data summarized in Table 1 [17,22,23]. It
is interesting to point out the vibrational peak centered
at �1370 cm�1 which is not characteristic to the melamine
crystal structure reported elsewhere [17,18,22,23]. Lotsch
and Schnick attribute this peak to the m(C–N) vibrational
mode in melam-type structures [27]. However, in our work
despite repeated FTIR characterization, we were not able to
observe the other type of vibration (i.e. d(NH) centered at
�1250 cm�1), which the above mentioned group further
attributed to melam. This may be due to the transitory nat-
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on the left axis in transfer characteristics. All transistors were subjected prior to
temperature of 125 �C for one hour.
ure of melam which is a low-temperature de-amonation
product of melamine, formed upon linking of two mole-
cules of melamine and the subsequent release of one mole
of ammonia [19,27,28].

The melamine structure of the evaporated film is also
confirmed by the X-ray diffraction pattern of the precursor
powder and evaporated thin films, respectively (see
Fig. 4a–c). The X-ray pattern of the precursor melamine
powder is in excellent agreement with data published else-
where, and the planes are indexed conforming to the pat-
tern available in the standard card (No. 24-1654) of the
instrument [20,24,25,27–31]. In agreement with observa-
tions of Jahromi and Moosheimer [31], we also presume
that melamine grows in a columnar fashion originating
from various nucleation centers distributed randomly on
the substrate (i.e. aluminium stripe). Fig. 4c displays a
five-fold thicker evaporated film with respect to the one
shown in Fig. 4b and shows that the thin evaporated films
are preferentially oriented as compared to the precursor
powder. Scanning electron microscopy analysis of a
1.25 lm thick evaporated melamine film on glass slide
(Fig. 5) revealed the presence of nanometer size cracks in
some regions of the film. The cracking, however, was spo-
radic and there were extensive crack-free regions of at
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the measurement to a heat-treatment in glove box, under nitrogen, at a
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least 100 lm2. The variation in the amount of cracking
throughout and between samples could be attributed to
differences in thickness between different regions of the
evaporated films, since the induced stresses during the
thermal cooling stage of the film at the end of evaporation
may vary with film thickness. The presence of such cracks
could be therefore responsible for the high leakage cur-
rents observed during the transistor characterization of
some of the fabricated devices within different batches.

The dielectric spectrum of a 600 nm thick evaporated
melamine film in a metal-insulator-metal (MIM) configu-
ration is displayed in Fig. 6. The applied voltage bias across
the MIM structure was in the range of �20 V to +20 V and
the scanned frequency spanned between 10 kHz and
10 Hz. The dielectric response of the measured sample is
independent of the applied voltage and virtually dispersion
free in the range of frequencies measured. In the range of
frequencies investigated, a dielectric constant of 4.25 for
the evaporated thin film of melamine has been measured.

3.2. Transfer and output characteristics of small-molecule
transistors

Fig. 7 displays the transfer and output characteristics of
melamine-C60 transistors that are entirely grown by vapor
deposition. We observed that for thicknesses of the dielec-
tric material in the range of 1 lm to 1.5 lm, the transistors
are stable and reproducible, offering a change in the source
to drain current in excess of 3 orders of magnitude and
leakage between 2 to 3 orders of magnitude lower than
the driven current. Noteworthily, our best performing de-
vice working at 15 V, displayed more than 4 orders of mag-
nitude on-off ratio and a leakage over 3 orders of
magnitude below the source-drain current. On the other
side of the scale, a thin melamine layer of only 400 nm acts
as a gate dielectric in a transistor working at only 2 V and
featuring 2 orders of magnitude on-off ratio, with an
acceptable leakage current of more than one order of mag-
nitude below the source-drain current. We also observed
that heating the devices on the top of a hot plate at a tem-
perature of 100-125 �C for one hour further improves the
transistor characteristics: the hysteresis vanishes, the leak-
age current decreases substantially, and the on-off ratio
improves sometimes up to one order of magnitude when
compared to the ‘‘as-fabricated” devices. We propose that
the reason for this improvement rests in the finite diffusion
of melamine molecules that arrests melamine film cracks.
Some of the devices displaying an initial leakage within
one order of magnitude below the drive current could be
transformed in valuable devices after heat treatment, ulti-
mately displaying leakages in excess of two orders of mag-
nitude below the source-drain current. Thirty transistor
batches with an aluminium gate in a bottom gate configu-
ration were deposited on glass substrates, with four to six
fabricated devices per batch. The measured transistors
were subsequently subjected to the heat treatment exem-
plified above. The typical electron mobility calculated in
the saturation regime for the heat treated transistors like
the ones exemplified in Fig. 7a–d lies between 0.1 and
0.3 cm2/Vs, averaged over samples produced in the same
batch. The method employed for the mobility calculations
was reported elsewhere [26]. The electron mobility range
and the transistor characteristics in this work correlate
well with typical mobilities in OFETs featuring C60 as or-
ganic semiconductor layer [32–34]. It is worth mentioning
that these transistor characteristics are obtained on a
rough dielectric layer as depicted in the AFM pictograms.
The considerable roughness of the dielectric films is
responsible for a late opening of the devices (i.e. high and
positive threshold voltage, evidenced by the transfer
graphs) as well as low mobility and relatively modest on-
off ratio, since it is expected that at low positive gate volt-
ages, the electric charges are trapped in the valleys where
the potential energy is minimized [12]. The calculation of
the interface trap density of states is performed with the
aid of the relation [14]:

S ¼ kT
q

ln 10 1þ Cdep þ Cit

C0d

� �
ð1Þ

where S is the subthreshold swing, Cdep is the depletion
capacitance per unit area measured from independent
C(V) measurements, C0d is the insulator capacitance per
unit area and Cit is the capacitance contribution per unit
area of the charged interface traps, the latter being in fact
expressed as:

Cit ¼ q2Dit ð2Þ

with Dit the interface trap density of states and q-the ele-
mentary charge.

Performing the calculations for the particular case of
the device shown in Fig. 7a–b, one obtain for Dit a value
of 1.5 � 1012 cm�2 (eV)�1. Furthermore, considering typical
trap energies of 0.2 eV below the conduction band edge of
C60, this would correlate with a value of interface trap den-
sity Nit = 3 � 1011 cm�2, very close with similar values re-
ported for organic-organic interfaces featuring pentacene
as a semiconductor [14]. Various other transistor batches
were produced on Cr/Au, Cu and indium-tin-oxide (ITO)
as gate material and the devices were completed with Al
for the source and drain electrodes. We observed that the
characteristics of the transistors featuring ITO and Cr/Au
as gate electrodes lie within the batch-to-batch variation
and are very similar to the ones featuring Al gate. However
regarding the copper gate, the transistors showed signifi-
cantly lower on-off ratio as well as pronounced hysteresis
which may be due to the strong interaction between cop-
per and amino moieties, a fact observed in our previous
work and also by others [7,35–36]. In another embodi-
ment, an ordinary xerographic foil (1.5 � 1.5 cm) of poly-
ethylene terephtalate (PET) was used as a substrate on
which an aluminium stripe was evaporated and the OFET
was built in a similar way to the samples fabricated on
glass substrate, resulting in a device displaying similar
transistor charactertistics.

4. Conclusion

In summary, we have developed organic field effect
transistors having both the insulator and the semiconduc-
tor layers consisting of small evaporable molecules i.e.
melamine and buckminsterfullerene, respectively. The
characteristics of the transistors are stable and reproduc-
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ible even several months after fabrication and the method
offers the versatility to produce devices displaying adjust-
able operation voltage. The fabrication route substantiates
further the vacuum evaporation method as suitable for
large scale industrial processing (roll-to-roll production)
of organic field effect transistors.
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a b s t r a c t

We report the enhanced performance of poly(3-hexylthiophene)/[6,6]-phenyl-C61 butyric
acid methyl ester (P3HT/PCBM) bulk heterojunction solar cells with wet deposited interfa-
cial gold nanostructures on their indium tin oxide (ITO) surfaces. To produce localized
surface plasmons at the ITO surfaces, gold nanostructures were fabricated through the
layer-by-layer deposition of gold nanorods onto the ITO substrates and transformed into
nanodots through a thermally induced shape transition. The incorporation of plasmonic
gold nanodots on the ITO surface was found to result in an increase in the power conver-
sion efficiency from 3.04% to 3.65%, which is due to the presence of the resulting plasmon
field.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction because of the localized surface plasmon resonances (LSPR)
Organic solar cells have recently been intensively inves-
tigated with the aim of increasing their efficiency [1–7]. In
particular, devices containing blends of poly(3-hexylthi-
ophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) have been widely studied and have
consistently been reported to produce efficiencies over
4% [2–4]. The recent development of metal nanoparticles
with surface plasmon excitation has been used to further
improve the performance of both silicon and organic solar
cell devices [8–14]. Metallic nanoparticles are well known
for their strong interactions with visible light, which arise
. All rights reserved.

hemical Engineering,
g, 790-784, Republic
98.
of the collective oscillations of the conduction electrons
within the particles. Excitation of LSPR within metal nano-
particles can create strong near-field electromagnetic
fields and far-field propagating waves that enhance the
light absorption and photocurrent of organic photovoltaic
devices [11–14]. Recent studies have shown that hybrid or-
ganic photovoltaic devices with metal particles incorpo-
rated in the photo-active region have enhanced light
absorption and photocurrent [13,14]. However, the power
conversion efficiency (PCE) in these cases might be re-
stricted by exciton quenching with nonradiative energy
transfer and the differences between the electronic proper-
ties of the metal nanoparticles and the conjugated mole-
cules in the hybrid material. In contrast, this undesirable
quenching does not occur in interfacial metallic
nanostructures between poly(3,4-ethylene dioxythioph-
ene):poly(styrenesulfonate) (PEDOT:PSS) and indium tin

mailto:kwcho@postech.ac.kr
http://www.sciencedirect.com/science/journal/15661199
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oxide (ITO) substrates. Previous attempts to fabricate gold
and silver nanostructures have used physical deposition
techniques [11–13]. Wet chemistry approaches provide
particularly efficient methods for the fabrication of well-
dispersed metallic nanostructures with control over the
size, shape, and density of particles [16,20,27]. There have
been no previous studies of the effects of plasmon excita-
tion in bulk heterojunction polymer solar cells containing
interfacial gold nanoparticles fabricated with simple wet
chemistry method rather than vacuum deposition.

In this study, we report a simple method for the fabrica-
tion of interfacial gold nanostructures through the ther-
mally-induced shape transformation of anisotropic gold
nanoparticles on ITO substrates, and investigate how the
resulting surface plasmons affect the optical properties of
the conjugated polymer and the PCE of bulk heterojunction
polymer solar cells. These results are useful for under-
standing the role of surface plasmons in the performance
of organic photovoltaic devices.

2. Experimental

For the fabrication of the photovoltaic devices, a multi-
layer film of gold nanorods was prepared by the layer-by-
layer electrostatic assembly approach, and the particle
density of the gold nanorods on the ITO substrate was con-
trolled by varying the number of deposition cycles [15,18].
The resulting films were annealed at 400 �C for 5 min to re-
move the insulating polyelectrolyte layers. In the wet
chemistry approach, gold nanorods can be synthesized
using the seed-mediated growth method described by Nik-
oobakht and El-Sayed [16]. First, the gold nanorods are
capped with a bilayer of cetyltrimethyl ammonium bro-
Fig. 1. SEM images showing (a) gold nanorods and (b) thermally transformed go
density (five layers). The scale bar is 500 nm.
mide, which is positively charged [15,16]. The positively
charged surfaces of the gold nanorods are then converted
to negatively charged surfaces by exposing them to 1 mM
poly(sodium-4-styrenesulfonate) (PSS) polyelectrolyte
solution. In the gold nanorod deposition, positively
charged 10 mM linear polyethyleneimine (PEI) is used as
an adhesive layer on the ITO substrate. After the ITO sub-
strate has been modified with PEI, repeated depositions
of PSS-coated gold nanorods and PEI result in the forma-
tion of gold nanorod multilayer films on the ITO substrate.
The conductive ITO film deposited with gold nanostruc-
tures was measured by using a scanning electron micros-
copy (SEM, Hitachi 4800). Optical spectra were acquired
using Cary 5000 UV–vis spectrometer (Varian) and photo-
luminescence (PL) spectra were recorded by using the
front face geometry of P3HT films by a spectrofluorometer
(Jasco FP-6500) with the 500 nm excitation wavelength.

In order to investigate the effect of surface plasmons on
the performance of P3HT/PCBM bulk heterojunction poly-
mer solar cells, an active layer composed of 1 wt% P3HT
(Rieke Metals)/PCBM (Nano-C) blend (1:0.8) in chloroben-
zene was spin cast onto PEDOT:PSS (Baytron P AI 4083)
coated ITO substrates with gold nanodots and treated at
150 oC for 10 min. The devices were completed by evapora-
tion of a metal top electrode (LiF/Al), as shown schemati-
cally in the inset of Fig. 4a. For comparison, the control
devices were also fabricated under the same experimental
procedures with those of gold nanodots. Current density–
voltage (J–V) characteristics were measured under AM
1.5 solar illumination (with reference to a standard Si cell
calibrated with NREL) at an intensity of 100 mW/cm2 with
an Oriel 1 kW solar simulator by using a programmable
Keithley 4200 measurement source under inert nitrogen
ld nanodots on ITO substrates. Top: low density (two layers), bottom: high



Fig. 3. (a) Optical absorption spectra and (b) PL spectra of P3HT thin films
for P3HT/PEDOT:PSS/Au/quartz structures. The inset in (a) shows the
differential absorption DA (Asample�AP3HT) spectra of the samples.
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gas. The incident photon to current conversion efficiency
(IPCE) as a function of wavelength was measured with a
photomodulation spectroscopic setup (model Merlin,
Oriel).

3. Results and discussion

Fig. 1 clearly shows the difference in the particle density
of the gold nanorod multilayer films between the case of
two layers of deposited gold nanorods (low density) and
the case of five layers of gold nanorods (high density). Most
of the gold nanorods are present in isolation with a few
aggregates. Fig. 1a and b show a sequence of SEM images
of gold nanorods changing their shape during thermal
heating at 400 oC for 5 min. Thermally-transformed gold
nanodots with an average size of 30 nm are then present
uniformly on the ITO substrate. These SEM results confirm
that the initially anisotropic nanorods have been converted
into isotropic particles. The changes in the structure of the
gold nanorods occur via diffusion of surface atoms from
the regions of high curvature at the ends of the nanorods
toward the straight cylindrical faces because of the struc-
tural instability of gold nanorods [17,18]. This trend is in
agreement with changes in the shape of the UV–vis spec-
trum, in which a single plasmon band centered near
530 nm is present after heating instead of the two distinct
plasmon bands in the original spectrum (Fig. 2).

Fig. 3a shows the absorption spectra of P3HT thin films
on PEDOT:PSS-coated quartz substrates with and without
gold nanodots, and the inset in Fig. 3a shows the absorp-
tion difference, DA (Asample�AP3HT). Because of the lack of
distinct features in the absorption spectrum of the thick
P3HT film on the gold nanodots, which is attributed to
the high extinction coefficient of P3HT, a relatively thin
20 nm P3HT film was spin cast onto the quartz substrate
instead of the ITO substrate. Since the plasmon region of
the gold nanodots matches the absorption spectrum of
P3HT, the absorbance of P3HT with gold nanodots in-
Fig. 2. UV–vis spectra of the gold nanorods (black, empty) and thermally
transformed gold nanodots (red, filled) with low (square) and high (circle)
particle density on ITO substrates. The inset shows the enlarged UV–vis
spectra of the thermally transformed gold nanodots. (For interpretation of
the references to colour in this figure legend, the reader is referred to the
web version of this article.)
creases with the gold nanodot particle density. As a result,
the differential absorption spectrum shown in the inset of
Fig. 3a is very similar to the absorption spectrum of gold
nanodots shown in the inset of Fig. 2, and the differential
absorbance increases with the gold nanodot density. The
weaker P3HT absorbance in the plasmon region is over-
whelmed by the stronger plasmon excitation, which re-
sults in a profile similar to the surface plasmon band
shapes.

The PL spectra of the same samples at room tempera-
ture are shown in Fig. 3b. The intensity of the PL spectrum
of the P3HT film with gold nanodots is significantly stron-
ger than that of the P3HT film without gold nanodots. The
surface plasmons on the metal surface create a far-field
propagating wave that penetrates into the P3HT layer via
the excitation of surface plasmon resonances in the vicinity
of the gold nanoparticles [9,19,20,27]. The large enhance-
ment of the PL with increases in the gold nanodot density
indicates that the propagating plasmon field results in an
increase in the radiative relaxation of electronic states in
the conjugated polymer. It is therefore clear that the PL
enhancement of P3HT arises from the strong coupling be-
tween the excitonic state of P3HT and the plasmonic field



Fig. 4. J–V characteristics of polymer solar cells with and without gold
nanodots (a) under illumination with 100 mW/cm2 AM1.5 simulated
light, (b) in the dark, and (c) IPCE spectra of these devices. A schematic
diagram of the bulk heterojunction solar cell device with gold nanodots is
shown in the inset in (a).

Table 1
Summary of device characteristics.

JSC

(mA/cm2)
VOC (V) FF PCE (%)

P3HT/PCBM control 10.74 0.57 0.50 3.04
With gold nanodots

(low density)
11.13 0.58 0.57 3.65

With gold nanodots
(high density)

10.74 0.57 0.56 3.43
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of the gold nanodots, which is due to the propagating oscil-
lation of the surface plasmon dipole.

The J–V characteristics under illumination of these solar
cells with and without a layer of interfacial gold nanodots
are shown in Fig. 4a, and a summary of their performance
is given in Table 1. An enhanced efficiency was observed
for the device with interfacial gold nanodots. A highest
PCE of 3.65% with an open-circuit voltage (VOC) of 0.58 V,
a short-circuit current density (JSC) of 11.13 mA /cm2,
and a fill factor (FF) of 0.57 was obtained for the device
with a low density of gold nanodots. The IPCE data follow
the same trend (Fig. 4c). The results demonstrated a sub-
stantial enhancement over the entire excitation spectral
range, in which the improved IPCE was mainly observed
from 500 nm to 600 nm. This agrees with the improved
light harvesting via plasmon excitation of gold nanodots.
Fig. 4b shows the corresponding J–V curves of these de-
vices in the dark. This lack of change in the J–V curves in
the dark strongly indicates that the total series resistance
of the diode devices is unchanged with incorporation of
interfacial gold nanodots. Fig. 4a and b provide further evi-
dence that the significant change in J–V curve shape under
illumination will therefore primarily originate from a
change in bulk resistance of active layer under the plas-
mon-field interaction, not a change in sheet resistance of
the electrode with metal nanoparticles.

According to the Mie theory [19], the total Mie extinc-
tion is a sum of contribution from absorption and scatter-
ing components associated with surface plasmon mode of
the particles. For small gold particles unlike silver ones,
the total extinction cross section consists of a large absorp-
tion and small scattering cross section. Thus, the transmis-
sion of incident light in proximate gold nanodots is largely
absorbed than forward scattered at resonance condition.
Because of the strong near-field absorption and far-field
scattering characteristics of gold nanoparticles, there is
competition between the loss of transmitted photon en-
ergy and the enhancement of incident light intensity cou-
pling by a far-field scattering plasmon wave [19,20,24].
For this reason, JSC changes negligibly from 10.74 mA/cm2

to 11.13 mA/cm2.
However, the enhancement of the PCE from 3.04% to

3.65% on the addition of a low particle density of gold
nanodots is a consequence of an increase in FF. This result
suggests that the improved FF results from the efficient
charge transfer of excitons in P3HT because of the presence
of the surface plasmon field. Several mechanisms by which
localized surface plasmon fields can enhance the relaxation
processes of excited-state excitons have been proposed as
the possible interpretations of the plasmon effect [19–23].
When the strong coupling between a surface plasmon and
an exciton occurs, the surface plasmon can shorten the
excitonic lifetime and modify the dynamic properties of
excited state excitons, which mean that the excitons do
not have time to find their minima in the excitonic materi-
als. According to these interpretations, the intense electro-
magnetic field of plasmon can increase the population of
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‘hot’ exciton, the exciton with excess thermal energy being
necessary to overcome the coulombic attraction of the ini-
tially generated radical pairs, in the P3HT films due to the
acceleration of the radiative relaxation of P3HT exciton at
plasmon resonant energy. Recently, Ohkita et al. [25] re-
ported that this ‘hot’ exciton has a high probability of dis-
sociation into free polarons for efficient charge separation.
It was suggested that an increase of ‘hot’ exciton of P3HT
might result in the enhanced charge dissociation yield
without geminate recombination losses. Therefore, the
plasmon-field interaction at resonant energies may be suf-
ficient to facilitate the relaxation processes of P3HT elec-
tronic states for participating in the efficient charge
dissociation, for which there is kinetic competition be-
tween geminate recombination to ground and charge dis-
sociation. This model is supported by our results for the
plasmon effect in P3HT/PCBM blend films, which implies
that strong coupling between the plasmon and excitonic
systems results in efficient charge dissociation at the exci-
tation energies that overlap with those of the surface plas-
mon oscillations.

On the other hand, when there is a high particle density
of gold nanodots, the randomly distributed gold nanoparti-
cles generate ‘hot-spots’ due to their dipole–dipole electro-
magnetic interactions [26,27]. These hot-spots generate
new hybridized plasmons below the surface plasmon fre-
quency that complicate the propagation of the electromag-
netic field into the active layer. Despite the stronger
propagating plasmon field of gold nanodots with a high
particle density, the excitons of P3HT cannot interact effi-
ciently with the plasmon, resulting in a lower efficiency
than that of the low particle density sample.

4. Conclusions

In conclusion, we have demonstrated that thermally-
transformed gold nanodots deposited on the ITO substrate
with the layer-by-layer technique enhance the far-field
propagating plasmon field via surface plasmon excitation.
The PCE was found to be increased from 3.04% to 3.65%
by the incorporation of the plasmonic gold nanostructures
because of the presence of the plasmon field proximate to
the gold nanodots. These results suggest that the strong
coupling between the organic excitons and plasmons of
the gold nanostructures results in more efficient charge
transfer in the bulk heterojunction blend. These results
can contribute to our understanding of plasmonic interac-
tions between conjugated polymers and metal nanostruc-
tures in polymer solar cells, and related experiments are
under way.
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a b s t r a c t

We have studied the effect of active layer thickness on the performance and environmental
stability of the 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS pentacene) thin-film
transistor. The organic thin-film transistors (OTFTs) were fabricated by inkjet printing
using a solution based TIPS pentacene. To get thick organic semiconductor, the surface of
gate insulator was treated with n-octyltrichlorosilane (OTS-C8) before jetting. The on-cur-
rents of the OTFT with �1 lm active layer decreases a little in air, but the OTFT with
0.05 lm TIPS pentacene shows a significant degradation in drain currents.

� 2009 Elsevier B.V. All rights reserved.
Organic thin-film transistors (OTFTs) are of increasing
interest for low cost, large-area electronic applications
such as active-matrix displays, electronic paper and flexi-
ble microelectronics [1–3]. Among solution processed or-
ganic semiconductors, thiophene and pentacene
derivatives exhibit good TFT performance. However, device
stability under air should be improved to apply printed
OTFTs to flexible displays.

The lifetime of the OTFTs having no passivation layer is
usually short when they are exposed to ambient air due to
the interaction of organic semiconductor with oxygen and
moisture [4]. It results in the degradation of TFT perfor-
mance. Therefore, in order to achieve OTFTs with long life-
time, the OTFTs should be protected from the
environmental moisture and oxygen [5]. The studies on
. All rights reserved.

: +82 2 961 9154.
the environmental stability of OTFTs indicate that some
specific gases such as moisture and oxygen affect the TFT
performance significantly.

In this paper, we report the environmental stability of
unpassivated OTFT made of the 6,13-bis(triisopropylsilyle-
thynyl) pentacene (TIPS pentacene) using inkjet printing.
The on-currents of the OTFT with �1 lm active layer de-
grade a little in air, but the OTFT with 0.05 lm TIPS penta-
cene shows a significant degradation in drain currents. The
thick active layer has a self-passivation effect by intrinsic
organic semiconductor even though the surface region is
affected by H2O or O2, leading to keep the on-currents in
air.

We used a piezoelectric type of Litrex Corp. 80.L equip-
ment with spectra SE-128 printing head for inkjet printing
[6]. The printer has an optical module which can inspect
the substrate condition and analyze the volume, velocity
and angle deviation of in-flight drops. We have optimized
the parameters in order to make stable droplets with good
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repeatability and to remove satellite drops before printing
onto the substrate.

Fig. 1a shows the schematic cross-sectional view of a
bottom contact TIPS pentacene OTFT used in the present
work. As gate electrode, AlNd (100 nm) was deposited on
polyethylenenaphthalate (PEN) substrate and patterned
by photolithography. The gate insulator, photo-definable
poly(4-vinylphenol) (P-PVP) having a dielectric constant
of 3.6 and 450 nm thickness, was spin coated from the P-
PVP precursor, and then developed after UV exposure.
Then, the sample was cured in a vacuum oven to harden
the pattern [7]. An Au layer (50 nm) was deposited on
Fig. 1. A cross-sectional view of an OTFT studied in the present work (a);
FIB image of thin TIPS pentacene TFT (b); thick TIPS pentacene TFT (c) on
the channel region.
the gate insulator and patterned as source/drain elec-
trodes. The W/L, ratio of channel width to channel length,
of the OTFTs was fixed to 236 lm/6 lm for all the OTFTs
studied in this work.

To define a TFT region in a pixel and to keep the organic
semiconductor inside of the TFT region, a bank was formed
by poly(vinylalcohol) (PVA). Then, we treated the gate
dielectric surface with O2 plasma to make it clean and
hydrophilic. Finally, TIPS pentacene was inkjet printed
using the overlap jetting at 90 �C [8]. After printing, the
OTFT substrate was cooled down to 26 �C with the cooling
rate of �0.5 �C/min. Measurement of the TFT performances
were carried out at room temperature under ambient air
and the sample was stored in ambient air.

It is found that boiling point of the solvent is important
because the drying time upon jetting affects the structure
of organic semiconductor [9]. Note that it increases with
increasing boiling point. Therefore, cyclohexanol (viscosity
of 41 cP) was mixed to 1,2,4-trichlorobenzene (viscosity of
�1 cP) and then more uniform TIPS pentacene layer could
be achieved [10]. The boiling points for cyclohexanol and
trichlorobenzene are 160 and 214 �C, respectively. And
the sample was treated by n-octyltrichlorosilane (OTS-C8)
to make hydrophobic surface before TIPS pentacene print-
ing. The surface energy of PVP dielectric decreases suffi-
ciently by OTS-C8 treatment, and thus printed drops
could not spread out on the PVP surface, leading to a thick
active layer. The thickness of the TIPS pentacene was chan-
ged between 50 nm and 1000 nm by increasing the drop
number from 15 to 60 and surface treatment as well.
Fig. 1b and c shows the cross-sectional view of FIB images
of TIPS pentacene on the channel, from which the thickness
can be decided.

Fig. 2 shows the optical image of a TIPS pentacene TFT
before and after printing. The inkjet printed TIPS pentacene
OTFT using mixed solvent shows more uniform layer in the
channel [10]. But the optical images are very different be-
tween the two; the films of thin and thick TIPS pentacenes.
The TFT channel is transparent for thin TFT as shown in
Fig. 2b and the thick one is black as can be seen in Fig. 2c.

Fig. 3 shows the transfer characteristics of the TIPS
pentacene TFT by inkjet printing [8]. The thin TIPS penta-
cene TFT on plastic exhibited an on/off current ratio of
�105, a threshold voltage of 1 V, a gate voltage swing of
1.6 V/dec. and a field-effect mobility of 0.006 cm2/Vs in
the saturation region. On the other hand, the thick TIPS
pentacene TFT on plastic exhibited an on/off current ratio
of �106, a threshold voltage of �1 V, a gate voltage swing
of 0.8 V/decade and a field-effect mobility of 0.02 cm2/Vs
in the saturation region.

It is found that the performance of the TFT using a
mixed solvent is worse than that using a single aromatic
solvent. Note that aromatic solvents have p–p stacking
showing relatively good electrical conduction because TIPS
pentacene has p-electron conjugated segments. Therefore,
when we dissolve the TIPS pentacene in aromatic solvent,
electric conduction in TIPS pentacene is enhanced as a re-
sult of p–p interaction. However, when we used cyclohex-
anol solvent, non-aromatic solvent, the solvent molecules
solvate non-conjugated segments of polymer and thus
films with lower electrical conduction are obtained. Note



Fig. 2. Optical images of TIPS pentacene TFTs on the channel regions:
before printing of TIPS pentacene (a); after thin TIPS pentacene jetting
(b); after thick TIPS pentacene jetting (c).

Fig. 3. The transfer characteristics of the thin and thick TIPS pentacene
TFTs printed by overlapping method.
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that we used the mixed solvent of cyclohexanol and tri-
chlorobenzene so that the performances of OTFTs are not
as good as before [6]. The non-aromatic solvent, cyclohex-
anol, can deteriorate the OTFT performance even though
the uniformity can be improved by adding it.

Fig. 4 shows the performances of the TIPS pentacene
TFTs before and after 1400 h in ambient air using thin
(a,b) and thick (c,d) active layers; transfer (a,c) and output
characteristics (b,d). The thin TIPS pentacene TFT shows
the drop in currents over the whole region. Its performance
after 1400 h exhibited an on/off current ratio of �105, a
threshold voltage of 2 V, gate voltage swing of 0.6 V/dec-
ade and field-effect mobility of 0.0016 cm2/Vs in the satu-
ration region. The turn-on-voltage (Von) shifts to the
negative direction and field-effect mobility decreases
significantly.

It is found that H2O trapping is more significant than O2

doping under ambient air and O2 effect is dominant over
H2O trapping in dry air [11]. The H2O absorbed by exposure
to ambient air creates new trapping sites for the carriers.
Therefore, H2O absorbed by exposure to ambient air de-
creases the electrical conductivity of TIPS pentacene TFT.
The overall drop of the drain currents after air exposure ap-
pears to be due mainly to the H2O absorption in organic
semiconductor.

For the thick TIPS pentacene, formed by using OTS-C8,
the TFT exhibited an on/off current ratio of �106, a thresh-
old voltage of 2 V, a gate voltage swing of 2.0 V/decade and
a field-effect mobility of 0.015 cm2/Vs in the saturation re-
gion as shown in Fig. 4c. The on-current shows almost no
change in ambient air even though a large shift in VT from
�1 V to 2 V. The significant increase of off-current (Ioff) can
be seen for thick TIPS pentacene TFT after long exposure to
air because of O2 doping effect into the TIPS pentacene
layer. Increase of the subthreshold slope can be seen to-
gether with VT shift. We compared the output characteris-
tics of the OTFTs before and after long time exposure to air.
A thin TIPS pentacene TFT shows a significant decrease in
currents as shown in Fig. 4b, but the TFT with a thick TIPS
pentacene shows a little increase in the drain currents as
shown in Fig. 4d. However, the ohmic contact behavior



Fig. 4. The degradations of the TIPS pentacene TFTs using thin (a,b) and thick (c,d) layers before and after 1400 hours in ambient air; transfer (a,c) and
output (b,d) characteristics.
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seems to be not much different before and after the degra-
dation in air. Therefore, it is concluded that the degrada-
tion in the drain currents is due to the bulk effect.
Fig. 5. The degradation in the field-effect mobility in the saturation
region for both OTFTs in log-log scale.
The drain current (ID) decreases and threshold voltage
increases with time (t) in ambient air and the time depen-
dence of field-effect mobility (lfe) can be described as

lfe ¼ lfeota ð1Þ

where lfe0 is the field-effect mobility in air at t= 1 s and the
constant a is the slope obtained from the plot of log lfe ver-
sus log t.

Fig. 5 shows the data indicating the plots of the lfe ver-
sus lifetime (t) in log-log scale. From the slope, the TFT
with a thick TIPS pentacene exhibited the a of �0.041,
and that for the TFT with 0.05 lm active-layer �0.16. On
the other hand, that for the TFT with vacuum-deposited
pentacene shows �0.78 [5]. Therefore, it is concluded that
the environmental stability depends strongly on the thick-
ness of active layer. The thick active layer protects the
channel region against O2 and H2O adsorptions from ambi-
ent air. Note that the absorption of H2O and O2 in the active
layer, especially in the channel region, degrades the TFT
performance significantly.



Fig. 6. Cross-sectional views of the TIPS pentacene TFT channels dividing 2 and 4 regions using thin (a) and thick (b) TIPS pentacene layers, respectively.
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Fig. 6 shows a model explaining the degradation of
drain currents of OTFT with thin (a) and thick (b) active
layers. The active layer can be divided into 2 for thin and
4 sub-layers for thick active-layers. These are channel
and H2O trapping dominant regions for a thin active layer
as shown in Fig. 6a. The H2O absorbed by exposure to
ambient air affects the whole channel region. On the other
hand, the thick organic semiconductor can be divided into
4 sub-layers; channel, intrinsic pentacene, O2 doping dom-
inant and H2O trapping dominant regions as shown in
Fig. 6b.

Thick TIPS pentacene has a H2O trapped region on the
surface, as the case in the thin TIPS pentacene TFT. The
middle region just beneath the H2O trapped one appears
to be O2 doping dominant region because O2 can diffuse
deeper than H2O [11], and the region between the O2 dop-
ing and channel regions is intrinsic organic semiconductor
layer having a high resistivity. This can be a passivation
layer to protect the channel layer from vapor and O2

diffusion.
As shown in Fig. 4c, the on-currents are quite stable due

to self-passivation effect. But the VT shift increases the cur-
rents in the subthreshold region. These variations are
attributed to the influence of the O2 doping region. Note
that the width of accumulation by gate bias decreases with
increasing bias potential.

In conclusion, we have studied the effects of active layer
thickness on the performance and environmental stability
of the TIPS pentacene TFT. The OTFT was fabricated by ink-
jet printing using a TIPS pentacene solution. The OTFT with
a thin active layer shows the decreases in transfer charac-
teristics because of the H2O diffuses into the whole active
layer, but the OTFT with thick active layer exhibited a little
change in on-currents because the channel can be pro-
tected from air and O2 diffusion by a thin intrinsic organic
semiconductor between channel and O2 doped sub-layer.
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a b s t r a c t

A new architecture for flexible light-emitting devices with color-controlled emission is
described. The various layers in these novel three-terminal devices are fabricated by cast-
ing soluble conjugated polymers from solution. The light-emitting three-terminal device
(LET) can be described as comprising two polymer light-emitting diodes (LEDs) connected
back-to-back with an internal common electrode. By controlling the bias voltages between
the common buried electrode and the two outer electrodes, the LET can be turned on/off,
and the emission color can be switched and modulated. Thus, the LET architecture provides
a route to flexible displays that can be fabricated by printing technology with pixels that
are color-switchable and color-tunable.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

High information content displays for future applica-
tions must be lower in cost, thinner, lighter and mechani-
cally flexible. These demanding features are required to
enable paper-like, portable ‘‘roll-up” and disposable dis-
plays [1–3]. Moreover, since such displays must have a de-
vice structure that is sufficiently simple to be compatible
with low-cost manufacturing, it is important to reduce
the number and complexity of circuit elements by inte-
grating multiple functions into the components within
each pixel.
. All rights reserved.

olymer and Organic
ta Barbara, CA 93106,

physics.ucsb.edu (A.J.
We report here that we have successfully demonstrated
a new architecture for flexible polymer-based, three-ter-
minal devices with all layers cast from solution. The light
emitting three-terminal device (LET) can be described as
comprising two polymer light-emitting diodes (LEDs) con-
nected back-to-back with an internal common electrode.
By controlling the bias voltages between the common bur-
ied electrode and the two outer electrodes, the device can
be turned on/off, and the emission color can be switched
and modulated.

Plastic electronic devices made from semiconducting
and metallic polymers offer a number of potential advanta-
ges, including lightweight, flexibility, and fabrication by
printing/coating methods that enable low-cost manufac-
turing [4–6]. Moreover, multifunctional devices have been
demonstrated, including light-emitting transistors [7,8],
light-emitting solar cells (LESCs) [9] and light-emitting
photo-diodes [10].
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The pixels within high information content active ma-
trix electroluminescent displays require two main func-
tions: light generation from a LED and on/off switching
by a field-effect transistor (FET). Full color is obtained by
dividing each pixel into three sub-pixels which emit red,
green and blue, respectively. Demonstration of a flexible
three-terminal light emitting device that can be turned
on/off and color-controlled by applied voltages is, there-
fore, of interest.

Voltage controlled color change has been demonstrated
by using polymer blends [11] or multilayer stacks [12,13]
for EL, or by using voltage controlled thermochromism
[14]. Vertical-type color-controlled light emitting devices
(CCLEDs) have been demonstrated using independently
stacked electrode and emitting layers [15,16]. Light emit-
ting transistors were shown to function as an LED and a
transistor in series [17,18].

\Vertical-type CCLEDs are particularly interesting
because the emission of each emitting layer can be con-
trolled independently, thereby maximizing display reso-
lution with high color purity. In addition, they also
exhibit a high aperture ratio for light-emission compared
with a device having a narrow light emitting region
[7,18]. In spite of such advantages, however, known ver-
tical-type CCLEDs are hard to consider as components for
next generation flexible displays because of the inflexibil-
ity of their components and the relative complexity of
fabrication (vapor deposition of many layers of small
molecule organic semiconductors). With the LET de-
scribed in here, we have successfully addressed the chal-
lenge of creating flexible CCLEDs fabricated by solution
processing.
Fig. 1. (a) Schematic of the device cross-section: the device consists of two polym
Ba:Al, connected back-to-back. The P-PPV diode emits green light; the MEH-PPV
2. Results and discussion

2.1. LET structure

Fig. 1 shows the structure of the LET together with the
molecular structures and the electronic structures of the
component materials. The LET is equivalent to two polymer
LEDs connected back-to-back with poly(3,4-ethylenedioxy-
thiophene)-poly(styrene sulfonate), PEDOT:PSS, as the
internal common electrode. The first diode with structure
Al/poly [2-(4-(3’,7’-dimethyloctyloxy)-phenyl)-p-phenyl-
enevinylene](P-PPV)/PEDOT:PSS (Bottom) emits green
light. The second diode with structure PEDOT:PSS/poly(2-
methoxy, 5-(2,-ethyl-hexoxy)-1,4-phenylene vinylene)
(MEH-PPV)/Al (Top) emits orange-red light. The function
of the PEDOT:PSS layer is analogous to that of the polyani-
line network layer in the polymer grid triode (PGT) [19,20].
Since the PEDOT:PSS electrode is continuous, there is no di-
rect current path between the two outer electrodes. Thus,
the LET described here is equivalent to two back-to-back
diodes in contrast to the polymer grid triode (the latter
can, in principle, exhibit gain).

Three different conducting materials were used as elec-
trodes, each with a different work function: Al (�4.3 eV),
Ba:Al (�2.7 eV) and PEDOT:PSS (�5.2 eV) (see Fig. 1b).
Semitransparent Al with a thickness of 10 nm is used as a
low work function metal for injecting electrons into the
bottom PLED, while Ba:Al (100 nm) is used for injecting
electrons into the top PLED. The high work function semi-
transparent PEDOT:PSS conducting polymer is used as the
internal anode for hole injection into both the top and bot-
tom PLEDs. Because the Al electrode is grounded, the Ba:Al
er light emitting diodes, Al/P-PPV/PEDOT:PSS and PEDOT:PSS/MEH-PPV/
diode emits red-orange light. (b) Energy level diagram.
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and PEDOT:PSS electrodes can also be switched to perform
either the functions of anode or cathode under different
applied bias conditions.

The water-soluble PEDOT:PSS layer enables the fabrica-
tion of the multilayered device architecture. Because P-PPV
and MEH-PPV are insoluble in water and PEDOT:PSS is
insoluble in organic solvents, the various layers remain in-
tact with no intermixing. The emission from MEH-PPV in
the top LED must pass through the PEDOT:PSS layer and
the P-PPV layer; the former is semitransparent and the
absorption edge of the latter is at a photon energy above
that of the emission from MEH-PPV. Earlier work has dem-
onstrated that P-PPV shows high luminous intensity in sin-
gle devices using Al as the cathode material [21,22].

The semitransparent Al electrode (thickness of �10 nm)
was deposited on a polyethersulfone (PES) substrate by
thermal evaporation in a vacuum of about 5 � 10�7 Torr.
The P-PPV was spin-cast (2000 rpm) from solution
[1 wt.% in chlorobenzene (CB)] on top of the Al electrode,
and baked at 80 �C for 60 min in a glove box. Because the
P-PPV film is hydrophobic, we have deposited a thin layer
of TiOx [23–25] onto the P-PPV film before depositing
hydrophilic PEDOT:PSS layer. The dilute TiOx precursor
solution was spin-cast onto the P-PPV emitting layer at
6000 rpm for only 5 s and the PEDOT:PSS solution was
immediately dropped onto the TiOx film. Since a continu-
Fig. 2. (a) Schematic of current paths in the device. I1, I2 and I3 represent the hol
electrode, and Ba:Al and Al electrode, respectively. (b) Energy band diagram for

Fig. 3. Energy band diagram for diffe
ous film of TiOx is not typically formed under such spin-
casting conditions, the TiOx (amphiphilic) acts principally
as a ‘‘glue” that assures adhesion between the P-PPV
(hydrophobic) and PEDOT:PSS (hydrophilic) layers.

Highly conductive PEDOT:PSS (Baytron PH 500) solu-
tion mixed with DMSO solvent [26] was dropped on
the TiOx-treated P-PPV film without substrate spinning
and then baked at 30 �C for 3 h. This results in higher
conductivity for PEDOT:PSS (the extended annealing at
30 �C increases the degree of crystallinity of PEDOT:PSS).
The MEH-PPV solution was spin-cast on top of the PED-
OT:PSS layer. Finally, Ba (10 nm):Al(100 nm) was depos-
ited by thermal evaporation in a vacuum of about
5 � 10�7 Torr.

Since the LET has three-terminals, there are three differ-
ent current pathways: I1, I2 and I3 as shown Fig. 2a. I1 is the
current between the PEDOT:PSS and Al electrode, I2 is the
current between the PEDOT:PSS and Ba:Al electrode, and
I3 is the current between the Ba:Al and Al electrode. I1, I2

and I3 a are determined by the electric field (E-field) gener-
ated by the combination of VA voltage (Ba:Al to Al elec-
trode) and VB voltage (PEDOT:PSS to Al electrode). In the
zero-bias condition shown in the energy diagram of
Fig. 2b, the E-field in each layer results from the difference
between the work functions of the two neighboring elec-
trodes (EG for P-PPV and ER for MEH-PPV). We assume
e currents between the PEDOT:PSS and Al electrode, PEDOT:PSS and Ba:Al
zero-bias condition.

rent bias conditions (see text).
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the direction of E-field as positive from PEDOT:PSS to both
outside electrodes.

Fig. 3 shows four different combinations of EG and ER in
the device. Fig 3a represents zero (or small) bias; Fig. 3a is
similar to Fig. 2b in that both diodes are in reverse bias.
Under the conditions described by Fig. 3b, the first diode
is back-biased while the second diode is forward biased.
In Fig. 3c, both diodes are in forward bias. In Fig. 3d, the
first diode is in forward bias and the second diode is in re-
verse bias.
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Fig. 4. Current-density versus voltage and luminance versus voltage
curve characteristics under different combination of EG and ER electric
field. IA and VA indicate the current and voltage between the Al and Ba:Al
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2.2. LET performance

This device operating concept described above is veri-
fied by the measurements of current density (I) – voltage
(V) characteristics at various external biases. A plot of IA

(current from Al to Ba:Al, see Fig. 2a) versus VA voltage un-
der various VB is shown in Fig. 4a. For VB = 0, the I–V curve
exhibits general PLED characteristics except symmetric
curve shape [27]. The current increases with increasing
voltage. Control of the IA–VA characteristics by the applica-
tion of VB is shown in Fig. 4a. With VB = 10 V (red line), IA is
negative below VA < 9 V and IA – 0 even for VA = 0 V. In
contrast, when VB is biased at �10 V (blue line), IA is posi-
tive above VA > �7 V and current flows even at VA = 0 V.

This tendency is also observed in the control of the IB–
VB (current and voltage from Al to Ba:Al, see Fig. 2 a) char-
acteristics by the application of VA in Fig. 4b. For VA = 10 V
(red line), IB is negative below VB < 8 V and IB – 0 even for
VA = 0 V. In contrast, when VA is biased at �10 V (blue line),
IB is positive above VB > �9 V and current flows even at
VB = 0 V.

Since IA is determined by the combination of VA and VB

(EG and ER), these current behaviors can be understood by
the comparison of the energy level diagrams shown in
Fig. 3a–d. For VB = 10 V and VA < 9 V in Fig. 4a, both EG

and ER are positive (corresponding to Fig. 3c). Conse-
quently holes are injected from PEDOT:PSS to Ba:Al. This
corresponds to IA < 0 because Ba:Al is the anode. For VB

= �10 V and VA > �7 V in Fig. 4a, therefore, both EG and
ER are negative (corresponding to Fig. 3a).

On the other hand, IB has two current pathways, I1 and
I2 (see Fig. 2a). Thus holes from PEDOT:PSS can be in-
jected to Al [I1] and Ba:Al [I2]. For VA = �10 V and
VB > �9 V in Fig 4b, the holes are injected from PEDOT:PSS
to Ba:Al (corresponding to Fig. 3b). Under high +VB, espe-
cially, the holes are injected from PEDOT:PSS to both Al
and Ba:Al. This corresponds to the same E-field configura-
tion shown in Fig. 3c. For VA = 10 V and VB < 9 V in Fig. 4b,
holes are withdrawn at PEDOT:PSS from Ba:Al. This hole
injection from Ba:Al is caused by the strongly reversed
bias ER (see Fig 3a). Under these conditions, IB < 0. When
VB increases from negative to positive, the negative IB cur-
rent decreases. Moreover, when VB > 9 V, EG > 0 (corre-
sponding to Fig 3d) and holes are injected from
PEDOT:PSS to Al. Therefore IB changes sign from negative
to positive. These experimental results are fully consistent
with the device operating concept shown in the energy
diagrams of Fig. 3a–d. The data clearly indicate that one
can not only control IA by controlling VB at fixed VA, but
also IB by controlling VA at fixed VB.
2.3. Color switching

Since the energy barrier corresponding to the difference
between the workfunction of PEDOT:PSS and the LUMO
levels of two emitting polymers is much higher than those
of PEDOT:PSS and the HOMO levels, electron injection from
the PEDOT:PSS layer into the emitting layers is inhibited
[27]; i.e. the device can usually emit the light under posi-
tive EG or positive ER.
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Fig. 5. (a) Electroluminescent spectra of the device for various VA and VB combinations. The emission spectrum can be switched from that of P-PPV to that of
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Because both EG and ER can be changed in both sign and
magnitude by the combination of VA and VB, the device can
function as a color switch. Fig. 4c shows the luminance (LB)
– voltage (VB) characteristics at various external VA biases.
For VA = 10 V (red line) and VB = 10 V (ER < 0, EG > 0) in
Fig. 4c, holes are injected into the P-PPV layer and elec-
trons are injected into the P-PPV layer from Al. Conse-
quently the device emits light from the P-PPV layer. For
VA = �10 V (blue line) and VB = 0 V (ER > 0, EG < 0), however,
holes are injected from PEDOT:PSS into MEH-PPV and elec-
trons are injected into MEH-PPV from Ba:Al. Thus the de-
vice emits light from MEH-PPV layer. Since the emission
of each layer is governed by a combination of both IA and
IB currents, the calculation of luminous efficiency defined
by luminance intensity for injected current is non-trivial.
Here, for simplicity, we use the current IB as the basis for
calculating the luminous efficiency. For VB = 15 V, the lumi-
nous efficiency was 0.05 cd/A for the P-PPV layer and
0.03 cd/A for the MEH-PPV layer.

Fig. 5a shows the electroluminescent spectra of the
device with various combinations of VA and VB. When
EG > 0 and ER < 0 (VA = 10 V and VB = 10 V), the LET
exhibits the typical green emission of P-PPV. However,
when EG < 0 and ER > 0(VA = �10 V and VB = 0 V), the
emission color switches to orange-red corresponding to
that of MEH-PPV. The LET does not emit under EG < 0
and ER < 0.

Fig. 5b directly illustrates the color switching with color
photos obtained by varying VA and VB (orange-red color or
green color from a single LET). In addition, since the device
consists of ductile metals and polymers layer fabricated on
top of the plastic PES substrate, the LET is flexible (total de-
vice thickness of �200 lm).

Interestingly, for EG > 0 and ER > 0, the device can emit
both colors simultaneously and the intensity of each color
can be controlled by varying VB and VA. Because the emis-
sion color can be changed continuously by varying the ratio
of emission from MEH-PPV and P-PPV(see the blue line in
Fig 4c), the LET can function as a color-tunable device.
The EL spectra of the device for various VB at fixed VA are
shown in Fig. 5c. The spectra change dramatically for differ-
ent VB. As a consequence, the color of the device gradually
changes continuously from orange-red to green. The corre-
sponding chromaticity coordinates on a CIE (Commission
Internationale de l’Eclairage) 1931 diagram, see Fig. 5d,
change from x = 0.5, y = 0.37 to x = 0.37, y = 0.5.
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3. Conclusion

We have successfully demonstrated a flexible, light
emitting and color-switchable polymer-based three-termi-
nal devices. The LET functions as a color switch and a color
modulator. By varying the bias voltages between the com-
mon internal electrode and the two outer electrodes, the
LET can be turned on/off, the emission color can be
switched, and the color (and brightness) can be modulated.
Moreover, the multilayer LET structure can be fabricated
with each layer cast from solution.
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C60 and picene thin film field-effect transistors (FETs) in bottom contact structure have
been fabricated with poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PED-
OT:PSS) electrodes for a realization of mechanical flexible organic FETs. The C60 thin film
FETs showed n-channel enhancement-type characteristics with the field-effect mobility
l value of 0.41 cm2 V�1 s�1, while the picene thin film FET showed p-channel enhance-
ment-type characteristics with the l of 0.61 cm2 V�1 s�1. The l values recorded for C60

and picene thin film FETs are comparable to those for C60 and picene thin film FETs with
Au electrodes.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction indispensable to be replaced from conventional metal to
Mechanical flexibility is one of the most important
advantages in organic thin film FETs from viewpoints of
next-generation ubiquitous electronics. For a realization
of flexible FET devices, C60 and pentacene thin film FETs
with many kinds of plastic substrates and polymer dielec-
trics have been investigated during a past decade [1–4].
Furthermore, in addition to plastic substrates and polymer
gate dielectrics, source/drain/gate contact electrodes are
. All rights reserved.

x: +81 86 251 7903.
. Kubozono).
conducting polymers for a complete mechanical flexibility.
Several studies on transport characteristics for organic

thin film FETs with conducting polymers have been per-
formed so far [5–9]. Cosseddu et al. recently reported
ambipolar transport in C60/pentacene FET with representa-
tive conducting polymer, poly(ethylnedioxythiophene)/
poly(styrenesulfonate) (PEDOT:PSS), electrodes on poly-
(ethylene terephthalate) (PET) substrate fabricated by use
of soft lithography (micro contact printing) technique [9].
Actually, the ambipolar FET characteristics with the n-
channel l value of 3.5 � 10�4 cm2 V�1 s�1 and p-channel
l value of 0.01 cm2 V�1 s�1 are observed in this device.

mailto:kubozono@cc.okayama-u.ac.jp
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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The n-channel l value originating from C60 thin films was
lower by three orders of magnitude than those for standard
C60 FETs with Au electrodes on SiO2/Si and parylene/PET
substarates [4,10–12].

Furthermore, the best l value among p-channel organic
thin film FETs with conducting polymer electrodes fabri-
cated in bottom contact structure was at most
0.01 cm2 V�1 s�1, which was realized in pentacene thin
film FET with PEDOT:PSS electrodes [8], although the very
high l value of 0.05–0.3 cm2 V�1 s�1 is exceptionally re-
ported by Halik et al. [6]; very recently the high l value
of 0.2 cm2 V�1 s�1 is realized in pentacene thin film FET
with PEDOT:PSS-coated Au electrodes in bottom contact
structure [13]. On the other hand, the best l value in top
contact structure was 0.3 – 0.7 cm2 V�1 s�1, which was also
realized in pentacene thin film FET with PEDOT:PSS elec-
trodes [8,9]. Therefore, the l values in bottom contact
structure are still low in comparison with that in top con-
tact structure. For a design of complementary MOS (CMOS)
integrated circuit with mechanical flexibility, n-channel
and p-channel organic thin film FETs with conducting poly-
mer electrodes are required with the high l value in bot-
tom contact structure.

In this study, we have fabricated and characterized the
C60 and the new aromatic hydrocarbon, picene, thin film
FETs with PEDOT:PSS electrodes in bottom contact struc-
ture. First, we expected a high n-channel l value for C60

thin film FET with PEDOT:PSS electrodes fabricated by
use of an air-controlled dispensing system. Second, we ex-
pected a high p-channel l value for picene thin film FET
with PEDOT:PSS electrodes because a very high l value
of 1.0–3.2 cm2 V�1 s�1 was recently recorded in picene thin
film FET with Au electrodes in top contact structure
[14,15]. As a consequence, we have realized the high l va-
lue of 0.41 and 0.61 cm2 V�1 s�1 for C60 and picene thin
film FETs with PEDOT:PSS electrodes, respectively, in bot-
tom contact structure.

2. Experimental

Device structures of C60 and picene thin film FETs with
PEDOT:PSS electrodes are shown in Fig. 1a. Commercially
available C60 (Matsubo Co.: purity of 99.98%) and picene
synthesized by ourselves [14] were used for fabrication
Fig. 1. (a) Device structure (bottom contact type) of C60 and picene thin film FETs
also shown. (b) Output and (c) transfer curves measured at 300 K under vacuum
electrodes. For C60 FET with PEDOT:PSS-A electrodes shown in Fig. 1, channel le
of FET devices; 1H NMR spectrum (not shown) of picene
showed no impurity. Commercially available Si/SiO2 are
cleaned and treated to form hydrophobic surface according
to procedures described elsewhere [12], and heavily doped
Si was used as gate electrode in FET devices. Thickness of
SiO2 was 400 nm and capacitance per area C0 was 8.63 �
10�9 F cm�2. Source/drain electrodes of PEDT:PSS were
formed on gate dielectric by use of an air-controlled dis-
pensing system (Musashi Engineering Co.: SHOTMASTER
300). Two commercially available PEDOT:PSS reagents
(Baytron PH500 and Baytron PHCV4, H. C. Stark GmbH)
were used for the formation of PEDOT:PSS electrodes; in
this letter, PEDOT:PSS (Baytron PH500) and PEDOT:PSS
(Baytron PHCV4) are represented as PEDOT:PSS-A and
PEDOT:PSS-B, respectively. The granule size is reported to
be larger in PEDOT:PSS-B (200–500 nm) than PEDOT:PSS-
A (20–60 nm). Finally, C60 or picene thin films with thick-
ness of 50 nm were formed on these substrates.

3. Results and discussion

The photos of the C60 and picene FETs with PEDOT:PSS-
A electrodes on Si/SiO2 substrate are shown in Fig. 1a. The
FET parameters of l, on-off ratio and threshold voltage VTH

are determined from the transfer curves (I1=2
D –VG plots at

VDS = 100 V) in saturation regime, which are measured in
forward-measurement mode (forward transfer curve) and
the reverse measurement mode (reverse transfer curve):
the parameters are determined for picene thin film FET
from the transfer curve (jIDj1=2 � jVGj plots at VDS = -
100 V). The C60 thin film FET was annealed from 353 to
393 K at 20 K step for each 18 h under 10�6 Torr, after
transferring the device from evaporation chamber to mea-
surement vessel, so that O2 and H2O are removed from
channel region, and then the FET characteristics were mea-
sured under vacuum of 10�6 Torr at 300 K. On the other
hand, the characteristics of picene thin film FET were mea-
sured at 300 K under vacuum of 10�6 Torr and under
500 Torr of O2 without any annealing.

Fig. 1b and c show output and transfer characteristics of
C60 FET with source/drain PEDOT:PSS-A electrodes on Si/
SiO2 substrate measured under 10�6 Torr of vacuum at
300 K after an annealing up to 393 K. Typical n-channel
enhancement-type output curves are observed in C60 FET
with PEDOT:PSS electrodes on gate dielectrics. Photos of these devices are
of 10�6 Torr after annealing up to 393 K for C60 FET with PEDOT:PSS-A

ngth and width are 370 lm and 3.3 mm, respectively.
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device (Fig. 1b). The l, on-off ratio and VTH and were
0.13 cm2 V�1 s�1, 1.3 � 107 and 47 V, respectively, for the
forward transfer curve (Fig. 1c), while their values were
0.29 cm2 V�1 s�1, 1.3 � 107 and 66 V for the reverse
transfer curve (Fig. 1c). The l value, 0.29 cm2 V�1 s�1, is
larger by three orders of magnitude than that, 3.5 �
10�4 cm2 V�1 s�1, reported by Cosseddu et al. [9] and it is
comparable to those, 0.08–0.55 cm2 V�1 s�1, for the stan-
dard C60 FET with Au electrodes on Si/SiO2 [4,10–12]. The
high VTH value suggests an existence of large trap states
in mid-gap position between highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), which are formed in interface between C60 and
SiO2 gate dielectric. On the other hand, the relatively high
l values obtained in this FET suggest very small shallow
trap states in the interface.

A hysteresis between forward and reverse transfer
curves is observed, as seen from Fig. 1c. Nevertheless, it
is important to say that the hysteresis found in the transfer
curve (e.g. Fig. 1c) obtained by data acquisition at 300 K
under 10�6 Torr after an annealing of the FET device at
353–393 K under 10�6 Torr is smaller than that in the
transfer curve (not shown) measured at 300 K under
10�6 Torr without any annealing. Recently, we investigated
air and O2-exposure effects on FET characteristics of p-
channel FET device with thin films of picene [14,15]. These
investigations clarified that the hysteresis is closely associ-
ated with H2O introduced into channel region. Therefore,
the hysteresis observed in transfer curve of C60 FET with
PEDOT:PSS-A electrodes may also be associated with
H2O. As seen from Fig. 2a, the l value in C60 FET with PED-
OT:PSS-A increases rapidly by the annealing above 350 K
whose temperature is consistent with the critical temper-
ature where the hysteresis decreases rapidly in transfer
Fig. 2. (a) Plots of l as a function of annealing temperature in C60 FET
with PEDOT:PSS-A electrodes; the values correspond to the average ones
for two devices measured. (b) Energy diagram of Au, PEDOT:PSS, C60 and
picene. The um was 5.2 eV for both electrodes of PEDOT:PSS-A and
PEDOT:PSS-B.
curves (not shown). As a consequence, we can present
the scenario that a reduction of H2O-induced trap states
by the annealing of device under vacuum produces both
the decrease of hysteresis and the increase in l.

The output characteristics (Fig. 1b) show a smooth car-
rier injection from source electrode to C60 thin films be-
cause liner (Ohmic) ID–VDS plots are observed in low VDS

region. This suggests an existence of small barrier height
or Ohmic contact between PEDOT:PSS-A and C60 thin films.
As seen form Fig. 2b, the work function, um, of PEDOT:PSS
was determined to be 5.2 eV (Fermi level eF of –5.2 eV)
from the onset energy of photoemission (not shown),
whose value is close to that, 5.1 eV, of Au [16]. Since the
LUMO and HOMO levels of C60 are �3.6 eV and �6.0 eV,
respectively [17], this energy diagram predicts a large car-
rier injection barrier height for n-channel conduction ow-
ing to the large energy difference (1.6 eV) between eF of
PEDOT:PSS-A and LUMO level. Nevertheless, such a large
carrier injection barrier height was not observed in the
output characteristics. This suggests that the junction be-
tween PEDOT:PSS-A and C60 thin films is largely deviated
from the electronic structure expected in pure metal-semi-
conductor junction. This result may be caused by charge
transfer, formation of electric dipole and orbital hybridiza-
tion at the interface between C60 and PEDOT:PSS. Thus, the
use of PEDOT:PSS-A electrodes led to smooth carrier injec-
tion as well as high l value in C60 thin film FET.

The output and transfer characteristics of C60 FETs with
PEDOT:PSS-B electrodes were measured under the same
conditions as those in C60 FET with PEDOT:PSS-A elec-
trodes. The l, on-off ratio and VTH were 0.07 cm2 V�1 s�1,
1.3� 107 and 35 V, respectively, for forward transfer curve,
and 0.41 cm2 V�1 s�1, 1.2 � 107 and 73 V for reverse trans-
fer curve in C60 FET with PEDOT:PSS-B, which are mea-
sured at 300 K after annealing up to 393 K. These values
are almost the same values as those for C60 FET with PED-
OT:PSS-A. As a consequence, the difference in granule size
between PEDOT:PSS-A and B never affected the FET char-
acteristics. The values of l, on-off ratio and VTH for C60 FETs
fabricated in this study are listed in Table 1.
Table 1
FET parameters in C60 FET with PEDOT:PSS electrodes.

Annealing temp. (K) l (cm2 V�1 s�1) On-off ratio VTH (V)

Forward (PEDOT:PSS-A)a

Non-annealing 0.01 8.9 � 105 55
353 0.04 2.7 � 106 58
373 0.08 7.6 � 106 50
393 0.11 1.5 � 107 42

Reverse (PEDOT:PSS-A)a

Non-annealing 0.12 7.4 � 105 87
353 0.16 2.5 � 106 79
373 0.22 7.3 � 106 71
393 0.26 1.4 � 107 62

Forward (PEDOT:PSS-B)
393 0.07 1.3 � 107 35

Reverse (PEDOT:PSS-B)
393 0.41 1.2 � 107 73

a The values of C60 FET with PEDOT:PSS-A electrodes correspond to the
average ones for two devices measured. The annealing time is 18 h.



Fig. 3. (a) output and (b) transfer curves measured at 300 K under vacuum of 10�6 Torr, and (c) O2-exposure time dependence of l in picene thin film FET
with PEDOT:PSS-A electrodes. (d) Transfer curves for picene thin film FET with PEDOT:PSS measured under 500 Torr of O2; the O2-exposure time is 7 h. For
picene thin film FET with PEDOT:PSS-A electrodes shown in Fig. 3, channel length and width are 300 lm and 2 mm, respectively.
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Fig. 3a and b show the output and transfer curves for pi-
cene thin film FET with PEDOT:PSS-A electrodes fabricated
in bottom contact structure. The curves were measured at
300 K under vacuum of 10�6 Torr after a dynamical pump-
ing under vacuum of 10–6 Torr for 60 h. The output curves
show typical p-channel enhancement-type FET character-
istics. The transfer curve shows a large hysteresis between
the forward and reverse curves, in the same manner as the
picene thin film FET with Au electrodes fabricated in top
contact structure [14,15]. The hysteresis originates from
the existence of H2O in the channel region of thin films
[14]. The l, on-off ratio and VTH are determined from the
forward transfer curve to be 0.13 cm2 V�1 s�1, 510 and
50 V, respectively, while those are determined from the re-
verse transfer curve to be 0.44 cm2 V�1 s�1, 470 and 73 V.
The l values are larger than those (0.11 cm2 V�1 s�1 for
forward curve and 0.27 cm2 V�1 s�1 for reverse curve) un-
der vacuum reported previously for the picene FET with
Au electrodes in top contact structure [14]. This result sug-
gests a smooth hole injection based on a lowering of the
contact resistance by replacement of Au to PEDOT:PSS
electrode [14,15]. Furthermore, the fact that we have never
observed the FET operation in picene thin film FET device
with Au electrodes fabricated in the bottom contact struc-
ture supports more smooth hole injection from PEDOT:PSS
electrode to picene thin films than from Au electrode.

The energy difference between eF of PEDOT:PSS
(�5.2 eV) and HOMO level of picene thin film (�5.5 eV) is
0.3 eV [14] whose value is slightly smaller than that,
0.4 eV, between eF (�5.1 eV) of Au and the HOMO level
(Fig. 2b). Since the slight difference is not likely to be
responsible for the difference of efficiency of hole injection,
we may expect the factors such as the charge transfer, for-
mation of electric dipole and hybridization of orbitals as an
origin for the smooth carrier injection from PEDOT:PSS
electrode, instead of the direct energy mismatch with
HOMO level of picene thin films.

After a dynamical pumping of the picene FET under vac-
uum of 10�6 Torr at 323 K for 18 h, 500 Torr of O2 gas was
introduced into the measurement vessel. As seen from
Fig. 3c, before an introduction of O2 gas, the l values were
0.11 and 0.31 cm2 V�1 s�1, respectively, for the forward
and the reverse transfer curves. After an introduction of
O2 gas, the l increases drastically to 0.17 cm2 V�1 s�1 for
the forward transfer curve and 0.42 cm2 V�1 s�1 for the re-
verse transfer curve within a few minutes. The l value for
the reverse transfer curve increased up to 0.51 cm2 V�1 s�1

at 7 h after the O2 gas exposure, while the l value deter-
mined from the forward transfer curve a little reduces from
the maximum value (0.17 cm2 V�1 s�1); the transfer curves
are shown in Fig. 3d. The values of l in picene FETs fabri-
cated in this study are listed in Table 2, together with the
on-off ratio and VTH values.

As seen from Table 2, the VTH values were 61 and 81 V
for the forward and reverse transfer curves at 7 h after
O2-exposure, respectively. These values slightly decrease
in comparison with the values of 71 V (forward transfer
curve) and 83 V (reverse transfer curve) before O2-expo-
sure. Thus, the enhancement of l and the reduction of
VTH by O2-exposure is found in the picene thin film FET
with PEDOT:PSS electrodes in bottom contact structure.
The increase in l is already reported in picene thin film
FET with Au electrodes in top contact structure [14,15],
but it should be noticed that the decrease in VTH by O2-
exposure has not yet been reported. The decrease in VTH

observed for picene thin film FET with PEDOT:PSS



Table 2
FET parameters in picene FET with PEDOT:PSS-A electrodes.

O2-exposure time (h)a l (cm2 V�1 s�1) On-off ratio VTH (V)

Forward
�1.9 0.13 2.2 � 102 72
0.0 0.11 1.9 � 102 71
0.3 0.17 3.1 � 102 69
3.1 0.14 3.4 � 102 63
7.0 0.13 3.7 � 102 61

Reverse
�1.9 0.33 1.9 � 102 82
0.0 0.31 1.6 � 102 83
0.3 0.42 3.1 � 102 80
3.1 0.49 3.0 � 102 80
7.0 0.51 3.8 � 102 81

a The O2-exposure time of –1.9 h refers to 1.9 h before O2-exposure.
The O2-exposure time, 0.0 h, means just before O2-exposure.
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electrodes in bottom contact structure suggests that not
only shallow trap states in picene thin films are affected
by O2 gas but also middle trap states are affected. The
quick response of this picene thin film FET for O2 gas expo-
sure may open a way for an application toward flexible and
portable O2 gas sensor.

The highest l values for picene thin film FET with PED-
OT:PSS electrodes was 0.61 cm2 V�1 s�1 for the reverse
transfer curve (not shown), recorded for another device
which was stored in air for one week. The l value
of 0.61 cm2 V�1 s�1 is comparable to that, 0.3–0.7
cm2 V�1 s�1, for pentacene thin film FET with PEDOT:PSS
electrodes in top contact structure [8]. The l value of
0.61 cm2 V�1 s�1 is higher by a factor of 60 than that,
0.01 cm2 V�1 s�1, for the previous standard pentacene thin
film FETs with PEDOT:PSS electrodes in bottom contact
structure [8,9]. Furthermore, this value is higher by a factor
of two than the best l value, 0.3 cm2 V�1 s�1, for pentacene
thin film FET with PEDOT:PSS electrodes in bottom contact
structure reported by Halik et al. [6].

4. Conclusion

We have fabricated high-performance C60 and picene
thin film FETs with PEDOT:PSS electrodes in bottom con-
tact structure. The best l values in this study were
0.41 cm2 V�1 s�1 in n-channel C60 thin film FET and
0.61 cm2 V�1 s�1 in p-channel picene thin film FET. The l
value of 0.41–0.61 cm2 V�1 s�1 is the best record in organic
thin film FETs with conducting polymer electrodes fabri-
cated in bottom contact structure [5–9]. Here it should
be noted that the VTH value of C60 and picene thin film FETs
with PEDOT:PSS electrodes are very high (>40 V). For a
reduction of VTH, it is important to modify the interface be-
tween gate dielectrics and active layers to reduce the trap
states in mid-gap position. This is the next important study
in a development of high-performance organic thin film
FET with conducting polymer electrodes. In this study,
we have used Si/SiO2 substrate for the C60 and picene thin
film FETs. However, for the realization of complete flexible
organic FET devices, the plastic substrate and polymer gate
dielectric must be used in addition to the conducting poly-
mer electrodes. Since we have already fabricated high-per-
formance C60 thin film FET with PET substrate and parylene
gate dielectric [4], the C60 and picene thin film FETs with
plastic substrate and polymer gate dielectric as well as
conducting polymer electrodes may be easily fabricated
in the next step. This study shows that the practical CMOS
integrated circuits can be designed with C60 and picene as
active layers and PEDOT:PSS for electrodes.
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Recently, it has been demonstrated that for organic semiconductors with a Gaussian den-
sity of states (DOS) and with on-site energies that are spatially uncorrelated the hopping
mobility of charge-carriers can be strongly carrier-density-dependent (extended Gaussian
disorder model, EGDM). In the literature, it has been argued that for some materials, the
on-site energies are actually spatially correlated. In this paper, we develop a full descrip-
tion of the mobility in a correlated Gaussian DOS (extended correlated disorder model,
ECDM), using a master-equation method. We show that the mobility is less strongly car-
rier-density-dependent than in the EGDM, but that the field dependence is more pro-
nounced. The field dependence is found to be described by a Poole-Frenkel factor, as has
been deduced from empirical analyses of experimental data, but only in a limited field
range. As an example of an application, we present a comparison between analyses of
the current–voltage–temperature J(V,T) characteristics of a poly-phenylene-vinylene
(PPV) based hole-only device using the EGDM and the ECDM. For both cases, excellent fits
can be obtained, but with the EGDM a more realistic value of the intersite distance is found
than in the case of the ECDM. We view this as an indication that site-energy correlations do
not play an important role in PPV.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The interest in electronic devices based on disordered
semiconducting organic materials is rapidly increasing.
Important applications are organic light-emitting diodes
(OLEDs) [1,2] organic field-effect transistors [3], and organ-
ic photo-voltaic devices [4]. It is of crucial importance to
understand the charge-carrier transport in these materials
in order to design and synthesize appropriate materials
and to improve the efficiency and lifetime of devices. Many
investigations have addressed the mobility l of charge-
carriers in these materials, since this is one of the impor-
tant parameters controlling the performance of devices.
. All rights reserved.

).
Charge transport in polymers and organic small-mole-
cule materials occurs by thermally assisted tunneling –
hopping – between localized molecular states. In several
studies, the dependence of l on temperature T and elec-
tric-field E, due to this hopping process, has been investi-
gated [5–10]. Bässler and co-workers introduced a model
with an uncorrelated Gaussian distribution of the random
energies of hopping sites, which became known as the
‘‘Gaussian disorder model” (GDM). They found a tempera-
ture dependence of the mobility of the form l /
exp½�ðT0=TÞ2� and a Poole-Frenkel behavior l / exp½c

ffiffiffi
E
p
�

for the electric-field dependence in a rather limited range
of electric-fields [5,6]. Gartstein and Conwell argued that
in order to obtain a Poole-Frenkel behavior in a broad
range of electric-fields, as observed in time-of-flight mobil-
ity measurements, it is necessary to assume correlation

mailto:p.a.bobbert@tue.nl
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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between the site energies, leading to what is now known
as the ‘‘correlated disorder model” (CDM) [7]. Indeed, their
simulations, which assume static fluctuations of the site
energies due to the interaction of a charge-carrier with
permanent and induced dipoles, show that the concept of
correlation between the energies of spatially close sites
leads to an extended range of validity of the Poole-Frenkel
law [7]. Dunlap et al. developed a one-dimensional analyt-
ical model with correlations caused by randomly oriented
dipoles, which yields a Poole-Frenkel E dependence of l
in agreement with time-of-flight measurements of molec-
ularly doped polymers [8]. An extension of this model to
three dimensions was developed by Novikov et al. [9].
Apart from dipoles, long-range thermal fluctuations in
the molecular geometries of a polymer were suggested as
a possible cause for correlation in the disorder [10]. Re-
cently, it has also been suggested that the Poole-Frenkel
dependence on the electric-field is caused by carrier heat-
ing [11]. In an early study the assumption of a Poole-Fren-
kel field dependence of the hole mobility appeared to lead
to a good description of the current–voltage J(V) character-
istics of hole-only devices of PPV(poly-phenylene vinyl-
ene)-based polymers [12].

In organic field-effect transistors, where the carrier-
density is relatively high (up to on average 0.01–0.1
carriers per site), a dependence of the mobility on the
charge-carrier-density p was taken into account in the
modeling [13]. In sandwich-type hole-only devices con-
taining, e.g., PPV-based or polyfluorene-based polymers
used in OLEDs, the carrier-densities are typically much
smaller, viz. 10�5–10�4 carriers per site, except in a thin
region near the anode interface. Nevertheless, it was con-
cluded during the last few years that it is also for such
devices and in OLEDs important to take the dependence
of l on p into account [14–16]. By changing the thickness
of the polymer layer it was demonstrated that by only
assuming a dependence of l on E of the Poole-Frenkel type
it is not possible to fit the J(V) characteristics of hole-only
devices with different thicknesses without changing the
fit parameters, but that a consistent set of fits can be ob-
tained by assuming a dependence of l on p [15,16]. Several
theoretical and computational approaches were employed
to describe this carrier-density dependence of the mobility
[10,17–19]. From a numerical solution of the master-equa-
tion within the GDM for the occupation probabilities of an
array of hopping sites Pasveer et al. obtained a dependence
of l on T, E, and p that was shown to lead to excellent
agreement of calculated and measured J(V,T) characteris-
tics of hole-only devices of PPV-based polymers [18]. We
call this the ‘‘extended” Gaussian disorder model (EGDM),
in order to indicate that the carrier-density dependence of
the mobility is taken into account. It was found that only at
high voltages and low temperatures the dependence of l
on E plays a role.

Pasveer and co-workers concluded that it is not neces-
sary to assume correlations in the site energies in order
to obtain for the PPV-based hole-only devices studied
agreement with measured J(V) characteristics. However,
this does not yet proof that the site energies are uncorre-
lated, as it has not yet been established whether the exper-
iments performed are sufficiently sensitive to the
occurrence of correlations. In this paper, we first provide
the required theoretical basis for addressing this question,
viz. by deriving from master-equation calculations and
percolation theory (Section 2) a full description of the tem-
perature, electric-field and carrier-density dependence of
the mobility (Section 3). To be definite, we will consider
correlated disorder as caused by random dipoles, since this
is the most commonly accepted model. We show that the
carrier-density dependence of the mobility is weaker than
in the EGDM, but that the field dependence is stronger. As
an application of our results, we re-analyse in Section 4 the
J(V) characteristics of the PPV-based hole-only devices
studied already in Ref. [18] within this extended version
of the CDM (‘‘ECDM”), by making use of a drift–diffusion
device model. For the device considered, a very good
description of the J(V) characteristics can also be obtained
within the ECDM, but with a much smaller intersite dis-
tance than obtained within the description using the
EGDM. In Section 5 a summary and conclusions are given.
2. Methods

As in Ref. [18], we determine the charge-carrier mobil-
ity l of carriers on an array of hopping sites, representing a
disordered semiconducting organic material, by consider-
ing the master-equation for the mean-field occupation
probabilities of these sites:
X
j–i

½Wijpið1� pjÞ �Wjipjð1� piÞ� ¼ 0: ð1Þ

Here pi is the time-averaged probability that site i is
occupied by a charge-carrier and Wij is the transition rate
for hopping from site i to j. The factors 1 � pi account for
the fact that only one carrier can occupy a site, due to
the high Coulomb penalty for the presence of two or more
carriers at the same site. We assume hopping of carriers
from site to site as a thermally assisted tunneling process
and coupling to a system of acoustical phonons, leading
to the Miller–Abrahams transition rates [20]:

Wi;j ¼
m0 exp½�2aRij � bðej � eiÞ� ej P ei;

m0 exp½�2aRij� ej < ei;

�
ð2Þ

where b � 1/kBT, with kB the Boltzmann constant; m0 is an
intrinsic rate, Rij � |Rj � Ri|, with Ri and Rj the site posi-
tions; a is the inverse localization length of the localized
wave functions under consideration and ei is the on-site
energy of site i. The energy differences in Eq. (2) are sup-
posed to contain a contribution �eERij,x due to an elec-
tric-field E applied in the x direction, where e is the
charge of the carriers.

As in Ref. [18] we solve Eq. (1) by an iteration procedure
comparable to the one proposed by Yu et al. [10], starting
from the zero-field Fermi–Dirac distribution. We take a
regular cubic lattice of sites with lattice constant a and
periodic boundary conditions. For the inverse localization
length we take the same value as in Ref. [18]: a = 10/a.
The effect of changing a is predominantly a change of the
prefactor of the mobility, which is not a matter of concern
here, and a slight change in the temperature dependence of
the mobility. We refer to Ref. [19] for a more detailed dis-
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cussion of the role of a. For very low temperatures, it is
known that variable-range hopping becomes important
in conjugated polymers [21], i.e. hopping events further
than to the nearest neighbor take place. We verified that
for the temperature range considered in the present paper
it is sufficient to take into account hops not further than to
the third nearest neighbor, corresponding to a maximum
distance of

ffiffiffi
3
p

a. Once Eq. (1) has been solved, the carrier
mobility can be obtained from

l ¼

P
ij

Wijpið1� pjÞRij;x

N E
; ð3Þ

with N the number of charge-carriers in the system.
In order to obtain a density of states with a selected

standard deviation r and with spatially correlated on-site
energies, we take the energy on each site equal to the elec-
trostatic energy resulting from a distribution of randomly
oriented dipole moments of equal magnitude, d, on all
other sites. It is well-known that this procedure leads to
a distribution of energies that is to a good approximation
Gaussian [22,23], with a width proportional to d. The en-
ergy on site i is thus given by the expression

ei ¼ �
X
j–i

edjðRj � RiÞ
ejRj � Rij3

; ð4Þ

where the summation is over all sites j in a cube centered
around site i and of a size equal to that of the simulation
box, and where e is the permittivity. For large inter-site
distances R, the correlation function between the energies
of different sites has the form [9]

CðRÞ � heieji / a
R
r2; ð5Þ

where h� � �i denotes an ensemble average.
For large values of the disorder parameter r̂ � r/kBT it

was not always possible to obtain a converged solution
of Eq. (1) for small fields. We found that for such cases
accurate results can be obtained from a numerical percola-
tion approach. For Miller–Abrahams transition rates, the
mobility can then be obtained by considering the conduc-
tivity of a random-resistor network with a conductance Gij

between each pair of hopping sites, given by [24]

Gij ¼
e2

kBT
m0 expð�sijÞ; ð6Þ

with

sij ¼ 2aRij þ
jei � eFj þ jej � eFj þ jei � ejj

2kBT
; ð7Þ

where eF is the Fermi energy. We first determine numeri-
cally the exponent of the critical percolation conductance,
sc, i.e. the value of the exponent s such that the bonds with
sij < sc just form a percolating network between one side of
a simulation box and the other. We then replace all bonds
with a conductance Gc ¼ ðe2=kBTÞ expð�scÞ, evaluate the
conductivity, and from that the mobility. We found that
at moderate values of r̂ the mobility evaluated in this
way agrees, after multiplication with an overall ‘‘geometri-
cal” factor [24], very accurately with the low-field mobility
as calculated within the master-equation approach, when-
ever the latter approach converged. For large values of r̂,
for which we could not obtain convergence of the latter ap-
proach, this percolation approach is also expected to give
accurate results. A similar numerical percolation approach
was successfully applied to the case of an (uncorrelated)
exponential distribution of site energies [25].
3. Temperature, electric-field, and carrier-density
dependence of the mobility

We calculated the mobility for various values of r̂ as a
function of the carrier-density and the electric-field, using
the master-equation and percolation method discussed in
Section 2, employing sufficiently large arrays such that fi-
nite-size effects could be neglected. For the master-equa-
tion approach array sizes up to 50 � 50 � 50 were used
and for the percolation approach sizes up to 100 �
100 � 100. Averages were taken over a sufficiently large
number of different disorder configurations, such that l
was obtained with an accuracy better than 10%.

In Fig. 1a, we display the carrier-density dependence of
the mobility in the zero-field limit for various values of r̂,
in units of l0 � a2m0e=r, as calculated within the ECDM.
Only for r̂ = 2, 3, and 4 we were able to obtain converged
results for the master-equation approach. A geometrical
factor of 0.12 brings the results obtained with the percola-
tion approach on top of the master-equation results for
these values of r̂. We expect the percolation results multi-
plied with this geometrical factor to be accurate for the en-
tire range of values of r̂ studied. We note that in OLEDs the
carrier-densities can be situated in the entire range for
which the results are given. In Fig. 1b, we display the cor-
responding results obtained within the EGDM, as calcu-
lated in Ref. [18] with the master-equation approach. At
low carrier-densities, the dependence of the mobility on
r̂ is for the ECDM weaker than for the EGDM, in agreement
with studies in the low-density limit for the GDM [6] and
the CDM [9]. We observe that for the ECDM also the depen-
dence on the carrier-density is weaker than for the EGDM.
Roughly, the difference can be modeled as a change in r̂.

In Fig. 2a, we display the mobility calculated within the
ECDM as a function of E1/2, at a relatively low carrier-
density, p = 10�5/a3 (main panel), and a relatively high
carrier-density, p = 0.05/a3 (inset). The field is expressed
in units of r/(ea). For a typical organic semiconductor, with
r = 0.1 eV and a = 1 nm, a voltage of 10 V applied across a
100 nm thick device leads to an average reduced field
Ered � eaE/r = 1. In agreement with previous studies of
the CDM [7,8] we find indeed a Poole-Frenkel (PF) behavior
l / exp½c

ffiffiffi
E
p
�, but only in a limited range of intermediate

electric-fields. At very small fields the PF behavior has to
break down since l should be an even function of E around
E = 0 with a first derivative equal to zero at E = 0. Indeed,
we find at very small fields a deviation from the PF behav-
ior. At very large fields only energetically downhill hops
occur and all curves collapse onto a l / 1=E dependence.
This regime is found to set in around Ered = 1. In Fig. 2b,
we give for the same carrier-densities the mobility as cal-
culated within the EGDM, displayed as a function of E. In
agreement with general theoretical considerations of



Fig. 1. Dependence of the mobility on the charge-carrier-density at vanishing electric-field for (a) the ECDM, calculated with the master-equation approach
(filled symbols) and the percolation approach (half-filled symbols), and (b) the EGDM (only master-equation approach, Ref. [18]). The curves correspond to
the parameterization given for the ECDM in the present paper (the flattening of the parameterization at high densities is discussed in the Appendix) and
given for the EGDM in Ref. [18].
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Gaussian disorder with algebraically decaying correlation
functions [8] ð/1/Rp, leading to lnl / Ep=ðpþ1Þ), the field
dependence obtained from the EGDM is of the form
lnl / E for a broad range of fields (p =1). The transition
to the high-field l / 1=E regime sets in at a significantly
higher reduced field than for the ECDM, in particular for
small carrier-densities.

In order to make applications of the master-equation
results within a drift–diffusion device model possible, we
have developed an empirical parameterization scheme
for the mobility. First, separate expressions for the mobility
in the low-field regime (Ered [ 1) and in the high-field
regime (Ered J 1) are established. Subsequently, these
expressions are combined, yielding a fully general
expression for the mobility function l (T,p,E).

In the low-field regime, the mobility can be written as

llowðT; p; EÞ ¼ l0ðTÞgðT;pÞf ðT; E;pÞ; ð8Þ

with l0(T) the mobility in the zero-carrier-density limit
and zero-field limit, and with g and f dimensionless mobil-
ity enhancement functions. The function g(T, p) gives the
carrier-density induced enhancement of the zero-field
mobility with respect to the value in the zero-carrier-den-
sity limit. The function f(T,E,p) gives the field-induced
enhancement of the mobility with respect to the mobility
at zero field. In the low carrier-density (Boltzmann) limit,
the zero-field mobility is only dependent on the tempera-
ture, as in the EGDM, and is for the range 2 6 r̂ 6 6 to a
good approximation given by

l0ðTÞ ¼ l0c1 expð�0:29r̂2Þ; ð9Þ

where the fit constant c1 = 1.0 � 10�9 is of the order of the
exponential factor describing the wavefunction overlap be-
tween two neighbor molecules, exp(�2aa) = exp(�20) =
2.06 � 10�9. For the disorder parameter range studied,
the temperature dependence given by Eq. (9) coincides
approximately with the temperature dependence l /
exp[�0.42 r̂2] obtained in Ref. [18] for the EGDM, after
shifting r̂ by approximately �1.2. Effectively, the energy-
level landscape is thus, for a given value of r, smoother
than in the EGDM. This is a result of the correlated nature
of the energy-level landscape in the ECDM: close to each



Fig. 2. Dependence of the mobility on the electric-field at a low (main panel) and high (inset) carrier-density, calculated with the master-equation
approach, for (a) the ECDM and (b) the EGDM. The curves correspond to the parameterization given for the ECDM in the present paper and given for the
EGDM in Ref. [18].
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occupied state many low-lying states are present, to which
hopping processes that contribute significantly to the con-
ductivity can take place. In the Appendix, a phenomenolog-
ical parameterization for the functions g(T,p) and f(T,E,p) is
given. The density-dependent function g is quite similar to
that obtained earlier for the EGDM. The field-dependent
function f describes the mobility in the three transport re-
gimes indicated already briefly above.

In the high-field regime, the mobility-determining hops
are all ‘‘down-hill”, so that the mobility is not anymore
dependent on the degree of disorder and on the tempera-
ture. The mobility is then described by

lhighðp; EÞ ¼ c2
am0

E
ð1� pa3Þ ¼ c2

Ered
l0ð1� pa3Þ; ð10Þ

with c2 = exp(�2aa). For the parameters used in this study,
c2 = exp(�20) = 2.06 � 10�9. The (1 � pa3) factor is in-
cluded in order to describe for high carrier-densities in a
phenomenological way the inhibiting effect of the occupa-
tion of final states on the mobility.

A description of the mobility at any field, including the
region around Ered = 1, is obtained by joining the expres-
sions given above for low- and high-fields using the phe-
nomenological expression

lðT; p; EÞ ¼ ðllowðT;p; EÞÞ
qðr̂Þ þ ðlhighðp; EÞÞ

qðr̂Þ
� �1=qðr̂Þ

; ð11Þ

with

qðr̂Þ ¼ 2:4
1� r̂

: ð12Þ

As can be seen from the drawn lines in Figs. 1a and 2a,
this parameterization is very satisfactory, for the parame-
ter range studied. We note that the parameterization of
the electric-field dependence was not only optimized for
the low and high carrier-densities for which the results
are given in Fig. 2a, but also for master-equation results
for a range of intermediate carrier-densities. The parame-
terization of the results for the EGDM can be found in
Ref. [18] and is indicated by the drawn lines in Figs. 1b
and 2b. An important difference between the parameteri-
zation for the two models is that the electric-field depen-
dence of the ECDM comes in via a factor f(T,E,p) that
depends both on T and p, whereas for the case of the EGDM
it comes in via a factor f(T,E) that is independent of the



Table 1
Optimal combinations of materials parameters used for fitting the J(V)
characteristics of a NRS-PPV hole-only device with a thickness L = 560 nm
at four different temperatures, with a mobility as predicted by the ECDM
and the EGDM, and a temperature dependence given by Eq. (15). The bold
numbers indicate the parameter combination for which the best overall fit
was obtained, and for which the fit results are shown in Fig. 3a and b.

ECDM
a [nm] r [eV] l	0 [m2/Vs]) C
0.8 0.10 1.1 � 10�8 0.56
0.6 0.11 1.3 � 10�8 0.46
0.4 0.14 3.8 � 10�8 0.33
0.3 0.18 3.8 � 10�7 0.27
0.2 0.22 0.6 � 10�5 0.25
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carrier-density p. In particular, the electric-field depen-
dence of the ECDM decreases with increasing carrier-den-
sity. The reason for this is that in the case of correlated
disorder broad ‘‘valleys” of energetically low-lying sites
exist that gradually fill up with increasing carrier-density.
Hence, the electric-field needed for escape of the carriers
with the highest energy in each valley decreases with
increasing carrier-density.

It is of interest to compare the field dependence of the
mobility obtained from the master-equation method with
the results of an analytic scaling analysis carried out by
Parris et al. [26]. These authors focused on the PF regime.
In that regime, the mobility is assumed to be due to the
rate of certain critical forward hops. It is assumed that
the backward hop rate can already be neglected. The
authors considered the typical critical (rate-determining)
hop distance and hop energy (thermal activation energy).
Within a somewhat simplifying summary of their ap-
proach, it may be stated that they argued that a spatial cor-
relation between the on-site energies, obeying Eq. (5),
gives rise to an effective �1/R dependence of the energies
of sites at distance R from the low-energy sites in the tail
of the Gaussian DOS at which most carriers are located.
The application of an electric-field decreases the depth of
this potential well as experienced by forward hops, due
to the additional potential proportional to �R. This leads
to a decrease of the escape time and hence to an increase
of the conductivity. Eq. (15) in Ref. [26] gives the resulting
analytic expression for the electric-field dependence of the
mobility1

l ¼ l0 expðr̂3=2
ffiffiffiffiffiffiffiffiffiffiffi
2Ered

p
Þ: ð13Þ

Within the PF regime and in the zero-carrier-density limit,
our parameterization (Eq. (A.6) with h(Ered) = 1) ap-
proaches for Ered� 1 and r̂� 1 the field dependence given
by Eq. (13). However, in the field range within which PF
behavior is found, 0.16 < Ered < 0.8, and for a more ex-
tended range of disorder parameters, the full form of Eq.
(A.6) provides a much better description of the actual
mobility function.

At very small fields, the PF behavior breaks down as a
result of the fact that the conductivity is then not only
determined by the rate of forward hops, but also by a
non-negligible rate of backward hops. We find that the
mobility in the very-small-field (vsf) regime is well de-
scribed by the expression

lvsf /
exp ed0E

kBT

� �
� exp � ed0E

kBT

� �

E
; ð14Þ

with d0 � 4 � a for the entire r̂-range studied. In particular
for large disorder (r̂ > 4) and small carrier-densities (p =
10�5/a3), the agreement between Eq. (14) and the parame-
terization given by Eqs. ((A.6), (A.8), and (A.9)) is excellent.
We view this as an indication that the critical hop distance,
which within the theory for the PF regime given in Ref. [26]
goes to infinity with decreasing field, actually converges to
1 We believe that Eq. (15) in Ref. [26] contains a sign error of the
argument under the exponential function and we have corrected this in
Eq. (13).
a fairly large but fixed finite value, which is within a factor
of order unity equal to d0. Due to the presence of the field
the thermal activation energy for forward (backward) hop-
ping to sites at a distance d0 decreases (increases) by an en-
ergy ed0E. The two terms in the numerator of Eq. (14) are
proportional to the contributions to the average carrier
velocity from forward and backward hopping carriers.

4. Application to a PPV-based hole-only device

As an example of an application we consider the ques-
tion whether the ECDM is able to describe the J(V) charac-
teristics of the PPV-based hole-only sandwich-type devices
studied in Ref. [18] as successfully as the EGDM. We per-
form our analysis for a device based on poly[40-(3,7-dime-
thyloctyloxy)-1,10-biphenylene-2,5-vinylene] (NRS-PPV),
with a layer thickness of L = 560 nm, sandwiched in be-
tween an indium tin oxide (ITO) electrode used as anode
and an evaporated gold electrode used as cathode. In Ref.
[18] it was shown that the J(V) characteristics of this de-
vice, measured at 298, 272, 252, and 233 K, can be well de-
scribed within the EGDM, using a drift-only device model
and assuming excellent charge-carrier injection (no injec-
tion barrier at the ITO injecting contact). The lattice con-
stant a and the standard deviation r of the Gaussian DOS
were treated as fitting parameters and an optimal fit was
obtained with a = 1.8 nm and r = 0.14 eV. Here, we re-ana-
lyse these experimental data for PPV-based devices by (i)
employing the EGDM within a model that goes beyond
the model used in Ref. [18] by also taking the diffusion
contribution to the current density into account and by
allowing for a built-in voltage Vbi between the two elec-
trodes, and by (ii) carrying out a similar analysis using
the ECDM.

The drift–diffusion method used is described in detail in
Ref. [27] for the case of the EGDM. Within this method, the
diffusion coefficient is calculated from the mobility using
the generalized Einstein equation, taking the effects of a fi-
nite carrier-density into account. Only a modest modifica-
tion of the method, in order to include the field and density
dependence of the function f(T,E,p) in Eq. (8), was needed
to make it suitable in conjunction with the ECDM. As in
EGDM
3.2 0.085 1.3 � 10�8 0.77
2.7 0.093 1.6 � 10�8 0.67
1.8 0.14 2.5 � 10�7 0.44
1.2 0.20 0.9 � 10�4 0.41
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Ref. [18], we assume that the ITO anode is a perfect injec-
tor. The injection barriers for holes at the anode and cath-
ode are u1 = 0 and u2 = eVbi. The carrier-densities at the
electrode interfaces i = 1, 2 are obtained under the assump-
tion of local thermal equilibrium at the electrode planes, so
that they are equal to the thermal-equilibrium density
within a Gaussian DOS, with the Fermi energy eF = �ui

(with eF defined with respect to the top of the Gaussian
DOS). Like in Ref. [18], we take the relative dielectric con-
stant of the polymer equal to er = 3. For both models, the
temperature dependence of the mobility in the zero field
and zero density limit has the form

l0ðTÞ ¼ l	0 exp½�Cðr=kBTÞ2�; ð15Þ

as discussed already in Section 3 (Eq. (9) for the ECDM).
Table 1 gives for selected values of the inter-site dis-

tance a the parameters r, l	0, and C for which optimal fits
were obtained using the ECDM and EGDM. The combina-
tions of fit parameters that yielded the best overall fit are
Fig. 3. Experimental current–voltage characteristics (symbols) at various tempe
best fits (lines) with (a) the ECDM mobility and (b) the EGDM mobility model, u
voltage Vbi as given in the main text.
given in bold numbers. The corresponding values of the fit-
ted built-in voltage Vbi were 1.7 and 1.1 V for the ECDM
and EGDM, respectively. These values of Vbi are larger than
would be expected on the basis of the small difference be-
tween the vacuum work functions of ITO and Au. This is
indicative of the occurrence of important organic–metal
interactions at the polymer/Au interface, as have been re-
vealed earlier for many other organic/metal interfaces [28].

For the ECDM and EGDM parameter combinations for
which the best fits were obtained the corresponding fits
are displayed in Fig. 3a and b, respectively. It may be seen
that both with the ECDM and the EGDM excellent fits to
the measured J(V) characteristics can be obtained. We note
that within both models the mobility at any temperature is
described using only three parameters, viz. a, r and l0,
each with a clear physical meaning.

The optimal fit values of a as obtained from the
ECDM and EGDM are very different, viz. 0.3 and 1.8 nm,
respectively. The value of a found for the ECDM may be
ratures for a NRS-PPV hole-only device with a thickness L = 560 nm, and
sing the parameters given in Table 1 (bold numbers) and with the built-in



444 M. Bouhassoune et al. / Organic Electronics 10 (2009) 437–445
considered as unrealistically small, in view of the fact that
in NRS-PPV the use of side-branches is expected to give
rise to a larger typical distance between neighboring poly-
mer chains. Furthermore, intra-chain hopping between the
rather long conjugated segments is also expected to be
associated with a larger a-parameter. The distance be-
tween two subsequent monomer units is equal to approx-
imately 0.7 nm, and the conjugation length is believed to
be at least five monomer units. This suggests that in the
PPV-derivative studied correlations between the site ener-
gies are insignificant. The comparison between the values
obtained for r and C does not change this point of view.
For r, the optimal values obtained from the ECDM and
EGDM are very similar, viz. 0.18 and 0.14 eV, respectively,
each with an uncertainty of ±0.03 eV.2 For C, the values
that yield the best fits (C = 0.27 for the ECDM and
C = 0.44 for the EGDM) are both very close to the values
predicted within each model (C = 0.29 for the ECDM and
C = 0.42 for the EGDM). We note that we have treated C
as a free parameter upon making the fits. The reason is that
different values of C can be found in literature, both for the
(E)CDM [9], as well as for the (E)GDM [6,19]. Also, the pre-
cise value of the inverse localization length a (for which we
have assumed a = 10/a) can have some influence on the
value of C [19].

We envisage that more certainty about the validity of
the analysis given above can be obtained by extending this
work to a series of devices with a wide range of layer thick-
nesses and by investigating the consistency of the analysis
using the results of transient experiments (e.g. dark injec-
tion, admittance or time-of-flight experiments).

5. Summary and conclusions

In summary, using a master-equation and percolation
approach, we have extended the correlated disorder model
(CDM) to include the dependence of the mobility on the
charge-carrier-density, in addition to the dependence of
the charge-carrier mobility on temperature and electric-
field. This leads to what we have called the extended cor-
related disorder model (ECDM). In this model, the on-site
energies and the correlation in these energies are assumed
to follow from the interaction of the charge-carriers with
randomly oriented dipoles. We have provided an accurate
parameterization of these dependencies that can be used
in device studies of disordered semiconducting materials,
such as small-molecule semiconductors and conjugated
polymers.

As an application of our results, we modeled the J(V)
characteristics of a hole-only device of a conjugated PPV-
based polymer (NRS-PPV), measured at various tempera-
tures, by solving a drift–diffusion equation with a mobility
and diffusion coefficient as obtained from the ECDM and as
obtained from the previously investigated extended Gauss-
ian disorder model (EGDM). We found that both with the
ECDM and the EGDM excellent fits between the calculated
and measured J(V) characteristics can be obtained. The
2 The results obtained for less-ideal a � r combinations, given in Table 1,
show how an uncertainty in r is correlated to an uncertainty in a.
most remarkable distinction between the two sets of opti-
mal fit parameters is an observed large (factor 
5) differ-
ence between the effective lattice parameter a. We view
the more realistic intersite distance found using the EGDM
(a � 1.8 nm) compared to the value found using the ECDM
(a � 0.3 nm) as a first indication that in the PPV-derivative
studied correlations between the site energies are absent
or play a minor role. The parameterizations for the ECDM
given in the present paper may be used to investigate the
possible role of correlations in other conjugated polymers
and small-molecule semiconductors.
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Appendix Carrier-density, and electric-field
dependence of the mobility in the low-field regime

In the low-field regime (Ered � eaE/r [ 1), the mobility
is expressed in the form given by Eq. (8). Using the numer-
ical data shown in Fig. 1a for the range 2 6 r̂ 6 6, and in-
spired by Refs. [8,18,19], we parameterize the carrier-
density-dependent mobility-enhancement function as
follows

gðT;pÞ ¼ exp½ð0:25r̂2 þ 0:7r̂Þð2pa3Þd� for pa3 < 0:025;
ðA:1Þ

gðT;pÞ ¼ gðT; 0:025a�3Þ for pa3 � 0:025; ðA:2Þ
with

d � 2:3
lnð0:5r̂2 þ 1:4r̂Þ � 0:327

r̂2
ðA:3Þ

Eq. (A.1) describes the increase of the mobility with
increasing carrier-density. This effect becomes significant
when the carrier-density is not anymore in the Boltzmann
regime. Defining the cross-over density, pcross-over, as the
density at which the mobility is enhanced by a factor of
2, it follows from Eq. (A.1) that to a good approximation

pcross-over;ECDM ¼
1
2

a�3 expð� r̂2

2:3
Þ ðA:4Þ

Within the EGDM, the (exact) expression for the cross-
over density is [19]

pcross�over;EGDM ¼
1
2

a�3 expð� r̂2

2
Þ ðA:5Þ

The basic assumption made in the derivation of the lat-
ter expression (Eq. (13) in Appendix A of Ref. [19]) is that at
the cross-over density the carriers that contribute to the
mobility still occupy predominantly states within the tail
of the Gaussian density of states (DOS), so that only hops
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that involve a large increase in energy, towards a rather
high effective transport level, contribute significantly to
the mobility. Our calculations show that this assumption
is not strictly true anymore for the ECDM.

At very high carrier-densities, the calculations reveal a
weakening of the density dependence, and even a small
decrease. We have not attempted to make a detailed fit
to the density dependence of the mobility in this transport
regime. Instead, we have introduced a cutoff carrier-den-
sity, pcutoff = 0.025/a3, above which the mobility is taken
to be constant (Eq. (A.2)). We note that above densities
of approximately 0.01–0.1 per site, the precision of the
methods used is expected to be somewhat lowered due
to the neglect of the long-range part of the Coulomb inter-
action [29]. For applications to single-layer OLEDs, such as
discussed in Section 4, this uncertainty is in practice of lit-
tle importance, as in such devices high carrier-densities oc-
cur only in very thin regions near one or both electrodes.
Even a relatively large uncertainty in the (high) conductiv-
ity of the organic layers in these thin regions is of little
influence on the calculated J(V) characteristics.

The field-dependent mobility-enhancement function
f(T,E,p) is expressed in terms of the reduced field, Ered.
Within the low-field regime, we distinguish two sub-
regimes. In the very-small-field regime, defined as
0 6 Ered < 0.16 � E	red, forward and backward hops contrib-
ute to the mobility. For larger fields, the presence of
the electric-field makes the (negative) contribution to the
mobility from backward hops already insignificant. In the
main text we have called this the Poole-Frenkel (PF) re-
gime. The mobility-enhancement function is then parame-
terized as

f ðT; Ered;pÞ ¼ exp hðEredÞð1:05� 1:2ðpa3Þrðr̂ÞÞðr̂3=2 � 2Þ
h

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2Ered

p
� 1Þ

i
; ðA:6Þ

with

rðr̂Þ ¼ 0:7r̂�0:7; ðA:7Þ

and h(Ered) = 1. Within the very-low-field regime, the
derivative of the mobility with respect to the field should
vanish at zero field. This is accomplished in a phenomeno-
logical way by using Eq. (A.6) with

hðEredÞ ¼
4
3

Ered

E	red
for Ered � E	red=2; ðA:8Þ

and

hðEredÞ ¼ 1� 4
3

Ered

E	red
� 1

� �2
" #

for E	red=2 � Ered � E	red:

ðA:9Þ
The function h(Ered) is continuous and differentiable for
all values of Ered, so that also f(T, Ered, p) and l(T, p, Ered) are
continuous and differentiable.
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a b s t r a c t

Thin anthracene films were studied with photoemission electron microscopy, using both a
Hg discharge lamp and a femtosecond Ti:Sapphire laser for generation of the photoelec-
trons. In threshold photoemission, under illumination of the surface with the Hg lamp,
anthracene islands appear dark due to the high work function of anthracene. Under illumi-
nation with frequency doubled femtosecond laser pulses (k ¼ 400 nm) two photon photo-
emission takes place, and the anthracene islands each exhibit a characteristic brightness.
We find that the brightness of the islands in two photon photoemission (2PPE) is
modulated by the S1-exciton in anthracene that serves as the intermediate state in 2PPE.
Whenever the ~b-axis of the unit cell within a particular anthracene island is aligned with
the in-plane component of the electric field of the laser pulses, the island exhibits a
maximal two photon photoemission yield. Based on exciton sensitive microscopy we find
that the orientation of molecules in each island is different and that the anthracene film as
a whole is textured.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The technological improvements of organic light emit-
ting devices (OLEDs) [1] have been very rapid in recent
years, with the first applications in flat-panel displays al-
ready on the market [2]. Light that is emitted from such
OLED displays originates from exciton states inside the
emissive organic layer. Light is emitted whenever the exci-
ton’s electron and hole recombine. Accordingly, the wave-
length of the device is determined by the energy of the
exciton. Furthermore, the molecular ordering, the grain size
distribution, and grain boundaries in the active layers play a
crucial role for transport of the charge carriers into the
recombination zone and affect the efficiency of the recombi-
nation process. The morphology and composition of the
films will thus ultimately limit the device’s performance [3].

Some of the organic semiconductors that have success-
fully been used in blue OLEDs are anthracene (C14H10) and
. All rights reserved.

e (N.M. Buckanie),
its derivatives [4–6]. Anthracene is a polycyclic aromatic
hydrocarbon that consists of three linearly fused aromatic
rings. In our previous work we have studied the growth of
anthracene on Si(111) [7] and demonstrated that under
suitable deposition conditions, large and textured anthra-
cene films could be grown. In contrast, here we address
the interplay of the morphology of monolayer thin anthra-
cene films with electronic excitations of the molecule.
Anthracene exhibits several excitonic states that are clo-
sely linked to the crystal lattice. Studying of the interplay
of morphology and excitons in anthracene will provide a
better understanding of the underlying OLED action in
anthracene and add to our knowledge of excited electronic
states in polyacenes in general. The lowest energy exciton
in bulk anthracene is a singlet state with an excitation en-
ergy of E � 3:1 eV [8]. In the present work we use femto-
second laser pulses with a wavelength appropriate to
excite the singlet exciton in monolayer thin anthracene
films, and we use nonlinear photoemission microscopy
(PEEM) to directly image the occupied singlet exciton in
individual anthracene islands. The contrast in PEEM is in
this case based on a two photon photoemission (2PPE)
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Fig. 1. The orientation of the laser beam relative to the objective lens of
the PEEM for the 2PPE experiment and the definition of the relevant
angles. The incidence angle of the laser beam on the surface is /. The
polarization angle is h. In s-polarization, the electric field vector of the
laser lies completely in the surface plane. In p-polarization, the electric
field-vector has an in-plane and an out-of-plane component.
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process, as the photon energy of the k ¼ 400 nm fs-laser
pulses is not sufficient for threshold photoemission from
the highest occupied molecular orbital (the ionization po-
tential of bulk anthracene is 5.65 eV [9]).

First attempts to understand the nature of the 2PPE pro-
cess in anthracene were already performed in the 1960s
[10] with spatially averaging 2PPE spectroscopy in anthra-
cene bulk crystals, and the singlet exciton was identified as
the responsible intermediate state. The 2PPE process is
since then believed to originate from a two-exciton excita-
tion that decays into a free electron. Exploitation of the
2PPE process in PEEM to directly observe the exciton in a
heterogeneous and polycrystalline film, however, has not
been attempted until now.

2. Experimental

The 2PPE PEEM experiments were performed in the ul-
tra high vacuum (UHV) spectroscopic photoemission elec-
tron microscope (ELMITEC PEEM III), located at the
University of Duisburg-Essen. The microscope is equipped
with a cooling option and allows the in-situ growth of
anthracene thin films inside the microscope. The high va-
por pressure of anthracene (� 10�7 mbar at RT [11]) re-
quires a growth temperature well below room
temperature ðT � �40 �CÞ. During annealing to room tem-
perature after growth, anthracene re-evaporates from the
surface, and accordingly, all images shown here were re-
corded at the low deposition temperature.

Anthracene (Sigma–Aldrich, zone-refined, 99%) was
deposited from a resistively heated ceramic crucible after
degassing of the source material for several days. The high
vapor pressure of anthracene required differential pump-
ing of the evaporator to sustain UHV conditions during
and in between the experiments.

Si samples were cut from a precision oriented Si(111)
wafer, and were wiped with ethanol before mounting into
the sample holder. After transfer to UHV they were de-
gassed for at least 3–4 h at T � 500 �C and were then
repeatedly flash-annealed to T � 1250 �C to thermally des-
orb the protective oxide. For the anthracene deposition the
samples were cooled to about T � �40 �C. The temperature
was monitored with a thermocouple.

For threshold photoemission experiments, an ordinary
Hg discharge lamp was used. For the 2PPE experiments,
however, a light source with a higher photon density is
needed. Femtosecond laser pulses with a pulse energy of
about 9 nJ and a pulse duration of 20 fs [12] were gener-
ated by a k ¼ 800 nm Ti:Sapphire laser oscillator (FEMT-
OLASERS GmbH [13]). The repetition rate was 80 MHz.

The laser pulses were frequency doubled in a beta-bar-
ium-borate (BBO) crystal to yield blue light with a wave-
length of k ¼ 400 nm, i.e., a photon energy that matches
one of the exciton energies of anthracene.

As the fs-pulses must pass through a UHV-window to
reach the sample, correction of the dispersion of the pulses
by two prisms [14] is mandatory. In the PEEM, we obtain
k ¼ 400 nm pulses with a pulse duration of s < 40 fs, as
verified by a second order interferometric pump-probe
auto-correlation trace. Details of the femtosecond laser
setup are published elsewhere [15].
To adjust the laser intensity, a k=2-plate in combination
with a Brewster polarizer was used. A second k=2-plate
provides control over the polarization of the pulses. Fig. 1
illustrates the definition of the polarization direction of
the laser pulses with respect to the PEEM sample geome-
try. Due to the grazing incidence geometry of / ¼ 74� of
the light on the sample surface, different polarizations of
the laser pulses translate into electrical field components
at the sample surface as follows: during the interaction
of s-polarized pulses with the surface, the electric field vec-
tor~E lies completely in the surface plane. In p-polarization,
the electric field of the laser pulses is parallel to the optical
table and during interaction with the surface, the electric
field vector has a component in the surface plane and a
component perpendicular to the surface as well [16]. An
important fact to consider during PEEM experiments on or-
ganic materials is the possibility of light-induced film dam-
age [17]. Interestingly, we find that under illumination
with 400 nm laser pulses the films remain stable for hours.

3. Results and discussion

We have previously studied the growth dynamics of
anthracene thin films on Si(111) with PEEM [7]. During
deposition, a covalently bound layer of flat lying molecules
is formed on the surface [18]. Subsequent layers grow on
top of this initial layer and form fractal-shaped islands
with a fractal dimension of d � 1:6, indicating a diffusion
limited aggregation [19] growth mechanism. It is remark-
able that despite the low deposition temperatures fractals
with a diameter of several tens of micrometers can be ob-
served. As the growth dynamics, the islands shapes, and
the islands sizes are similar to the case of pentacene on
Si [20,17], one expects that – as in the case of pentacene
– the molecules in higher layers stand upright.

Panels (a) and (b) of Fig. 2 show PEEM images of a two
molecular layer high anthracene island under illumination
with different light sources and compares the image con-



Fig. 2. (a) An anthracene island with the nucleating second layer imaged by the Hg discharge lamp. (b) The same island after illumination with the blue
pulsed laser E ¼ 3:1 eV. (c) The determination of the emission exponent (EP) for each pixel results in a power map. The black spot that can be found on the
lower left in each image resembles a damaged region on the multichannel plate of the PEEM.
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trast obtained with threshold photoemission to the 2PPE
case. In Fig. 2a the Hg discharge lamp was used to illumi-
nate the sample. The layer of flat lying molecules separat-
ing the islands is over exposured, while the first and
second layer of standing-up anthracene molecules appear
dark, with weak contrast. We speculate that during the for-
mation of the first layers the surface dipole varies and thus
causes the observed reduction of the brightness for higher
layers. If the surface is illuminated with k ¼ 400 nm fs-la-
ser pulses, the situation is completely different, as dis-
played in panel (b) of Fig. 2. Here, the layer of flat lying
molecules appears darker than higher layers. Also, the
brightness of the islands increases with the film thickness.

To investigate the photoemission process, we record the
photoelectron yield Y as a function of the laser intensity I,
that is expected to follow a power law [21]:

Y � IN; ð1Þ

where N reflects the order of the photoemission process
and is a measure of how many photons are needed to gen-
erate one photoelectron. For a 2PPE process, N ¼ 2 is ex-
pected. Furthermore, to verify that the order of the
photoemission mechanism is homogeneous throughout
the observed area on the surface, we record images at dif-
ferent laser intensities and determine N for every pixel of
10 mμ

Fig. 3. Two images of the identical anthracene island recorded with (a) p-polari
been adjusted to obtain maximum contrast. The arrows at the bottom left of th
electric field vector of the laser pulses.
the image. The resulting power map [22] in panel (c) of
Fig. 2 displays the value of N as a function of the film’s mor-
phology. Except some noise (and a burnt spot in the imag-
ing channel plate), no morphological features of panel (b)
are visible in panel (c) and we find N ¼ 2 for all areas of
the surface. We conclude that we indeed observe a 2PPE
process in all areas on the surface and that – based on
the photon energy of the laser pulses of 3.1 eV – the
anthracene singlet exciton is the intermediate state for
the 2PPE process in the bright islands.

Fig. 3 shows two images of the same anthracene island
under different polarization of the laser pulses (see Fig. 1
for a definition of the polarization directions). In panel
(a) of Fig. 3, the surface is illuminated with p-polarized la-
ser pulses. The monolayer-height island is bright, and even
a 10 lm large second layer island is visible. Also, many
small islands exist that can be found on both the substrate
and the larger islands. These islands nucleate from the
residual gas during the measurement, as the cooling is still
running, the sample temperature is still decreasing, and
the vacuum in the chamber is only slowly recovering from
the higher anthracene partial pressure during the
deposition.

In panel (b) of Fig. 3 the surface is shown under illumi-
nation with s-polarized laser pulses. In comparison to
zed and (b) s-polarized laser pulses. The gray scale of the two images has
e panels indicate the direction of the in-plane component of the exciting



Fig. 4. (a) Sketch of the orientation of anthracene molecules within the unit cell [23] and (b) the exciton energies for optical excitation in the principal
directions of the unit cell [24]. Letters (a)–(c) represent excitations along the three unit cell vectors from (a).

Fig. 5. Determination of the molecular orientation of individual anthra-
cene islands. The in-plane component of the electric field of the laser
pulse that was used to record the image is indicated at the lower left.
Various orientations of the in-plane component of the electric field vector
of the laser pulses were used to determine the orientation of the unit cell
vectors for the islands. In all islands, the molecules are standing up on the
surface. Feature A marks a grain boundary between two islands with
different orientations that was formed by coalescence of two anthracene
islands during growth.
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panel (a), in which the same area on the surface is dis-
played, the contrast is inverted: the island is now dark
and the second layer on top of the island is hardly visible.

Fig. 4 shows the orientation of anthracene molecules
within the unit cell and the energetic levels of the excitons
in the principal directions of the crystal lattice for bulk
anthracene, with data from the literature [23,24]. In the
bulk, anthracene forms monoclinic crystals [25] with two
molecules per unit cell (Fig. 4a). The angle between the
~a- and the ~b-axis is c ¼ 90� and the molecules form a her-
ringbone stacking where the long axis of the molecules is
almost aligned with the ~c-axis. That the molecules stand
up on the surface [7] implies that the ~a- and ~b-axis lie
within the surface plane, while the ~c-axis sticks out of
the surface. More precisely, the ~c-axis stands perpendicu-
larly on the ~b-axis and forms the monoclinic angle of
b ¼ 124:7� [26] with the ~a-axis.

The exciton levels for bulk anthracene are sketched in
Fig. 4b. The first singlet exciton S1 is located at E ¼ 3:1 eV
[27], which matches exactly the photon energy of the laser
pulses in our experiments. The S1 exciton, however, can
only be excited by an electric field that is aligned with
the ~b-axis of the anthracene unit cell [28]. Excitation with
fields aligned with the ~a- or ~c-axis would require light
with an energy of E ¼ 3:3 eV [29] or E ¼ 4:2 eV (S2-exciton)
[28], respectively. Obviously, as the photon energy of our
illumination source is insufficient to create an excitation
along the~a- or the~c-axis, only the S1 exciton can be excited
by the laser pulses. As such excitation requires an electric
field along the ~b-axis, the island brightness in PEEM is a
measure of the projection of the exciting electric field of
the laser pulse on the ~b-axis of the island. By the knowl-
edge of the polarization of the laser pulses, one can thus
determine the orientation of the~b-axis within the unit cell
and from this conclude the azimuthal orientation of each
island. This is a powerful in-situ method for the determina-
tion of the orientation of molecules in textured anthracene
films.

Fig. 5 shows an image of several anthracene islands un-
der illumination with p-polarized laser pulses. The islands
display different brightnesses that vary from black to
white and go through different gray levels. The brightness,
however, is homogeneous throughout each island, and
inhomogeneities of the brightness within one island are
caused exclusively by nucleation of higher layers on top
of the islands, or by coalescence of islands of different ori-
entations, as in marked as feature ‘‘A” in Fig. 5. Using our
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argument that the photoemission yield reflects the projec-
tion of the electric field vector on the ~b-axis of the crystal,
we conclude that the islands are mono crystalline and that
within each island the orientation of the molecules is the
same, while the molecular orientation differs from island
to island. For the brightest islands the orientation of the
molecules is such that the ~b-axis of the unit cell is aligned
with the in-plane component of the exciting electric field.
If, on the other hand, the ~b-axis of the crystal and the in-
plane component of the exciting electric field are perpen-
dicular to each other, the islands appear black. In Fig. 5
the orientations of the unit cells of the anthracene island
is displayed as an overlay. We will now describe how the
orientation of the ~b-axis of the unit cell – as plotted in
the overlay of Fig. 5 – can be determined from the polari-
zation dependence of each anthracene island.

Fig. 6 shows the 2PPE yield of a selected anthracene is-
land as a function of the polarization angle h of the laser
pulses. To explain the polarization dependence of the yield
curve, we have to consider three contributions. First, we
have to consider the number of photons that are absorbed
by the sample under our experimental conditions. This
number varies with both the polarization angle h, and the
(fixed) incidence angle of the light on the surface
/ � 74�. As can be easily calculated from the dielectric
function of Si, / is close to the Brewster angle of Si, and
depending on the polarization of the laser pulses, a big por-
tion of the light is simply reflected. The reflectivity reaches
its maximum for s-polarization, because in this case the
entire electric field lies within the sample surface. As a re-
sult, the integral intensity of images recorded with s-polar-
ized light is always lower than the intensity of images
recorded with other polarizations. Because for p-polariza-
tion (h ¼ 0) the Brewster reflectivity is low, the 2PPE yield
is high. During any variation of the polarization angle h, the
2PPE yield decreases, and images recorded with p-polar-
ized laser pulses have the highest intensity of all. To prop-
erly obtain the orientation of the ~b-axis of the unit cells
within the anthracene islands, we correct the measured
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Fig. 6. The typical dependence of the 2PPE yield as a function of the
polarization of the laser pulses. Inset: the same curve after proper
background subtraction. The maximum of the curve in the inset indicates
the situation where the angle a between in-plane component of the
exciting laser field and the ~b-axis of the anthracene island is zero.
2PPE yield by subtracting the measured background inten-
sity of the area between the islands (the 2PPE signal of the
disordered layer of flat-lying molecules) from the island
intensity. The result of a proper background subtraction
of the island photoemission yield of Fig. 6 is shown in
the inset of Fig. 6.

Second, again caused by the grazing incidence geome-
try, both the in-plane component and the out-of-plane
component of the electric-field of the laser pulses are a
function of the polarization angle h. For a surface in the
ðy; zÞ plane, we obtain for the projection of the electric field
of the laser pulses into the ðy; zÞ plane, i.e., for the in-plane
component of the electric field vector

~Eprojðh;/Þ � ð0;� sinð/Þ � cosðhÞ; sinðhÞÞ: ð2Þ

In this notation, the x-axis is perpendicular to the substrate
surface.

The third contribution to the 2PPE signal originates
from the information of interest, namely the projection of
the in-plane component of the electric field, as given in
Eq. (2) on the ~b-axis of the crystal. We obtain a maximum
of the 2PPE yield, whenever the in-plane component~Eproj of
the electric field of the laser pulses is – for a particular is-
land – aligned with the ~b-axis of the anthracene unit cell.
In the other extreme, when the in-plane component of
~Eproj is parallel to the~a-axis of the crystal (i.e., oriented per-
pendicularly to the~b-axis), we obtain no 2PPE signal at all.

Within this simple model, the expected photoemission
signal of an anthracene island on the surface can be esti-
mated by the knowledge of the polarization angle h, by
the fixed incident angle / ¼ 74� for the projection of the la-
ser pulses onto the surface plane, and by the angle a for the
projection of ~Eproj on the ~b-axis of the anthracene island.
This last projection can be expressed by the scalar product
~Eproj � ~eb, where ~eb ¼ ð0; cosðaÞ; sinðaÞÞ is a unit vector along
the~b-axis of the unit cell of the anthracene island. We ob-
tain for the 2PPE yield

I2PPE ¼ E0 � ðsinðaÞ � sinðhÞ � cosðhÞ � sinð/Þ � cosðaÞÞð Þ4 ð3Þ

with E0 as a proportionality factor for the electric field
amplitude. The inset of Fig. 6 shows the measured and
background-subtracted 2PPE intensity of a one molecular
layer high island (as points) with a fitted intensity curve
(solid line) that is calculated using Eq. (3) with a and E0

as the only free parameters. The agreement between the
fit and the data points is excellent. For the particular island
shown in Fig. 6, the fit of the corrected data points indi-
cates a maximum for a ¼ 40�, which allows the determina-
tion of the absolute orientation of the~b-axis of the unit cell
of the anthracene island.

To analyze the distribution of the azimuthal orientation
of the islands with respect to the substrate we will now
perform a statistical analysis of the angle a for a larger
number of islands. For this purpose, small anthracene is-
lands were grown, and for every pixel of each island the
orientation of the~b-axis was determined by the procedure
explained above. Each island was then assigned the aver-
age orientation angle a, where the spread of the values
throughout each island was used to estimate the accuracy
of the method. Fig. 7 shows a histogram of the number of
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islands that exhibit a particular orientation. The featureless
and homogeneous distribution curve indicates that the azi-
muthal orientation of the islands on the surface is com-
pletely random. Apparently, the molecular orientation in
the islands is not at all influenced by the 3-fold symmetry
of the Si(111) surface. The same behavior has also been
observed with low energy electron diffraction for the
slightly longer but similar molecule pentacene. The azi-
muthal degree of freedom for the islands to orient on the
surface is caused by the flat-lying wetting layer of mole-
cules that in both cases, pentacene and anthracene, lies be-
low the fractal-shaped islands [7,20] and shields the
growing layer from the substrate [30].

We will now discuss the azimuthal orientation of
anthracene unit cells in higher layers with respect to the
orientation of the unit cells in the layers below them. The
second layer island in Fig. 3a is representative of many is-
lands that we analyzed. In all cases, the polarization behav-
ior, i.e., the angle a, of the second layer is identical to the
polarization behavior of the first layer islands on which
the second layer islands are nucleated. Apparently, as the
~b-axis is aligned in the same way in the first and second
layer, the higher layers form an epitaxial relation with
the layers below them. Such concept of an epitaxial rela-
tionship can, however, not be extended to the interaction
between the anthracene islands and the substrate. As
was already shown in Fig. 7, the orientation of the first
layer islands with respect to the substrate is completely
random.

4. Conclusion

Anthracene films deposited on Si(111) appear dark in
regular threshold photoemission with a Hg discharge lamp,
caused by the high ionization potential of the films. In 2PPE
PEEM, however, anthracene islands appear in different
shades of gray, depending on the polarization of the laser
pulses. The contrast in 2PPE PEEM is caused by the cou-
pling of our k ¼ 400 nm laser pulses to the S1-exciton of
the anthracene islands. The excitation of the S1 state, how-
ever, is only possible with electric fields that are aligned
with the ~b-axis of the anthracene unit cell. Together with
our previous PEEM studies of the anthracene growth
dynamics [7], we conclude that anthracene islands on
Si(111) – after a chemisorbed interfacial layer of flat-lying
molecules is formed – consist of standing up molecules
wherein the~a- and the~b-axis of the monoclinic anthracene
unit cell is aligned within the surface plane.

The selectivity of 2PPE PEEM to the S1-exciton, i.e., the
~b-axis of the anthracene unit cell, forms the basis of a novel
exciton-based contrast mechanism in 2PPE PEEM and pro-
vides a powerful in-situ technique for the determination of
the orientation of molecules in textured anthracene films.
Such information is usually not attainable with regular
threshold photoemission. An important issue to be taken
into consideration in the interpretation of our results, is a
modification of the S1-exciton level that may be caused
by differences of the film’s crystallographic properties
compared to anthracene bulk. The S1-excitation energy
used in this work represents the bulk exciton value and a
slight change of the energy of the S1-exciton is not impor-
tant for the interpretation of our results, as long as the
exciton can be excited by k ¼ 400 nm laser pulses. Using
tunable fs laser sources in combination with PEEM, i.e.,
by using fs amplifiers and optical parametrical oscillators
to generate the illuminating light, one could perform a spa-
tially resolved in-situ determination of the energetics of the
S1-exciton in heterogeneous anthracene films.

Exciton sensitive PEEM shows, that the islands are ran-
domly oriented, but that the second layer of anthracene
islands has a perfect epitaxial relationship with the first
layer. This implies that if one managed to build devices
consisting of single anthracene islands, or if it was possi-
ble to control the orientation of the islands in the first
layer, OLEDs that emit polarized light might become
possible.

In conclusion, 2PPE PEEM is an excellent technique to
directly perform microscopy on excitons in thin films, if
the photon energy of the laser matches the energy of the
exciton of interest. While optical transmission measure-
ments can be used to obtain similar information [31], the
use of visible light in a transmission geometry is not sur-
face sensitive and is usually performed in a less controlled
environment. In contrast, here we used femtosecond laser
pulses in 2PPE PEEM and demonstrated the capability to
perform exciton-sensitive microscopy on molecular mono-
layers in a UHV environment, with video rate and even
during growth. Using the combination of PEEM and femto-
second laser pulses in a pump-probe setup will provide the
possibility to study exciton dynamics in single anthracene
islands as a function of their size and height and will offer
new insight into the interplay of the exciton dynamics and
the morphological features of an organic thin film. Such
investigations are currently under way.
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A novel donor–acceptor type conducting polymer based on BODIPY dye as acceptor and
EDOT units as donor parts is synthesized electrochemically. The unique combination of
BODIPY and EDOT units provides an ambipolar (n- and p-doping processes) low band
gap material (4). This is the first example of p–n junction in an organic p-conjugated mate-
rial where BODIPY unit is incorporated directly in the main chain. Furthermore, the poly-
mer film exhibits electrochromic behavior upon p-doping: a color change from light violet
(neutral) to indigo (oxidized).

� 2009 Elsevier B.V. All rights reserved.
1. Introduction light emitting diodes (LEDs) [22–25], field effect transistors
Organic p-conjugated materials, in particular polymers,
have attracted considerable attention due to their low cost,
easy processing, compatibility and tunable intrinsic proper-
ties (electronic, optical, conductivity and stability) offered
by the structural design [1,2]. One of the best ways [3] to
manipulate the electronic structure is combining an appro-
priate electron-donating moiety with an electron acceptor.
This donor–acceptor strategy in the design of p-conjugated
materials did not only allow a fine tuning of highest occu-
pied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels, band gap (Eg) and
absorption–emission spectra of the system [4–9], but also
provided access to a variety of advanced technological
applications in the field of sensors [10–12], nonlinear optics
[13], molecular electronics [14–16], photovoltaics [17–21],
. All rights reserved.
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(FETs) [26–29], displays and electrochromics [30–34].
On the other hand, 4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene (BODIPY) dyes have found diverse use as fluores-
cent switches, chemosensors, artificial light harvesters, etc.
due to their intriguing properties (i.e. absorbtion in the vis-
ible region, sharp fluorescence, thermal and photostability)
[35,36]. Considering the fact that the intriguing features
and the rich chemistry of BODIPY could be amplified to
create viable combinations with polymerizable electroac-
tive units, it was assumed that these materials hold prom-
ise for new applications in material science. Recently, from
our endeavours in this regard, we have been able to show
that a switchable multielectrochromic material which gave
fast response to external stimulus could be obtained from a
dithienylpyrrole bearing BODIPY unit in the backbone (1)
(Fig. 1) [37]. Furthermore, copolymers derived from 3 rep-
resented environmentally robust electroactive materials
that have multielectrochromic behaviors [38]. It is also
noteworthy that BODIPY dyes can be used to enhance the
nonlinear optical properties of some copolymers [39].

In an effort to extend our work [34,40–42] to the design
and synthesis of BODIPY based materials, we herein wish
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Fig. 1. BODIPY based compounds 1–3.

Fig. 2. Cyclic voltammogram of 2 (—) and 3 (---) in DCM/TBAH (0.1 M) at
20 �C, scan rate of 100 mV/s, Pt disk working electrode.
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to report the synthesis and characterization of a donor–
acceptor type system, 2, consisting of BODIPY as the cen-
tral acceptor unit and 3,4-ethylenedioxythiophene (EDOT)
as the donor parts. EDOT was the choice as donor part due
to its low oxidation potential which minimized the
detrimental effect of high polymerization potentials such
as the degradation of the polymer film. It is of worth to
note that this unique system (2) provided an ambipolar
[43,44] low band gap [45–55] material (4) by electrochem-
ical polymerization. To the best of our knowledge, this is
the first example of p–n junction in an organic p-conju-
gated material where BODIPY unit is incorporated directly
in the main chain. Furthermore, the comparison of 2 with
thiophene analogue 3, and spectro-electrochemical prop-
erties of the polymer film 4 were presented.

2. Results and discussion

2.1. Synthesis and redox behavior of 2

The syntheses of 2 and 3 were based on Stille coupling
reactions of dibromo BODIPY 5 [38] with 2-(trimethylstan-
nyl)-3,4-ethylenedioxythiophene (6) and 2-(trimethyl-
stannyl)thiophene (7), respectively, as outlined in
Scheme 1. The characterization of compounds was based
on 1H, 13C NMR and FTIR spectral data along with the com-
bustion analysis.

First, the redox behavior of 2 was determined and com-
pared to that of 3 in order to elaborate the effect of donor
part in the system. Cyclic voltammetry studies revealed
that both 2 and 3 exhibited amphoteric redox behaviors.
As shown in Fig. 2, 2 and 3 had irreversible anodic peaks
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Scheme 1. Synthesis of 2 and 3.
at 1.14 and 1.19 V, respectively, ascribed to the oxidation
of the external units. As expected, 2 has somewhat lower
oxidation potential than 3 due to the electron rich nature
of EDOT units when compared to thiophene.

On the other hand, reversible reduction waves for the
formation of radical anion of the central BODIPY units in
2 and 3 were observed in the negative side of the voltam-
mograms at Eo

red = �0.92 and �0.79 V, respectively [57,58].
These results suggested that the interaction between BOD-
IPY and external units in the donor–acceptor system was in
line with the electronic nature of the donor parts, since
electron rich EDOT units made the reduction of BODIPY
in compound 2 more difficult when compared to 3. This
interaction was also reflected by the electronic absorption
spectra, which showed a bathocromic shift along with
some widening of the absorption band of BODIPY (Fig. 3).
Fig. 3. Electronic absorption and emission spectra of 2 (solid line)
(kex = 540 nm) and 3 (dash–dot–dash line) (kex = 530 nm) in DCM.



Fig. 4. (a) Repeated scan electropolymerization of 2 and (b) cyclic
voltammogram of n- and p-doped polymer film of 4 in DCM/TBAH
(0.1 M) at 20 �C, scan rate of 100 mV/s, Pt disk working electrode.
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Furthermore, the emission of both compounds was also
shifted to near infrared region.

2.2. Electropolymerization of 2

Next, the electrochemical polymerization of the com-
pounds was investigated. Unfortunately, all of our at-
tempts to get the corresponding polymer film from a
solution of 3 under various conditions have failed [38].
To our delight, however, the growth of a conducting
polymer film on the surface of the electrode was
achieved with 2 to give 4 by repetitive anodic scans which
provided a gradual increase in the current density (Fig. 4a).
The as-prepared polymer film was electrochemically
characterized in a monomer-free electrolyte solution
(Scheme 2).

Cyclic voltammogram of the polymer film exhibited
two reversible and well-defined redox couples with half
peak potentials (Eo

ox) at +0.86 and +1.08 V (Fig. 4b). The lin-
earity between the value of peak currents and the scan
rates (I–V curve) revealed a nondiffusional redox process
of a well-adhered electroactive polymer film (Fig. 5). Apart
from p-doping process, the polymer film was also highly
active in n-doping process with a half peak potential of
�0.84 V arising from the BODIPY unit which was directly
conjugated with the donor parts.

It is noteworthy that the band gap (Eg) of the polymer
was found to be 1.33 eV from the onset of redox waves
in the voltammogram (Fig. 4b) that made 4, a good candi-
date for device applications.

2.3. Electro-optical properties of the polymer 4

The electro-optical properties of the polymer film were
examined by recording the changes upon doping process.
First of all, the polymer film was electrodeposited on ITO
electrode by repeated cyclic polymerization after which
the thickness of the polymer film could be increased in
each cycle without deactivation of the electrode surface.
The as-prepared polymer film was switched between its
redox states several times in monomer-free electrolyte
solution to equilibrate the redox behavior after washing
with DCM to remove the unreacted monomers and/or olig-
omeric species.

The polymer film 4 had a broad absorption band cen-
tered at 596 nm (p–p* transition) with a shoulder at
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Fig. 5. (a) Scan rate dependence of the polymer film in 0.1 M TBAH/DCM at different scan rates, a: 20 mV/s; b: 40 mV/s; c: 60 mV/s; d: 80 mV/s; e: 100 mV/
s; f: 120 mV/s; g: 140 mV/s; h: 160 mV/s; i: 180 mV/s; j: 200 mV/s. (b) Relationship of anodic and cathodic current peaks as a function of scan rate for 4 in
0.1 M TBAH/DCM.

Fig. 6. UV–vis absorption spectra of 4 on ITO at various applied potentials
between 0.0 and +1.25 V in 0.1 TBAH/DCM.
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490 nm in the neutral state (0.0 V) (Fig. 6). The UV–vis
spectrum of 4 covers the whole visible region (400–
930 nm) and from the onset of the end of this broad
absorption band (930 nm), a band gap of 1.33 eV, which
is in agreement with the Eg value obtained from the CV
data (1.33 eV), was calculated for 4.

However, it was noted that the absorption band at
596 nm shifted to a high energy level (567 nm) with a con-
comitant increase in intensity upon p-doping process and a
new absorption band appeared at 759 nm due to the polar-
on formation (Fig. 6). Further oxidation shifted the p–p*

transition band at 567–623 nm, which confirms the pres-
ence of BODIPY units in the polymer backbone since BOD-
IPY units in donor–acceptor system has a band at 542 nm,
and the intensity of bipolaron band (1100 nm) increased
whereas the polaron band disappeared. During the p-dop-
ing process, the polymer film 4 exhibited electrochromic
behavior: a color change from light violet (neutral) to indi-
go (oxidized).
3. Conclusion

In summary, a novel donor–acceptor type polymer
based on BODIPY dye as acceptor and EDOT units as donor
parts was synthesized electrochemically. This unique com-
bination of BODIPY and EDOT units provided an ambipolar
(n- and p-doping processes) material (4) which had a low
band gap 1.33 eV. To our best knowledge, this is the first
example of p–n junction in an organic p-conjugated mate-
rial where BODIPY unit is incorporated directly in the main
chain. Furthermore, the polymer film exhibited electro-
chromic behavior upon p-doping: a color change from light
violet (neutral) to indigo (oxidized). Considering the fact
that the intriguing features and the rich chemistry of BOD-
IPY can be amplified to create a huge number of viable
combinations, these materials hold promise for new
applications in photovoltaics, LEDs, ambipolar field effect
transistors, p–n junction and so forth. Efforts to get solu-
tion processable variants of 4 are currently underway in
our laboratories and the results will be reported in due
course.

4. Experimental

4.1. General

All chemicals were purchased from Aldrich and used
without any further purification. About 0.1 M tetrabutyl-
ammonium hexafluorophosphate (TBAH) dissolved in
freshly distilled dichloromethane (DCM) was used as elec-
trolyte solution. A platinum disk (0.02 cm2) and a platinum
wire were used as working and counter electrodes, respec-
tively, as well as Ag/AgCl in 3 M NaCl(aq) solution as a ref-
erence. Repeated electropolymerization was used to obtain
polymer films and then the coated working electrode was
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washed with DCM to remove unreacted monomers. In or-
der to elaborate the electrochemical behavior of the poly-
mer film, the coated working electrode was transferred in
monomer-free electrolyte solution of 0.1 M TBAH/DCM. In-
dium–tin oxide (ITO, Delta Tech. 8–12 X, 0.7 cm � 5 cm)
electrodes were used to investigate the electro-optical
properties of the polymer film. In spectro-electrochemical
studies, a platinum wire as counter electrode and a Ag wire
as a pseudo-reference electrode (calibrated externally
using 5 mM solution of ferrocene/ferrocenium couple)
were used. To obtain reproducible data in electroanalytical
and optical studies, the polymer films coated on Pt and/or
ITO electrodes were switched between redox states several
times by equilibrating the redox behavior.

NMR spectra were recorded on a Bruker NMR Spec-
trometer (DPX-400) in CDCl3. Electroanalytical measure-
ments were performed using a Gamry PCI4/300
potentiostat–galvanostat. The electro-optical spectra were
monitored on a Hewlett–Packard 8453A diode array spec-
trometer. The syntheses of 5 were described elsewhere
[38]. Organostannanes 6 and 7 were obtained from the
reactions of EDOT and/or thiophene, respectively, with
BuLi and trimethyltin chloride in THF by following a liter-
ature procedure [56].

4.2. Representative procedure for the synthesis of 2 and 3

To argon degassed solution of 5 (0.27 g, 0.51 mmol) and
stannyl compound (6 and/or 7, 1.01 mmol) in dry toluene
(40 mL) was added Pd(PPh3)Cl2 (0.07 g, 20% mmol) and
the mixture was heated under reflux until all the starting
materials were consumed (TLC). The flask was cooled and
the solvent was removed under reduced pressure. The res-
idue was filtered through a short pad of silica gel by eluting
with hexane-CH2Cl2 (1:1, v/v) to give the product (2 and/or
3).

1,3,5,7-tetramethyl-8-(4-nitro-phenyl)-2,6-bis(2-(3,4-ethy-
lenedioxythienyl)-4,4-difluoroboradiazaindacene (2): 0.245 g
(0.36 mmol), 71% yield, red solid, M.p. 77–79 �C, 1H NMR
(400 MHz, CDCl3) d/ppm: 8.34 (d, J = 8.5 Hz, 2H), 7.59 (d,
J = 8.5 Hz, 2H), 6.38 (s, 2H), 4.18 (bs, 8H), 2.57 (s, 6H), 1.33
(s, 6H); 13C NMR (100 MHz, CDCl3) d/ppm: 157.0, 148.4,
142.0, 141.5, 140.9, 138.8, 138.7, 129.8, 124.4, 121.4,
107.5, 99.7, 64.6, 64.4, 39.3, 23.3; FTIR/cm�1: 675, 728,
777, 854, 886, 905, 971, 1010, 1068, 1177, 1230, 1313,
1361, 1384, 1437, 1529, 2873, 2922, 2991, 3107; UV–vis
(kmax, nm): 417, 542; Anal. Calcd. for C31H26BF2N3O6S2: C,
57.33; H, 4.03; N, 6.47; S, 9.87. Found: C, 57.28; H, 4.01;
N, 6.45; S, 9.80.

1,3,5,7-tetramethyl-8-(4-nitro-phenyl)-2,6-bis(2-thienyl)-
4,4-difluoroboradiazaindacene (3): 0.187 g (0.35 mmol), 68%
yield, dark red solid, M.p. 201–202 �C; 1H NMR (400 MHz,
CDCl3) d/ppm: 8.40 (d, J = 8.5 Hz, 2H), 7.60 (d, J = 8.5 Hz,
2H), 7.37 (d, J = 5.2 Hz, 2H), 7.09 (dd, J = 5.2–3.2 Hz, 2H),
6.86 (d, J = 3.2 Hz, 2H), 2.61 (s, 6H), 1.36 (s, 6H); 13C NMR
(100 MHz, CDCl3) d/ppm: 156.7, 148.5, 142.0, 140.0,
139.0, 133.6, 130.5, 129.7, 128.8, 127.9, 127.3, 126.3,
124.5, 38.7, 13.2; FTIR/cm�1: 690, 731, 842, 907, 1008,
1095, 1174, 1203, 1230, 1317, 1345, 1390, 1437, 1514,
1540, 2854, 2922, 2960, 3074; UV–vis (kmax, nm): 388,
531; Anal. Calcd. for C27H22BF2N3O2S2: C, 60.79; H, 4.16;
N, 7.88; S, 12.02. Found: C, 60.73; H, 4.15; N, 7.82; S,
11.92.
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Small molecular organic light-emitting diodes (OLEDs) can be fabricated by spin-coating
and thermo-evaporation of organic materials. In this work, X-ray photoelectron spectrom-
etry (XPS) and secondary ion mass spectrometry (SIMS) are used to examine the micro-
structure of emissive layers in organic LEDs prepared with different technique using
in situ Cþ60 sputtering. It is found that the Ir-containing guest molecule is enriched at the
bottom-interface and a concentration gradient results from spin-coating while the oppo-
site molecular distribution is observed with thermo-evaporation. Such a difference in
microstructure affects the carrier-injection and carrier-transportation and is key to the dra-
matic difference (�3.5�) in the efficiency of the resultant OLED devices.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction bazol-9-yl)biphenyl (CBP) host using these two
The fabrication of small molecular organic light-emit-
ting diodes (OLEDs) can be categorized into wet- and
dry-processes that consist of spin-coating and thermo-
evaporation of organic materials, respectively. Typically,
dry-processed devices exhibit much higher efficiency [1–
5] but wet-process also draws great attention for easier
fabrication. Recently, emissive layers (ELs) of highly effi-
cient green OLEDs were fabricated with a bis[5-methyl-7-
trifluoromethyl-5H-benzo(c)(1,5)naphthyridin-6-one]irid-
ium(picolinate) ((CF3BNO)2IrPLA) guest in a 4-40-bis(car-
. All rights reserved.

for Applied Sciences,
6 2 2789 8000x69.
yue).
techniques. While keeping other fabrication procedures
the same, it was found that devices with the EL prepared
via the wet-process yield much higher (70 lm W�1) effi-
ciency than the dry-process counterpart (21 lm W�1) [6].
The reason to this enhancement in efficiency with wet-
process needs to be examined.

Because of the high molecular weight and low decom-
position temperature of the (CF3BNO)2IrPLA, it is consider-
ably more difficult to evaporatively deposit than CBP. As a
result, it is accepted that the concentration of the materials
in the deposited film can be different from that of the evap-
oration source. In addition, during the sublimation, the va-
por pressures of the molecules change with time so that
the ratio of the molecules in the deposited film could
change with the film thickness. In contrast, spin-coating

mailto:shyue@gate.sinica.edu.tw
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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consists of drying a homogeneous solution so that homo-
geneous thin-film is expected. However, there is no direct
evidence of the assumed distribution of molecules due to a
lack of appropriate analytical techniques.

Due to its high sensitivity, XPS and SIMS are the most
common techniques for studying the surface of materials.
Combined with in situ ion sputtering, the depth-distribu-
tion of elements close to the surface can be profiled. Mono-
atomic argon sputtering is the most accepted technique for
removing surface contaminants and obtaining information
about the depth-distribution of a species within a sample.
However, this erosion technique is known to cause severe
damage to organic samples and cannot be used to analyze
organic materials [7]. Recently, buckminsterfullerene (C60)
ion guns were used to sputter materials away for studying
surface compositions [7]. Molecular dynamics (MD) calcu-
lations suggested that Cþ60 ions are more efficient in remov-
ing material [8] and leaving behind a relatively thin
damage layer [9] than monoatomic ions. Experimental re-
sults have also confirmed the reduction in surface damage
using Cþ60 sputtering compared with Ar+ sputtering [10].
The application of Cþ60 profiling to thick organic films is fur-
ther extended by concurrently applying a low-energy Ar+

ion beam [11].
Although it is found that this analysis technique causes

comparable damage to inorganic specimens [12] and the
damage to the specimens is fluence-dependent [13], it pro-
vides a direct method for analyzing the distribution of
materials in organic electronics with high depth resolution
and is adopted in this work to examine the microstructure
of ELs prepared with different method. It is found that the
chemical composition of the EL-blend is non-homoge-
neous. In particular, spin-coating yields significant phase
segregation as a function of depth. The Ir-containing guest
molecule was found to be enriched at the bottom-inter-
face. For a thermally-evaporated EL, the molecular distri-
bution was the opposite of that obtained with spin-
coating. Such a graded microstructure as a result of a dif-
ferent fabrication process dramatically affects the charge-
injection and charge-transportation [14–22]; hence, the
efficiency is up to 3.5� higher with a spin-coated EL.
Fig. 1. XPS elemental depth profiles of emissive layers prepared with
thermo-evaporation (dry-process) and spin-coating (wet-process).
2. Experimental

2.1. Fabrication of EL films

In the wet-process (spin-coating), (CF3BNO)2IrPLA
doped (16%) CBP solution was prepared by dissolving the
materials in dimethoxyethane at 80 �C. The resultant
well-mixed solution was then spin-coated at 6000 rpm un-
der nitrogen. In the dry-process (thermo-evaporation), the
resultant solution prepared above was slowly dried at
70 �C under vacuum to obtain the deposition source. This
pre-mixed material was then vapor-deposited at
2 � 10�3 Pa.

2.2. ToF-SIMS measurements

The experiments were performed with a PHI TRIFT IV
ToF-SIMS system. The pulsed primary ion source was Bi2þ

3

operated at 30 kV (4 nA DC) with 100 lm � 100 lm raster-
ing area at an incident angle of 35�. A flooding electron
beam (28 V) was used for charge compensation. A Wien-
filtered Cþ60 sputter gun was operated at 10 kV, 3.2 nA with
an incident angle of 42� and rastered on an area of
1.5 mm � 1.5 mm.

2.3. XPS measurements

The experiments were performed with a PHI 5000 Ver-
saProbe (Chigasaki, Japan) XPS system. A micro-focused
(25 W, 100 lm) Al � Ka X-ray was used, and the take-off
angle of the photoelectron was 45�. A dual-beam charge
neutralizer (7 V Ar+ and 30 V flooding electron beam) was
used for charge compensation. The Ar+ sputter source
was operated at 0.2 kV, 300 nA with an incident angle of
45�. The Cþ60 ion source was operated at 10 kV, 10 nA with
an incident angle of 70�. Both ion beams were simulta-
neously rastered over an area of 2 mm � 2 mm.

The surface potential was measured with a Veeco Inno-
va (Woodbury, NY) atomic force microscope using a con-
ductive 75 kHz cantilever in the lift-mode. The
magnitude of the AC on the tip is 2 V. The dipole moment
was calculated with Gaussian 03 revision D.02 using the
B3LYP density function theory (DFT). The LANL2DZ basis
set was employed for Ir atoms, and the 6-31G� basis set
was employed for all other atoms.

3. Results and discussion

Using concurrent in situ Cþ60 and Ar+ sputtering in XPS,
Fig. 1 shows the elemental depth profile of ELs prepared
with both dry- and wet-processes. In general, the intensity
of Ir and C decreased with sputter time and the intensity of
In increased with sputter time, indicating that the EL was
removed and the ITO exposed. It is clear that the EL pre-
pared via the dry-process is slightly thicker than via the
wet-process. The integration of signal intensity throughout
the sputtering revealed comparable amounts of Ir in both
samples. Therefore, the EL prepared with the dry-process
has a similar amount of Ir-compound compared with that
prepared with the wet-process. In other word, the change
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in overall chemical composition due to the evaporation
process is insignificant because the evaporated film and
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Fig. 3. ToF-SIMS depth profiles of emissive layers prepared with thermo-
evaporation (dry-process) and spin-coating (wet-process).
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Comparing the slopes of the Ir and C intensity, the stee-
per Ir signal of the thermo-evaporated specimen indicated
that the concentration of Ir-compound is higher at the top
surface. This concentration gradient could be explained by
the evaporation process. Since the (CF3BNO)2IrPLA has a
higher sublimation point than CBP, the initial vapor pres-
sure of (CF3BNO)2IrPLA is lower. In addition, as the evapo-
ration source losses CBP preferentially and the
temperature increases during the continuous heating of
the evaporation source, the relative vapor pressure of
(CF3BNO)2IrPLA increases, so the concentration of
(CF3BNO)2IrPLA is higher at the end of the evaporation pro-
cess. As the result, the Ir concentration is higher at the out-
most surface.

In contrast, the Ir intensity of the spin-coated specimen
increased dramatically at an early stage of the profiling
then decreased as the film was removed by ion sputtering.
Furthermore, the Ir intensity was higher near the bottom-
interface compared with the thermo-evaporated specimen.
Therefore, it can be concluded that the concentration of
(CF3BNO)2IrPLA is higher at the bottom-interface and sig-
nificantly lower at the top-most surface. Such a change in
composition could be explained by the polarity of the
molecules.

Although the wet-process consists of drying a homoge-
neous solution of (CF3BNO)2IrPLA and CBP, the dipole mo-
ments of (CF3BNO)2IrPLA and CBP are 8.5502 and 0.0022
Debye, as calculated using the density function theory
(DFT). Since the substrate is polar (PEDOT:PSS coated ITO
or bare ITO), the polar Ir-guests diffuse toward the bot-
tom-interface during the drying, and non-polar CBPs mi-
grate to the air interface. The segregation of molecules at
the nano-scale thus occurs during the drying process. Sim-
ilar infiltration of Ir-guest into PEDOT:PSS is reported be-
fore [23]. To further confirm the microstructure of the
host-guest mixture in ELs prepared with different meth-
ods, time-of-flight SIMS (ToF-SIMS) was also used to ana-
lyze the specimen. This allowed for an examination of
whether the sputtering caused damage to the remaining
surface, generating artifacts in the XPS depth profile.

Fig. 2 shows secondary positive ion spectra of ELs pre-
pared with the wet- and dry-processes, and the specimens
were sputtered with Cþ60 ions for 0 s (as-prepared EL) and
25 s (about 10 nm of the EL was removed by the ion beam
at this stage). The pattern at m/z = 747 matches with the
natural isotopic ratio of the Ir-complex (inset in Fig. 2b)
and the pattern at m/z = 485, 747, 869 and 870 can be as-
signed to the [CBP-H]+, [(CF3BNO)2Ir]+ fragment,
[(CF3BNO)2IrPLA]+ and [(CF3BNO)2IrPLA-H]+, respectively.
Comparing the spectra before and after Cþ60 ion sputtering,
the overlapping pattern indicates that the damage to the
molecular structure due to Cþ60 ion sputtering is negligible.
The only difference observed at different sputter stages is
the relative intensity of peaks related to CBP and
(CF3BNO)2IrPLA, due to the difference in molecular ratios
at different depths of the EL.

It has generally been believed that due to the high
molecular-weight and low decomposition temperature,
the Ir-containing guest does not easily deposit via ther-
mo-evaporation. The major concern was that the molecu-
lar concentration of the evaporated film would be
different from its source. In addition, thermo-decomposi-
tion of molecules could occur during the evaporation pro-
cess, and the EL could contain decomposed fragments that
degrade its efficiency. However, comparing the SIMS spec-
tra of ELs prepared using different methods (Fig. 2), the
pattern is almost identical aside from the difference in rel-
ative intensity associated with ratios of host to guest mol-
ecules. Because the spin-coating would not alter the
molecular structure or overall ratio, this result indicates
that thermo-evaporated EL contains identical molecules
to that of the evaporative source, and the Ir-guest was
not decomposed during the evaporation. Therefore, the
change in the device performance cannot be simply ex-
plained by the difficulty in depositing the Ir-guest.

Fig. 3 shows the intensity of [CBP-H]+, [(CF3BNO)2Ir]+

fragment as a function of sputter time. Similar to the ele-
mental depth-profile in XPS (Fig. 1), the enrichment of Ir-
guest near the outer surface is observed with the dry-pro-
cess while the amount of Ir-guest is higher near the bot-
tom-interface with the wet-process. Moreover, the total
intensity from the Ir-fragment throughout the sputtering
is comparable for ELs prepared using different methods.
This result confirms that the overall ratio of CBP and
(CF3BNO)2IrPLA is similar in the ELs prepared via different
process.

In addition to the distribution of molecules along the
depth of the EL, the planar distribution is another impor-
tant factor in understanding its microstructure. Scanning
electrical potential microscopy (SEPM) is used to analyze
the planar distribution of the work-function. Because the
work-function of CBP and (CF3BNO)2IrPLA is 6.0 and
5.1 eV, respectively, planar segregation of materials would
yield clear contrasts in the SEPM image. However, the
SEPM images (Supporting Information) reveal a weak con-
trast on the order of mV. This result indicates that the dis-
tribution of CBP and (CF3BNO)2IrPLA is rather uniform on
the surface and the different fabrication processes do not
significantly affect the planar distribution of materials.

Since the overall composition is similar for both process
and the planar distribution of molecules is also similar, the
dramatic difference in the device performance (70 lm W�1

and 21 lm W�1 for wet- and dry-process, respectively [6])
can only be attributed to the difference in the microstruc-



Fig. 4. Energy diagram and the route of charge carriers of OLED with EL prepared with (a) wet-process and (b) dry-process. The shade of CBP and
(CF3BNO)2IrPLA indicates its relative concentration.
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ture of the EL along the vertical axis, i.e. the depth-distribu-
tion of Ir-guest in the CBP-host. Fig. 4 shows the energy
diagram of the OLED device and the route of charge-carrier
that generates excitons in the host. Considering the HOMO
of PEDOT:PSS, (CF3BNO)2IrPLA, CBP, and TPBi, the enriched
(CF3BNO)2IrPLA near HTL in a spin-coated EL makes the
hole easier to inject to the EL through the HOMO of the
Ir-guest and can be considered as an alternative channel
for hole transportation in the EL [18]. As a result, the ob-
served turn-on voltage of spin-coated EL (3.5 V) is lower
than thermo-evaporated EL (4.6 V). In addition, the hop-
ping distance of the holes increases as the concentration
of (CF3BNO)2IrPLA decreases during the transportation to-
ward the cathode so that holes are trapped and confined
in the EL [19]. As the result, the device efficiency of a
spin-coated EL is much higher (�3.5�) than a thermo-
evaporated EL.

Similarly, considering the LUMO of PEDOT:PSS,
(CF3BNO)2IrPLA, CBP, and TPBi, the graded EL also helps
the electron injection to the CBP-rich interface, and the
electron transport gradually decreases during the move-
ment toward the (CF3BNO)2IrPLA-rich interface, hence
the electrons are also trapped in the EL. This enhancement
in carrier-injection and carrier-transportation favors car-
rier-recombination in the EL and is the key to its high
efficiency.

Notably, the molecular distribution of the EL prepared
with the dry-process is opposite that of the wet-process.
Since the energy barriers for hole-injection into CBP is
higher than that for (CF3BNO)2IrPLA, the hole injection into
EL is comparatively suppressed due to the deficiency of
(CF3BNO)2IrPLA near the interface. Meanwhile, from the
viewpoint of electron-injection, electrons would hardly in-
ject into the enriched (CF3BNO)2IrPLA because its injection
barrier is higher than that of CBP. The impeded carrier-
injection would then result in fewer carriers in the EL. In
addition, because of the change in chemical composition,
the hopping distance of carriers decreases during transpor-
tation so that they are not trapped in the EL. As the result,
there will be lower carrier-recombination in the EL, hence
fewer excitations, and a dramatic change in the efficiency
results.
4. Conclusion

XPS and ToF-SIMS are used to study the microstructure
of the emissive layer in an organic light-emitting diode
with in situ Cþ60 ion sputtering. The Cþ60 ion sputtering has
been confirmed here to cause no appreciable damage to
the molecular structure of the remaining materials. It is
also found that the wet-process (spin-coating) yields an
EL with a significant variation in Ir-guest distribution along
the depth, i.e. enriched Ir-guest near the bottom and defi-
cient Ir-guest near the outer surface. For the dry-process
(thermo-evaporation), the distribution of molecules is
opposite to that observed with the wet-process. Such
graded EL structure changes the transportation properties
of charge carriers and is the key to the high-efficiency of
the OLED.
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We synthesized solution-processable iridium complexes having bulky carbazole dendrons,
fac-tris[2-{3-(3,5-bis(3,6-di-n-butylcarbazol-9-yl)phenyl)Phenyl)pyridine]iridium (III)
(mCP)3Ir and fac-bis[2-{3-(3,5-bis(3,6-di-n-butylcarbazol-9-yl)phenyl)phenyl}pyri-
dine][2-{3-(3,5-di(4-pyridyl)phenyl)phenyl}pyridine]iridium (III) (mCP)2(bpp)Ir. Photolu-
minescence quantum efficiencies (PLQEs) of (mCP)3Ir and (mCP)2(bpp)Ir in their diluted
solutions were 91% and 84%, respectively. They showed high PLQEs of 49% for (mCP)3Ir
and 29% for (mCP)2(bpp)Ir even in a neat film. The triplet exciton energy level of the dendr-
onized ligand (2.8 eV), 2-[3-{3,5-bis(3,6-di-n-butylcarbazol-9-yl)phenyl}]pyridine 10, and
the dendron (2.9 eV), 3,5-bis(3,6-di-n-butylcarbazol-9-yl)benzene 7, are enough higher
than that of the core complex Ir(ppy)3 (2.6 eV). External quantum efficiency (EQE) of single
layer light-emitting device with (mCP)2(bpp)Ir was much higher than that of (mCP)3Ir
because of better affinity of (mCP)2(bpp)Ir to cathode metal. When an electron transporting
and hole-blocking material was used, the EQEs of double layer devices were dramatically
improved to 8.3% for (mCP)3Ir and 5.4% for (mCP)2(bpp)Ir at 100 cd/m2.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction stability. The phosphorescent dendrimer consists of an
Organic light-emitting devices (OLEDs) have attracted a
great attention because of their potentials for next genera-
tion of flat panel displays and general lighting [1]. Solution
processes such as ink-jet printing are considered to have
an advantage of low cost over the vacuum process for man-
ufacturing of large area displays or lighting.

As solution-processable materials, phosphorescent irid-
ium dendrimer complexes have recently been reported [2].
The phosphorescent dendrimers have well-defined struc-
tures, and can be purified by general purification tech-
nique. In contrast, structural defects in polymers cannot
be removed and those defects could result in poor device
. All rights reserved.

).
emitting central core and surrounding dendrons. These
dendrons have roles of transporting charge carriers and
suppressing intermolecular interactions between emitting
iridium cores, which cause photoluminescence quenching
in a neat film [3]. In addition, solubility of the dendrimer
metal complexes are generally better than that of the con-
ventional metal complexes. One of the requirements for
dendron is to posses the higher triplet excited energy level
than that of core complex Ir(ppy)3 (2.6 eV) not to quench
triplet emission from the core complex.

We previously reported on high electroluminescence
efficiency of carbazole-substituted phosphorescent dendri-
mer complex (mCP)3Ir in solution-processed OLED [4]. In
this paper, we discuss the synthesis detail of (mCP)3Ir
and another novel dendrimer complex (mCP)2(bpp)Ir
(Chart 1), which has carbazole dendrons in two of three li-
gands. The ligand has a 4-pyridine-substituted dendron to

mailto:kid@yz.yamagata-u.ac.jp
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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improve electron injection from cathode metal [5]. Sup-
pression of concentration-quenching and efficient exciton
confinement by the bulky dendrons having higher triplet
energy than that of Ir(ppy)3 were studied. The energy level
of the dendrimers and solution-processed OLED properties
are also reported.

2. Results and discussion

2.1. Synthesis and thermal properties

Scheme 1 shows synthetic schemes of (mCP)3Ir and
(mCP)2(bpp)Ir. Alkyl carbazole 2 was synthesized by
palladium catalyzed Suzuki coupling reaction with n-buty-
lboronic acid and dibromocarbazole 1. 3-Bromophenylbo-
ronic acid 3 selectively reacted with 2-bromopyridine to
give 2-(3-bromophenyl)pyridine 4, and corresponding
boronic ester 5 was given by palladium catalyzed boryla-
tion of 4. Carbazole attached ligand 7 was obtained by pal-
ladium catalyzed C–N coupling with 2 and dibromo
compound 6 [2j]. The dendrimers were prepared from
the two step of complexation [6]. First, a mixture of iridium
chloride trihydrate and excess of 7 afforded dichloro
bridged dimer complex 8. Second, the dimer 8 was clacked
by the ligand 7 with silver trifluoromethane sulfonate to
give a homoleptic dendrimer complex (mCP)3Ir [2g]. Pyri-
dine-substituted heteroleptic dendrimer complex
(mCP)2(bpp)Ir was synthesized by Suzuki coupling with
4-pyridylboronic acid pinacol ester and dibromo complex
9, which was obtained by the clacking of the dimer 8 with
another phenylpyridine compound 6. Carbazole dendron
10 and pyridine substituted ligand 11 were synthesized
for photoluminescence (PL) measurement. The two dendri-
mer complexes were fully characterized by 1H NMR,
matrix-assisted laser desorption/ ionization time-of-flight
(MALDI) mass spectrometry (MS), and elemental analysis.
The dendrimers showed high thermal stability. The 5%
weight loss temperature (Td5%) was 468 �C for (mCP)3Ir
and 445 �C for (mCP)2(bpp)Ir, compared with 400 �C of
Ir(ppy)3. This improvement of the thermal stability may re-
sult from the protection of core complex by outer bulky
dendrons. Glass transition was not observed in differential
scanning calorimetry (DSC) measurement in 50–335 �C.

2.2. Photophysical properties

The UV–visible absorption and PL spectra of the Ir com-
plexes are shown in Fig. 1. The strong absorption ranging
from 250 nm to 360 nm of the dendrimers are ascribed
to the singlet p–p� transitions of the dendronized pheny-
pyridine ligand, and the weak absorption around 360–
500 nm comes from metal-to-ligand charge transfer
(MLCT) transitions [7]. The absorption of (mCP)2(bpp)Ir
around 250–360 nm are weaker than that of (mCP)3Ir, be-
cause the number of carbazole dendron unit of
(mCP)2(bpp)Ir is smaller than that of (mCP)3Ir. Photolumi-
nescence spectra of the two dendrimers and Ir(ppy)3 were
nearly identical, which show that the substitution of the
dendrons to the m-position of 2-phenylpyridine ligand
does not affect the emission characteristics of the Ir(ppy)3

core complex [2j]. Photoluminescence quantum efficien-
cies (PLQEs) of the dendrimers in the neat film are impor-
tant parameter to estimate the dendrimer’s shielding effect
to the core (Table 1) [8]. PLQEs of the toluene solution and
the 2 or 15 wt% doped PMMA films were measured by
using an integrating sphere system under 325 nm excita-
tion. In the diluted solutions, all complexes showed high
PLQE, 91% for (mCP)3Ir and 84% for (mCP)2(bpp)Ir, which
are comparable to 85% of Ir(ppy)3. This result demon-
strated that the dendron is optically inert and does not af-
fect the emission efficiency of Ir(ppy)3 core. In the 2 wt%
doped films, all of them showed high PLQEs as well: 90%
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for (mCP)3Ir, 86% for (mCP)2(bpp)Ir, and 95% for Ir(ppy)3

[9]. In the 15 wt% doped film, Ir(ppy)3 showed a very low
PLQE of 15% because of severe concentration-quenching ef-
fect. On the other hand, the dendrimers exhibited much
higher PLQEs of 49% for (mCP)3Ir and 29% for
(mCP)2(bpp)Ir even in the neat films. These results showed
that these dendron substituents are partially effective to
suppress concentration-quenching in a neat film of an irid-
ium complex. There are two reasons why concentration-
quenching happened even after the substitution of the
dendrons. First, these dendrimers are facial isomers, there-
fore a some space around pyridyl groups of Ir(ppy)3 core
are opened and the three dimensional structure of the den-
drimer complexes is like a hemisphere [8b]. There are spa-
tial rooms for the core complex of the dendrimers to
contact each other. Second, the substituted dendrons are
not enough large to suppress the interaction between the
core complexes completely. Adachi et al. reported that an
average distance between iridium complexes in a doped
film critically influenced on PLQE [10]. Förster type energy
transfer between Ir(ppy)3 cores through an overlap of the
emission and the absorption causes a decrease of neat film
PLQY. If the average distance between iridium complexes
is shorter than Förster radius, a strong quenching occurs.
The stronger quenching of (mCP)2(bpp)Ir in the neat film
than that of (mCP)3Ir is due to the shorter average distance
between the cores derived from a less number of bulky car-
bazole dendron of (mCP)2(bpp)Ir than that of (mCP)3Ir.
More branched and larger dendrons and their dense sub-
stitution to the core complexes are desirable to achieve
the more effective suppression of concentration-quenching
[2j,8].
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Fig. 1. UV–visible and PL spectra (excited at 400 nm) of Ir(ppy)3 (closed
circle), (mCP)3Ir (open circle) and (mCP)2(bpp)Ir (closed square) at room
temperature in chloroform solution.

Table 1
PLQEs of the dendrimer complexes in a solution and film.

Compound Usol
a

(%)
U2wt% film

b

(%)
Uneat film

(%)
(Usol �Ufilm)/Usol

(%)

(mCP)3Ir 91 90 49 46
(mCP)2(bpp)Ir 84 86 29 65
Ir(ppy)3 85 95 15c 82

a Toluene solution (2.0 � 10�6 mol/L).
b 2 wt% Doped PMMA film.
c 15 wt% Doped PMMA film.
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Fig. 2. Phosphorescence spectra of Ir(ppy)3 (closed circle), 7 (open circle),
and 10 (open triangle) in a neat film (Ir(ppy)3: at room temperature,
excited at 400 nm; 7 and 10: at 4 K, excited at 337 nm).
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Fig. 3. Cyclic voltammograms of Ir(ppy)3 (closed circle),10 (open trian-
gle), (mCP)3Ir (open circle), (mCP)2(bpp)Ir (closed square) (100 mV/s,
0.1 M n-Bu4NBF4, 1 mM dichloromethane, working electrode: Pt, counter
electrode: Pt, reference electrode: Ag/Ag+).
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The triplet exciton energy level (T1) of the dendron
determined by the edge at shorter wavelength side of
phosphorescence spectrum at 4 K well supported the exci-
ton confinement of the emitting core. T1 of the dendron-
ized ligands, 2.8 eV of 7 and 2.9 eV of 10, are higher than
2.6 eV of Ir(ppy)3 (Fig. 2). T1 of 11 was not able to deter-
mined because its film was crystallized at 4 K, but the life
time of photoluminescence of 2 wt% Ir(ppy)3 in the film of
11 showed single exponential decay, indicating that the T1

level of 11 was high enough to confine the energy of Ir(p-
py)3 core.

2.3. Electrochemical properties

Ionization potential (Ip) of the compounds was mea-
sured by ultraviolet photoelectron spectroscopy. Ip of
(mCP)3Ir and (mCP)2(bpp)Ir were 5.5 eV and 5.6 eV, respec-
tively, and these are lower than 5.9 eV of 10, and slightly
larger than 5.3 eV of Ir(ppy)3. These results suggest that
highest occupied molecular orbital (HOMO) level of the
dendrimers are derived from Ir(ppy)3 core rather than
carbazole dendron, and those higher HOMO level than that
of Ir(ppy)3 are due to the electron withdrawing effect of
the dendron to the Ir core complex [11]. In cyclic voltam-
metry measurements, the dendrimers, (mCP)3Ir and
(mCP)2(bpp)Ir, showed two redox waves in anodic scan.
The first redox at 0.20–0.34 V is ascribed to the redox of
Ir(ppy)3 core, and the second at 0.75–0.79 V is ascribed to
the redox of carbazole dendron (Fig. 3). These results dem-
onstrated that these dendrimers have independent two
energy levels corresponding to the Ir(ppy)3 core and the
dendron, respectively, and these two p systems are not
fully conjugated. Lowest unoccupied molecular orbital
(LUMO) level of (mCP)3Ir, (mCP)2(bpp)Ir and Ir(ppy)3, esti-
mated by the energy gap and HOMO level, were 2.7 eV,
2.8 eV and 2.6 eV, respectively. LUMO level of the dendron
10 was 2.5 eV, higher than that of Ir(ppy)3.

2.4. OLED performance

Single layer devices with the configuration of ITO/
poly(3,4-ethylenedioxythiophene)(PEDOT): poly(styrene
sulfonic acid) (PSS) (40 nm)/(mCP)3Ir or (mCP)2(bpp)Ir
(120 nm)/LiF (1 nm)/Al (100 nm) and double layer devices
with the configuration of ITO/ PEDOT: PSS (40 nm)/(mCP)3Ir
or (mCP)2(bpp)Ir (60 nm)/bis-4,6-(3,5-di-3-pyridylphe-
nyl)-2-methylpyrimidine (B3PYMPM) [5d] (60 nm)/LiF
(1 nm)/Al (100 nm) were fabricated. Electroluminescence
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Fig. 4. Electroluminescence spectra of (mCP)3Ir (closed circle) and
(mCP)2(bpp)Ir (closed square) in the double layer devices.
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spectra of double layer devices were shown in Fig. 4. These
spectra were identical to the photoluminescence spectra
and the spectra of single layer devices. Higher driving volt-
ages of (mCP)2(bpp)Ir than those of (mCP)3Ir in current den-
sity are probably due to the larger hole injection barrier to
the HOMO level of dipyridylphenyl dendron compared with
the barrier to the HOMO level of dicarbazolylphenyl den-
dron (Fig. 5). Hole injection barriers from PEDOT: PSS to
the HOMO levels of these dendrimers are quite small com-
pared with electron injection barriers from aluminum to the
LUMO levels. Therefore, hole current should be dominant in
single layer devices. However, in contrast to the result of the
current density – voltage plots of the single layer device,
(mCP)2(bpp)Ir in the single layer device showed lower driv-
ing voltages than that of (mCP)3Ir in the luminance – volt-
age plots. As well as the luminance, external quantum
efficiencies (EQEs) of the single layer device with
(mCP)2(bpp)Ir were much higher than those of (mCP)3Ir
(Fig. 6). EQE at 100 cd/m2 with (mCP)2(bpp)Ir was 0.23%,
and that with (mCP)3Ir was 0.014%. This improvement
showed that the pyridine groups of (mCP)2(bpp)Ir are effec-
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Fig. 5. Luminance – voltage (left) and current density – voltage (right) plots of
square), and double layer devices of (mCP)3Ir (open circle) and (mCP)2(bpp)Ir (o
tive to the better electron injection from cathode metal to
the dendrimer because of their better affinity to LiF of cath-
ode [5e].

The double layer devices were fabricated using
B3PYMPM as an electron transporting and hole-blocking
material on the dendrimer emitting layer. The current den-
sity increased and driving voltages decreased compared
with the single layer devices due to the improved electron
injection by the electron transporting layer (ETL). Espe-
cially, their efficiencies were drastically improved to 8.3%
for (mCP)3Ir and 5.4% for (mCP)2(bpp)Ir at 100 cd/m2.
These high efficiencies resulted from improved charge
recombination by the efficient hole block of B3PYMPM
layer, whose HOMO and LUMO levels are 6.8 eV and
3.2 eV, respectively. These drastic improvements of effi-
ciencies by ETL also supported that the current of the sin-
gle layer devices was hole dominant. The higher efficiency
of (mCP)3Ir than that of (mCP)2(bpp)Ir is derived from the
higher PLQE of (mCP)3Ir. The roll-off of EQE in high current
density region in double layer devices may be because of
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imbalance of injected electrons and holes. This carrier
imbalance is caused by electron leakage to PEDOT: PSS
layer through the dendrimer complex layer that is why
an insertion of interlayer having electron blocking property
between PEDOT: PSS and the dendrimer layer would be
necessary to improve EQE and its roll-off behavior.
3. Conclusions

We synthesized solution-processable iridium com-
plexes (mCP)3Ir and (mCP)2(bpp)Ir having bulky carbazole
dendrons. The dendrimers exhibited still high PLQEs, 49%
for (mCP)3Ir and 29% for (mCP)2(bpp)Ir even in the neat
films. T1 level of the dendronized ligand and the dendron
are enough higher than that of the core complex Ir(ppy)3.
The EQE of single layer light-emitting device with
(mCP)2(bpp)Ir was much higher than that of (mCP)3Ir be-
cause of better affinity of (mCP)2(bpp)Ir to LiF of cathode.
The EQEs of double layer devices with ETL were dramati-
cally improved to 8.3% for (mCP)3Ir and 5.4% for
(mCP)2(bpp)Ir at 100 cd/m2.
4. Experimental

NMR spectra were recorded on a JEOL ECX-400
400 MHz spectrometer. UV–visible spectra were recorded
on a Shimadzu UV3150 spectrometer and photolumines-
cence spectra were recorded on a Horiba Jobin Yvon Flu-
oromax-2 spectrofluorometer. Ionization potentials were
measured by Riken Keiki AC-3. Mass spectra were recorded
on a JEOL JMS-K9 for electron impact-ionization (EI) or an
Applied Biosystems Voyager DE-PRO for matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF)
from dithranol (DITH) in linear or reflection mode. Elemen-
tal analyses were carried out in the Elemental Analysis
Service, Yamagata University. Gel permeation chromatog-
raphy was carried out using Nippon Bunseki Kogyo LC-9204
with JAIGEL 2H and 2.5H columns. Thermal gravimetric
analysis was performed on a SII thermogravimetric ana-
lyzer TG / DTA 6200. Glass transition temperatures were
measured on a Perkin Elmer differential scanning calorim-
eter Diamond DSC. Electrochemistry was performed on
ALS / H CH Instruments Electrochemical analyzer 660B.
All measurements were made at room temperature on
samples dissolved in dry dichloromethane with 0.1 M tet-
rabutylammonium tetrafluoroborate as a supporting elec-
trolyte. The dry dichloromethane was purchased from
Kanto Kagaku Co. The solutions were deoxygenated with
argon. A platinum working electrode, platinum wire coun-
ter electrode and Ag/Ag+ reference electrode was used. The
ferrocene/ferricenium couple was used as an internal stan-
dard. All potentials are quoted relative to ferrocene / fer-
ricenium couple. Ir(ppy)3 film for PL measurement were
deposited under 2 � 10�5 Pa to give a thickness of about
80 nm. Films for PL and PLQE measurement were obtained
by spin-coating on quartz substrate from 1,2-dichloroeth-
ane solution with a concentration of 25 g/L at 1000 rpm
for 30 s to give a thickness of about 130 nm. For PLQE mea-
surement in solution, Ir(ppy)3 was dissolved in toluene at
the concentration of 1 � 10�5 mol/L, and the dendrimers
were dissolved in toluene at the concentration of
2 � 10�6 mol/L. Their PLQE was measured using an inte-
grating sphere of Hamamatsu Photonics A10094 with a xe-
non lamp at 325 nm at room temperature. The integrating
sphere was purged with nitrogen during measurements.
On preparing OLEDs, PEDOT: PSS was spin-coated as an an-
ode buffer layer on pre-cleaned ITO substrate. On the top of
PEDOT: PSS layer, dendrimers were spin-coated from 1,2-
dichloroethane solutions. B3PYMPM was deposited on
the top of the dendrimer layer under 5.8 � 10�5 Pa. Finally,
electron injection layer, LiF and Al cathode were succes-
sively deposited under 2.4 � 10�3 Pa. Luminance measure-
ments were carried out with a Konica Minolta CS200
luminance meter and electroluminescence spectra were
taken by Hamamatsu Photonics PMA-11 optical multi-
channel analyzer at room temperature.

3,6-Dibutylcarbazole (2): A mixture of 3,6-dibromocar-
bazole (1) (13.3 g, 40.9 mmol), potassium carbonate
(28.2 g, 204 mmol), n-butylboronic acid (10.0 g,
98.1 mmol), tetrakis(triphenylphosphine)palladium(0)
(0.238 g, 0.206 mmol), tri-tert-butylphosphine (0.30 ml,
1.2 mmol), deionized water (65 ml), toluene (175 ml) was
heated at 85 �C under nitrogen for 24 h. After being al-
lowed to cool to room temperature, the organic layer was
extracted with diethyl ether and washed with deionized
water, dried over anhydrous sodium sulfate. The solvents
were completely removed to give white solid and purified
by column chromatography over silica gel with chloro-
form–n-hexane (0:1–1:1) as eluent to give white solid of
2 (6.85 g, 60%). (Found: C, 86.95; H, 7.41; N, 5.35.
C20H25 N requires C, 87.09; H, 7.57; N, 5.35%); dH(400 MHz,
CDCl3) 1.24 (6H, t, J 7.3, 2 � CH2CH2CH2CH3), 1.62–1.69
(4H, m, 2 � CH2CH2CH2CH3), 1.92–1.97 (4H, m,
2 � CH2CH2CH2CH3), 3.01 (4H, t, J 7.5, 2 � CH2CH2CH2CH3),
7.50 (2H, d, J 8.2, ArH), 7.65 (2H, d, J 8.2, ArH), 8.18 (2H, s,
ArH), 11.2 (H, s, NH). dC(100 MHz, CDCl3) 14.2, 22.6, 34.7,
35.9, 110.4, 119.7, 123.6, 126.6, 134.0, 138.4. m/z [EI] 380
(M+).

2-(3-Bromophenyl)pyridine (4): A mixture of 3-bromo-
phenylboronic acid (3) (3.00 g, 14.9 mmol), 2-bromopyri-
dine (3.03 ml, 29.9 mmol), tetrakis(triphenylphosphine)
palladium(0) (0.695 g, 0.601 mmol), potassium carbonate
(4.11 g, 29.8 mmol), deionized water (15 ml), tetrahydro-
furan (40 ml) was heated at reflux under nitrogen for
24 h. After being allowed to cool to room temperature,
the organic layer was extracted with diethyl ether and
washed with deionized water, dried over anhydrous so-
dium sulfate. The solvents were completely removed to
give brown oil and purified by column chromatography
over silica gel with chloroform–n-hexane (1:1) as eluent
to give light yellow oil. The oil was distilled under 90 �C,
50 mmHg to give light yellow oil of 2 (2.01 g, 58%). (Found:
C, 56.71; H, 3.41; N, 5.75. C11H8BrN requires C, 56.44; H,
3.44; N, 5.98%); dH(400 MHz, DMSO-D6) 7.67 (1H, t, J 6.7,
ArH), 7.73 (1H, t, J 7.8, ArH), 7.90 (1H, d, J 8.2, ArH), 8.17
(1H, t, J 7.8, ArH), 8.29 (1H, d, J 7.8, ArH), 8.35 (1H, d, J
8.7, ArH), 8.55 (1H, s), 8.95 (1H, d, J 5.5, ArH). dC(100 MHz,
DMSO-D6) 122.1, 123.9, 125.0, 126.9, 130.6, 132.5, 133.2,
139.0, 142.4, 151.2, 155.7. m/z [EI] 233: (M+).

2-[3-{(4,4,5,5-Tetramethyl)-1,3,2-dioxaborolan-2-yl}phenyl]
pyridine (5): A mixture of 4 (1.00 g, 4.27 mmol), bis(pina-
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colato)diboron (1.19 g, 4.70 mmol), [1,1-bis(diphenylphos-
phino)ferrocene]dichloropalladium(II) dichloromethane
complex (1:1) (0.105 g, 0.128 mmol), potassium acetate
(1.26 g, 12.8 mmol), N,N’-dimethylformamide (20 ml) was
heated at 85 �C under nitrogen for 18 h. After being al-
lowed to cool to room temperature, the solvent was com-
pletely removed. The residue was purified by column
chromatography over silica gel with chloroform–ethyl ace-
tate (1:1) as eluent to give 5 (0.860 g, 86%) as a white crys-
tal. (Found: C, 72.45; H, 7.26; N, 4.90. C17H20BNO2 requires
C, 72.62; H, 7.17; N, 4.98%); dH(400 MHz, DMSO-D6) 1.65
(12H, s, 4 � CH3), 7.69 (1H, t, J 6.2, ArH), 7.83 (1H, t, J 7.5,
ArH), 8.05 (1H, d, J 7.3, ArH), 8.20 (1H, t, J 7.0, ArH), 8.28
(1H, d, J 8.2, ArH), 8.50 (1H, d, J 8.2, ArH), 8.75 (1H, s,
ArH), 8.99 (1H, d, J 5.0, ArH). m/z [EI] 281 (M+).

2-[3-(3,5-Dibromophenyl)phenyl]pyridine (6): A mix-
ture of 5 (2.33 g, 8.29 mmol), 1,3,5-tribromobenzene
(7.84 g, 24.9 mmol), tetrakis(triphenylphosphine)palla-
dium(0) (0.387 g, 0.335 mmol), sodium carbonate (1.15 g,
10.8 mmol), deionized water (5.5 ml), ethanol (5 ml), tolu-
ene (20 ml) was heated at reflux under nitrogen for 26 h.
After being allowed to cool to room temperature, the or-
ganic layer was extracted with diethyl ether and washed
with deionized water, dried over anhydrous sodium sul-
fate. The solvent was completely removed. The residue
was purified by column chromatography over silica gel
with chloroform as eluent to give 6 (2.64 g, 82%) as a white
crystal. (Found: C, 52.42; H, 2.62; N, 3.54. C17H11Br2 N re-
quires C, 52.48; H, 2.85; N, 3.60%); dH(400 MHz, DMSO-
D6) 7.71 (1H, t, J 6.2, ArH), 7.92 (1H, t, J 7.9, ArH), 8.10
(1H, d, J 6.8, ArH), 8.18 (1H, s, ArH), 8.23 (1H, t, J 7.7,
ArH), 8.32 (2H, s, ArH), 8.47 (2H, d, J 8.1, ArH), 8.66 (1H,
s, ArH), 9.01 (1H, d, J 4.5, ArH). dC(100 MHz, CDCl3) 120.9,
122.7, 123.5, 125.9, 127.1, 127.8, 129.3, 129.6, 132.9,
137.1, 139.1, 140.4, 144.8, 150.0, 157.0. m/z [EI] 389 (M+).

2-[3-{3,5-Bis(3, 6-dibutylcarbazol-9-yl)phenyl}phenyl]
pyridine (7): A mixture of 2 (2.53 g, 9.05 mmol), 6
(1.47 g, 3.77 mmol), tris(dibenzylideneacetone)dipalla-
dium(0) (0.0934 g, 0.102 mmol), tri-tert-butylphosphine
(0.210 ml, 0.867 mmol), sodium tert-butoxide (1.45 g,
15.1 mmol), toluene (180 ml) was heated at reflux under
nitrogen for 36 h. After being allowed to cool to room tem-
perature, the organic layer was extracted with diethyl
ether and washed with deionized water, dried over anhy-
drous sodium sulfate. The solvent was completely removed
and purified by column chromatography over silica gel
with chloroform as eluent to give white brown solid 7
(2.32 g, 78%). (Found: C, 86.25; H, 8.90; N, 4.99. C57H59N3

requires C, 85.97; H, 9.02; N, 5.01%); dH(400 MHz, DMSO-
D6) 1.23 (12H, t, J 7.5, 4 � CH2CH2CH2CH3), 1.65–1.67
(8H, m, 4 � CH2CH2CH2CH3), 1.94–1.96 (8H, m,
4 � CH2CH2CH2CH3), 3.05 (8H, t, J 7.5, 4 � CH2CH2CH2CH3),
7.58 (4H, d, J 8.1, ArH), 7.66 (1H, t, J 4.7, ArH), 7.84 (4H, d, J
8.2, ArH), 7.94 (1H, t, J 7.7, ArH), 8.09 (1H, s, ArH), 8.16 (1H,
t, J 6.8, ArH), 8.26 (1H, d, J 7.7, ArH), 8.35 (4H, s, ArH), 8.40–
8.45 (3H, m, ArH), 8.48 (1H, d, J 7.7, ArH), 8.81 (1H, s, ArH),
8.96 (1H, d, J 4.6, ArH). m/z [EI] 786: (M+).

fac-Bis[2-{3-(3,5-bis(3,6-di-n-butylcarbazol-9-yl)phe-
nyl)phenyl} pyridine][2-{(3-(3,5-dibromophenyl)phenyl)-
Phenyl)phenylpyridine]iridium(III) (9): A mixture of 7
(3.43 g, 4.36 mmol), iridium chloride trihydrate (0.638 g,
1.81 mmol), deionized water (30 ml), 2-ethoxyethanol
(125 ml) was heated (oil bath temperature: 130 �C) under
nitrogen for 25 h. After being allowed to cool to room tem-
perature, deionized water was added and filtrated. Then
aqueous potassium carbonate (0.33 M, 30 ml) was added
and sonicated for 5 min and washed with deionized water.
The solvent was completely removed and purified by col-
umn chromatography over silica gel to remove the residual
ligand with dichloromethane–n-hexane (4:1) as eluent to
give ocherous solid (2.38 g). A mixture of the obtained
chloro-bridged dimer (2.38 g), 6 (0.774 g, 1.99 mmol), sil-
ver trifluoromethanesulfonate (0.204 g, 0.794 mmol), dig-
lyme 100 ml was heated (sand bath temperature: 130 �C)
under nitrogen for 6.8 day. After being allowed to cool to
room temperature, purified by column chromatography
over silica gel with dichloromethane–n-hexane (3:4) as
eluent to give brown oil. The oil was distilled under
110 �C, 50 mmHg. The solvent was completely removed
and purified by gel permeation chromatography with 1,2-
dichloroethane as eluent to give 9 (0.543 g, 14%) as a
yellow solid. (Found: C, 73.14; H, 5.91; N, 4.55.
C131H126Br2IrN7 requires C, 73.17; H, 5.91; N, 4.56%);
dH(400 MHz, CD2Cl2) 0.91 (24H, t, J 6.3, 8 �
CH2CH2CH2CH3), 1.20–1.50 (16H, m, 8 � CH2CH2CH2CH3),
1.50–1.80 (16H, m, 8 � CH2CH2CH2CH3), 2.76 (16H, t, J
6.1, 8 � CH2CH2CH2CH3), 6.80–7.10 (6H, m, ArH), 7.10–
7.30 (10H, m, ArH), 7.30–8.10 (38H, m, ArH). [MALDI:
DITH] (m/z) 2149.49 (MH+).

3,5-Bis(3,6-dibutylcarbazol-9-yl)benzene (10): A mix-
ture of 2 (0.306 g, 1.10 mmol), 1,3-dibromobenzene
(0.055 ml, 0.458 mmol), tris(dibenzylideneacetone)dipal-
ladium(0) (0.0114 g, 0.0124 mmol), tri-tert-butylphos-
phine (0.025 ml, 0.11 mmol), sodium tert-butoxide
(0.176 g, 1.83 mmol), toluene (20 ml) was heated at reflux
under nitrogen for 24 h. After being allowed to cool to
room temperature, the organic layer was extracted with
diethyl ether and washed with deionized water, dried over
anhydrous sodium sulfate. The solvent was completely re-
moved and purified by column chromatography over silica
gel with chloroform–n-hexane (2:1) and with chloroform–
n-hexane (0:1 to 1:1) as eluent to give colorless oil 10
(0.262 g, 90%). (Found: C, 87.41; H, 8.26; N, 4.31.
C46H52N2 requires C, 87.29; H, 8.28; N, 4.43%) dH(400 MHz,
DMSO-D6) 1.18 (12H, t, J 7.3, 4 � CH2CH2CH2CH3), 1.56–
1.66 (8H, m, 4 � CH2CH2CH2CH3), 1.88–1.95 (8H, m,
4 � CH2CH2CH2CH3), 3.01 (8H, t, J 7.5, 4 � CH2CH2CH2CH3),
7.54 (4H,d, J 8.2, ArH), 7.72 (4H, d, J 8.6, ArH), 7.98–8.05
(3H, m, ArH), 8.20 (1H, t, J 8.0, ArH), 8.30 (4H, s, ArH).
dC(100 MHz, CDCl3) 14.3, 22.6, 34.7, 35.9, 109.6, 119.9,
123.8, 124.8, 125.2, 126.9, 131.1, 135.0, 139.4, 139.9. m/z
[EI] 634: (M+).

2-[3-{3,5-Di(4-pyridyl)phenyl}phenyl]pyridine (11): A
mixture of 6 (0.500 g, 1.29 mmol), 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyridine (0.792 g, 3.86 mmol),
tetrakis(triphenylphosphine)palladium(0) (0.120 g, 0.104
mmol), sodium carbonate (0.355 g, 3.35 mmol), deionized
water (1.7 ml), ethanol (2.3 ml), toluene (9.3 ml) was
heated at reflux under nitrogen for 19 h. After being al-
lowed to cool to room temperature, the organic layer was
extracted with diethyl ether and tetrahydrofuran. The ex-
tracted fraction was washed with deionized water, dried
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over anhydrous sodium sulfate. The solvent was com-
pletely removed and purified by column chromatography
over silica gel with ethyl acetate–methanol (10:3) as elu-
ent to give white solid 11 (0.380 g, 76%). (Found: C,
84.24; H, 4.79; N, 10.87. C27H19N3 requires C, 84.13; H,
4.97; N, 10.90%); dH(400 MHz, DMSO-D6) 7.97 (1H, t, J
5.0, ArH), 7.98 (1H, t, J 7.7, ArH), 8.22–8.35 (6H, m, ArH),
8.45–8.58 (5H, m, ArH), 8.82 (1H, s, ArH), 9.02 (5H, d, J
5.9, ArH). dC(100 MHz, CDCl3) 121.0, 122.1, 122.7, 125.0,
126.2, 126.8, 126.9, 128.0, 129.7, 137.1, 140.0, 140.5,
140.9, 143.3, 148.0, 150.0, 150.7, 157.2. m/z [EI] 386: (M+).

(mCP)3Ir: A mixture of 7 (0.300 g, 0.381 mmol), iridium
chloride trihydrate (0.0561 g, 0.159 mmol), deionized
water (2.7 ml), 2-ethoxyethanol (12 ml) was heated (oil
bath temperature: 130 �C) under nitrogen for 24 h. After
being allowed to cool to room temperature, deionized
water was added and filtrated. Then aqueous potassium
carbonate (0.35 M, 5.8 ml) was added and sonicated for
5 min and washed with deionized water. After it was dried,
the crude product was directly used for next step without
further purification. A mixture of the obtained chloro-
bridged dimer (0.262 g), 7 (0.434 g, 0.552 mmol), silver tri-
fluoromethanesulfonate (0.0491 g, 0.191 mmol), diglyme
5.0 ml was heated (sand bath temperature: 130 �C) under
nitrogen for 64 h. After being allowed to cool to room tem-
perature, dichloromethane was added and the solution
was washed with brine and deionized water, dried over
anhydrous sodium sulfate. The solvent was completely re-
moved and purified by column chromatography over silica
gel with dichloromethane–n-hexane (1:2) as eluent to give
(mCP)3Ir (0.174 g, 43%) as a yellow solid. (Found: C, 80.52;
H, 7.05; N, 5.01. C171H174IrN9 requires C, 80.62; H, 6.88; N,
4.95%); dH(400 MHz, CD2Cl2) 1.23 (36H, t, J 7.2,
12 � CH2CH2CH2CH3), 1.30–1.50 (24H, m, 12 � CH2CH2-
CH2CH3), 1.50–1.80 (24H, m, 12 � CH2CH2CH2CH3), 2.76
(24H, t, J 7.5, 12 � CH2CH2CH2CH3), 6.97 (3H, t, J 6.1,
ArH), 7.03 (3H, d, J 7.3, ArH), 7.17–7.28 (15H, m, ArH),
7.44–7.55 (12H, d, ArH), 7.57 (3H, d, J 6.1, ArH), 7.63–
7.71 (8H, m, ArH), 7.86–8.50(24H, m, ArH). dC(100 MHz,
CD2Cl2) 13.8, 22.5, 34.5, 35.7, 109.7, 119.36,119.37, 119.6,
122.0, 122.5, 122.8, 123.6, 126.8, 128.6, 131.4, 134.9,
136.8, 137.7, 139.5, 140.1, 145.0, 145.5, 147.5, 162.0,
166.0. [MALDI: DITH] (m/z) 2545.8: (MH+).

(mCP)2(bpp)Ir: A mixture of 9 (0.400 g, 0.186 mmol),
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
(0.305 g, 1.49 mmol), tetrakis(triphenylphosphine)palla-
dium(0) (0.0174 g, 0.0151 mmol), potassium carbonate
(0.0668 g, 0.483 mmol), deionized water (0.24 ml), ethanol
(18 ml), toluene (35 ml) was heated at reflux under nitro-
gen for 62.5 h. After being allowed to cool to room temper-
ature, purified by column chromatography over silica gel
with chloroform–methanol (20:1) as eluent to give ocher-
ous solid. The solid was purified by gel permeation chro-
matography with 1,2-dichloroethane as eluent to give
(mCP)2(bpp)Ir (0.316 g, 79%) as a yellow solid. (Found: C,
78.73; H, 6.52; N: 5.80. C141H134IrN9 requires C, 78.88; H,
6.29; N, 5.87%); dH(400 MHz, CD2Cl2) 0.92 (24H, t, J 7.3,
8 � CH2CH2CH2CH3), 1.30–1.45 (16H, m, 8 � CH2CH2-
CH2CH3), 1.60–1.75 (16H, m, 8 � CH2CH2CH2CH3), 2.75
(16H, t, J 4.1, 8 � CH2CH2CH2CH3), 6.91–7.08 (6H, m,
ArH), 7.14–7.30 (11H, m, ArH), 7.42–7.82 (21H, m, ArH),
7.84–8.12 (20H, m, ArH), 8.64 (4H, d, J 5.5, ArH). [MALDI:
DITH] (m/z) 2146.91 (MH+).
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a b s t r a c t

Organic-based devices with an 8 � 8 array structure using titanium dioxide nanoparticles
(TiO2 NPs) embedded in poly(9-vinylcarbazole) (PVK) film exhibited bistable resistance
states and a unipolar nonvolatile memory effect. TiO2 NPs were a key factor for realizing
the bistability and the concentration of TiO2 NPs influenced ON/OFF ratio. From electrical
measurements, switching mechanism of PVK:TiO2 NPs devices was closely associated with
filamentary conduction model and it was found that the OFF state was dominated by ther-
mally activated transport while the ON state followed tunneling transport. PVK:TiO2 NPs
memory devices in 8 � 8 array structure showed a uniform cell-to-cell switching, stable
switching endurance, and a high retention time longer than 104 s.

Crown Copyright � 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction high specifications including highly reproducible electrical
Several types of organic electronics, including organic
light emitting diodes, transistors, solar cells, and nonvola-
tile memory devices, have attracted considerable attention
due to a variety of advantages such as printability, flexibil-
ity, low processing cost, and easy fabrication [1–4]. Among
these organic electronics, organic memory devices have
been investigated as a promising alternative to the conven-
tional semiconductor-based nonvolatile memory devices
[5–10]. In particular, organic memory devices employing
nanoparticles in the active memory materials have been
extensively studied due to easily controllable processing
factors such as different kinds of particles, particle size,
and concentration of particles [11–13]. Much research
has been done to construct organic memory devices with
2009 Published by Elsevier

x: +82 62 9702304.
characteristics, a large ON/OFF ratio, and a long retention
time by optimizing these processing factors [11–14]. Boz-
ano et al. showed that different types of nanoparticles
(NPs) in hybrid organic–inorganic switching devices could
tune the memory performance parameters such as thresh-
old voltages and the ON/OFF ratio [14]. As compared with
the organic memory devices with metallic NPs, relatively
few studies have been conducted on the organic memory
devices containing semiconducting NPs [15,16]. Memory
devices with the hybrid organic–semiconducting NPs com-
posites have been particularly attractive due to their un-
ique advantages of low cost, inert chemical properties,
and feasibility of various chemical compositions [15,16].
Li et al. reported data for bistability and operating mecha-
nisms of memory devices fabricated with core/shell-type
CdSe/ZnS NPs and chemically self-assembled ZnO NPs
[15,16]. However, the detailed memory performances such
as cell-to-cell uniformity, distribution of threshold volt-
ages, and endurance cycles, which must be considered
B.V. All rights reserved.
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for realistic memory device application, have not been
thoroughly investigated.

In this study, we report on the operation and perfor-
mance of unipolar resistive switching devices involving
titanium dioxide nanoparticles (TiO2 NPs) embedded in a
poly(9-vinylcarbazole) (PVK) matrix layer in an 8 � 8
cross-bar array structure. The switching mechanism and
the charge transport were studied by electrical measure-
ments. The statistical distribution of the ON and OFF states
in the 8 � 8 cell array was investigated to quantify cell-to-
cell uniformity. Endurance cycle and retention tests were
also performed to evaluate the performance of the memory
devices.

2. Experimental

Organic memory devices using TiO2 NPs embedded in
poly(9-vinylcarbazole) (PVK) in the 8 � 8 cross-bar array
structure were fabricated on indium tin oxide (ITO) (sheet
resistance of �8 X/h) on glass substrates. ITO-coated glass
substrates were pre-cleaned with a typical ultrasonic
cleaning process. ITO electrodes with 8 line patterns of
100 lm line-width were prepared as bottom electrodes
(Fig. 1) by conventional photolithography and a subse-
quent etching process. PVK (molecular weight
�1,100,000) and TiO2 NPs (anatase 5 nm) were used to
make a mixture (PVK:TiO2 = 200:1, 150:1,100:1,10:1, and
1:1 solution volume ratios) of PVK solution (5 mg/ml)
and TiO2 NPs solution (2 mg/ml) dissolved in 1,2-dichloro-
ethane. The PVK:TiO2 NPs solution was spin-coated at
4000 rpm for 40 s in a N2-filled glove box and the thickness
of the resulting film was measured to be �60 nm (for the
case of PVK:TiO2 = 150:1 volume ratio). To improve film
Fig. 1. (a) Schematic and (b) optical image of ITO/PVK:TiO2 NPs/Al memory devic
ITO/PVK:TiO2 NPs/Al structure. (d) TEM image of a composite film with PVK:TiO
uniformity and remove residual solvent from the film, a
baking process was performed on a hotplate in the N2-
filled glove box at 150 �C for 2 min. Then, Al (100 nm thick)
electrodes were deposited using an e-beam evaporator at a
pressure of �10�7 torr. Fig. 1a shows a schematic of the
ITO/PVK:TiO2 NPs/Al memory devices in the 8 � 8 cross-
bar array structure. An optical image of the fabricated
memory devices is displayed in Fig. 1b. Fig. 1c shows a
schematic cross-sectional view, illustrating the PVK:TiO2

NPs composite layer sandwiched between ITO and Al.
Aggregates of TiO2 NPs, having a diameter of 20–40 nm,
were found within PVK matrix and the size of individual
TiO2 NP was found as 3 to 7 nm as shown in the inset of
Fig. 1d. As the PVK:TiO2 NPs volume ratio changed from
200:1 to 1:1 (i.e., the TiO2 NPs concentration was in-
creased), stronger aggregation of NPs was observed.

3. Results and discussion

3.1. Switching characteristics

Fig. 2a shows current–voltage (I–V) characteristics of a
memory cell in the 8 � 8 cross-bar array devices consisting
of the ITO/PVK:TiO2 NPs (volume ratio 150:1)/Al structure.
As the voltage was swept to a positive bias, the memory
device exhibited an abrupt increase of current by three or-
ders of magnitude near 3.4 V (set voltage), indicating an
electrical resistance transition from a high resistance state
(OFF state) to a low resistance state (ON state) (1st sweep).
When the applied bias was higher than the set voltage, the
device still remained in the ON state until 5.7 V (reset volt-
age). Beyond the reset voltage, a sharp decrease in the cur-
rent occurred, showing a negative differential resistance
es in an 8 � 8 array structure. (c) Schematic of the cross-sectional view of
2 NPs volume ratio of 150:1.



Fig. 2. (a) I–V characteristics of a ITO/PVK:TiO2 NPs (volume ratio of 150:1)/Al memory device (line + symbol curves) and ITO/PVK/Al device without TiO2

NPs (dashed line). The inset shows ON and OFF currents (left axis) and ON/OFF ratio (right axis) measured at 0.5 V as a function of PVK:TiO2 NPs volume
ratio. (b) Turn-off process as a function of compliance current.
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(NDR) behavior (2nd sweep). The NDR phenomenon has
been reported elsewhere in other polymer-based memory
devices [11,17]. The current beyond the NDR region
(>5.7 V) appeared to continue on a trend extending from
OFF state. When the I–V characteristics were measured
again (3rd sweep), the device exhibited an almost equiva-
lent track of the current that was shown during the 1st
sweep, indicating a rewritable memory effect. Therefore,
the device could be set from OFF to ON (writing) by apply-
ing a voltage slightly higher than the set voltage and reset
from ON to OFF (erasing) by a voltage beyond the NDR re-
gion. In this system, the switching can be achieved by suc-
cessive application of voltages of the same polarity, which
is typical unipolar memory effect. From the I–V character-
istics described above, two different resistances at the
same voltage could be obtained below the set voltage
and remained stable even after the power was turned off,
indicating the nonvolatile memory effect. However, de-
vices made with just PVK without TiO2 NPs showed no
resistive switching behavior (dashed line in Fig. 2a). These
effects clearly demonstrate that TiO2 NPs play an impor-
tant role in the electrical bistability phenomenon.

To investigate the role of TiO2 NPs in the bistable
switching, we performed I–V measurements on devices
with different TiO2 NPs concentration. The ON and OFF
state currents measured at 0.5 V are plotted as a function
of PVK:TiO2 NPs volume ratio, as shown in the inset of
Fig. 2a (left axis). It can be seen clearly that the OFF current
gradually increased with increasing TiO2 NPs concentra-
tion while the ON current remained nearly constant
regardless of TiO2 NPs concentration. These different con-
centration-dependent features between ON and OFF cur-
rents eventually resulted in the large variation in the ON/
OFF ratios, as summarized in the inset of Fig. 2a (right
axis). Especially, NPs concentrations in the range from
�150:1 to 100:1 volume ratio was observed to realize or-
ganic memory devices with high ON/OFF ratio more than
three orders of magnitude. Therefore, the TiO2 NPs concen-
tration can be a critical factor for determining ON/OFF ra-
tio, one of the key parameters of the memory operation.
Contrary to OFF currents, ON currents show relatively little
variation regardless of TiO2 NPs concentration. It reveals
that high current states are attributed to the introduction
of TiO2 NPs.
Specifically, the conduction process of ON state is con-
sistent with the filamentary conduction model [18]. The
model invokes the formation of filaments in the PVK poly-
mer, exhibiting ohmic conduction without thermal activa-
tion. The fracture of the filaments is probably a
consequence of Joule heating, raising the temperature of
a part of the filament. The Joule heating effect gives rise
to atomic reorganization. In our device, the filamentary
paths are not only made by defects or structural disorder
within the PVK polymer. TiO2 NPs also become involved
in formation of the filamentary paths. Growth of the fila-
mentary paths may occur mainly in the localized region
where TiO2 NPs are distributed. TiO2 NPs serve as one ele-
ment source of materials which constitute the high con-
ducting paths. It is reasonable to assume that the
filament consists of TiO2 NPs and some kind of defect with-
in the PVK. Note that others have reported the bistability
switching in PVK materials [19]. However the electrode
materials, device structures, PVK layer thickness, and
charge conduction behavior are different from our devices
[20], which may explain different switching properties.

PVK is well known as a hole transporting material [21].
Some reports on polymer memory devices using PVK or
PVK composite with NPs suggested that holes can serve
as major carriers to cause the memory effect [19,22]. Fur-
thermore, hole injection barrier of PVK is much lower than
electron injection barrier because of the relatively high
highest occupied molecular orbital (HOMO) energy level
of PVK. Thus, holes will be the major charge carriers
responsible for the memory effect. PVK mainly functions
as matrix where filamentary paths are formed.

Fig. 2b shows the turn-off process as a function of com-
pliance current. Once the ON state was formed, the OFF
state could be obtained only when enough compliance cur-
rent was applied to the devices. The turn-off process of the
memory devices could be triggered only by the appropriate
compliance current. In Fig. 2b, the device did not turn to
the OFF state if the compliance current was set at 1 mA
or 2 mA, but it successfully turned to the OFF state when
the compliance current was set larger than 3 mA. A similar
compliance dependency of the turn-off process has been
reported for the case of memory devices with the Al/PVK/
Al structure previously [19]. Our device showed consider-
able noise fluctuations beyond the NDR region. The noise



Fig. 4. Arrhenius plot of ON and OFF currents at temperature range from
150 to 300 K for a ITO/PVK:TiO2 NPs (volume ratio of 150:1)/Al device.
The inset shows the log–log plot of I–V characteristics in the voltage range
of 0 to 2 V at 300 K.
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might have been closely related with rupturing and
regrowing of conducting filaments inside the PVK polymer
on the filament model [18]. The number of mobile carriers
and their mobility would have provoked noise fluctuations.
The considerable noise fluctuations generally occurred
within the NDR region which displayed a gradual decrease
of current [18,23], whereas the noise of our devices ap-
peared after the NDR region (Fig. 2b). Note that some re-
ports suggested that the bistability of the organic
nonvolatile memory devices is attributed to the effect of
an interfacial oxide layer such as Al2O3 [24,25]. In order
to minimize the possible effect of the thin native oxide,
the Al top electrode was deposited on the composite film
with a delay time as small as possible. In addition, to min-
imize O2 and H2O effects, all electrical measurements were
performed in a nitrogen filled glove box.

To obtain further information about the switching char-
acteristics of the devices, we examined the correlation be-
tween the set current (current at the set voltage) and the
reset current (current at the reset voltage). As shown in
Fig. 3, we found that the reset current gradually increased
as increasing the set current. This correlation between re-
set and set currents can also be used to understand the
mechanism of memory operation associated with the fila-
mentary conduction model [19,26]. It is expected that the
higher set current will form stronger filaments. On the
other hand, if the stronger filaments are formed, it is hard
to break the filamentary current path, and thus the higher
reset current should be expected.

3.2. Charge transport mechanism

The charge transport mechanism was studied by tem-
perature-variable I–V measurements in a vacuum pressure
of �10�3 torr. Fig. 4 is the Arrhenius plot of the ON and OFF
state currents in the temperature range from 150 to 300 K.
The ON and OFF currents were read at 2 V while the tem-
perature was swept at a speed of 2 K/min. The OFF current
can be explained by a thermally activated transport with an
activation energy of �66 meV. In contrast, the ON current
was almost temperature-independent, exhibiting negligi-
ble activation energy of �3 meV. It was found that the
log–log plot of the ON current clearly exhibited the form
of I–V, indicating ohmic characteristics (Fig. 4 inset). These
features of the ON current are mainly attributed to charge
Fig. 3. Reset current (left axis) and set resistance (right axis) as a function
of set current for a ITO/PVK:TiO2 NPs (volume ratio of 150:1)/Al memory
device.
tunneling through filamentary paths induced by high elec-
tric field [18,24,27]. Consequently, bistable resistance
switching of PVK:TiO2 NPs devices accompanies the change
of charge conduction mechanism from thermally activated
transport (OFF state) into tunneling transport (ON state).

3.3. Memory performance

For practical memory device applications, the cell-to-
cell uniformity of memory array devices is critical. Fig. 5
shows the cumulative probability data of ITO/PVK:TiO2

NPs/Al memory devices, exhibiting a good cell-to-cell uni-
formity. Our memory devices have a narrow distribution in
both the ON and OFF states. Particularly, the OFF state
showed less variable resistance due to the insulating prop-
erty of the PVK polymer. The statistical distribution of both
the set and reset threshold voltages was obtained from
repetitive sweeping operation of a single cell, as shown
in the inset of Fig. 5. Both distributions of the set and reset
threshold voltages were fitted with Gaussian functions
with 3r (three standard deviations), shown as black curves
in the inset. The set voltages were mainly distributed from
2.5 to 4 V, and the reset voltages ranged widely from 5 to
Fig. 5. A cumulative probability data set of ITO/PVK:TiO2 NPs (volume
ratio of 150:1)/Al memory devices, exhibiting a good cell-to-cell unifor-
mity. The inset shows the distribution of set and reset threshold voltages
from repetitive sweep cycles from a single working cell. Both distribu-
tions were fitted with Gaussian functions with 3r (three standard
deviations), shown as black curves in the inset.



Fig. 6. (a) Endurance cycles obtained by repetitive sweeping and (b) retention time characteristics of the two resistance states under 0.3 V constant voltage
stress.
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7.5 V, showing a difference of �1 V. Thus, the distribution
of each threshold voltage was fairly separated enough to
be utilized for potential memory application. The substan-
tial distribution of switching voltages is especially
important for determining the operative voltages of resis-
tance-based memory devices which can be definitely dis-
tinguished between the OFF and ON state.

The performance evaluation of the memory devices was
checked by endurance and retention tests. Fig. 6a shows
the sweep endurance of the PVK:TiO2 NPs memory devices.
The initial state for the device was OFF, and, after sweeping
by 4.3 V, the ON state was achieved. The state of the de-
vices (ON or OFF) could be determined by measuring the
current at a read voltage of 0.3 V. Two stable resistance
states with a high ON/OFF ratio were achieved, which
can provide improved information storage ability by pre-
cise control over the ON and OFF states. In addition, the
retention test result is shown in Fig. 6b. The PVK:TiO2

NPs memory devices presented reasonably good retention
characteristics for 104 s without significant current degra-
dation, maintaining an ON/OFF ratio of over 105. However,
the formed filamentary paths will become gradually weak.
It indicates that the device cannot keep the ON state any
more after a long time.
4. Conclusions

In summary, we demonstrated unipolar nonvolatile
resistive switching devices with an 8 � 8 array structure
based on composites of PVK and TiO2 NPs. The TiO2 NP in-
duced the bistability and its concentration within PVK was
a critical factor to control ON/OFF ratio. From electrical
characterizations, the switching was mainly governed by
the filamentary conduction mechanism and the transport
accompanied the change from thermally activated trans-
port (OFF state) into tunneling transport (ON state). The
PVK:TiO2 NPs memory devices showed uniform cell-to-cell
switching, stable endurance, and good retention, which
feature a potential application for nonvolatile memory
devices.
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a b s t r a c t

In spite of huge progress in improving the internal quantum efficiency of organic light-
emitting diodes (OLEDs), these devices still suffer from poor light out-coupling. Loss mech-
anisms are for example waveguiding in the organic layers and the substrate as well as the
excitation of surface plasmons at metallic electrodes. Their relative strength and the
mutual dependence on the OLED structure have been studied both experimentally and
by numerical simulation. Here, we consider the impact of the radiative quantum efficiency
of the emitter material on predictions of light extraction from OLEDs. Competing processes
resulting in non-radiative recombination of charge carriers usually reduce the emitter
quantum efficiency in a real device. We show that optical simulation leads to erroneous
conclusions when neglecting these competing processes. Furthermore, we demonstrate a
method, which allows determining both the radiative quantum efficiency and the charge
recombination factor via simulation based analysis of experimental data. This analysis of
device efficiency is applied on a set of red-emitting electrophosphorescent devices.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Organic solid state lighting technology is on the verge of
creating commercial applications in the lighting sector. The
possibility of producing a flat large area lighting panel
drives the development of creative products and opens
exciting fields of application. However, one evident draw-
back is still the low light out-coupling efficiency of organic
light-emitting diodes (OLEDs). The external device effi-
ciency is significantly reduced by various optical loss chan-
nels. Considering a conventional coplanar bottom-emitting
OLED based on an ITO coated glass substrate a major part
of the generated radiant power is lost to thin film wave-
guided modes (or ITO/organic waveguided modes), surface
plasmon polariton modes of the metal cathode and sub-
. All rights reserved.

-os.com (B.C. Krum-
e (W. Brütting).
strate waveguided modes. Furthermore a small fraction
of the generated radiation is absorbed by the materials of
the different layers.

The modification of the substrate surface directed to-
wards the ambient environment is a basic approach to in-
crease external device efficiency. Diffuse layers (i.e.
scattering particles in a transparent matrix [1–4]), micro-
structured films (e.g. microlens arrays [5]) or roughened
substrates [6] are well-known techniques for this purpose.
Application of a diffusor or sandblasting the substrate are
low cost approaches which could be used in future mass
production.

Although, external device efficiency could be increased
by such methods, substrate surface modification cannot
be utilized, when a reflecting off-state appearance of the
bottom-emitting OLED is desired. The optimum configura-
tion of such a device differs from the one of a device with
substrate surface modification: Maximum light has to be
directed into the light escape cone of the substrate in the

mailto:benjamin.krummacher@osram-os.com
mailto:wolfgang.bruetting@physik.uni-augsburg.de
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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Fig. 1. Structure of the red-emitting electrophosphorescent OLEDs used
in this study. The thickness of the ETL has been varied in the range
between 48 and 110 nm.
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Fig. 2. Current density vs. voltage characteristics of devices with ETL
thickness of 48 and 110 nm.
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case of a non modified substrate. On the other side maxi-
mum radiant power has to be coupled from the thin film
stack into the substrate when using substrate surface mod-
ification. Here, we neglect aspects regarding the target
emission color (e.g. there is a wavelength dependence of
the enhancement factor of light out-coupling, which leads
to a change in emission color after applying the substrate
surface modification [7]).

Recently, we have studied optical loss mechanisms and
the light extraction efficiencies of OLEDs by means of a di-
pole model [8]. We have shown that experimental data on
the angular dependent emission spectra of green bottom-
emitting OLEDs are in excellent agreement with optical
simulations. Furthermore, we have demonstrated the
influence of different device parameters, like organic layer
thicknesses and the position of the emission layer, on the
coupling of the emitting dipoles to different optical chan-
nels in an OLED. In this article we consider the impact of
the radiative quantum efficiency of the emitter material
on predictions of external device efficiency obtained from
optical simulation in more detail. The radiative quantum
efficiency q of an emitting dye is defined as the quantum
efficiency in an unbounded space filled by the dye and its
host. Non-radiative recombination of charge carriers, e.g.
by bimolecular recombination processes or interaction
with charge carriers, reduces the value of q. The intention
of this paper is twofold: First we will demonstrate that
optical simulations neglecting the impact of these compet-
ing processes on q lead to erroneous results not only in
terms of the total amount of light extracted from an OLED,
but also concerning the optimal device architecture to
achieve this. Secondly, we will show that even if the radi-
ative quantum efficiency of an emitter material is not
known beforehand, it can be extracted by an analysis of
experimental data based on optical simulation.

2. Method

2.1. Experimental

The structure of the red-emitting electrophosphores-
cent OLEDs used for this study was 113 nm indium tin
oxide (ITO)/203 nm hole transporting layer (HTL)/10 nm
electron blocking layer (EBL)/7 nm emission layer (EML)/
10 nm hole blocking layer (HBL)/electron transporting
layer (ETL)/200 nm Ag-cathode (see Fig. 1). The thickness
of the ETL was varied in the range from 48 to 110 nm.
The peak wavelength of the photoluminescence spectrum
of the red-emitting phosphorescent dye was 593 nm.

The ETL and HTL were doped by materials improving
electron and hole transport, respectively. The diodes were
fabricated as follows: The organic stack was deposited on
ITO coated glass substrates (refractive index 1.52) using
standard evaporation technique from crucibles. The evapo-
ration rate was 1 Å/s at a base pressure of 10�7 mbar. Fol-
lowing evaporation of the Ag-cathode, the devices were
encapsulated with a glass lid and getter. The ETL and its
dopant, the HTL and its dopant, and the matrix of the
EML and its red dye were applied by co-evaporation. The
active area of the OLEDs was 4 mm2. Additionally single
layers were deposited on silicon substrates. To ensure
accurate optical simulation, the complex index of refrac-
tion of the samples as a function of wavelength was deter-
mined by means of standard spectral ellipsometry for all
organic layers.

The current density–voltage (j–V) characteristics of the
devices used in this study were measured by means of a
Keithley 238 as current source and a Keithley 6514 as volt-
meter. The experimental j–V characteristics of the devices
with thinnest (48 nm) and thickest (110 nm) ETL are plot-
ted in Fig. 2. Both characteristics do not differ significantly,
which can be attributed to appropriate n-doping. As will be
shown below, the optical properties of the device are
strongly affected by the thickness variation of the n-doped
ETL, while there is almost no change in the electrical prop-
erties of the diode.

In order to collect both directly emitted light and light
coupled from the active layers into the substrate, the bot-
tom-emitting OLEDs with planar substrate (4 mm2 active
area) was coupled to the center of a glass hemisphere
(diameter 25 mm, refractive index 1.52) by using a refrac-
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tive index matching gel obtained from Cargille Laborato-
ries. The configuration effectively makes the emission an-
gle in glass equal to the emission angle in air. Thus
nearly all photons hit the surface of the glass hemisphere
at normal incidence. This allows the measurement of the
OLED emission within the substrate at angles exceeding
the critical angle of total internal reflection between glass
and air [9,10]. The emission of the OLED equipped with
the glass hemisphere was measured in an integrating
sphere, which was connected to a fiber spectrometer
(Instrument Systems CAS 140B). The Comission Internatio-
nale de l’Éclairage (CIE) color coordinates related to the
measured spectra of the different devices are given in Ta-
ble 1. Additionally, the graph in Fig. 3 shows the external
quantum efficiency as a function of current density as ob-
tained from the measurements of the device with 72 nm
ETL in the integrating sphere.

2.2. Optical modeling

The optical modeling of OLEDs must consider near-field
phenomena and the photonic mode density due to the use
of thin organic films. Traditional device simulation is based
on the dipole model developed by Chance, Prock and Silbey
(CPS) for molecular fluorescence and energy transfer near
interfaces [11,12]. This model was extended to the near-
field optics of OLEDs by various authors [13–17], where
an exciton within the OLED is modeled as a point dipole
driven by the reflected electromagnetic waves inside a
microcavity.

The simulations presented in this work are also based
on this traditional approach of emissive dipoles. The di-
poles, embedded in the multilayer stack of an OLED, are
treated as forced damped harmonic oscillators [13,14]

d2p

dt2 þx2
0p ¼ e2

m
Er � b0

dp
dt
; ð1Þ

where p is the electric dipole moment, x0 is the resonant
angular frequency in the absence of damping, m is the
effective mass, e the electric charge, Er is the reflected elec-
tric field at the dipole position and b0 is the radiative decay
rate in the absence of any interfaces. Both the dipole and
the reflected field oscillate with the same complex fre-
quency X ¼ x� ib=2 as:

p ¼ p0 expð�iXtÞ and Er ¼ E0 expð�iXtÞ ð2Þ

where x and b are the frequency and decay rate in the
presence of interfaces. Then the modified decay rate is ob-
tained as:
Table 1
CIE color coordinates related to the emission measured in an integrating
sphere. The devices were operated at a current density of 7.5 mA/cm2.

ETL thickness (nm) CIE x CIE y

48 0.612 0.387
56 0.612 0.386
64 0.613 0.385
72 0.614 0.384
98 0.616 0.383
110 0.617 0.380
b ¼ b0 þ
e2

mxp0
ImðE0Þ: ð3Þ

This equation shows that the change of the decay rate
inside the microcavity is determined by the magnitude of
the reflected electric field at the position of the emitting di-
pole. It is calculated using the Hertz vector and solving the
Helmholtz equation by an expansion into plane waves (for
details see e.g. Lukosz et al. [18]). Thereby all layers in this
multilayer stack are treated as infinite in two dimensions,
having a certain thickness in the third direction. The inter-
face between two layers is assumed sharp and without
roughness. Using a transfer matrix method the Fresnel
coefficients are calculated by taking the optical constants
and thicknesses of the different layers of the OLED stack
into account, as well as the position of the dipoles within
the OLED, which is assumed to be sharp as well. The mod-
ified decay rate for arbitrary dipole orientation can then be
expressed as a combination of parallel and perpendicular
contributions b|| and b?, respectively, which are calculated
numerically by integrating over all in-plane wave vector
values of kx from 0 to 1 (for details see Chance et al. or
Barnes [12,14]). Thereby the radiative quantum efficiency
of the emitter (denoted as q) enters as a material parame-
ter. Finally the orientation of the dipoles (parallel or per-
pendicular to the substrate, weighted 2:1 for isotropic
dipole orientation) yielding

biso ¼
2
3

bk þ
1
3

b? ð4Þ

and the emission spectrum of the emitter is taken into ac-
count. As a result we obtain a polychromatic power dissi-
pation spectrum, i.e. the contribution of modes with in-
plane wave vector component kx to the spontaneous emis-
sion decay rate of the dipoles at each wavelength. (An
example of such a power dissipation spectrum for a green
fluorescent device calculated by this method can be found
in our recent publication [8].)

The power dissipation spectra can be split up into four
regions depending on the magnitude of the in-plane wave
vector component kx as compared to the vacuum wave-
length k and the (effective) refractive index n of the med-
ium, where the produced radiation is traveling. Region 1



1 To obtain the free emitter spectrum we first simulated the zero degree
emission from the OLED using a white spectrum (constant intensity over all
wavelengths) and subsequently divided the outcome by the measured EL-
spectrum.
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with kx < 2pnair/k represents the light which can leave the
OLED directly (‘direct emission’). Region 2, where 2pnair/
k < kx < 2pnglass/k is valid, denotes the amount of light
which is emitted to the glass substrate and is trapped there
due to total internal reflection (‘emission to substrate’). For
even larger values of kx the radiation of the dipoles does no
longer reach the glass substrate but is waveguided in the
organic layers and the adjacent ITO electrode (‘waveguid-
ing’, region 3) with 2pnglass/k < kx < 2pnITO+org/k, where
nITO+org denotes an effective refractive index of the ITO
and organic layers taken together. Finally, for kx > 2pnI-

TO+org/k, the emitting dipoles couple to surface plasmon
polaritons (SPPs) traveling at the organic–cathode inter-
face (‘plasmons’, region 4). We note that, in principle,
waveguided modes and SPPs (apart from very small dis-
tances between the emitting dipoles and the metal elec-
trodes (625 nm) not being relevant here) contribute to
an enhancement of the spontaneous emission decay rate,
although it is usually not possible to extract the energy
contained in these modes [8]. Integrating over the different
regions in the polychromatic power dissipation spectrum
leads to the amount of power coupled into the different
modes. Additionally the transmission of the generated
light (i.e. ‘direct emission’ + ‘emission to substrate’)
through the OLED stack is calculated from the optical con-
stants and thickness of each layer with a transfer matrix
method. Thus by comparing the internal and the transmit-
ted power of these two modes, the total amount of light
absorbed in the OLED stack is determined.

To confirm the outcome of the simulations the power
dissipation spectra can be compared to the experimental
angular emission spectra of the OLEDs, optionally with
the distinction between s- and p-polarization. This has
been done in Ref. [8] for a green bottom-emitting device
and is thus not shown here.

3. Results and discussion

3.1. Effect of the radiative quantum efficiency

In this section we discuss the impact of the radiative
quantum efficiency of the emitter material q on predictions
of the external quantum efficiency of organic light-emit-
ting diodes. In general the optical performance of OLEDs
depends on several factors. For example, the layer thick-
nesses mainly have an influence on the waveguided
modes, whereas the location of the emission zone (i.e. in
terms of the model: the location of the dipole layer) deter-
mines the fraction of power dissipated by the waveguided
modes and the fraction coupled to surface plasmon polar-
itons (SPPs) [8]. Simulations of the red-emitting OLEDs de-
scribed above have been performed using the model
presented in Section 2.2. Here the emission zone was as-
sumed to be located at the interface between EML and
HBL. This can be concluded from the excellent hole trans-
porting properties of the host material used for the EML.
Furthermore the free emitter spectrum is needed as input
for the simulations. Here, we define the free emitter spec-
trum as the emission spectrum of the emitter in an un-
bounded space filled with the material(s) forming the
EML. The free emitter spectrum has been extracted from
the electroluminescence spectrum emitted in the direction
perpendicular to the substrate by applying optical simula-
tion on the measured data.1 The computed contributions of
the different loss channels as a function of ETL thickness
are plotted in the graph of Fig. 4. The radiative quantum
efficiency q was set to be one in the calculations, i.e. the
presence of processes resulting in non-radiative recombi-
nation of electrons and holes was neglected. The variation
of the ETL thickness not only influences the waveguided
modes (plots (2) and (5) in Fig. 4), but the dipole layer po-
sition with respect to the cathode as well. This leads to
changes in the contribution of the SPP losses (6). The cou-
pling to SPPs is reduced drastically as the dipole layer
moves further away from the cathode. At the same time
the fraction of ITO/organic waveguided light (5) increases.
Furthermore, the total amount of absorbed light (4) in-
creases with increasing ETL thickness. As all other layer
thicknesses have been kept constant, this is mostly due
to the absorbing n-dopant of the ETL. The direct emission
into air (1) shows a maximum at 75 nm ETL thickness.
The amount of light coupled from the active layers into
air and substrate (3) has its maximum at 105 nm ETL thick-
ness. This configuration has to be chosen if optimum effi-
ciency based on substrate surface modification is desired.
However, we have already shown in another article that
the optimal dipole layer position also depends on the radi-
ative quantum efficiency q [8]. We will discuss the role of q
in more detail in the following.

The radiative quantum efficiency q of an electrolumi-
nescent dye is defined as the quantum efficiency of electro-
luminescence in an unbounded space filled by the dye and
its host. Competing processes resulting in non-radiative
recombination of charge carriers reduce the radiative
quantum efficiency. Possible competing processes include
impurity quenching [19], triplet–polaron annihilation
[20] or triplet–triplet annihilation [21]. The importance of
the latter two is evident from the current–density
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dependent roll-off of the external quantum efficiency
shown in Fig. 3.

The radiative quantum efficiency is given by:

q ¼ kr=ðkr þ
X

knrÞ ð5Þ

where kr is the radiative decay rate in an unbounded emit-
ter material and

P
knr is the sum of the decay rates of all

competing processes. In the optical cavity formed by an
OLED device the radiative decay rate and the spatial distri-
bution of the emitted radiation can be altered (see Section
2.2), if a fundamental mode of the system is resonant with
the free emission spectrum [8,15]. (Please note, that in the
terminology used here, waveguided modes and SPPs are
not considered as non-radiative, because the exciton is a
priori generating radiation – even though, it is hard to
get that radiation out of the device.) Hence, the fraction
of radiative decay in the OLED cavity can differ from the
value q in the unbounded emitter space. This effective
fraction of radiative decay in the EML of the device is given
by:

qeff ¼
k�r

k�r þ
P

knr
! qeffðqÞ ¼

q
qþ kr

k�r
ð1� qÞ

ð6Þ

where k�r is the radiative decay rate determined by the
boundary conditions of the electromagnetic field in the
optical cavity. Such cavity effects on the radiative quantum
efficiency are well explored for emitting dipoles in the
vicinity of metal surfaces [11,12,22], but only rarely dis-
cussed in the context of OLEDs [16,23]. In many cases, de-
vice simulations assume q to be just a multiplicative factor,
which is first taken to be unity and then scaled to match
the measured external quantum efficiency of a device. As
we will show below, this approach leads to erroneous re-
sults when the position of the emitter in the OLED cavity
is varied.

Considering the layer structure of the red-emitting
OLEDs described above, qeff as a function of the ETL thick-
ness is plotted for different values of the radiative quantum
efficiency q in Fig. 5. The effective radiative quantum effi-
ciency qeff is significantly enhanced for smaller values of
the ETL thickness. The enhancement is higher for lower
values of the radiative quantum efficiency q. Fig. 6a shows
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Fig. 5. Effective fraction of radiative decay in the emission layer as a
function of layer thickness for different values of the radiative quantum
efficiency q.
the corresponding simulation results for the amount of
light K coupled from the active layers to the outside world
(i.e. the sum of the direct emission and the substrate wave-
guided light). K corresponds to the power fraction of all
excitons generated in the emission layer which can leave
the device. It can be seen, that both the values of K and
the progression of the maxima depend on q. The ETL thick-
ness, where the maximum of light accessible by substrate
surface modification is located in each curve, increases
for higher values of q. For a given value of q the location
of this maximum is given by the trade-off between effec-
tive radiative rate and SPP losses, which are both depen-
dent on the distance between the emission zone and the
metal cathode (compare the curves in Fig. 5 to plot (6) in
Fig. 4). Additionally the data shown in Fig. 6a has been nor-
malized to the values for an ETL thickness of 40 nm
(Fig. 6b), which was taken as reference configuration.
Hence, the data of Fig. 6b give the improvement of K in
comparison to the reference configuration. Again the
achievable improvement depends on the radiative quan-
tum efficiency q. Higher improvement can be obtained
based on higher values of q, but at the same time the opti-
mum device configuration moves to larger ETL thickness.
This, however, implies that neither the optimum ETL thick-
ness nor the achievable efficiency improvement of K can
be predicted based on optical simulation alone, if the
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radiative quantum efficiency q is not known beforehand,
which is usually the case for new or undisclosed emitter
systems.

White-emitting OLEDs usually comprise two or more
emitting layers. Consequently exact simulation based pre-
diction of emission color (or change in emission color) of
such a device is challenging without knowledge of the
radiative quantum efficiencies of the individual emitting
components, since the resulting white spectrum relies on
the effective decay rate of the different emitters. However,
optical simulation may be used to obtain the radiative
quantum efficiency from experimental data as will be
shown in the following section.

3.2. Device analysis based on optical simulation

In this section we apply the above mentioned method-
ology to determine both the radiative quantum efficiency
and the charge recombination factor via simulation based
analysis of external quantum efficiencies of a series of de-
vices with different ETL thickness.

The light generated by the red-emitting OLEDs and cou-
pled from the active layers into the substrate has been
measured by placing the devices equipped with a glass
hemisphere into an integrating sphere. The external quan-
tum efficiency (EQE) of this configuration is derived from
the measurements of the light output and applied current:

gEQE ¼ Nph=Ne ð7Þ

where Nph is the number of photons emitted by the device
divided by the number of electrons injected, Ne. When the
measured quantum efficiency is brought in correlation with
simulation results, one should keep in mind that the pre-
diction of K based on our model is a power contribution.
However, the color of the emission detected in the inte-
grating sphere is almost not affected by the variation of
the ETL thickness of the red-emitting devices (Table 1),
i.e. there is only little redistribution of the emission spec-
trum. Hence, the following equation can be used to fit
the measurements of the EQE as a function of ETL thickness
d:

gEQEðdÞ ¼ c � gs=t � qeffðqÞ � gout ¼ c � gs=t �KqðdÞ; ð8Þ

where c is the efficiency with which electrons and holes
combine to form excitons (charge recombination factor),
gout is the light extraction efficiency, gs/t is the fraction of
excitons that is formed in a spin state capable of radiating
(for phosphorescent materials such as the red-emitting dye
of the considered devices this is unity) and qeff is the effec-
tive quantum efficiency depending on q as discussed
above. In principle, fitting Eq. (8) to the experimental
thickness variation allows to extract both q and c We note
that the charge recombination factor might change with
the thicknesses of the layers and applied bias, however,
as we only change the thickness of the n-doped ETL, which
has almost no influence on the j–V characteristics (see
Fig. 2), it seems reasonable to assume the same value of
c for all layer thicknesses.

The measured external quantum efficiency as a function
of ETL thickness is plotted in Fig. 7. The devices were
operated at a current density of 7.5 mA/cm2 when per-
forming the measurements in the integrating sphere. Addi-
tionally five plots of the fit-function given in Eq. (8) are
shown in the same graph, where only the quantum effi-
ciency q is varied and the charge recombination factor is
kept fixed as c = 1. As the EQE scales linearly with the
charge recombination factor and as c can not be higher
than one we can conclude from Fig. 7 that the quantum
efficiency of the emitter must be at least q = 0.275 or
higher.

As discussed above, q determines the curve progression,
i.e. the position of the maximum. Thus assuming a higher
value for q can lead to a better correlation with the exper-
imental data, but requires a charge recombination factor
smaller than one (see Eq. (8)). This is shown in Fig. 8 for
different combinations of q and c From this figure we con-
clude that the quantum efficiency q for this red phospho-
rescent emitter is about (33 ± 5)%. Still higher values of q
result in a mismatch of the curve progression, which can
not be scaled by the linear factor c. The best fit result
(red solid line in Fig. 8) is obtained for q = 0.325 and
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c = 0.87. For an accurate determination of both q and c for
sure, more experimental data points are required. How-
ever, our method, combining simulations and experimen-
tally derived EQE, shows that a simultaneous
determination of both quantities is possible.

Next, we confirm our method by ‘adjusting’ a lower va-
lue of the radiative quantum efficiency. As can be seen in
Fig. 3, device efficiency decreases with increasing current
density. This is expected due to the enhancement of trip-
let–polaron and triplet–triplet annihilation at higher val-
ues of current density, i.e. the rate of competing non-
radiative processes is enhanced by increasing the opera-
tional current density. The graph in Fig. 9 shows the exter-
nal quantum efficiency as a function of ETL thickness as
derived from the measurements of the devices operated
at a high current density of 150 mA/cm2. Again, first the
simulation results for c = 1 are shown, yielding a lower
limit of q of at least 0.20. The adaption to the curve pro-
gression is shown in Fig. 10. The best fit of the experimen-
tal data in the case of j = 150 mA/cm2 is obtained for
q = 0.25 and c = 0.85. (Again the value of c should be taken
only as an estimate.) Compared to the above case this low-
er radiative quantum efficiency reflects the expected
enhancement of non-radiative recombination at higher
current density, resulting in a lower EQE (Fig. 3). Our meth-
od therefore demonstrates the ability to extract the quan-
tum efficiency of an emitter embedded inside an OLED
even for different current densities.

4. Summary and conclusion

In conclusion we have discussed the impact of the radi-
ative quantum efficiency of the emitter material on predic-
tions of the external quantum efficiency of organic light-
emitting diodes. We have shown that simulation based
prediction of external efficiency (or efficiency improve-
ment) is not possible without knowledge of q. Moreover,
not only does the value of EQE depend on this quantity,
but also the optimum position of the emission zone for
achieving the highest light extraction efficiency. For a gi-
ven value of q the location of the maximum is given by
the trade-off between effective radiative rate and other
losses like SPPs or waveguided modes, which are both
dependent on the distance between the emission zone
and the metal cathode. Furthermore, simulation based pre-
diction of the resulting emission color (or change in emis-
sion color) of devices with several emitting layers is
challenging without knowledge of the radiative quantum
efficiencies of the individual emitting components.

In turn we have demonstrated that both the radiative
quantum efficiency of an emitter inside an OLED stack
and the charge recombination factor can be determined
via simulation based analysis of experimental data. This
analysis of device efficiency was successfully applied on a
set of red-emitting electrophosphorescent devices.
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We report operational and environmental stability of solution-processed organic thin film
transistors (OTFTs) using the small molecule organic semiconductor 6,13-bis(triisopropyl-
silylethynyl) pentacene (TIPS-pentacene). Typical drop-cast TIPS-pentacene OTFTs show
strong molecular ordering and relatively stable characteristics with air and illumination
compared to vapor-deposited pentacene OTFTs. For short channel length devices, TIPS-
pentacene OTFTs undergo significant degradation with bias-stress, possibly due to opera-
tion at large drive currents and large local power dissipation as well as built-in charges
in the channel area.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction stability of devices must be understood and controlled
Although a great deal of improvement has been
achieved in vapor phase and solution-processed OTFTs
[1–5], organic transistors still have the significant short-
coming of performance degradation due to environmental
and operational instability of the organic active layer [6,7].
Extensive research efforts have been focused on synthesiz-
ing organic semiconductor materials with environmental
and operational stability, high mobility, and good current
modulation, in addition to improving OTFT performance
by device engineering and optimizing processing condi-
tions [8–10]. Because electronic applications of OTFTs
may require good stability in threshold voltage and mobil-
ity, the factors that limit operational and environmental
. All rights reserved.
along with the factors that limit device performance.
Many studies have investigated the stability of OTFTs

fabricated from vapor-deposited polycrystalline pentacene
and solution-coated polymers [11–13]. Previous reports
have shown that ambient O2 may degrade pentacene TFT
performance by oxidation of the pentacene molecule,
while water and other polar molecules can generate traps
at grain boundaries, which reduce mobility and current
modulation, and cause threshold voltage changes [11,12].
Large operational power density, combined with exposure
to an air ambient, has also led to performance degradation
of bias-stressed OTFTs [14].

2. Experimental

In this report, both the operational and environmental
contributions to stability of solution-processed 6,13-
bis(triisopropyl-silylethynyl) pentacene (TIPS-pentacene)

mailto:skpark@keti.re.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Fig. 1. Cross-sectional image and typical ID–VGS characteristics of fabricated TIPS-pentacene OTFTs from 1 wt% toluene solution (L = 35 lm, W = 220 lm).
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OTFTs are investigated. The TIPS-pentacene OTFTs in this
study were fabricated on thermally oxidized, heavily
doped silicon wafers with gold source and drain electrodes.
Self assembled monolayers (SAMs) of pentaflorobenze-
nethiol (PFBT, Aldrich) and hexamethyldisilazane (HMDS,
Aldrich) were formed on the Au source/drain electrodes
and gate dielectric, respectively, to modify surface energy,
film wetting, and contact characteristics [5]. TIPS-penta-
cene active layers were deposited from 1–2 wt% solutions
by drop-casting in a solvent-rich ambient. Best results
were obtained using toluene or chlorobenzene, yielding
devices with best mobility of more than 1.2 cm2/V s and
strong molecular ordering in the organic thin films [5].
After fabrication, TIPS-pentacene OTFTs were exposed to
air with and without illumination, or stored in vacuum
for periods of up to four weeks. To simplify comparison,
the devices in these studies were fabricated on a substrate
which was then divided into several pieces for the different
environmental experiments. Fig. 1 shows the cross-section
image of the fabricated OTFT and log(ID) versus VGS charac-
teristics for VDS = �40 V. Typically, the turn-on position of
the original devices are more positive than usual for these
devices. It is not fully understood but we believe some-
what impurity related charges in organic semiconductor
and interface charges in gate dielectric may be related to
those devices.
Fig. 2. Typical self life-test results of TIPS-pentacene OTFTs from 1 wt% tolu
3. Results and discussion

As shown in Fig. 2, over time all devices showed thresh-
old voltage shifts towards normally-on devices, along with
increases in sub-threshold slope. The addition of illumina-
tion increased the magnitude of these shifts. Devices
stored under a vacuum without illumination for the same
period showed little change in threshold voltage or sub-
threshold slope. The normal humidity and illumination
used in the experiments was 30–50% RH and 400–
600 lux, respectively. In air and dark conditions, the
devices typically showed slightly decreased mobility and
increased (that is, more depletion mode) threshold volt-
ages and sub-threshold slopes while maintaining almost
same saturation current. With exposure to air and illumi-
nation the devices showed an increase in drain current
and sub-threshold slope, with a larger (more positive) shift
of threshold voltage compared to devices operated under
air exposure in the dark. Similar to vapor-deposited penta-
cene, it appears that the combination of oxygen and light
leads to degradation of charge transport possibly by intro-
ducing traps or defects inside film from oxygen doping
effects and inducing oxidation of molecules.

For an operational stability test, a bias-stress was ap-
plied to TIPS-pentacene OTFTs and their electrical charac-
teristics were measured. The application of 30 V for VGS
ene solution with environmental conditions (L = 20 lm, W = 220 lm).



Fig. 3. (a) Typical repeated cycling test (L = 10, 35 lm, W = 220 lm) and (b) channel length dependent repeated cycling test results of TIPS-pentacene OTFTs
from 1 wt% toluene (W = 220 lm).

Fig. 4. Comparison of self life-test results for air exposed TIPS-pentacene
OTFTs from 1 wt% toluene solution (L = 20 lm, W = 220 lm) with refer-
ence data.
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and �40 V for VDS for more than 2000 s led to a slight in-
crease and fluctuation in the OTFT off current. For the cor-
responding on current test, �40 V was applied for both VGS

and VDS and the current behavior was measured as a func-
tion of time. The on current was quite stable and only small
positive shifts in threshold voltage, with little or no change
in mobility, sub-threshold slope, or on/off current ratio,
was observed. As a second test, the I–V characteristics of
devices with air plus illumination exposure were repeat-
edly measured. For this test, devices were repeatedly
stressed by measuring the ID–VGS characteristics in satura-
tion for up to 2000 cycles (about 14 h) with no delay of re-
verse bias between scans. For these tests the drain voltage
was set to �40 V and the gate voltage was swept from �40
to 40 V. Relatively long channel (>20 lm) OTFTs had
changes with operation similar to, but greater than, de-
vices with only environmental exposure. Shifts were ob-
served in the threshold voltage and the sub-threshold
slope, but little or no change was observed in mobility
and current on/off ratio.

Fig. 3 illustrates the results for the repeated cycling test,
including the results from channel length dependent cy-
cling testing. As shown in Fig. 3a, shorter channel length
devices had somewhat greater shifts in threshold voltage
and also showed a decrease in mobility and a significant
current drop with repeated cycling. As expected, the larg-
est changes in threshold voltage and drain current were
observed in the shortest channel devices which have the
highest drain currents per unit channel area. When VDS of
�1 V was applied during the cycling test, the current and
threshold voltage degradation of the shorter channel de-
vices were much more limited but we could still observe
slight degradation of the device’s performance. The drain
current and threshold voltage degradation appears to be
partially related to operation at large drive currents and
may be related to large local power dissipation at source
contact. In addition to the contact-related effects, built-in
gate charge which is naturally influenced more in shorter



Fig. 5. Molecular and stacking structure of vapor-deposited pentacene and solution-processed TIPS-pentacene.
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channel devices also may be related to the more degrada-
tion of current and threshold voltage in those devices. As
Kagan et al. [14] pointed out, device scaling using thinner
gate dielectric may be helpful to reduce the operational
power, resulting in improvement of operational stability.

Fig. 4 compares the environmental stability of solution-
processed TIPS-pentacene OTFTs (this study) and literature
results for vapor-deposited pentacene OTFTs. Inset of this
figure is the optical micrograph of solution deposited
TIPS-pentacene OTFTs used in this experiment. Because
contact effects tend to dominate over other degradation ef-
fects in shorter channel devices, relatively long channel de-
vices (>20 lm) were used for this comparison to minimize
the contact effects. Compared to literature results [16,17]
for vapor-deposited pentacene OTFTs (channel lengths of
100 and 30 lm, respectively), solution-processed TIPS-
pentacene OTFTs typically show improved mobility stabil-
ity with time for air exposure conditions. Most of results
for the environmental stability test of vapor-deposited
pentacene without encapsulation layer typically have
shown the mobility degradation of more than 30% in air
ambient over 4 weeks [11,16–19]. Previous investigations
have shown pentacene oxidation at the central aromatic
ring may be one of the pathways for degradation of penta-
cene OTFTs.

As shown in Fig. 5, in TIPS-pentacene, the functional
groups at the 6 and 13 positions of the TIPS-pentacene
molecule may hinder this oxidation, resulting in relatively
stable mobility in air ambient. Another possibility for the
increased air stability could be due to the different crystal
structure of TIPS-pentacene. Pentacene in vapor-deposited
thin films packs in a herringbone stacking with molecular
backbone spacing of �4 Å which is larger than the spacing
for 2-dimensional p stacked solution deposited TIPS-
pentacene (�3.5 Å) [8]. The larger spacing may allow mois-
ture or oxygen to diffuse into crystal more easily, resulting
in poorer stability. These stability results are in marked
contrast to the simple thin film stability tests performed
by Maliakal and co-workers [15], which showed solution-
cast TIPS-pentacene films to be an order of magnitude less
stable than vapor-deposited pentacene films. The differ-
ence may be explained by the poor molecular ordering in
the films studied earlier, which UV–vis studies showed to
be amorphous. We demonstrate here that highly crystal-
line films [5] of solution-cast TIPS-pentacene are in fact
somewhat more stable than vapor-deposited pentacene
films.

4. Conclusion

In summary, environmental and operational stability
tests of solution-processed TIPS-pentacene OTFTs with a
variety of exposure ambient and operation conditions were
performed. The results demonstrate that solution-pro-
cessed TIPS-pentacene OTFTs can have more stable device
characteristics with both environmental exposure and de-
vice operation than is typically observed for vapor-depos-
ited pentacene OTFTs. In addition to recent researches
regarding improvement of operational and environmental
stability of OTFTs including device scaling [14], passivation
layer on organic semiconductors [20], top-gate structures
[21], and blending polymer with small molecular organic
semiconductors [22], the stability in mobility and current
on/off ratio found in this study is encouraging for the use
of TIPS-pentacene and similar OTFTs in low-cost and
large-area electronic applications.
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a b s t r a c t

Highly efficient fluorescent white organic light-emitting diodes (WOLEDs) have been fab-
ricated by using three red, green and blue, separately monochromatic emission layers. The
red and blue emissive layers are based on 4-(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-
tetramethyljulolidin-4-yl-vinyl)-4H-pyran (DCJTB) doped N,N0-di(naphthalene-1-yl)-N,N0-
diphenyl-benzidine (NPB) and p-bis(p-N,N-diphenyl-amino-styryl) benzene (DSA-ph)
doped 2-methyl-9,10-di(2-naphthyl) anthracene (MADN), respectively; and the green
emissive layer is based on tris(8-hydroxyquionline)aluminum(Alq3) doped with 10-(2-ben-
zothiazolyl)-2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-1H,5H,1[H-(1)-benzopyropyrano(6,7-8-
i,j)quinolizin-1]-one (C545T), which is sandwiched between the red and the blue emissive
layers. It can be seen that the devices show stable white emission with Commission Inter-
national de L’Eclairage coordinates of (0.41, 0.41) and color rendering index (CRI) of 84 in a
wide range of bias voltages. The maximum power efficiency, current efficiency and quan-
tum efficiency reach 15.9 lm/W, 20.8 cd/A and 8.4%, respectively. The power efficiency at
brightness of 500 cd/m2 still arrives at 7.9 lm/W, and the half-lifetime under the initial
luminance of 500 cd/m2 is over 3500 h.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction stability of all-phosphor-doped WOLEDs is limited. There-
White organic light-emitting diodes (WOLEDs) are of
considerable interest in recent years due to their potential
applications in full color displays, backlight for liquid crys-
tal displays and solid-state lighting sources [1–3]. For the
application in solid-state lighting sources, high efficiency
and long operation lifetime are required. Phosphorescent
WOLEDs generally are more efficient due to its demon-
strated potential for achieving 100% internal emission effi-
ciency by employing the participation of triplet emission
[4–10]. However, in comparison with fluorescent WOLEDs,
phosphorescent WOLEDs typically have shorter opera-
tional lifetime [10]. Also, because of the short operational
lifetimes of blue electro-phosphorescent devices, the color
. All rights reserved.

357; fax: +86 431
fore, the development of all-fluorescent WOLEDs with high
efficiency and long lifetime is very important.

However, the fabrication of high efficiency all-fluores-
cent WOLEDs is still difficult due to the waste of the triplet
excitons formed from the majority of recombination
events [11–13]. To fully achieve optimum efficiency and
color rendition from different fluorescent emission mole-
cules in WOLEDs, besides developing more efficient elec-
tro-fluorescent host and guest materials, some effective
new architectural approaches seem to be rather important
[14,15]. In this letter, we achieved high performance fluo-
rescent WOLEDs by introducing three red, green and blue
fluorescent emission layers, separately [9,16]. The red,
green and blue fluorescent dopants, respectively, are
doped in three separate hosts, and it is found that the
introduction of the thin green emission layer between
the red and blue emission layers significantly improves
the efficiency and spectral color due to the effective control

mailto:mdg1014@ciac.jl.cn
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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of the location of the exciton recombination zone. By opti-
mization, the resulting WOLEDs emit a maximum power
efficiency of 15.9 lm/W and show current efficiency of
20.8 cd/A. The color rendering index (CRI) reaches 84. At
the initial brightness of 500 cd/m2, the lifetime is over
3500 h.

2. Experimental procedures

The resulting WOLEDs were fabricated on a cleaned glass
substrate precoated with, 180 nm-thick, 10 X/sq, indium-
tin-oxide (ITO). The optimized device in this study was
ITO/copper phthalocyanine (CuPc) (15 nm)/N,N0-di(naph-
thalene-1-yl)-N,N0-diphenyl-benzidine (NPB)(80 nm)/NPB:
0.5 wt% 4-(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tet-
ramethyljulolidin-4-yl-vinyl)-4H-pyran (DCJTB) (20 nm)
/tris(8-hydroxyquionline) aluminum (Alq3):0.5 wt% 10-(2-
benzothiazolyl)-2,3,6.7-tetrahydro-1,1,7,7-tetramethyl-1H,
5H,1[H-(1)-benzopyropyrano(6,7-8-i,j)quinolizin-1]-one
(C545T)(3 nm)/2-methyl-9,10-di(2-naphthyl) anthracene
(MADN):0.8 wt% p-bis(p-N,N-diphenyl-amino-styryl) ben-
zene (DSA-ph)(40 nm)/bis(2-methyl-8-quinolinolato-N1,O8)-
(1,10-biphenyl-4-olato) aluminum (BAlq3) (10 nm)/LiF/Al. To
demonstrate the role of the thin green emissive layer, the de-
vice of ITO/CuPc (15 nm)/NPB (80 nm)/NPB:0.5 wt% DCJTB
(20 nm)/MADN:0.8 wt% DSA-ph (40 nm)/BAlq3 (10 nm)/LiF
/Al was fabricated and the devices with different green layer
thicknesses were also studied for comparison. In the devices,
the CuPc, NPB and BAlq3 were used as hole-injecting, hole-
transporting, and hole-blocking/electron-transporting layers,
respectively. The DCJTB, C545T and DSA-ph were red, green
and blue dopants, respectively. The ITO coated glass was used
as the anode and the stacked LiF/Al as the cathode. All layers
were prepared by thermal evaporation in a high-vacuum sys-
tem with pressure of less than 3� 10�4 Pa without breaking
the vacuum. The evaporation rates were monitored by a fre-
quency counter, and calibrated using a Dektak 6 M profiler.
The current–luminance–voltage characteristics were mea-
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The devices are encapsulated in nitrogen glove box. The de-
vice area is 5� 5 mm2. Fig. 1 shows the energy level diagram
of the studied devices.

3. Discussion and results

Fig. 2a shows the normalized electro-luminescent spec-
tra of the device with green emissive layer at different
driving voltages. Three separate peaks, respectively, at
453, 515 and 590 nm, corresponding to the emissions from
DSA-ph, C545T and DCJTB, are clearly observed. The EL
spectra show stable and high quality white light emission.
There is nearly no color shift with the bias voltages as the
Commission Internationale de L’Eclairage (CIE) coordinates
are (0.42, 0.41) at 7 V and (0.41, 0.42) at 11 V, and the color
rendering indexes (CRI) are 82 and 84, respectively, at 7 V
and 11 V. This apparent resistance to the color change un-
der the different voltages well indicates the balanced
charge carrier injection and transport for exciton recombi-
nation in the three separate emissive regions. Obviously,
the designed device structure is greatly effective to obtain
stable white emission. Fig. 2b gives a 2-in. WOLED lighting
panel, showing better illumination quality. Although the
device without green emissive layer also shows white
emission, as the EL spectra at different voltages shown in
Fig. 2c, the EL spectrum includes two peaks with 460 nm
and 570 nm, which are from DSA-ph and DCJTB, respec-
tively, and the CRI is low, only 74.

The most importance is that the introduction of the thin
green layer also significantly improves the device EL per-
formance. Fig. 3a and b displays the current density–lumi-
nance–voltage characteristics of the devices with and
without green emissive layer in forward direction. The cur-
rent efficiency, power efficiency, quantum efficiency and
current density characteristics of the devices with and
without green emissive layer are plotted in the inset of
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Fig. 3a and b, respectively. For the case of device with green
emissive layer, the turn-on voltage (defined as the voltage
at the luminance of 1 cd/m2) is 2.9 V. The maximum lumi-
nance reaches 45000 cd/m2 at the current density of
270.0 mA/cm2 and 16 V. At 9 V bias, the luminance reaches
1000 cd/m2, which is a typical value for lighting purposes.
The maximum current efficiency, power efficiency and
quantum efficiency arrive at 20.8 cd/A, 15.9 lm/W and
8.4%, respectively. At a luminance of 1000 cd/m2, the de-
vice emits a current efficiency of 19.4 cd/A, showing a
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Fig. 2. (a) Normalized EL spectra of the device with green emissive layer
at different driving voltages. (b) Two-inch fabricated WOLED lighting
panel. (c) Normalized EL spectra of the device without green emissive
layer at different driving voltages (For interpretation of the references in
colour in this figure legend, the reader is referred to the web version of
this article.).
power efficiency of 6.8 lm/W (7.8% quantum efficiency).
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Fig. 3. Current density–luminance–voltage characteristics of the devices
with (a) and without (b) green emissive layer in forward direction. The
inset gives the current efficiency, power efficiency, quantum efficiency
and current density characteristics of the devices with and without green
emissive layer (For interpretation of the references in colour in this figure
legend, the reader is referred to the web version of this article.).
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the luminance of 25,000 cd/m2 at the current density of
270.0 mA/cm2. The maximum current efficiency, power
efficiency and quantum efficiency are 16.9 cd/A, 9.3 lm/W
and 4.5%, respectively. At the luminance of 1000 cd/m2,
the power efficiency reduces to 5.7 lm/W. Obviously, the
utilization of the proper green emissive layer enhances
the EL efficiency. Especially, the reduction in efficiency at
higher luminance is greatly suppressed, as shown in Fig. 3.

Furthermore, the white device with green emissive
layer also exhibits good stability. Fig. 4 shows the result
of the lifetime measurement of the resulting white device.
Table 1
Summary of efficiency and lifetime of all-fluorescent white OLEDs published in li

Power efficiency (lm/W) Current efficiency (

1 11.4 (100 cd/m2) 20.8 (100 cd/m2)
2 6.0 (10 mA/cm2) 10.9 (10 mA/cm2)
3 9.5 (100 cd/m2) 10.6 (100 cd/m2)
4 17.1 (100 cd/m2) 17.6 (100 cd/m2)
The lifetime measurement was made at room temperature
after setting the initial luminance of the device at 500 cd/
m2. The half-lifetime under the initial brightness of
500 cd/m2 is over 3500 h. The whole improvement in the
performances of the resulting WOLEDs should be related
to the utilization of the reasonable device structure.

Actually, the thickness of the C545T doped Alq3 layer
and concentration of C545T in Alq3 also have larger effect
on the device performances. Fig. 5a and b shows the power
efficiency as a function of current density in devices with
different thicknesses of green emissive layer and different
concentrations of C545T in green emissive layer, respec-
tively. It is clearly seen that 2–3 nm thick C545T:Alq3 layer
and less than 1% concentration of C545T in Alq3 lead to the
higher EL efficiency. Table 1 summarizes the efficiency and
lifetime results in the context of what has been published
for all-fluorescent white OLEDs. It can be seen that the un-
ique three-emissive layer structure with proper energy le-
vel match not only makes our white OLED high efficiency
and luminance, but more importantly, also results in our
white OLED showing longer lifetime with respect to other
reported white OLEDs based on all-fluorescent organics
[9,13,16].

It is clearly found that the introduction of the proper
green emissive layer C545T doped Alq3 between the red
emissive layer and the blue emissive layer greatly en-
hances the EL efficiency and CRI. This could be well ex-
plained by the energy level diagram shown in Fig. 1.
Obviously, the energy positions of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of Alq3 determine the tuning role
in the transport and recombination of the injected elec-
trons and holes in emissive regions. The injected holes
from anode ITO will be transported into DCJTB doped
NPB emissive layer across the CuPc hole injection layer
and the NPB hole transport layer, and due to the block role
of the thin Alq3 layer, some holes will remain in the DCJTB
doped NPB layer and the some will be injected into the
DSA-ph doped MADN blue emissive layer across the
C545T doped Alq3 green emissive layer, and finally are
blocked in the blue emissive layer by the BAlq3 layer. Rel-
atively, the injected electrons from the LiF/Al cathode will
be injected into the C545T doped Alq3 green emissive layer
across the BAlq3 and the DSA-ph doped MADN blue emis-
sive layers, and these electrons will be accumulated in the
green emission region because of the blocking role of NPB.
If so, the holes in the blue emissive region will recombine
with the electrons in the blue DSA-ph molecules as the
electrons transport across the blue emissive region, and fi-
nally leading to the emission of blue DSA-ph molecules,
whereas the electrons blocked in the C545T doped Alq3
teratures and this work.

cd/A) Lifetime (h) Reference

Over 3500 (500 cd/m2) This work
100 (5000 cd/m2) [17]

[18]
61 (500 cd/m2) [13]
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green emissive region will be trapped by the C545T mole-
cules and recombine with the trapped holes in the C4545T
molecules as the holes are transported across the C545T
doped Alq3 layer, resulting in the green emission. Further-
more, due to the low LUMO of DCJTB and the high LUMO of
NPB, some electrons in the C545T doped Alq3 green emis-
sive region will be directly injected into the DCJTB mole-
cules and recombine with the trapped holes in DCJTB
from NPB, finally leading to the red emission of the DCJTB
molecules. Clearly, the transport of the electrons and holes
in the emissive layers is well tuned by the thin C454T
doped Alq3 layer.

4. Conclusions

We have demonstrated highly efficient fluorescent
white organic light-emitting diodes composed of three
separate fluorescent emission layers. The introduction of
the thin C545T doped Alq3 layer between the red and blue
emission layers well controls the location of the exciton
formation regions. The sequence of red, green and blue
emission layers and the refined control of the exciton
recombination region have been shown to significantly im-
prove the EL performances of the fabricated WOLEDs. The
WOLEDs emit a maximum power efficiency of 15.9 lm/W
and show a maximum current efficiency of 20.8 cd/A. The
color rendering index (CRI) reaches 84. At the initial bright-
ness of 500 cd/m2, the lifetime is over 3500 h.
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Use of a polyfluorene derivative (WPF-oxy-F) as the cathode interfacial layer was investi-
gated for low-cost and high-efficiency organic solar cells (OSCs) based on poly(3-hexylthi-
ophene) (P3HT) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61 (PCBM). Insertion of
the WPF-oxy-F interfacial layer between the P3HT/PCBM active layer and the metal cath-
ode increased overall power conversion efficiency from 2.95% to 3.77% primarily due to the
improved open circuit voltage and enhanced fill factor, resulting from a reduction of the
metal work-function through the introduction of WPF-oxy-F.

Crown Copyright � 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction Typically, P3HT and PCBM based bulk-heterojunction
Conjugated polymer-based organic solar cells (OSCs)
have received significant attention because they are a
cost-efficient and flexible power source. As a result, OSCs
have undergone considerable development and the organic
syntheses and fabrication methods used in their produc-
tion have been significantly improved [1–11]. Among the
available polymer solar cell systems, poly(3-hexylthioph-
ene) (P3HT) and 1-(3-methoxycarbonyl)-propyl-1-phe-
nyl-(6,6)C61 (PCBM) blends have efficiencies of up to
4–5%; however, further improvement in efficiency is
required for practical applications [9–11].
2009 Published by Elsevier

x: +82 62 970 2304.
(BHJ) solar cells have a sandwich-like structure consisting
of an indium tin oxide (ITO) anode, a photoactive layer,
and an Al metal cathode. Here, to achieve high-perfor-
mance OSCs, the interface between the electrode and ac-
tive layer must be an Ohmic contact to minimize the
contact resistance and to maximize the open circuit volt-
age (Voc) [12,13]. A preferred and simple method to en-
hance the contact between the electrode and the active
layer is modification of the electrode by insertion of a
buffer layer. For example, the insertion of poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
between the ITO anode and active layer is commonly used
in OSCs to enhance hole collection and increase Voc [14]. In
the case of cathode modification, it was suggested that
a thin LiF layer improves cell efficiency through the
formation of an interfacial dipole that reduces the
B.V. All rights reserved.
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work-function of Al for better electron collection [15].
However, LiF is not an ideal interfacial layer in polymer-
based cells for the following reasons: the LiF layer must
be very thin (<1.2 nm) [15], which is difficult to achieve;
and, vapor deposition of LiF in a vacuum is not well-suited
for use in high-throughput roll-to-roll manufacturing,
which is the most significant advantage of polymer-based
cells [16].

Recently, the use of metal oxides, such as TiOx and ZnO,
as an efficient buffer layer led to significantly enhanced cell
efficiency [17–19], and OSCs with SAM-modified ZnO
showed dramatic improvements in efficiency, mostly due
to enhancements in Voc and fill factor (FF) resulting from
the formation of a favorable interfacial dipole [12,13]. In
particular, Zhang et al. demonstrated that a solution-pro-
cessed poly(ethylene oxide) (PEO) layer can form internal
dipoles at the active layer/Al interface, resulting in en-
hanced the power conversion efficiency (PCE) and Voc

[16]. This organic-based interfacial layer that can be cre-
ated using a simple solution-based process may be desir-
able for the realization of low-cost and high-efficiency
OSCs. However, until very recently, only a few approaches
for an organic-based interfacial layer in OSCs have been re-
ported and, to date, insertion of an organic-based cathode
interfacial layer into P3HT/PCBM-based OSCs has not been
achieved.

The aim of the present study was to realize a low-cost
and high-efficiency organic solar cell by insertion of an or-
ganic-based cathode interfacial layer into the cell using a
simple solution-based process. We investigated the use of
a water-soluble polyfluorene derivative (WPF-oxy-F) as
the cathode interfacial layer in polymer solar cells, which
was synthesized using a palladium-catalyzed Suzuki cou-
pling reaction [20]. Herein, we demonstrate that simply
by spin-coating the WPF-oxy-F, the overall power conver-
sion efficiency of solar cells was increased, mainly result-
ing from the enhanced Voc and FF.

2. Experimental

The structure of the solar cell and the chemical struc-
ture of the WPF-oxy-F are presented schematically in
Fig. 1. To fabricate the OSCs, glass substrates coated with
ITO (Samsung Corning Co., Ltd.) having a sheet resistance
Fig. 1. (a) Structure of the organic solar cell with a WPF-oxy-F layer. (b)
of �10 X/sq were cleaned and PEDOT:PSS (Baytron P VPAI
4083) was spin-coated onto ITO followed by drying at
120 �C for 10 min, with a thickness of �20 nm. A solution
of 30 mg of P3HT (Rieke Metals) and 15 mg of PCBM
(Nano-C) in 2 ml of chlorobenzene was then spin-coated
on top of the PEDOT:PSS layer, forming the active layer
with a thickness of �80 nm. The WPF-oxy-F, dissolved in
methanol at a concentration of 1mg/ml, was spin-coated
onto the active layer. Finally, aluminum (100 nm) was
thermally evaporated on the WPF-oxy-F layer in a vacuum
at 10�6 Torr. For comparison, solar cells without the WPF-
oxy-F layer were also fabricated using experimental proce-
dures identical to those used to make the cells with the
WPF-oxy-F layer. Photocurrent–voltage (I–V) measure-
ments were performed using a Keithley 4200 instrument
under 100 mW/cm2 illumination from a 1 KW Oriel solar
simulator with an AM 1.5 G filter in a N2-filled glove box.
A calibrated silicon reference solar cell certified by the Na-
tional Renewable Energy Laboratory (NREL) was used to
confirm the measurement conditions.

3. Results and discussion

First, we investigated the effect of the WPF-oxy-F layer
and its thickness on the performance of OSCs without ther-
mal annealing of the active layers. A reference cell contain-
ing only Al and cells with a WPF-oxy-F layer spin-coated at
either 6000, 4000, or 2000 rpm were fabricated. The thick-
nesses of WPF-oxy-F layers spin-coated at various speeds
were as follows: �3 nm at 6000 rpm, �4 nm at 4000 rpm,
and �6 nm at 2000 rpm. The photocurrent density–voltage
(J–V) characteristics of the cells with a WPF-oxy-F layer are
shown in Fig. 2, and detailed information on Voc, short-cir-
cuit current density (Jsc), FF, and PCE, calculated from the
J–V curves in Fig. 2a, is presented in Table 1. As shown in
Fig. 2b, Voc values in all cells with a WPF-oxy-F layer were
increased by 110 mV. Voc was relatively constant at
�0.68 V, independent of the thickness of the WPF-oxy-F
layer, while FF and Jsc were slightly reduced as the thick-
ness of the WPF-oxy-F layer increased. Thus, the cell with
the WPF-oxy-F layer that was spin-coated at 6000 rpm
had the highest efficiency. Furthermore, compared with
the efficiency of the reference cell, the efficiency of each
cell with a WPF-oxy-F layer was dramatically enhanced.
The chemical structure of the WPF-oxy-F polyfluorene derivative.



Fig. 2. Current density–voltage (J–V) curves (a) and J–V curves plotted on
a log scale (b) of the organic solar cells with WPF-oxy-F layers of variable
thickness and of the reference cell.

Fig. 3. J–V characteristics (a) and J–V curves measured in the dark (b) of
organic solar cells with and without WPF-oxy-F. The inset shows the dark
J–V curves for the negative-voltage region, plotted on a log–log scale.
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These results could be explained by a reduction of the me-
tal work-function through the introduction of the WPF-
oxy-F layer, leading to better electron transport and collec-
tion [12,16,21]. However, the overall cell performance was
relatively poor due to the absence of thermal annealing of
the active layer. Although annealing-free systems would be
more suitable for the realization of flexible and large-area
OSCs [6], at the present time, the annealing procedure
seems to be needed for high-efficiency OSCs.

To obtain detailed information about the function of the
WPF-oxy-F buffer layer in cells, cells with and without the
WPF-oxy-F spin-coated at 6000 rpm were compared under
illumination and in the dark, as shown in Fig. 3. In addition,
to further improve the relatively low cell performance
Table 1
Photovoltaic parameters and efficiencies of organic solar cells with WPF-oxy-F lay
photovoltaic parameters of each cell are given in parentheses with mean variatio

Voc (V) Jsc (mA/cm

Ref._Al 0.57 (0.56 ± 0.02) 5.40 (5.2 ±
WPF6000 0.68 (0.67 ± 0.01) 6.09 (6.1 ±
WPF4000 0.68 (0.67 ± 0.01) 5.87 (6.0 ±
WPF2000 0.68 (0.67 ± 0.01) 5.85 (5.7 ±
shown in Fig. 2, a heat treatment to the as-prepared active
layers was applied at 110 �C for 10 min in nitrogen ambi-
ent [7,8]. As demonstrated in Fig. 3a, the performance
characteristics of the reference cell were as follows: Voc,
0.52 V; Jsc, 10.45 mA/cm2; FF, 54.3%; and, PCE, 2.95%. In
contrast, the performance characteristics of the cell with
the WPF-oxy-F were: Voc, 0.63 V; Jsc, 9.86 mA/cm2; FF,
60.7%; and, PCE, 3.77%. Compared with cell performance
without a heat treatment to the as-prepared active layers,
the cell performances with the heat treatment were all en-
hanced except for Voc. The decrease in Voc after thermal
annealing was attributed to enhanced crystallinity of the
P3HT polymer film. In fact, it is demonstrated that the
enhancement in P3HT crystallinity resulting from heat
ers of variable thickness compared with the reference cell. The averages for
n.

2) FF (%) PCE (%)

0.5) 35.4 (34 ± 2) 1.09 (1.0 ± 0.2)
0.1) 45.6 (46 ± 2) 1.89 (1.9 ± 0.1)
0.2) 44.1 (44 ± 1) 1.76 (1.8 ± 0.1)
0.3) 43.7 (42 ± 2) 1.74 (1.6 ± 0.2)
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treatment induced an upward shift of the highest occupied
molecular orbital (HOMO) level of the P3HT polymer, ulti-
mately leading to a reduction in Voc [22]. However, the dif-
ference in Voc between the reference cell and the cell with
the WPF-oxy-F was still maintained, irrespective of the
heat treatment. Here, the increase in Voc that results from
introduction of the WPF-oxy-F interfacial layer can be
tightly linked to the reduction of the metal work-function.
For better studies, we directly investigated a change of the
Al work-function by using a Kelvin probe (KP 6500 Digital
Kelvin probe, McAllister Technical Services. Co., Ltd.),
which can detect the contact potential difference (VCPD)
and the work-function difference (DU = e � VCPD, where e
is the electron charge between the probe and the sample.
In fact, the VCPD of Al/Glass underneath the WPF-oxy-F
was 1.407 V, while the VCPD of Al/Glass showed 1.288 V.
It means that the U of Al with the WPF-oxy-F layer was re-
duced by 0.119 eV compared with the U of Al, which is
consistent with the enhanced Voc of the cell with the
WPF-oxy-F layer. Thus, it is believed that the WPF-oxy-F
layer effectively induces an interfacial dipole pointing
away from the metal surface that reduces the work-func-
tion of Al [12,16,23–25].

The reduction of the Al work-function could help elec-
tron transport from the active layer to the cathode, result-
ing in a lower interface resistance and a higher FF [12,16].
In fact, the series resistance (Rs) of the OSC with WPF-oxy-
F, calculated from the inverse slope near Voc in the J–V
curves shown in Fig. 3b, was decreased to �29% compared
with that of the reference cell. In addition, in the inset of
Fig. 4. Comparison of the performance (a) PCE, (b) Jsc, (c) FF, (d) V
Fig. 3b, the OSC with the WPF-oxy-F had a smaller leakage
current at a negative-voltage. This result indicates that the
WPF-oxy-F layer is both an efficient shield for the P3HT/
PCBM active layer from the physical damage caused by
hot Al atoms and an efficient buffer layer that reduces
hole-electron recombination loss at the P3HT/Al interface
[18,21]. From these results, it is clear that the enhanced
efficiency shown in Fig. 3a, especially improved Voc and
FF, originated from a reduction of the metal work-function
through the introduction of the WPF-oxy-F layer, leading
to better electron transport and collection [12,16].

Another objective of the use of an organic-based inter-
facial layer in the OSCs is to enable the replacement of
low-work-function and highly reactive metals such as Ca
and Ba as well as the replacement of LiF. Thus, we fabri-
cated several identical OSCs that varied only in their
respective cathode. The performances of the OSCs with
Al, LiF/Al, Ca/Al, and WPF-oxy-F/Al as cathodes are com-
pared in Fig. 4. Compared with efficiencies of the reference
cell with Al, the efficiencies of cells with LiF, Ca, and WPF-
oxy-F were all enhanced, and in cells with LiF, Ca, and
WPF-oxy-F, most of the increase in the cell efficiency
comes from the enhanced FF and Voc, as shown in Fig. 4c
and d, respectively. As demonstrated in Fig. 4, the overall
photovoltaic characteristics of the cell with the WPF-oxy-
F were comparable to those of cells with LiF and Ca, indi-
cating that the WPF-oxy-F has a similar function in the so-
lar cell as LiF and Ca. In addition, the qualitative similarity
of the photovoltaic characteristics shown in Fig. 4 indicates
the possibility to substitute the LiF or Ca with the WPF-
oc of the solar cells with Al, LiF/Al, Ca/Al, and WPF-oxy-F/Al.
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oxy-F. Furthermore, when considering the simplicity of
depositing a WPF-oxy-F layer, it is believed that the
WPF-oxy-F is better suited than LiF or Ca for fabrication
of low-cost and high-efficiency photovoltaic cells.

4. Conclusion

In conclusion, we demonstrated that the polyfluorene
derivative (WPF-oxy-F) can be used as an efficient cathode
interfacial layer for low-cost and high-efficiency OSCs
based on P3HT and PCBM. Introduction of the WPF-oxy-F
layer increased cell efficiency from 2.95% to 3.77%, result-
ing from a reduction in the metal work-function for better
electron transport at the active layer/Al interface. Further-
more, the overall photovoltaic characteristics of the cell
with the WPF-oxy-F were comparable to those of cells with
LiF and Ca, indicating that the WPF-oxy-F shows potential
as a practical replacement for LiF or Ca. The organic-based
interfacial layer fabricated using a simple solution process
will advance the realization of low-cost and high-efficiency
OSCs. More detailed studies on the relationship between
the performance of OSCs with stable and high work-func-
tion metals, such as Ag and Au, and water-soluble polyflu-
orene derivatives with different internal dipoles are
currently underway.
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Using extraction of photogenerated charge carriers by linearly increasing voltage (photo-
CELIV), we investigated two key transport parameters in photovoltaic materials based on
the donor APFO-3 and acceptor PCBM: the mobility and lifetime of photogenerated charge
carriers, in bilayers of varying geometry and in blends with various acceptors loading. We
find that mobility depends strongly on delay time for shorter delay time in all devices. The
observed recombination kinetics is found to be monomolecular. The mean lifetime of
charge carriers is 2–3 ls in blends and is slightly greater than 4 ls in bilayer devices. In
addition, the implications of mobility and lifetime values on the collection efficiency of
the devices are presented.
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1. Introduction

Organic solar cells have become a center of attention
because they are considered to be a potential low cost
renewable energy sources [1–3]. There are several chal-
lenges to be overcome to realize this potential in practical
devices. Among the challenges, increasing power conver-
sion efficiency is paramount. In general the overall effi-
ciency of organic solar cells is influenced by four main
processes; absorption (creation of bound electron-hole
pairs (excitons)), charge generation (dissociation of exciton
to free carriers), recombination and/or collection of carriers
to their respective electrodes [1].

Recently conversion efficiency above 6% was reported
[4]. This remarkable improvement of polymer solar cells
was reached by using conjugated polymer–fullerene het-
erojunctions (HJ) and improved device architecture in a
. All rights reserved.
tandem cell. A doubling of the efficiency of organic solar
cells was also achieved by folding two planar cells, similar
or spectrally different, towards each other [5]. In HJ solar
cells the photogenerated excitons dissociate at the donor/
acceptor interface via an ultrafast electron transfer from
the donor (polymer) to the acceptor [6]. In order to disso-
ciate, excitons must be created within the exciton diffusion
length from the interface. There are two categories of HJ
solar cells, bilayer HJ and bulk HJs. Bulk HJ solar cells have
interpenetrating donor/acceptor interface, which provides
large interface area for exciton dissociation and hence in-
crease free carrier generation compared to bilayer HJ. On
the other hand, numerical simulations show that collection
efficiency of charge carriers is higher in bilayers [7], while
still the overall efficiency is better in bulk heterojunctions.

In studies using transient optical spectroscopy, the dif-
ferent neutral and charged species formed by photoexcita-
tion of bulk heterojunctions of APFO3 and PCBM have been
followed during the ps–ls time interval after excitation. A
full kinetic model has been proposed, where geminate

mailto:ois@ifm.liu.se
http://www.sciencedirect.com/science/journal/15661199
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recombination is an important loss mechanism at long
times [8]. It is desirable to follow the fate of these charge
carriers as we enter the time slot where electrical transport
can be directly followed. This is our ambition in the present
study. Collection efficiency and loss through recombina-
tion of free carriers are controlled by the mobility of free
carriers. Therefore, better knowledge of mobility and car-
rier lifetime will certainly help further improvement of
efficiency of polymer solar cells.

In this work we report the mobility and lifetime of
photogenerated carriers in donor/acceptor blends with
various compositions, and in donor/acceptor bilayer pho-
tovoltaic devices and their significance for conversion effi-
ciency. We used the photo-CELIV technique [9], which
enables determination of mobility and recombination rate
of free carriers simultaneously. The donor polymer used
was APFO-3 (poly [2,7-(9,9-dioctyl-fluorene)-alt-5, 5-
(40,70-di-2 thienyl-20,10,3-benzo-thiadiazole)]). The accep-
tors are PCBM ([6,6]-phenyl-C61-butyric acid methyl ester)
in blends and C60 in bilayer.
2. Experimental

Devices studied in this work are bilayers and blends
with a configuration of ITO/APFO-3/C60/Al and ITO/
(APFO-3:PCBM) blend/Al, respectively. Solutions of APFO-
3:PCBM blend in chloroform with a PCBM content of 80%,
60%, 40% and 0% (pure APFO-3) with concentrations
75 mg/ml, 40 mg/ml, 25 mg/ml and 15 mg/ml were spin
coated on pre cleaned glass substrate coated with ITO.
Then aluminum was thermally evaporated on the film in
a vacuum chamber at a pressure of 2.6 � 10�6 mbar, to
complete the device fabrication. Bilayer devices were made
the same way as that of pure polymer devices, except C60

was thermally evaporated on top of the polymer in a vac-
uum chamber at 5.2 � 10�6 mbar prior to aluminum depo-
sition. The thicknesses of the active layers vary from sub
100 nm to 200 nm. The areas of the active layers were 4–
5 mm2.

The technique used in this study was photo-CELIV,
which employs excitation of charge carriers by absorbed
laser light followed by extraction of carriers by linearly
increasing voltage [9]. Generated carriers either undergo
recombination or are collected by the built in electric field
at the junction between electrode and active material. If
the built in electric field is fully compensated, the only
means through which the generated carrier concentration
decays is recombination. These charges, which are created
and forced to stay in the layer by an offset field, can then be
extracted by linearly increasing voltage.

The devices were illuminated from the ITO side by a
3–5 ns pulse of a Nd: YAG laser at 530 nm excitation wave-
length. After a given delay time the reverse bias, triangular
shaped voltage pulse, with a slope of A = 2 � 105 V/s was
applied by a digital function generator (Stanford Research
DS 345) by connecting aluminum to the positive terminal
and ITO to negative terminal. An offset voltage of 0.4–
0.7 V was used. The delay time between laser light and on-
set of extraction was varied by a TTi TGP110 10 MHz Pulse
generator. The transients were recorded by a digital
storage oscilloscope (Tektronix TDS 340A) for different de-
lay times using a 50 X load resistance.

From the transients, the mobility and carrier concentra-
tion with varied delay time were calculated. The mobility
of carriers is related to the time at which the extraction
current reaches its maximum by Eq. (1) [9]:

l ¼ 2d2

3At2
max 1þ 0:36 Dj

jð0Þ

� � ð1Þ

where A is the increasing speed of extraction voltage, d is
the thickness of the active layer, j(0) the displacement cur-
rent density between the electrodes, Dj is the maximum
conductive current density (Dj = jmax � j(0)), and tmax the
time at which the transient reaches maximum. The dis-
placement current density is jð0Þ ¼ ee0A

d , where ee0 is per-
mittivity of the material. The photo generated charge
carrier concentration for the different delay times were
calculated by integrating the conduction current over the
extraction time given by Eq. (2).

n ¼ 1
ed

Z T

0
ðjðtÞ � jð0ÞÞdt ð2Þ
3. Results

Fig. 1 shows transient curves obtained from photo-
CELIV measurements; (a) bilayer and (b) blend of 1:4
weight ratios APFO-3:PCBM. The extraction current
decreases as delay time is increased for all devices. The
time at which the maximum of extraction is reached also
increased with increasing delay time. The mobility calcu-
lated using Eq. (1) for various delay times are displayed
in Fig. 2a for bilayer and b for blends of different composi-
tions of APFO-3 and PCBM. Calculated concentration of
carriers versus delay time is plotted and shown in Fig. 3a
and b. The curves are fitted to exponential decay of the
form given by Eq. (3):

nðtÞ ¼ nð0Þe�t
s þ n1 ð3Þ

where n1 is the concentration of carriers that remain in the
layer in the given extraction time, n(0) is the concentration
of carrier with delay time close to zero. s is the mean life-
time of photogenerated carriers. Table 1 shows the average
mean lifetime of several devices and, by a rough estima-
tion, the minimum thickness a carrier can traverse with
the slowest mobility driven by the weakest built in field,
where the field is estimated by the applied voltage.

Accurate measurements of both mobility and concen-
tration are affected by offset voltage and thickness mea-
surement. The offset voltage, applied to compensate the
built in potential, was not exactly equal to the built in po-
tential. The difference between the offset voltage and built
in potential will extract carriers, which will result in signif-
icant photo current prior to the application of the triangu-
lar pulse. The thicknesses of devices were calculated from
displacement current given by taking the approximate va-
lue 3 for the dielectric constant of the material. They were
also measured mechanically by profilometer (DekTak
3030) and the values of both measurements agree well.
However, inevitable error in measuring thickness due to



Fig. 1. Photo-CELIV transients of (a) APFO-3/C60 bilayer device (b) APFO-
3:PCBM (1:4) ratio blend at different delay times. The extraction current
decreases from shorter delay time to longer delay time.
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Fig. 2. (a) Photo-CELIV mobility versus delay time of (a) bilayer devices
with different thickness of polymer films and (b) for blend devices. The
thickness C60 in bilayer is 45 nm for all devices.
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roughness affects the absolute concentration and mobility
values, but does not affect the variation of mobility and
concentration as a function of delay time.

4. Discussion

The charge transport mechanism in disordered organic
systems depends upon the morphology, order, and molec-
ular structure. In such systems the energy distribution of
the HOMO (highest occupied molecular orbital) and the
LUMO (lowest unoccupied molecular orbital) levels can
be well approximated by a Gaussian distribution [10] as
in Eq. (4) where r is the standard deviation energy levels.

gðEÞ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2pr
p exp � E2

2r2

 !
ð4Þ

Charge carriers transport in such system is via hopping
transport between localized states, in which carriers have
to hop from one localized state to another following the
Miller-Abraham hopping rate given in Eq. (5),

vij ¼ v0 expð�2cRijÞ
exp � ej�ei

kT

� �
; ej > ei

1 ej < ei

(
ð5Þ
where vij is the hopping rate between sites i and j with
energies ei and ej. The first exponential in Eq. (5) describes
the electronic wave function overlap and the second de-
scribes a Boltzmann factor for sites upward in energy. Car-
riers need to absorb thermal energy, which amounts to
energy difference of the two sites j and i for an upward
jump. The rate for downward movement is only limited
by the first exponential term, i.e. only the spatial disorder
controls the downward jump.

The decrease in mobility as indicated in Fig. 2a is attrib-
uted to the relaxation of carriers toward the tail of the den-
sity of states (DOS). Carriers that are excited to higher
energy have higher mobility or higher probability to move,
compared to those in the lower energy states in the distri-
bution. The disordered nature of the material gives a high
density of traps to which carriers continue to relax, until
they eventually recombine with opposite carriers.

The extraction current is negligible in the dark, imply-
ing the density of intrinsic charge carrier density is so
small that it cannot be detected with this experiment. All
the carriers extracted are photogenerated which means
that both carrier types are extracted. In all devices
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Fig. 3. Charge carrier concentration plotted versus delay time (a) bilayer
devices (b) different composition of APFO-3:PCBM blends. The solid lines
in both (a) and (b) are the curve fits using Eq. (2).

Table 1
Mean lifetime of charge carriers and extraction depth by built in field.

Devices Mean life time (s) (s) l � s � E (nm)

Pure (2.3 ± 0.7) � 10�6 61
Bilayer (4.1 ± 0.6) � 10�6 91
Blend (80% PCBM) (2.7 ± 0.4) � 10�6 110
Blend (60% PCBM) (2.3 ± 0.5) � 10�6 94
Blend (40% PCBM) (2.2 ± 0.6) � 10�6 90
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investigated only one peak is observed, which indicates
that the mobility of electron and hole are comparable or
else very different. From mathematical considerations,
there needs to be a factor � 3 in difference between the
electron and hole mobility, in order to observe two re-
solved peaks in geometries and under measurement condi-
tions pertinent to samples resembling well functioning
solar cells. In reality the peaks usually are less well defined
and so the required difference is probably larger still. Fur-
thermore, the mobility range possible to observe with a
CELIV pulse is about three orders of magnitude in the rel-
evant samples, due to RC- and signal amplitude effects,
which means that the actual window for observing both
mobilities is rather limited. More often than not, it is thus
the case that only one extraction peak is observed. It is not
possible to ascertain if it is one or both mobilities, neither
which one, that should be associated with the peak.

By examining mobility values obtained through other
means, and based on some general assumptions regarding
different measurement techniques [11,12], we infer that it
should be possible to make an APFO-3:PCBM blend sample
of suitable thickness and suitable stoichiometry so as to
observe two resolved mobility peaks in CELIV. Since this
has proved difficult, another possibility is to use a bilayer
to determine which peak it is that is observed. If a suitable
excitation wavelength is selected so that almost all carrier
generation in a photo-CELIV experiments occurs in the
polymer layer, a systematic variation of the layer thick-
nesses could give the desired information. Unfortunately,
the reported electron mobilities [13] in C60 are so high that
manageable thicknesses have almost no effect on the peak
position. Moreover, it can be argued that density of elec-
trons and holes are equal. For equal number of both carri-
ers, the decay of carrier density may follow the Eq. (6),
which depends linearly and nonlinearly on concentration
n [14]:

dn
dt
¼ �ðAnþ Bn2Þ ð6Þ

where A is the monomolecular recombination coefficient,
describing recombination through defects (traps). The
recombination rate is directly proportional to the density
of carriers. B is the coefficient of describing the direct radi-
ative or non-radiative recombination of an electron in
LUMO to holes in HOMO, which is therefore a bimolecular
process and hence proportional to the square of the carrier
density.

Clearly, both types of recombination can happen at the
same time, but depending on the intrinsic properties of the
material, one may be the dominant process. For instance, if
a material has low trap density and high charge density
bimolecular outweighs the monomolecular recombination.
On the other hand, if a material has high trap density and
low concentration of carriers, monomolecular recombina-
tion dominates. In line with the above argument, the re-
sults displayed in Fig. 3 show that the recombination
type is predominantly monomolecular type, which is the
result of the disordered nature of the material i.e., high trap
density.

The mean lifetime in bilayer structures is longer com-
pared to pure and blend materials (see Table 1). This is be-
cause the photogenerated carriers generated at the
interface, stay apart for a longer time in the different mate-
rials (polymer and C60) by internal electric field, which is
oriented in one direction, whereas in blends the orienta-
tion of junctions is quite random and therefore the internal
electric field does not induce cumulative barriers to carri-
ers. The result in Table 1 shows the minimum distance that
carriers can traverse during their lifetime driven by inter-
nal field. It can therefore be concluded that in sub
100 nm thick devices carrier collection is not a limiting
factor.
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5. Conclusion

Photo-CELIV technique has been used to investigate
mobility and lifetime of photo generated charge carriers
in blend and bilayer structures of photovoltaic devices. It
is found that the mobility decreases very fast for shorter
delay time and slower for longer delay time in all blends
and bilayer devices. This decrease in mobility is ascribed
to the relaxation of carriers to lower energy states in the
distribution of energy states. Monomolecular recombina-
tion is found to be dominant in all APFO-3 based devices
with acceptors used here, which is attributed to intrinsic
energetic and spatial disorder of the material. The mean
lifetime of photogenerated carriers is longer in bilayer
structures as a result of a built in barriers at bilayer inter-
face. Finally, the overall efficiency of sub 100 nm devices is
not significantly limited by the collection of charge
carriers.
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Solution processable organic thin-film transistors (OTFTs) were fabricated using 6,13-
bis(triisopropyl-silylethynyl) pentacene (TIPS-pentacene) and low-temperature process-
able polyimide gate dielectric. The TIPS-pentacene OTFT with the dielectric was found to
have a field-effect mobility of 0.15 cm2/Vs, which is comparable to that of OTFT with an
inorganic dielectric. The OTFTs with the polyimide dielectric did not show any significant
performance degradation as time passed. A field-effect mobility of the OTFTs in 60 days
was found to be almost identical to that of pristine OTFT. The combination of TIPS-penta-
cene and our polyimide gate dielectric can be one of the potential candidates for the fab-
rication of stable OTFTs for large-area flexible electronics.

� 2009 Elsevier B.V. All rights reserved.
During the past decades organic thin-film transistors ally obtained using a vapor deposition method, which is

(OTFTs) have attracted tremendous attention as a compo-
nent for flexible display such as organic light emitting
devices (OLEDs) [1], e-paper [2] and radiofrequency iden-
tification devices [3] due to their good compatibility with
commercially available flexible substrates, low-tempera-
ture processability and flexible controllability of their
electronic properties. Pentacene is one of the most prom-
ising and widely investigated organic semiconductors for
OTFTs as an active layer. Field-effect mobility of penta-
cene OTFTs was found to be as high as 1.0 cm2/Vs at
room temperature [4,5], which is already in the level of
conventional hydrogenated amorphous silicon based
field-effect transistors. But, pentacene thin-film was usu-
. All rights reserved.

: +82 2 3436 5382.
not suitable for the fabrication of large-area flexible de-
vice because its solubility in conventional organic sol-
vents is limited and thus solution process can not be
employed.

One of the effective approaches to solve such problem is
to design soluble semiconductor with same or even better
charge transport properties than pentacene. Several solu-
ble semiconductors have been proposed for the fabrication
of OTFTs by many research groups [6–14]. Among them
6,13-bis(triisopropyl-silylethynyl) pentacene (TIPS-penta-
cene) has attracted huge attention for the fabrication of
OTFTs since it is highly soluble in organic solvent and
face-to-face stacking in crystalline form is optimal for P-
orbital overlap [6]. However, OTFTs with TIPS-pentacene
reported so far were fabricated using inorganic gate dielec-
tric such as surface modified silicon dioxide [7–11], which

mailto:pyosm@konkuk.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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is not suitable for the fabrication of flexible devices which
requires solution processes.

Poly(4-vinylphenol) (PVP) is one of representative poly-
meric gate dielectrics for OTFTs and their characteristic
has been studied extensively by many research groups
[15–17]. However, the PVP can be damaged by the organic
solvents such as dichlorobenzene and toluene used to dis-
solve TIPS-pentacene for solution processes. That is, when
the TIPS-pentacene thin-film was formed on top of the PVP
by drop-, spin- or dip-coating method, there is a possibility
for the surface of the PVP to be roughened and/or swollen
by the good solvent. In addition, thin-film formation of
cross-linked PVP requires high temperature around
200 �C [15–17]. Therefore, it is necessary to use a low-tem-
perature processable polymeric gate dielectric with a high
chemical resistance to organic solvent for flexible elec-
tronic devices. In addition, it should be thermally stable
enough to endure the heat generated during device fabri-
cation and operation. In this letter, we report long-term
stable TIPS-pentacene OTFTs with a polyimide gate dielec-
tric, which is a well-known class of material with a high
chemical and thermal stability and good electrical proper-
ties. For comparison, we have fabricated TIPS-pentacene
OTFTs with a cross-linked PVP. In addition, we have inves-
tigated a long-term stability of the TIPS-pentacene OTFTs
as a function of time.

TIPS-pentacene was prepared based on the procedures
reported by Anthony et.al. and purified several times by
using re-crystallization and column chromathography [6].
Polyimide gate dielectric (BTDA-DADM), which is not solu-
ble in o-dichlorobenzene that was used as a solvent for
TIPS-pentacene, was prepared via two synthetic routes re-
ported elsewhere [18]. As a first step polyimide precursor,
poly(amic acid), was prepared though a conventional poly-
condensation reaction from 1, 2, 3, 4-butanetetra-carbox-
Fig. 1. Chemical structure of (a) 6,13-bis(triisopropyl-silylethynyl) pentacen
polycondensation reaction from 1, 2, 3, 4-butanetetra-carboxylic dianhydride (BT
pentacene OTFTs with BTDA-DADM gate dielectric.
ylic dianhyde (BTDA) and 4, 4-diaminodipheyl methane
(DADM). Subsequently, the obtained poly(amic acid) was
converted directly to its corresponding polyimide by a
chemical imidization. Fig. 1 shows the chemical structure
of TIPS-pentacene (a) and BTDA-DADM (b). The geometry
of OTFTs for all electrical characterizations was a bottom
gated top-contact as shown in Fig. 1c. Photo-lithographi-
cally patterned indium tin oxide on a glass substrate was
used as a gate electrode and was cleaned by the following
process; sonication in detergent, deionized water, acetone
and isopropanol in that order for 15 min at room tempera-
ture. Prior to deposition of gate dielectric, the ITO/glass
substrate was further cleaned using UV ozone. The BPDA-
DADM in N-methylpyrrolidone (NMP) solution was spin-
coated on top of the gate electrodes and then soft-baked
at 90 �C for 1 min on a hot plate in air. The film was baked
further at 175 �C for 1 h in vacuum (ca. 10�2 torr) oven to
remove completely the residual solvent. Although the post
baking temperature can be lowered down to 125 �C, we
employed 175 �C in order to directly compare with cross-
linked PVP which was post-baked at 175 �C in this study.
The thickness was controlled to about 220 nm. The active
layer was prepared by blending a polymeric binder,
poly(a-methyl styrene) (0.1 wt%), and TIPS-pentacene
(0.1 wt%) in o-dichlorobenzene. Although the active layer
can be formed by simple solution processes such as spin-
coating and drop- coating, drop coating method was used
in this study since it gives better molecular ordering and
device performance than the other [7]. The active layer
was drop-coated using a long syringe needle at room tem-
perature and then was baked at 90 �C for 1 h in vacuum
oven to evaporate the solvent thoroughly. TIPS-pentacene
OTFTs were then completed by thermally evaporating
60 nm-thick source and drain gold electrodes on top of
the active layer through a shadow mask. The channel
e (TIPS-Pentacene), (b) BTDA-DADM prepared though a conventional
DA) and 4, 4-diaminodipheyl methane (DADM) and (c) geometry of TIPS-
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length (L) and width (W) are 50 lm and 3 mm, respec-
tively. The thickness of the gate dielectric and active layer
was determined using a surface profiler (AMBIOS XP-100).
Optical microscopy (OM) image was taken with an OLYM-
PUS BX51. The output (for drain current vs drain voltage,
Ids vs Vds) and transfer (for drain current vs gate voltage,
Ids vs Vgs) characteristics curves of the OTFTs were mea-
sured using an HP4145B semiconductor analyzer in air
without any encapsulation.

The output curves of the TIPS-pentacene OTFTs with the
BTDA-DADM gate dielectric at Vgs (from 0 V to �40 V with
a step of �10 V) were shown in Fig. 2a. It showed typical p-
type characteristics with a clear transition from linear to
saturation behavior. At a given Vgs, Ids initially increased
linearly with small negative Vds and then saturates due to
a pinch-off of the accumulation layer located in the inter-
face between TIPS-pentacene and BTDA-DADM. The inset
of Fig. 2a shows OM image of channel region of the device
and it was found that the active layer was bridged well be-
tween source and drain electrodes. Fig. 2b shows its corre-
sponding transfer characteristic curve, where Vgs is swept
from +20 to �40 V and Vds is set at �30 V. The field-effect
mobility (l) is extracted from the plot of

ffiffiffiffiffi
Ids
p

versus Vgs

in a saturation regime based on the following equation:

Ids ¼
WCi

2L
l Vgs � VTh

� �2

where Ids is the drain current, W and L are, respectively, the
channel width and length. Vgs and VTh are the gate voltage
and the threshold voltage, respectively. Ci is the capacitance
per unit area of the dielectric layer which was measured by
using metal-dielectric-metal device and was found to be
125 pF/mm2. VTh of the device in the saturation regime
was determined from the plot of the square root of the drain
current (

ffiffiffiffiffi
Ids
p

) and the gate voltage (Vgs) by extrapolating the
measured data to Ids = 0. The inverse subthreshold swing
(ss), which is a measure of how sharply the device transits

from the off to the on state, is given by ss ¼ d logðIdsÞ
dVgs

h i�1
.

The calculated l and VTh for the OTFT were 0.15 cm2/Vs
and �2.7 V, respectively. The value of ss and current
modulation ratio (ION/IOFF) were 0.7 V/dec, 1.46 � 106,
respectively. The extracted performance parameters of the
TIPS-pentacene OTFTs with the BTDA-DADM gate dielectric
were comparable to that of OTFTs with silicon dioxide gate
Fig. 2. Electrical characteristics of the TIPS-Pentacene OTFTs with BTDA-DADM
sweeping Vds from 0 to 40 V with a step of �10 V and transfer curves (b) were rec
logarithmic scale; right y-axis, square root of Ids). Inset: Optical microscope ima
dielectric [10]. This indicates that BTDA-DADM is good gate
dielectric for the fabrication of OTFTs based on soluble
semiconductor including TIPS-pentacene.

In addition, we have fabricated TIPS-pentacene OTFT
with a cross-linked PVP (inset of Fig. 3a) as a gate dielectric
using the same process described above in order to com-
pare the performance of TIPS-pentacene OTFT with the
BTDA-DADM gate dielectric. The cross-linked PVP gate
dielectric solution was prepared by dissolving PVP
(10 wt%) and poly(melamine-co-formaldehyde) methyl-
ated (5 wt%) as a cross-linking agent in propylene glycol
monomethyl ether acetate (PGMEA), and stirred vigorously
for 2 h to give homogenous solution. Prior to its deposition
to the substrate, the solution was filtered by a PTFE mem-
brane filter with a pore size of 0.20 lm. The solution was
spin-coated and soft-baked at 90 �C for 1 min on a hot
plate in air and baked further at 175 �C for 1 h in vacuum
(ca. 10�2 torr) oven. Ci of the cross-linked PVP dielectric
layer was found to be 61 pF/mm2. The output and transfer
curves of the TIPS-pentacene OTFTs at various gate and
drain voltages were shown in Fig. 3a and b, respectively.
The calculated l and VTh for the OTFTs were
1.07 � 10�3 cm2/Vs and �2.4 V, respectively. The value of
ss and current modulation ratio (ION/IOFF) were 1.91 V/dec,
1.23 � 104, respectively. Overall performance of TIPS-
pentacene OTFTs with the BTDA-DADM was better than
that of OTFTs with the cross-linked PVP. It may be due to
the better interface formation between TIPS-pentacene
and BTDA-DADM gate dielectric since the insoluble poly-
imide, BTDA-DADM, is stronger than cross-linked PVP in
a o-dichlorobenzene used as a solvent to dissolve TIPS-
pentacene.

In order to investigate long-term stability of the TIPS-
pentacene OTFTs with the BTDA-DADM, we measured
their electrical properties as time passed: right after fabri-
cation, after 2, 4, 10, 30 and 60 days. The OTFTs were stored
in a specially designed box which was slightly vacuumed
(550 torr) in order to control their exposure condition pre-
cisely. The electrical measurement for the OTFTs was car-
ried out in ambient condition at room temperature.
Fig. 4a shows transfer characteristic curves of the OTFTs
as a function of time. They are almost identical to each
other except for small change of IOFF and jVThj as time
passed. Fig. 4b–d shows l, ss, ION, IOFF, jVThj plotted as a
function of a time. The performance parameters of the
gate dielectric right after fabrication. Output curves (a) were recorded by
orded by sweeping Vgs from 20 to �40 V at a fixed Vds = �30 V (left y-axis,

ge of channel region the OTFTs.



Fig. 3. Electrical characteristics of the TIPS-Pentacene OTFTs with cross-linked PVP right after fabrication. Output curves (a) were recorded by sweeping Vds

from 0 to �40 V with a step of �10 V and transfer curves (b) were recorded by sweeping Vgs from 20 to �40 V at a fixed Vds = �30 V (left y-axis, logarithmic
scale; right y-axis, square root of Ids).

Fig. 4. (a) Transfer curves of the TIPS-Pentacene OTFTs with BTDA-DADM gate dielectric as time passed: right after fabrication, after 2, 4, 10, 30 and 60 days.
The transfer curves were recorded by sweeping Vgs from 20 to �40 V at a fixed Vds = �30 V. The plot of field-effect mobility (left y-axis) and subthreshold
swing (right y-axis) (b), ION (left y-axis) and IOFF (right y-axis) (c), and threshold voltage (d) as a function of time.
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OTFTs are extracted from the transfer characteristic curves
with a fixed Vds (Vds = �30 V) in a saturation regime. The l
and ss value of the OTFTs did not show any significant
change up to 60 days (Fig. 4b). The l of the OTFTs right
after fabrication was 0.15 cm2/Vs and it increased gradu-
ally as time passed and was found to be 0.21 cm2/Vs in
60 days. We believe that the slightly improved l may be
due to crystalline structure formation as time passed by
self-organization at room temperature, which was also ob-
served soluble acene OTFTs [19]. The ss value for the OTFTs
was around 0.7 V/dec up to 10 days and it increased to
1.69 V/dec in 60 days. However, any significant change
was not observed as time passed. As shown in Fig. 4c and
d, the IOFF of the OTFTs was increased from 4.4 � 10�11

(right after fabrication) to 6.4 � 10�10 (after 60 days)
although their ION was not changed at all. jVThj of OTFTs in-
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creases from 2.67 V (right after fabrication) to 7.8 V (after
60 days) as time passed. This indicates that as time passed
the interface between TIPS-pentance and the gate dielec-
tric was slightly damaged by moisture and oxygen from
device storage environment. This behavior was also ob-
served for pentacene OTFTs which was exposed to mois-
ture and oxygen [20,21]. However, compared to the
pentacene OTFTs with silicon dioxide gate dielectric,
the performance of our TIPS-pentacene OTFTs with the
BTDA-DADM gate dielectric showed much better perfor-
mance stability.

In conclusion, we report a fabrication of TIPS-pentacene
OTFTs using a low-temperature processable polyimide
gate dielectric and an investigation on their long-term
stability. The calculated l, s.s., current modulation ratio
(ION/IOFF) and VTh for the pristine OTFTs with BTDA-DADM
were 0.15 cm2/Vs, 0.7 V/dec, 1.46 � 106 and �2.7 V,
respectively. The performance is comparable to that of
TIPS-Pentacene OTFTs with silicon dioxide gate dielectric
and better than that of TIPS-Pentacene OTFTs with cross-
linked PVP. In addition, we found that the performance of
the TIPS-Pentacene OTFTs with the BTDA-DADM could be
maintained for long period of time without any significant
performance degradation. This study reveals that the com-
bination of TIPS-pentacene and our polyimide gate dielec-
tric, BTDA-DADM, can be one of the potential candidates
for the fabrication of stable OTFTs for large-area flexible
electronics.
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a b s t r a c t

A surface-segregated thin layer of poly(dimethylsiloxane)-block-poly(methylmethacrylate)
(PDMS-b-PMMA) formed by self-organization during spin-coating was utilized as an inter-
facial buffer layer in organic photovoltaic cells. X-ray photoelectron spectroscopy revealed
that PDMS-b-PMMA mixed into the coating solution spontaneously accumulated at the
surface of the active layer due to the low surface energy of PDMS. The introduction of
the PDMS-b-PMMA layer in bulk-heterojunction cells of poly(3-hexylthiophene):[6,6]-phe-
nyl C61-butyric acid methyl ester resulted in an improvement of the power conversion effi-
ciency (PCE) of the cells from 3.05% to 3.56% on average. The highest PCE of 3.86% was
achieved with 0.4 mg ml�1 of PDMS-b-PMMA. These results indicate that the PDMS-b-
PMMA layer formed by self-organization provides a facile and versatile approach to
improve the photovoltaic performance, possibly by suppressing charge carrier recombina-
tion at the organic/metal interface.

� 2009 Elsevier B.V. All rights reserved.
Control of charge carrier transport at heterointerfaces in cept of utilizing self-organized surface-segregated layers

multilayer structures is one of the most important issues in
the improvement of organic photovoltaic cells (OPVs). It
has been reported that insertion of buffer layers between
the organic layer and the electrodes improves the device
performance. To date, inorganic materials such as LiF
[1,2], TiOx [3–5], ZnO [6–8], and the like [9–12], and organ-
ic materials such as naphthalene tetracarboxylic anhydride
[13], poly(3,4-ethylenedioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS) [2,14,15] among others [16] have
been employed for this purpose. However, the deposition
of the buffer layers requires performance of multi-step
processes, these processes being either dry (vacuum evap-
oration) or wet (repeated coating using an orthogonal sol-
vent), which could detract from the advantage of the ease
of fabrication of OPVs. Recently, we proposed a new con-
. All rights reserved.

f Applied Chemistry,
1 Hongo, Bunkyo-ku,

(K. Hashimoto).
[17] for the buffer layers in OPVs. In this method, a small
amount of a low surface energy material (i.e., a fluoroal-
kyl-attached fullerene compound) is mixed into the
solution used to form the active layers. During the spin-
coating, the low surface energy material becomes segre-
gated at the liquid–air interface driven by the total energy
minimization of the system. The photovoltaic device per-
formance was improved by the introduction of the fluoro-
alkyl fullerene compound, which was attributed to surface
dipole formation at the organic/metal interface.

In this work, we report on the use of a conventional low
surface energy material for spontaneous buffer layer for-
mation: poly(dimethylsiloxane) (PDMS). Analogous to
fluoroalkyl-attached fullerene compounds, poly(dimethyl-
siloxane)-block-poly(methyl methacrylate) (PDMS-b-
PMMA) can form surface-segregated layers during the
solution coating processes due to the low surface energy
of the PDMS block, while the PMMA block makes the poly-
mer solid and thus easy to handle. Green et al. reported
that in the structure of silicon solar cells known as MINP

mailto:hashimoto@light.t.u-tokyo.ac.jp
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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Fig. 1. XPS depth profiles of (a) Si 2p3/2 and (b) In 3d5/2 on the surface of
an organic layer spin-cast from a chrolobenzene solution of 10 mg ml�1 of
P3HT and 6.5 mg ml�1 of PCBM mixed with 0.0 mg ml�1 (squares),
0.1 mg ml�1 (circles), 0.4 mg ml�1 (stars) or 1.0 mg ml�1 (triangles) of
PDMS-b-PMMA.
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devices [18–20], surface passivation by means of an ultra-
thin SiO2 layer disposed under the metal contacts prevents
charge recombination at the semiconductor/metal inter-
face and thereby improves the open-circuit voltage (VOC).
Furthermore, in organic light emitting diodes, insertion of
a SiO2 buffer layer blocks hole transport [21], resulting in
enhancement of brightness and efficiency. Keeping this
interfacial passivation with SiO2 in mind, we can expect a
similar effect in OPVs by using very thin layers of PDMS,
which can prevent reverse hole flow and consequently im-
prove the efficiency of solar cells. In addition, PDMS would
provide wider range of solubility in common solvents com-
pared to the fluorocarbon compounds, which could be
advantageous for designing various molecules having the
surface segregation property.

The OPV cells used in this study were fabricated as fol-
lows. ITO-coated glass substrates (Geomatech, Japan.
10 X h�1) were sequentially washed by sonication in
detergent, water, acetone, isopropanol and water for
20 min, and were finally exposed to UV-ozone for 5 min.
The ITO-coated substrates were then coated with a 50 nm
layer of PEDOT:PSS (Battron P, H.C. Starck) by spin-coating,
followed by baking at 150 �C for 5 min under a N2 atmo-
sphere. A bulk-heterojunction layer was spin-cast onto
the PEDOT:PSS layer at a coating speed of 500 rpm for
60 s from a chrolobenzene solution containing 10 mg ml�1

of poly(3-hexylthiophene) (P3HT, Rieke Metals, USA),
6.5 mg ml�1 of [6,6]-phenyl C61-butyric acid methyl ester
(PCBM, Frontier Carbon Corp., Japan) and 0.0–1.0 mg ml�1

of PDMS-b-PMMA (Mn = 8000 for PDMS and Mn = 4000 for
PMMA, Mw/Mn = 1.09, Polymer Source, Canada). Finally,
60 nm of Al was thermally deposited on top of the organic
layer under a vacuum of �10�4 Pa. After the cathode depo-
sition, the devices were annealed at 150 �C for 30 min un-
der a N2 atmosphere. The active area of the devices was
defined by a photo mask as 0.06 cm2. The I–V characteris-
tics of the OPV devices were measured under irradiation
of simulated solar light (PEC-L11, Peccell Technologies,
Inc., Japan). The photovoltaic parameters were obtained
by taking the averages of four devices. The light intensity
was calibrated with a standard silicon solar cell with a filter
(BS520, Bunkou Keiki, Japan) to 100 mW cm�2. X-ray pho-
toelectron spectra (XPS) were measured using a JPS-90SX
(Nihon Denshi, Japan). Film thickness was measured by sur-
face profilometry (Dektak 6M, ULVAC, Japan).

Fig. 1 shows the results of XPS measurements performed
on the spin-coated films of P3HT:PCBM with different
PDMS-b-PMMA concentrations. The sample surfaces were
repeatedly etched away using an Ar+ beam in the sample
chamber of an XPS instrument. Fig. 1a and b shows the sig-
nal intensities of silicon and indium, respectively, as func-
tions of the etching durations. Before the etching, silicon
peaks can be seen for each sample, superimposed on the
spectrum of PDMS-b-PMMA (Fig. 1a). For the samples with
0.1 mg ml�1 and 0.4 mg ml�1 of PDMS-b-PMMA, heights of
the silicon peaks are considerably decreased after etching
for 5 s. These results indicate that most of the silicon exists
in the region extending to less than ca. 1.5 nm from the sur-
face when the concentration of PDMS-b-PMMA is lower
than 0.4 mg ml�1, assuming an etching rate of 0.3 nm (see
below). When the concentration of PDMS-b-PMMA was in-
creased to 1.0 mg ml�1, the silicon peak is reduced to one-
third after etching for 5 s and almost disappears after
40 s, indicating that PDMS-b-PMMA covers the surface
and also exists in a region extending ca. 12 nm from the
surface, assuming the same etching rate (see below). These
results of the depth profiling clearly show that PDMS-b-
PMMA mixed into the active layer solution was segregated
at the air/organic interface spontaneously during the spin-
coating because of its low surface energy.

The addition of PDMS-b-PMMA in the solutions also af-
fected the film thickness of active layer, measured by sur-
face profilometry as shown in Fig. 2. The active layer was
70 nm thick without PDMS-b-PMMA, while it became ca.
1.5 times thicker with 0.1 mg ml�1 of PDMS-b-PMMA. This
thickness difference is obvious in optical density of the ac-
tive layers. With a higher concentration of PDMS-b-PMMA
(0.3–1.0 mg ml�1), the thickness returns to ca. 70 nm. The
XPS depth profile of indium peak intensity (Fig. 1b) gives
the rate of Ar+ beam etching as ca. 0.3 nm s�1 and also sup-
ports the thickness change of the organic films when
mixed with PDMS-b-PMMA. This tendency of the film
thickness change was observed in four different series of
the experiments. The reason for this complex change in
the film thickness is not clear, but the presence of PDMS-
b-PMMA in the solution might cause a change in the fac-
tors such as solution viscosity, solvent drying rate or wet-
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Fig. 2. Film thickness of the active layers on ITO substrates measured by
surface profilometry.
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tability that could work competitively to determine the
film thickness.

Fig. 3 shows the performances of OPVs with various
concentrations of PDMS-b-PMMA. For the device without
PDMS-b-PMMA added to the solution, a short-circuit cur-
rent (ISC) of 8.31 ± 0.08 mA cm�2, a VOC of 0.57 ± 0.01 V
and a fill factor (FF) of 65.1 ± 1.3% were shown, resulting
in a power conversion efficiency (PCE) of 3.05 ± 0.09%.
When 0.1 mg ml�1 of PDMS-b-PMMA was added to the
solution, FF dropped slightly to 62.4 ± 0.8%, while ISC re-
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Fig. 3. (a) PCE, (b) VOC, (c) ISC, and (d) FF under 100 mW cm�2 AM1.5
irradiation plotted as functions of the PDMS-b-PMMA concentration.
mained around 8.2 ± 02 mA cm�2 and VOC increased to
0.59 ± 0.01 V. The decrease in FF observed for 0.1 mg ml�1

of PDMS-b-PMMA might be attributed to the thick active
layer (116 nm), compared with the film without PDMS-b-
PMMA (73 nm), as shown in Fig. 2. Since the optimum
thickness for this device parameter is around 73 nm, the
thicker active layer could cause the recombination of
charges in the bulk-heterojunction films and therefore
deterioration of FF. When more than 0.1 mg ml�1 of
PDMS-b-PMMA was added to the solution, ISC and FF first
increased and peaked around 0.3 mg ml�1 and then gradu-
ally decreased, while VOC continuously increased up to ca.
0.62 V. As the result, the optimum parameters were
achieved with 0.3 mg ml�1 of PDMS-b-PMMA for which
average values of PCE, VOC, ISC and FF of 3.56 ± 0.04%,
0.61 ± 0.00 V, 8.68 ± 0.10 mA cm�1 and 67.4 ± 0.7%, respec-
tively, were observed. The highest PCE of 3.86% was
achieved with 0.4 mg ml�1 PDMS-b-PMMA and VOC of
0.60 V, ISC of 9.61 mA cm�2 and FF of 67.0% in a different
trial (Fig. 4). Since the active layer thickness did not change
at this concentration of PDMS-b-PMMA (Fig. 2), this
enhancement of the device performance can be attributed
to the improved interfacial charge transport between the
organic layer and the metal electrode.

For comparison, a commonly used buffer layer, LiF, was
vacuum deposited on the P3HT:PCBM layer and used for
the photovoltaic devices. The highest PCE of 3.19% was
achieved in the device with 0.5 nm of LiF with VOC of
0.58 V, ISC of 8.69 mA cm�2 and FF of 63.4%. The improve-
ment of the performance was more significant with
PDMS-b-PMMA than with LiF. Along with the easy prepa-
ration in the single solution process, the PDMS-b-PMMA
layer has a great advantage compared to the other buffer
layers deposited by dry processes.

The detailed mechanisms occurring in the buffer layers
are still unclear and several mechanisms have been pro-
posed such as dipole-layer formation, protecting the or-
ganic layer surface from evaporated metals, or interfacial
passivation preventing charge recombination [2,13–15].
In the current case, PDMS-b-PMMA itself does not have
strong molecular dipole unlike the fluoroalkyl-attached
fullerene compound, therefore the origin of the improve-
ment is not likely the energy matching at the interface.
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To investigate the possibility of the protecting effect by
PDMS-b-PMMA from the evaporated metal, the XPS depth
profile was performed on the P3HT:PCBM films coated
with vacuum deposited Al with and without 1.0 mg ml�1

of PDMS-b-PMMA added in the solutions (Fig. 5). The
intensities are normalized to the maximum signal inten-
sity of each atom. In both samples, as the etching proceed
from the surface, Al peak start to decrease and C and S
peaks start to increase at the interface. After 120 s etching,
Al peaks were completely disappeared and intensities of C
and S peaks became constant. Si peak is detected between
the Al and the organic layers (i.e. appearance of C and S)
when PDMS-b-PMMA was used (Fig. 5b). This showed that
PDMS-b-PMMA formed a buffer layer at the interface be-
tween Al electrode and the organic layer as expected. The
comparison of the detection limit of Al between the films
indicated that the depth of Al penetration into the films
was almost the same in each sample (approximately
10 nm). These results suggested that there was no detect-
able protecting effect of the PDMS-b-PMMA layer from
the penetration of Al into the organic films. Another possi-
ble role of the PDMS-b-PMMA layer is provision of an inter-
facial passivation effect similar to the case of silicon solar
cells with an ultra thin layer of SiO2 passivation layers
[18–20]. PDMS-b-PMMA is an electronically inert material
and could reduce the number of charge recombination
sites at the interface between the aluminum cathode and
organic active layers, resulting in improvement of the de-
vice performance. Because of the insulation property of
PDMS-b-PMMA, adding an excessive amount (0.6–
1.0 mg ml�1) of PDMS-b-PMMA results in excessively thick
passivation layers (more than 3 nm) being formed that
hinder electron transport from the organic layer to the alu-
minum electrode and therefore degrades ISC and FF.

Finally, it is worth to note that silicone compounds sim-
ilar to PDMS-b-PMMA are often used as lubricants in many
apparatuses and therefore may easily contaminate the
materials. In fact, we observed similar Si accumulation on
the surface by XPS even without adding PDMS-b-PMMA when
we used a plastic disposable syringe with a rubber gasket for
the sample preparation. Considering the fact that even a
small amount of PDMS-b-PMMA may affect the device per-
formance, one should take extra care in avoiding the con-
taminations in order to observe consistent device results.

In conclusion, we have demonstrated that PDMS-b-
PMMA mixed into the active layer solution spontaneously
formed a buffer layer in OPV devices. Addition of the prop-
er amount of PDMS-b-PMMA improves the OPV perfor-
mance, while the performance was decreased when an
excessive amount was added. The highest PCE of 3.86%
was achieved for the OPV device with 0.4 mg ml�1 of
PDMS-b-PMMA as a self-organized layer. The approach re-
ported herein will provide a facile and versatile way to
control the interface between semiconducting materials
and metal electrodes in various organic electronic devices.
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The lowest unoccupied molecular orbital (LUMO) energies of a variety of molecular organic
semiconductors have been evaluated using inverse photoelectron spectroscopy (IPES) data
and are compared with data determined from the optical energy gaps, electrochemical
reduction potentials, and density functional theory (DFT) calculations. A linear fit to the
electrochemical reduction potential (relative to an internal ferrocene reference) vs. the
LUMO energy determined by IPES gives a slope and intercept of �1.19 ± 0.08 eV/V and
�4.78 ± 0.17 eV, respectively, and 0.92 ± 0.04 and �0.44 ± 0.11 eV, respectively, based on
the DFT calculated LUMO energies. From these fits, we estimate the LUMO and exciton
binding energies of a wide range of organic semiconductors.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

As the field of organic electronics continues to mature,
designing high performance devices requires that the fron-
tier energies of molecular semiconductors be accurately
determined. For example, the energy of the highest occu-
pied molecular orbital (HOMO) of molecular thin films
can be determined with reasonable accuracy (with an error
of typically ±0.2 eV) [1] using ultraviolet photoelectron
spectroscopy (UPS). Furthermore, the lowest unoccupied
molecular orbital (LUMO) can also be determined from in-
verse photoelectron spectroscopy (IPES), which allows for
a direct measurement of the electron affinity [2,3]. The
transport gap (Et) of these materials is then taken as the
difference between the HOMO and the LUMO energy lev-
els. In practice, the LUMO energy is often inaccurately de-
fined as the HOMO energy plus the optical energy gap
(Eopt), referred to here as the ‘‘optical LUMO”, where Eopt

corresponds to the energy of the long wavelength edge of
. All rights reserved.

x: +1 734 763 0085.
).
the exciton absorption band. While Eopt can be measured
to within ±0.05 eV, the value of Et can exceed this by as
much 0.5–1.0 eV due to the exciton binding energy [4].
Additionally, lower energy transitions into intermediate
states can lead to an underestimation of both Eopt and Et,
and consequently, the LUMO energy. This incomplete pic-
ture has led to confusion about charge carrier injection,
the role of heterojunction interfaces in determining energy
transfer, and charge transport in organic materials. Unfor-
tunately, the consistent use of UPS and IPES can be both
time consuming and complex, with differences in mea-
surement conditions resulting in variations in measured
energies for the same material [1]. In practice, therefore,
indirect methods have been employed to estimate the
HOMO and LUMO energies of organic solids, leading to fur-
ther confusion in the interpretation and comparisons of
these various results.

Rather than use data from optical and UPS measure-
ments to locate the LUMO energy, a common alternative
is to use results from electrochemical measurements. In
principle, the LUMO energy can be determined from the
electrochemical reduction potential (Ered), a process analo-

mailto:stevefor@umich.edu
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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gous to charge injection in organic films. However, Ered

must be adjusted to account for the differing dielectric
media in which the measurements are performed. Never-
theless, Ered measured for organic compounds have been
shown to depend linearly on their electron affinities in
the gas phase [5,6]. The use of Ered to determine LUMO
energies was originally applied to conjugated oligomers,
and has recently been extended to include small molecular
weight materials [7,8]. One drawback to this approach is
the need to establish an electrochemical reference poten-
tial to vacuum. The ferrocenium/ferrocene (Fc+/Fc) couple
with a potential of 4.80 eV relative to vacuum, is com-
monly used for this purpose [9]. Alternatively, aluminum
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Fig. 1. Molecular structures for the
tris-8,hydroxyquinolate (Alq3) has recently been shown
to be a useful electrochemical reference with a potential
of �2.30 V with respect to Fc+/Fc [10]. The LUMO energy
of Alq3 is found to be 2.25 ± 0.25 eV measured by IPES
[11]. Implicit in all of these methods is a linear dependence
between Ered and IPES measured values with a slope equal
to unity. However, we recently reported a relationship be-
tween the HOMO energy (measured by UPS) and the oxida-
tion potential (Eox) of molecular organic semiconductors
[12] that had a linear dependence with a slope of 1.4.
The slope was found to be determined, in part, by image
forces between the electronic orbital distribution and the
metal electrode immersed in a dielectric solution.
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Here, we present the interrelationships between the
LUMO energies of a variety of molecular organic semicon-
ductors measured by several techniques. These correla-
tions allow us to evaluate the accuracies and advantages
of the various methods, and to extract a relationship be-
tween the exciton binding energy and the energy gap.

The electron affinities for 24 compounds shown in Fig. 1
are presented in Table 1. Included in the table are LUMO
and HOMO energies obtained from IPES and UPS, the opti-
cal energy gap, the optical LUMO (UPS plus Eopt), the elec-
trochemical reduction potential, and the LUMO energies
obtained from electron density functional theory (DFT) cal-
culations. The LUMO energies obtained by IPES span a
range of approximately 5 eV, and include both organic
compounds and inorganic complexes. The criteria used to
select compounds for Table 1 is that both IPES and revers-
ible reduction energies were available. The errors are
±0.2 eV for UPS, and ±0.35 eV for IPES data. The values do
not account for ambiguities in some reports of IPES data
taken from the peak maxima, as opposed to others that re-
port the peak onset of the spectra. The use of the peak on-
set data can lower the IPES values by several 100 meV, an
issue that is addressed in detail by Krause et al. [13]. The
optical energy gap is estimated from the low energy edge
of the absorption band of the lowest energy exciton mani-
fold, preferably where the normalized absorption and fluo-
rescence spectra intersect. This value has an error of
±0.05 eV. To determine the optical LUMO values, data were
Table 1
Frontier orbital (LUMO and HOMO) energies for a series of molecular organic sem

Compound IPES LUMO (eV) Ref. UPS HOMO (eV) Ref.

1 Benzene �0.4 [19] �7.58 [18]
2 Naphthalene �1.1 [22] �6.4 [18]
3 NPD �1.52 [23] �5.30 [12]
4 BCP �1.56 [24] �6.5 [24,25]
5 s-Triazine �1.58 [26] –
6 Anthracene �1.7 [22] �5.70 [18]
7 Tetracene �1.8 [22] �5.10 [18]
8 Silole-Ph6 �1.85 [11] �6.19 [11]
9 CBP �1.9 [29] �6.1 [29]
10 Coronene �1.9 [22] �5.52 [18]
11 Ir(ff-ppy)3 �1.9 [29] �5.9 [29]
12 Alq3 �1.96 [23] �5.65 [12]
13 Pyrazine �2.08 [26] –
14 Pyridined �2.18 [26] –
15 Perylene �2.5 [22] �5.2 [18]
16 a-6 T �2.57 [4] �5.3 [34]
17 CuPc �2.65e [37] �4.82 [37]
18 Pentacene �2.8 [40] �4.85 [18]
19 ZnPc �3.3 [42] �5.28 [42]
20 C60 �3.5 [46] �6.17 [47]
21 Me/Ph-PTCDI �3.95f [37] �6.6 [37]
22 NTCDA �4.02 [24] �7.97 [24]
23 PTCDA �4.10h [37] �6.95 [37]
24 F4-TCNQ �5.24 [42,55] �8.34 [42,55]

a This work.
b A value of �1.60 eV is given in Ref. [11].
c Estimated from the onset of the emission spectrum.
d Pyridine binds strongly to the substrate surface through nitrogen, Ref. [57] m

in the plots shown in Figs. 2–4.
e A value of 3.3 eV is given in Ref. [4].
f A value of 4.4 eV is given in Ref. [58].
g Value is for Ph-PTCDI.
h A value of 4.6 eV is given in Ref. [23].
taken from UPS measurements which give a direct mea-
sure of the HOMO energy. Reduction potentials are either
taken from literature values, or measured using cyclic vol-
tammetry vs. a Fc+/Fc reference. A correction was applied
to literature values recorded in acetonitrile (0.40 V) or
dimethylformamide (0.45 V) vs. a standard calomel elec-
trode (SCE) for comparison purposes [14].

A plot of the transport gap, determined from the differ-
ence between the LUMO and HOMO energies measured by
photoelectron spectroscopic methods (IPES and UPS,
respectively), and the optical gap for the materials in Table
1 is shown in Fig. 2. A linear fit to the data gives a slope and
intercept of 1.39 ± 0.15 and �0.46 ± 0.38 eV, respectively,
with a correlation coefficient of r2 = 0.80822. The slope
indicates that, as the energy gap increases, the exciton
binding energy (EBE) increases as well, with a minimum
of approximately EBE = 0.25 eV for Et = 2 eV, to EBE = 1.5 eV
at Et = 6 eV (i.e. EBE – 0.3(Et – 1 eV)). These values fall with-
in the range of independent measurements of the binding
energy, determined either from peak-to-peak [4] or peak
onset [13] UPS–IPES data, and also correspond to behavior
commonly observed in inorganic semiconductors. In that
case, the material polarizability (and hence permittivity,
e) decreases with increasing band gap. Then, since EBE�1/
e, we expect to see a linear increase in binding energy with
band gap, as observed here for organic semiconductors. We
caution, however, that the charge density and distribution,
which depend on molecular size, influence the binding
iconductor compounds measured by different methods.

Eopt (eV) Ref. OpticalLUMO (eV) Ered (V) Ref. DFT(eV)

4.68 [20] �2.90 �3.87 [21] +0.09
4.00 [20] �2.4 �2.93 [6] �0.96
3.12 a �2.18 �2.8 a �1.13
3.43 a �3.07 �2.53 a �1.30
– – �2.47 [27] �1.57
3.25 [20] �2.45 �2.36 [6] �1.63
2.51 [28] �2.52 �1.95 [6] �2.07
2.97 [11] �3.22 �2.43 [11] �1.35b

3.46 a �2.64 �2.75 a �1.25
2.90 [30] �2.62 �2.48 [31] �1.41
2.56c [32] �3.34 �2.24 [32] �1.97
2.75 [33] �2.90 �2.30 [10] �1.74
– – �2.56 [27] �1.42
– – �3.06 [27] �0.61
2.83 [30] �2.37 �2.10 [6] �1.90
2.43 [35] �2.87 �2.18 [36] �2.18
1.80 [38] �3.02 �1.29 [39] �2.76
2.06 [41] �2.78 �1.76 [6] �2.38
1.82 [43] �3.46 �1.31 [44,45] �2.76
1.95 [48] �4.22 �0.86 [49] �3.23
2.35 [50] �4.25 �1.0g [51] �3.45
3.54 [52] �4.43 �0.82 [53] �3.99
2.20 [54] �4.75 – �3.91
2.94 a �5.40 +0.13 [56] �5.25

aking the IPES value unreliable. For this reason, pyridine was not included
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energy and must also be considered in a full analysis of the
energy gap.

A plot of the optical LUMO (equal to |Eopt + HOMO|) vs.
LUMO energies measured via IPES is shown in Fig. 3. A lin-
ear fit to the data gives a slope and intercept of 1.14 ± 0.16
and 1.19 ± 0.52 eV, respectively, with a correlation coeffi-
cient of r2 = 0.72019. The slope is consistent with an in-
crease in the exciton binding energy with increasing
electron affinity. For linear acenes, this increase has also
been attributed to larger electron-hole Coulombic interac-
tions in smaller p-systems [15]. The relatively poor corre-
lation coefficient is a consequence of two distinct regions
apparent in the plot. A linear correlation exists for com-
pounds with optical LUMO energies greater than 4.0 eV,
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whereas the data show considerable scatter for com-
pounds with higher energies. Some of the variability can
be ascribed to ambiguities in assigning the energy of the
HOMO–LUMO gap from optical data. For example, we note
that compounds such as benzene, BCP, and Ir(ff-ppy)3

(compounds 1, 4, and 11) have weak optical transitions
at energies lower than their strong (>1000 M�1 cm�1)
absorption bands. For these compounds, Eopt does not rep-
resent a transition to an orbital involved in electron cap-
ture, and hence, Eopt may underestimate the actual
transport gap. This is in contrast to the other materials
studied here.

A plot of LUMO energies determined from IPES data vs.
the reduction energy, Ered, is given in Fig. 4. A linear fit to
the data presented gives a slope and intercept of
�1.19 ± 0.08 eV/V and 4.78 ± 0.17 eV, respectively, with a
correlation coefficient of r2 = 0.92140. The value of the
intercept is in agreement with that commonly assumed
for the Fc+/Fc reference energy relative to vacuum
(4.80 eV). The slope implies that compounds with large
transport energy gaps are slightly destabilized as neat sol-
ids relative to the fluid dielectric medium used to perform
the electrochemical measurements. The correlation coeffi-
cient is markedly higher than that from Fig. 3, and indi-
cates that reduction potentials are more strongly
correlated with the actual LUMO energies, particularly for
compounds with large transport gaps.

The dependence of IPES measured LUMOs on LUMO
energies obtained from DFT calculations is shown in
Fig. 5. A linear fit to the data gives a slope and intercept
of 0.92 ± 0.04 and 0.44 ± 0.11 eV, respectively, with a cor-
relation coefficient of r2 = 0.95067. This result is a conse-
quence of the correlations shown by DFT calculations
with gas phase electron affinities [16,17]. Since the LUMO
energies from DFT calculations are equivalent to values
in the gas phase, the near unity value for the slope in
Fig. 5 implies that there is relatively constant polarization
energy for these materials in the solid state [18]. The qual-
ity of the fit indicates that DFT calculations can provide a
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reliable estimate for LUMO energies of organic solids
where the needed experimental data are not available.

In summary, the correlations of IPES data with other
methods currently used to estimate the LUMO energies
of organic solids demonstrate several strengths and weak-
nesses among the various approaches. While the optical
LUMO data can give a reasonable estimate for the LUMO
energy for many compounds in the solid state in cases
where the exciton binding energy is known, care must be
taken to ensure that the lowest energy value of Eopt repre-
sents the appropriate HOMO–LUMO transition. Uncritical
use of this method for some materials can give LUMO ener-
gies that can significantly differ from the true LUMO en-
ergy. The strong correlation between Ered and IPES shows
that solution electrochemistry provides a satisfactory
means to estimate the LUMO energy in the solid state.
For compounds where it is difficult to obtain Ered values,
use of the LUMO energy derived from DFT calculations also
gives an accurate estimate of the transport level.

2. Experimental

The absorption spectra of NPD, BCP, CBP and F4-TCNQ
were recorded in dichloromethane solvent using a Hew-
lett–Packard 4853 diode array spectrometer. Cyclic vol-
tammetry and differential pulse voltammetry were
performed using an EG&G potentiostat/galvanostat model
28. Anhydrous DMF (Aldrich) was used as the solvent un-
der a nitrogen atmosphere, and 0.1 M tetra(n-butyl)ammo-
nium hexafluorophosphate was used as the supporting
electrolyte. A Pt wire acted as the counter electrode, Ag
wire was used as the pseudo-reference electrode, and the
working electrode was glassy carbon. The working elec-
trode was 0.2 cm in diameter by 1.5 cm long. The redox
potentials are based on values measured from differential
pulse voltammetry and are reported relative to an internal
ferrocenium/ferrocene reference. Electrochemical revers-
ibility was determined using cyclic voltammetry. The solu-
tions contained only micro-molar concentrations of the
sample solutes to prevent shifts in oxidation potential
due to concentration effects, and the voltage between the
working and counter electrodes was swept at a scan rate
of 100 mV/s. DFT calculations were performed structures
that were geometry optimized at a B3LYP level using either
6–31 G* (hydrocarbons) or LACVP** (organometallics) ba-
sis sets using the Titan software package (Wavefunction,
Inc.).
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The alpha-quatertiophene is widely considered an interesting material for the realization
of organic electronics and opto-electronics. Compared to other oligothiophenes, the perfor-
mances of transistors based on this compound are limited by its kind of growth on the typ-
ical materials used for device realization. Here we show that via seeded supersonic beams
we can lead to a nice improvement of both morphological and electrical properties of the
film grown, through a better control of the initial state of the precursor in the vapor phase.
Using the high kinetic energy achievable in the supersonic beams, we increase the dimen-
sions of the grains and the coalescence of different islands, limiting the grain boundary for-
mation. As consequence, the performance of the realized field effect transistors is enhanced
of one order of magnitude.

� 2009 Elsevier B.V. All rights reserved.
Small molecules are widely considered an interesting
and viable way to understand the intrinsic properties and
the processes involved in charge and energy transport in
semiconductor conjugated polymers [1]. These are key is-
sues in the fabrication of improved, reliable, and efficient
devices both for electronics and electro-optics [2]. In par-
ticular, oligothiophenes are an appealing class of com-
pounds for their high stability to oxidation processes [3]
and for their high degree of flexibility in ‘‘molecular engi-
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oli), matteo.tonezzer
neering’’. On the other hand major difficulties arise from
the solid state packing of this class of molecules, where
lack of control on structure, morphology and grain bound-
aries formation reduces the efficiency of the charge trans-
port [4] limiting the performances of the organic devices
[5].

The processes that control the thin films formation de-
pend on the delicate balances between molecule–molecule
and molecule–surface interactions [6], which regulate the
kind of growth (Frank van der Merwe, Volmer-Weber,
Stransky-Krastanov) [7]. Nevertheless for the feeble nature
of the forces involved in the formation of molecular solids
and for the large number of polymorphs and orientations
possible in the organics [8,9], it is hard to have a good
control on growth. The objective of our work is to improve
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Fig. 1. AFM topographic images of a film grown on SiOx/Si with impinging
molecules having 3.0 eV of Ek. (a) Image 10 � 10 lm2 acquired in semi-
contact mode; (b) detail of a grain (2 � 2 lm2) acquired in contact mode.
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the performances of devices, field effect transistor (FET) in
particular, improving the control on the molecular
assembling.

Starting from these problematic and knowing the differ-
ent works that have shown the importance of the state (in
terms of translational, rovibrational and momentum) of
the molecules in the processes involving their collision
and the energy transfer with the surface [10], we have pro-
posed a new approach to grow organic thin films, based on
seeded supersonic beams [11]. Supersonic beams give, in-
deed, the possibility to control the energetic state in terms
of kinetic energy (Ek), momentum and internal degree of
freedom of the impinging particles, by setting the initial
working conditions such as the source nozzle dimensions,
the temperature and pressure of the reservoir, etc. Seeding
the vapors of the organic semiconductors in a lighter car-
rier gas (He in our experiments) that defines the conditions
of the free jet expansion, makes it possible to control the
final state of the seeded molecules [12]. During the super-
sonic expansion, the internal degrees of freedom of the
molecules undergo a strong cooling process while the ki-
netic energy can be increased, from the few hundreds of
meV of an effusive source, up to several eV by varying
the degree of seeding [11]. For this reason supersonic
molecular beam deposition (SuMBD) allows to overcome
some of the difficulties inherent to the available tech-
niques for the growth of films of organic molecules.

Here we show the results achieved in the growth of
quaterthiophene (a � 4T) on SiOx/Si for the realization of
organic field effect transistors by SuMBD. The a � 4T mol-
ecules on this kind of surface typically present a 3D growth
that strongly limits the performances in devices [13]. We
will see that varying the Ek of the impinging molecules, it
is possible to modify the growth of the a � 4T, improving
its morphology. To verify the importance of Ek, we selected
two different regimes of growth: the first one where the
seeded a � 4T molecules have an average Ek of 3.0 eV and
the second one where their Ek is in the order of 7.5 eV.
We have characterized the obtained films by atomic force
microscopy to optimize the growth processes and to
understand the effect of the kinetic energy of the imping-
ing molecules in the thin film growth. We then used these
films to build FETs in top contact configuration. Thus we
are able to correlate the films morphology to the devices
performances showing that a fine control on the state of
the molecules can improve the characteristic of our
transistors.

The experimental apparatus and the method used to
realize the seeded supersonic beams of a � 4T are de-
scribed elsewhere [11]. It essentially consists of: two
stages/chambers differentially pumped high vacuum appa-
ratus, a hyperthermal source placed in the first chamber,
an ultra high vacuum deposition chamber and a time of
flight mass spectrometer (ToF-MS) used to verify the purity
of the materials, to determine the energetic properties of
the seeded molecules, and to determine the molecular flux.
The ionization of the molecules/atoms in the beam is ob-
tained with the 4th harmonic of a Nd::YAG laser
(266 nm/4.66 eV). The a � 4T was grown on highly doped
silicon (n++) wafers covered with 50 nm thermally grown
silicon oxide, cleaned in hot (325 K) isopropylic alcohol,
treated with ozone for 30 min, and then outgassed at
455 K for 12 h in ultra high vacuum. All the depositions
were performed at room temperature (298 K) with a flux
of about 0.2 nm/min. XRD spectra was collected in Bragg-
Brentano geometry with a Panalitycal X’Pert Pro diffrac-
tometer. We used a Cu anode with wavelength of
1.5406 ÅA

0

. The step size was 0.05� (2H) and the average
time was 60 s/step. Topographic characterization of the
films has been performed by AFM microscopy in air, using
a Smena SFC050 scanning head by NT-MDT. Depending on
the sample, measurements have been carried out in semi-
contact mode AFM (using NSG11 silicon cantilevers by NT-
MDT) or in contact mode (using CSG10 Au-coated silicon
cantilever by NT-MDT).



Fig. 2. AFM topographic images of a film grown with impinging mole-
cules having Ek = 7.5 eV. (a) Image 10 � 10 lm2; (b) zoom on a few grains
(region indicated by the black square, 3 � 3 lm2). Both images have been
acquired in contact mode AFM.
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Fig. 1 shows the typical morphology of our films grown
on SiOx/Si using 3.0 eV of Ek. In particular, Fig. 1a reports a
large area (10 � 10 lm2) where it is possible to recognize
the kind of growth of the films. Two aspects are clear:
the 3D (Volmer-Weber) growth and the crystallinity of
the films. The first one is recognizable from the aspect of
the grains that are developed in height presenting sharp
walls. This is more evident when the thin films growth is
stopped with a nominal thickness lower than the mono-
layer (ML). In this case, the islands produced from the
nucleation of the a � 4T molecules, typically present a
height of about 5 nm (about 3 MLs) leaving uncovered
most of the underneath surface. When increasing the cov-
erage, we observe both a growing of the islands surface and
height. The coalescence of the islands starts when the
nominal thickness of the films is of about 50 nm. In these
conditions the average islands height is about 100 nm,
indicating that �50% of the surface is uncovered by the
molecules. When the growth is carried out further, the is-
lands begin to join together up to the point of forming a
‘‘polycrystalline” film, whose thickness is already several
layers (Fig. 1a). This growth results to be different respect
to the case of pentacene growth by SuMBD in which, in
similar conditions, we observe the starting formation of is-
lands of one molecule in height and their coalescence
without the formation of the second layer [14]. For penta-
cene films about 50 nm thick, we find 1–2 lm2 terraced
grains that completely cover the surface [15].

The shape of the grains gives us the information relative
to the crystallinity of films grown with this Ek. In fact, the
islands present a polygonal form typical of ordered struc-
ture (crystal), with an average size of the grain of 2–
3 lm2 and no preferential direction of growth. In this situ-
ation the main problem in the FET realization is related to
the poor interconnection between the different islands
and the consequent need to increase the thickness of the
film. This limits the device’s performances. If we compare
this kind of morphology with the morphology reported in
literature growing the a � 4T molecules on the same sur-
face in similar conditions [13,16], we see that in our case
the grains seem to be more regular and with a larger size.
This effect is probably related to the increased energy of
the impinging molecules (3.0 eV in respect to about
150 meV of a thermal evaporation) that, in our case, allows
their better rearrangement.

The growth is completely different in the case of imping-
ing molecules having Ek = 7.5 eV. Fig. 2 shows the typical
morphology obtained in this case. The islands present really
different shapes and dimensions. On the large area (Fig. 2a)
we observe that typically the films are formed by elongated
terraced islands with dimensions in some cases larger than
10 lm. At the same time, the ratio between the covered
surface and the islands’ height increases, thus realizing
more homogenous films with less grain boundaries. The
high Ek achievable in this case is able to partially overcome
the low affinity between the a � 4T and the surface, leading
to formation of these structures. Also in this case, starting
the characterization from the sub-monolayer growth, we
observe the difficulty of the a � 4T molecules to cover com-
pletely the SiOx/Si surface. Going into detail (Fig. 2b) we ob-
serve that the grains present the terraced structure typical
of a layered morphology with steps of one molecule in
height. With respect to the steps visible on the top of the is-
lands in the low Ek films the lateral size of these terraces
present a large surface. This indicates a better rearrange-
ment of the molecules giving rise to a more ordered struc-
ture. A similar situation was found for pentacene growth at
different Ek of the impinging molecules, where the effect of
higher Ek is an increase of the lateral size of the terraces
[15]. This kind of growth indicates that, by increasing the
kinetic energy of the impinging molecules, we are able to
modify the preferred growth of the a � 4T molecules, thus
having the possibility to realize films with a prevalent layer
plus island growth. This gives the possibility to decrease the
number of grain boundaries that, for devices realization, is
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an important point in order to improve their performances.
To confirm that the films grown at higher kinetic energy are
more ordered with a larger grain size, we made a structural
characterization by X-ray diffraction. Fig. 3 shows the XRD
spectra of two samples grown at low (black) and high (grey,
orange online) energy, respectively, 3.0 and 7.5 eV. The
films have the same nominal thickness determined by a
quartz microbalance. Both spectra show the same peak
positions: 5.8�, 11.6�, 17.5�, 23.4�, 35.3�, 41.5� and 47.7�.
All of them confirm, in both cases, the structure of the
low temperature phase of a � 4T [17]. The right panel of
Fig. 3a shows a detail of the 008 reflection, rescaled to show
the difference between the two spectra. Comparing the
peaks line shapes we note that the full width at half maxi-
mum for the films grown at high Ek is narrower (0.208�)
with respect to that grown at low Ek (0.233�). This confirms
the indication that the typical crystal size of the high energy
grown films is larger with respect to that of the films grown
at low Ek and is in agreement with the observation of AFM
micrographs, reflecting an improved order of the film.

We have realized a series of top contact field effect tran-
sistors to confirm that the growth by SuMBD permits to
obtain films with better optical [18], morphological and
electrical characteristics, due to the control achievable on
the energetic state of the precursor. The devices (length
L = 30 lm; width W = 200 lm) have been realized on the
thickest films previously characterized by AFM, by depos-
iting the 30 nm gold contacts (source and drain) through
a shadow mask. The electrical characterization was per-
formed in a probe station equipped with an Agilent 4156
C source meter. Making devices on films previously charac-
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Fig. 3. XRD spectra of two samples grown at 3.0 eV (top left) and 7.5 eV (bottom
comparing in detail the width of the peak in both spectra. (For interpretation of
web version of this article.)
terized by AFM could limit their performances, but our
objective is the correlation of the electrical performances
with the growth conditions and the morphological-struc-
tural properties.

Fig. 4 shows the typical transfer characteristics in satu-
ration (Fig. 4a) and in the linear (Fig. 4b) regimes of our
a � 4T FETs in the case of films grown at low Ek (grey line,
orange online) and in the case of films grown at high Ek

(black line, blue online). From these curves, we can evalu-
ate the electrical properties that characterize our devices
[19].

In particular, in the linear regime, the drain current ID

can be written as:

ID ¼
WCjlFE

L
VG � VT �

VD

2

� �
VD ð1Þ

where L is the channel length and W the channel width, Cj

is the capacitance for unit area of the dielectric, VT is the
threshold voltage, and lFE is the field effect mobility. We
can therefore calculate the mobility in the linear regime
from the slope of the curve obtained by plotting ID versus
V G for sufficient low VD. The threshold voltage in this case
is determined as the intercept (ID = 0) for the slope of ID. In
the saturation regime, the drain current saturates and can
be modeled by the following equation:

ID ¼
WCjlFE

2L
ðVG � VTÞ2 ð2Þ

In the saturation regime, lFE can be calculated from the
slope of the plot of

p
|ID| versus VG, and, in the same way,

VT can be calculated as the intercept (ID = 0) of the slope
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of
p

|ID| versus VG. From the semilogarithmic plot of ID ver-
sus VG we extracted the Ion over Ioff ratio and the sub-
threshold slope. The typical values obtained for our
devices, grown at the different Ek, are reported in Table 1.

Fig. 4 and Table 1 give us the information about the
strong impact of the growth conditions on the perfor-
Table 1
Main working parameters of the devices fabricated. The first two columns
show the low Ek sample values, while the last two columns refer to the high
Ek sample.

Ek = 3.0 eV Ek = 7.5 eV

VD = �1 V VD = �41 V VD = �1 V VD = �41 V

VT[V] �15.9 �22.5 �11.2 �16.0
ION/IOFF 1.1 � 103 1.6 � 104 8 � 104 1.8 � 105

ST slope[V dec�1] 2.0 2.5 0.98 1.66
l[cm2 V�1 s�1] 0.75 � 10�3 1.7 � 10�3 3.8 � 10�3 1.22 � 10�2
mances of the devices. Indeed FETs grown at low Ek have
characteristics in terms of mobility, threshold voltage, Ion/
Ioff ratio and subthreshold slope comparable with the
majority of a � 4T transistors reported in literature [20].
This is a first good result considering the absence of opti-
mization in our realization processes. However, if we com-
pare these results with those obtained for the growth at
7.5 eV of Ek, we see the great advantage given by the
growth method that we have developed. The extracted
mobility for these devices (about 1.2�10�2 V cm�1 s�1) is
about one order of magnitude larger with respect to the
first one and the performances of these transistors are bet-
ter or comparable to the best ones reported in literature
[21–23].

We have investigated the correlation of the observed
enhanced mobility with the structure/morphology of the
films and in particular the average grain size of the crystal-
lites composing the film grown. In Fig. 5 we plotted the
field effect mobility measured for samples as a function
of the mean grain size calculated from their AFM images.
It appears evident that there is a linear dependence, show-
ing that the improved transport properties of the films
grown at high energy come from increasing grain size
and hence from the consequent decrease of grain bound-
aries, as previously reported [24,25].

As a conclusion, we have shown that the growth
dynamics of organic thin films starting from the vapor
phase are governed by a delicate equilibrium between
the molecule/molecule and the molecule/surface interac-
tions and for this reason are also strongly dependent on
the energetic state of the precursors. It can be obtained,
and above all determined, by using the free jet expansion
and the supersonic beam technique, thus improving the or-
ganic material growth. The key factor is the high kinetic
energy achievable with this technique (up to 15 eV for
the a � 4T seeded in H2) by the impinging molecules.
When colliding with the surface, the kinetic energy of the
seeded molecules is rearranged among the different de-
grees of freedom and partially converted into energy Ek
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Fig. 5. Graph reporting the field effect mobility of some devices as a
function of the grain size of the film they were fabricated on. It is quite
clear the linear dependency.



526 T. Toccoli et al. / Organic Electronics 10 (2009) 521–526
parallel to the surface via a complex mechanism involving
inelastic molecule–molecule and molecule–surface energy
transfer processes [10]. It is reasonable to assume, by
extending consolidated growth models [5,26], that mole-
cules with higher Ek diffuse over longer distances before
aggregating or being captured by preformed molecular is-
lands. The total amount of energy exchange at the surface
is quite relevant to modify locally the physical–chemical
processes occurring but definitely too small to produce
any change of the sample temperature, in the order of
10 pW for cm2. The final effect, as we have shown for the
a � 4T, is an increase in grain size while increasing the ki-
netic energy and an enhancement of the order inside the
grain. The better morphology in terms of order and limit-
ing of grain boundaries gives also the possibility to grow
devices with better performances. The electrical character-
istics of our FETs obtained at 3.0 eV are comparable to the
ones of transistors realized with the same materials but
with different techniques. However, in the case of transis-
tors obtained on films grown at 7.5 eV the performances
are similar to the state of the art but without using any
optimization processes. The SuMBD is a very promising
technique to fabricate devices with better performance
and stability and opens interesting perspectives in the real-
ization of FET sensors based on oligothiophene derivatives.
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A patterned soft elastomeric substrate is utilized for fabricating an all-polymer thin film
transistor (TFT). With a polymer solution for the source/drain electrodes, it is difficult to
form a well defined narrow channel. The problem is resolved with the aid of a micromold-
ing technique and the patterned substrate. When the all polymer TFT is subjected to bend-
ing, the polymer gate dielectric is the layer that experiences the most stress. This stress
problem, which can lead to device failure, can be relieved to an extent by introducing a
small fraction of ethyl cellulose to the polymer dielectric. The effects of the ethyl cellulose
content on the device performance are not significant.

� 2009 Elsevier B.V. All rights reserved.
Organic thin film transistors (TFTs) based on conjugated
polymers [1,2] have received much attention for a number
of reasons. Low cost fabrication of the device afforded by
solution processibility [3] is one major reason. Flexible de-
vices and its application to flexible displays is another.

The substrates typically used for flexible devices and
displays are polymers [4–7], metal foils [8], and thin
glasses [9]. However, polymeric substrates such as poly-
ethylene terephthalate (PET) are favored because they
have less mechanical, thermal, or electrical problems that
are associated with metal foils and thin glasses. All-poly-
mer flexible transistors have been fabricated with poly(3-
hexylthiophene) (P3HT) semiconductor and PET substrate
[5–7]. Not often used as a polymeric substrate is an elasto-
. All rights reserved.
mer such as poly(dimethylsiloxane) (PDMS). A flat PDMS
substrate was used for an organic transistor with rubrene
monocrystalline semiconductor and metal electrodes
[10]. The PDMS slab was also used to laminate a fabricated
circuit on PET for better flexibility [11]. An elastomer has
many advantages over a plastic substrate, such as crack
and scratch protection, and easy recovery from any defor-
mation. In all-solution processing that is typically em-
ployed in fabricating all-polymer transistor, the most
demanding patterning task is to form a well defined nar-
row channel, in particular with a polymer solution that is
used for forming the source/drain electrodes such as
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) or polyaniline (PANI). Various techniques
have been utilized to define the transistor channel with
these polymer solutions. These include photolithography
[12], ink-jet printing [13], stamping [14], and dewetting

mailto:honghlee@snu.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


528 H. Kang et al. / Organic Electronics 10 (2009) 527–531
[15]. Photolithography requires many processing steps and
the solvent used in resist development is detrimental to
organics. It is not surprising, therefore, that the perfor-
mance of the device fabricated on PET with photolithogra-
phy is not good [6,7]. Ink-jet printing and stamping usually
do not lead to good resolution mainly due to smearing
problem. To overcome the problem, a polyimide film was
patterned as a blocking layer on a glass substrate with pho-
tolithography [13]. Dewetting [15] on a prepatterned sili-
con dioxide partition on a silicon substrate, which is in
turn treated with a self-assembled monolayer (SAM), was
also used to define the channel. It is desirable in defining
the channel with the polymer solution on a flexible sub-
strate to avoid photolithography, which can be accom-
plished with the use of a prepatterned PDMS substrate.
In addition to the advantages offered by PDMS as a sub-
strate, it is rather straightforward to produce a well de-
fined narrow channel by a molding technique with
PDMS, which is an excellent molding material.

Often unrecognized in flexible transistor is that the gate
dielectric layer is most susceptible to mechanical failure
such as cracking when the device is subjected to stress as
in bending. The flexibility of a layer is inversely propor-
tional to t3 where t is the layer thickness. The dielectric
layer is generally much thicker than the other layers.
Moreover, in our system, the dielectric layer covers the
whole device area. In contrast, all the other layers are pres-
ent as stripes or islands. Therefore, the flexibility of the
dielectric layer is essentially equivalent to that of the
device.

In this letter, we present a technique for forming a well
defined narrow channel with an electrode-forming poly-
mer solution and an elastomeric substrate for flexible,
all-polymer TFT. We also present a method for making
the device more stress-tolerant by introducing a ductile
material to the dielectric layer. The device performance
does not change much with increasing content of the
added material.

The polymer TFT (PTFT) considered in this work is a top
gate transistor. Illustrated schematically in Fig. 1a are the
processing steps in fabricating the device. The patterned
PDMS (Dow corning, Sylgard 184) substrate was prepared
from a master mold that had been made by conventional
photolithographic method with a channel length of
65 lm and a width of 3 mm. As shown in the figure, the
two hollow channels are to be filled with PEDOT:PSS to
form the source and drain, thereby defining the transistor
channel. After a oxygen plasma treatment to make the
PDMS surface hydrophilic, the technique of micromolding
in capillaries (MIMIC) [16] was used to fill the channels
by placing droplets of PEDOT:PSS at the inlets of the chan-
nels. A flat PET film was placed on the prepatterned PDMS
substrate to induce capillarity. After drying for 30 min at
60 �C, the top plate was removed, which showed no resi-
due of PEDOT:PSS. The semiconductor layer of P3HT was
shaped by drop casting a 0.3 wt% regioregular P3HT (Al-
drich Co., Mw = 87,000) solution in toluene onto the
source-drain pattern [20]. For the gate dielectric,
poly(methylmethacrylate) (PMMA) (Aldrich Co.,
Mw = 350,000) was used instead of poly(hexaethyl methac-
rylate) (PHEMA), which is known to be a better dielectric
[17] than PMMA with P3HT, because of the solvent com-
patibility problem discussed later. Onto the spin-coated
and dried dielectric layer, PEDOT:PSS was dropped for
the gate electrode. It was then dried for 30 min at 60 �C.
All the processing steps were carried out in open air.

Shown in Fig. 1b is an optical microscopy image of the
channel formed by the MIMIC technique with prepatterned
PDMS substrate. The source and drain electrodes of PED-
OT:PSS (dark shade) are seen to be clearly separated from
each other by the protruding PDMS wall (light shade).
Although the channel length in this study is 65 lm (top
image of Fig. 1b), it can be made smaller with the tech-
nique. The smallest feature size that can be patterned with
PDMS mold is about 0.5 lm when the aspect ratio is larger
than unity [18]. The bottom images of Fig. 1b show various
channel lengths patterned by MIMIC technique with PED-
OT. While the smallest channel size is 35 lm, fabrication
of smaller channel should be possible with this technique.

The transistor with PDMS substrate invariably failed to
function unless the substrate was handled very carefully.
The PDMS substrate is very flexible and readily deforms.
This deformation causes the device failure, the deforma-
tion leading to fracture of the layers constituting the tran-
sistor. The fracture should occur in the dielectric layer for
two reasons. The first is that all the other layers are present
in stripes or islands whereas the dielectric layer blankets
the whole device area. These stripes and islands can with-
stand strains far in excess of the fracture strain [19–21]
whereas a blanket layer is subject to the usual fracture
strain. The other reason is that the dielectric layer is usu-
ally the thickest layer in the stacked layer configuration
of thin film transistor. The flexibility of a layer is inversely
proportional to Et3 where E is Young’s modulus and t is the
layer thickness [22]. Since the Young’s moduli for all the
polymers in the TFT are similar in magnitude, the dielectric
layer is least flexible and stiffest.

To relieve this fracture problem, we chose to add a duc-
tile polymer to PMMA and use that blend as the dielectric
layer. Although a rubber [23] or ductile polymer [24]
mixed with PMMA and a solution treatment [25] of PMMA
were also used to increase the ductility, these involved
either material synthesis [23,24] or an elaborate solution
treatment [25]. Therefore, a ductile polymer of ethyl cellu-
lose (Aldrich Co.) was used. According to the manufacturer,
ethyl cellulose dissolves in a solvent mixture of 80% tolu-
ene and 20% ethanol. PMMA does dissolve in this solvent
mixture whereas PHEMA does not, which is the reason
why PMMA was chosen in place of PHEMA. When the ratio
of ethyl cellulose to PMMA exceeds 3/7, a phase separation
takes place. Therefore, the ratios of 3/7, 2/8, and 1/9 were
tested for enhancing the ductility of the dielectric layer.
In all experiments, PMMA and ethyl cellulose were dis-
solved in the mixed solvent to 10% by weight.

The mechanical and electrical characteristics of the
transistor as affected by the addition of ethyl cellulose
are summarized in Table 1. The critical bending radius in
the last column of the table is the radius of curvature above
which the off current increases dramatically. It is noted in
this regard that the thickness of PDMS sheet and that of
dielectric layer are approximately 3 mm and 1 lm, respec-
tively. The electrical characteristics of the devices that



Fig. 1. (a) Schematic illustration of fabrication procedure of soft, all-polymer TFT. (b) Optical microscope image of the source-drain pattern prepared by
MIMIC. Darker areas are PEDOT:PSS source-drain electrodes and lighter area including the center line separating the electrodes is PDMS substrate.

Table 1
Electrical characteristics and critical bending radii of soft, all-polymer TFTs. The TFTs were prepared with different mixing ratios of PMMA and ethyl cellulose
(EC). The capacitance was measured at 105 Hz and �20 V.

Dielectric Capacitance (nF/cm2) Mobility (cm2/Vs) Threshold voltage (V) On/off ratio Critical bending radius (cm)

PMMA 10% 7.5 Not meaningful Device failure
PMMA 9% + EC 1% 3.4 2.3 � 10�3 -17 1.5 � 102 1.0
PMMA 8% + EC 2% 2.6 2.8 � 10�3 -15 3.6 � 102 0.9
PMMA 7% + EC 3% 2.2 2.5 � 10�3 -13 2.8 � 102 0.8
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were fabricated with pure PMMA dielectric were not
meaningful because of abnormally high off current, which
were on order of 10–102 nA and therefore the on–off ratios
were less than 10 in some cases. Toluene that is a solvent
of PMMA can also dissolve P3HT. Therefore there would
be a damage problem during spin-coating of the dielectric
layer. However, the mixed solvent of toluene and ethanol
becomes very viscous when PMMA and EC are dissolved
in the solvent and thus the dissolution becomes much less
of a problem. A value for the critical bending radius is not



Fig. 2. Electrical characteristics of soft, all-polymer TFT. Gate dielectric is
PMMA and ethyl cellulose content is 20%. Channel width is 3 mm and
channel length is 65 lm. Thickness of dielectric layer is about 1 lm. Gate
leakages before and after bending were 1.48 and 1.57 nA. (a) Electrical
transfer characteristics of the device before (dark rectangles) and after
(open rectangles) the bending. Drain voltage is �70 V. (b) Electrical
output characteristics of the device at various gate voltages.
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listed for the device with no ethyl cellulose in the first row
of the table because the handling involved in trying to
bend the PDMS invariably led to device failure and the de-
vice characteristics were not meaningful due to high off
current. The addition of ethyl cellulose (EC) allowed for
the determination of the critical bending radius. The max-
imum solubility of EC in the mixed solvent of toluene and
ethanol is 5% by weight. The content of EC was varied from
1% to 3% because the electrical characteristics were the
best for EC content of 2%. The capacitance of pure PMMA
layer was 7.5 nF/cm2 but when the EC content was 1%, it
decreased to 3.4 nF/cm2. The capacitance decreased with
increasing EC content. As given in the table, the critical
bending radius is 1 cm for 10% EC, decreasing down to
0.8 cm for 30% EC. In general, the capacitance decreases
with increasing EC content. As apparent from the table,
the device performance is not significantly affected by
the addition up to EC content of 30%. The mobility in the
table was obtained in the saturation regime [26] from
the transfer characteristics of the device at the source-
drain voltage of �70 V. It is noted in this regard that the
device performance with EC addition is better than that re-
ported in the literature for all-polymer transistors [5–7].

The device characteristics before and after device bend-
ing are of interest, which are shown in Fig. 2. The transfer
characteristics show that there is not much difference be-
tween the device before (dark rectangles) and that after
(open rectangles) the bending. The EC content in the
dielectric layer was 20%. The output characteristics of the
device are shown in Fig. 2b. When the performance of de-
vice was compared with that reported on all polymer tran-
sistors on flexible substrates [5–7] the on–off current ratio
is about the average but the mobility is better.

In summary, a soft, all-polymer TFTs have been fabri-
cated on a patterned elastomeric substrate of PDMS. Be-
cause of the soft and shape-changing nature of the
substrate, the TFT easily fails to function unless the sub-
strate is handled carefully. It has been found that the fail-
ure is caused by the fracture of the gate dielectric layer.
By introducing a small amount of ductile polymer to the
polymer dielectric, the device can be made flexible without
causing the device failure. When a polymer solution is used
as the electrode material, it is difficult to form a well de-
fined narrow channel. With the micromolding technique
of MIMIC [16] and the prepatterned substrate, the channel
can be defined as small as possible without any smearing
problems that are associated with a liquid source. The re-
sults presented here should be useful for low cost, flexible
electronics.
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Density functional theory and polarizable continuum model are used to calculate ioniza-
tion potential of thin-films of 12 organic molecules. Computed values are compared with
experimental values obtained from ultraviolet photoemission spectroscopy. The excellent
correlation shows that it is possible to determine the ionization potential of organic mol-
ecules in solid-state within ±0.15 eV of the experimental value. This method is useful for
chemists in designing molecules for organic electronics.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction determines the flow of carrier and formation of excitons
Organic electronics has attracted much attention in re-
cent research activity in molecules and materials. Organics
based light emitting devices (OLEDs), solar cells (OSC), and
field effect transistors (FET) are important devices under
development in electronic industry. In organic semicon-
ductor devices, thin solid films of organic molecules are
used as active or passive functional layers. Information
about the charge (electron or hole) carrier levels in organic
thin-films, and relative energy levels with respect to elec-
trodes are needed in understanding and fabricating the de-
vices. For example, in OLEDs multiple layers of organic
thin-films are used [1]. Carrier injection and transport oc-
curs in HOMO or LUMO levels of organic material. The dif-
ference in the energy levels at the interface of the layers
. All rights reserved.

x: +91 22 22804610.
(excited state of molecule). A method to calculate these en-
ergy levels of organic solids will be highly useful for a syn-
thetic chemist in designing the structure of organic
molecules for organic electronics.

Energy levels and properties of isolated organic mole-
cules can be calculated theoretically. Energy levels and
properties in solid thin-film are usually different from
those of isolated molecule, due to interaction among the
molecules in the solid-state. A method is required to
modify the energy levels calculated theoretically for iso-
lated molecules to obtain a value appropriate for solid
films.

Ultraviolet photoemission spectroscopy (UPS) is one of
the frequently used techniques to determine the vertical
ionization potentials in solids [2]. This gives the HOMO le-
vel of solid films. The ionization potentials of organic solids
determined by UPS were compared with experimental and
computational values for isolated molecules [3–6]. Not
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surprisingly, there is a big offset between the values for
molecules in gas phase and solid-state. There have been at-
tempts to bridge this offset by appropriate theoretical
models [7,8]. For example, Lee and Han used the crystal
structure data and molecular cluster model in the DFT cal-
culation, which is successful for a sufficiently a large clus-
ter of CuPc (n = 6).

In this letter, a method is described to determine the
ionization potential of large organic molecules in solid-
state using DFT method and polarizable continuum model.
The polarizable continuum model [9,10] has been very suc-
cessful in calculating realistic values of energy properties
of molecules in liquid-like condensed phase. We show that
the computationally determined ionization potentials for
twelve organic molecular solids agree well with the exper-
imental values, validating the proposed method. A novel
feature of our method is that no experimental data for
the molecule, other than the molecular structure, is used.

2. Methods of computation

Twelve organic molecules, for which experimental val-
ues of ionization potential of solid films are known, were
chosen for this study. Density functional theory (DFT) was
used in all the calculations using Gaussian 03 [11]. The
DFT method used here is based on the hybrid B3LYP func-
Fig. 1. Geometry optimized structure of molecules used in this study. 1: N,N0-
N,N0-bis-(1-naphthy)-N,N0- diphenyl-[1,10-biphenyl]-4,40-diamine (NPD); 3: N,N
dimetylcarbazolyl)biphenyl (mCBP); 5: Tris(8-hydroxyquinolate)aluminium(III) (
benzene (CP); 8: 4,7-diphenyl-1,10-phenanthroline (BCP); 9: 2,9-dimethyl-4,7-d
tetracarboxyl-diimide (DPNTCI); 11: 7,7,8,8-tetracyano-p-quinodimethane
(F4TCNQ).
tional [12]. The geometries of all the molecules were opti-
mized at 6-31G (d) basis functions. Molecular cavity for
polarizable continuum model (PCM), was built using united
atom topological model [13], i.e. by putting a sphere around
each atom except hydrogen. Hydrogen atoms are enclosed
in the sphere of the atom to which they are bonded.

The molecule in solid was considered as solvated by the
molecules of its own type. The solvent in the PCM calcula-
tion is defined by the dielectric constant, the number of
solvent molecules in unit volume and radius of the mole-
cule. Following methods were used to obtain these values.
The dielectric constant, e was obtained by Clausius–Moss-
otti equation

e� 1
eþ 2

¼ 4p
3

q
M

NAa

where q, M, NA and a are the density of material, molecular
mass, Avogadro number and the electronic polarizability,
respectively. qNA/M is reciprocal of the molecular volume.
Molecular volume was obtained at 6-31G (d) level (tight
option was taken in all the calculation for better accuracy).
Isotropic polarizability (at zero frequency) of molecules
was calculated for the optimized geometry of molecules
at 6-31G (d) level. Radius of the molecule is defined as ra-
dius of a sphere which has equivalent volume of the con-
cerned molecule.
bis(3-methylphenyl)-N,N0-diphenyl-[1,10-biphenyl]-4,40-diamine(TPD); 2:
0-bis(3,6-dimethyl carbazolyl)-3,5-benzene (mCP); 4: 4,40-N,N0-bis(3,6-

Alq3); 6: 4,40-N,N0-bis-carbazolyl-biphenyl (CBP); 7: N,N0-dicarbazolyl-3,5-
iphenyl-1,10-phenanthroline (Bphen); 10: N-N0-diphenyl-1,4,5,8-napthyl-

(TCNQ); 12: 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-p-quinodimethane
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Single point energy calculation of the molecule was cal-
culated at 6-311++G(d,p) level with PCM, The single posi-
tive state with the same molecular geometry of the
molecule is also calculated using same basis set and PCM.
The difference in energies gave the vertical ionization po-
tential in the solid-state. Single point calculation of the
molecule is also done without PCM, which gives the gas
phase ionization potential.
3. Results and discussion

Fig. 1 shows the geometry optimized structures of 12
organic molecules, which are commonly used in organic
electronics for different purposes. This series of molecules
were chosen in such a way that they cover a wide range of
ionization potential. Some molecules like TPD and NPD are
used as hole transporting material in OLED, molecules like
Alq3, BCP are used as hole blocking material, molecule like
TCNQ and F4TCNQ are used as p-doping material.

In organic powder/thin-film samples, the organic mole-
cule can be considered as ‘solvated’ by the molecules of its
own type. Hence, it is more realistic that calculation of the
ionization potential of the molecule in thin-film takes into
account ‘solvation’ due to the presence of other molecules.
Fig. 2. The correlation of calculated ionization potential using PCM with

Table 1
Calculated values for dielectric constant, radius of the molecule, IP in gas phase an

Compound Dielectric
constant (e)

Molecules in
1000 Å3

Radius of ‘solvent’
molecule (Å)

IP fr
calcu

(1) TPD 3.74 1.621 5.278 6.00
(2) NPD 4.21 1.599 5.350 6.05
(3) mCP 3.28 1.742 5.156 6.59
(4) mCBP 3.13 1.340 5.628 6.39
(5) Alq3 2.69 1.780 5.118 6.63
(6) CBP 3.68 1.751 5.144 6.65
(7) CP 2.91 1.853 5.050 6.89
(8) BCP 2.91 2.049 4.883 7.43
(9) Bphen 3.47 2.632 4.490 7.65
(10) DPNTCI 3.48 2.380 4.656 8.42
(11) TCNQ 3.76 3.860 3.954 9.17
(12) F4TCNQ 3.75 3.592 4.051 9.55

@@ Values that are underlined are used in the plot shown in Fig. 2.
But it is not possible to include an assembly of molecules in
DFT calculation. Instead, a continuum solvent model can be
considered to represent the surrounding molecules. Here,
the solvent is modeled as an isotropic, continuous dielec-
tric that surrounds a spherical or non-spherical ‘solute’
cavity. In this way, polarizable continuum model (PCM)
[10] provides an efficient way to include the ‘solvent’ effect
for the calculation of ionization potential.

Organic molecular solids are generally polycrystalline
or amorphous. In amorphous solids, molecules are oriented
randomly. Though there is a degree of anisotropy in polar-
izability at the molecular level, it has little effect in deter-
mining the bulk dielectric property of the amorphous
organic solid [14]. The isotropic polarizability, used in the
calculation of dielectric constant, is the algebraically aver-
aged value of axx, ayy and azz. Dielectric constants (e) ob-
tained from the calculation, for the organic solids, are
listed in Table 1. It may be noted that the calculated values
for TPD and Alq3 agree well with the experimental values:
4.2 ± 0.2 [15] and 3.0 ± 0.3 [5], respectively. Table 1 also
shows other values (number of molecules in 1000 Å3 and
radius of the molecule) used as inputs for the PCM calcula-
tion. All the values were calculated as described earlier.
Though experimental values for some molecules are
known, the calculated values were used, so that calculation
experimental ionization potential of 12 molecules in solid-state.

d IP in solid using PCM and experimental IP values of solid films using UPS.

om gas phase
lation (eV)

IP from calculation
with PCM (eV)

IP by UPS
(eV) @@

Refs. for IP
by UPS

5.19 5.10, 5.20 [4,16]
5.20 5.20, 5.30, 5.40 [17–19]
5.78 5.61 [18]
5.67 5.76 [18]
5.82 5.65, 5.80, 5.93 [18–20]
5.80 6.0 [19]
6.02 5.98 [18]
6.56 6.50 [19,21]
6.66 6.4, 6.7 [22,23]
7.44 7.40 [4]
7.66 7.70 [16]
8.01 8.34 [24]
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can be done for any new molecule without reference to the
experimental value.

Vertical ionization potential (IP) is the energy difference
between the neutral molecule and positively charged mol-
ecule while keeping the molecular geometry of the two
states remains same. Therefore, in order to get the vertical
ionization potential in the calculation, identical molecular
geometries were used for both neutral and charged state.
Table 1 shows the calculated values of IP. Experimental
values reported for these molecules are also shown.

Fig. 2 shows a plot between calculated and experimen-
tal value of ionization potential. The plot shows an excel-
lent linear correlation. The slope of the fitted line is 1.004
with the intercept value of 0. This correlation shows that
it is possible to determine the ionization potential of or-
ganic molecules in solid-state within error bar (±0.15 eV)
of the experimental value. Table 1 also shows values of IP
for isolated molecule in gas phase. The large difference be-
tween IP values of isolated molecule and solid-state shows
that the solvation effect on the value of IP is very
substantial.

The method described here is more appropriate for
amorphous films because molecular orientational details
are ignored as if the molecules in the solid film are in a li-
quid-like environment. Irrespective of this limitation, it is
highly useful for a synthetic chemist to estimate IP values
of solid films of organic molecules before actual synthesis.
4. Conclusions

A method is described for theoretical calculation of real-
istic ionization potential of organic molecules in solid-state
using the DFT method and polarizable continuum model.
In this method, no experimental data is required other
than the molecular structure. This method will be useful
to design molecules for organic electronics with a good
estimation of the ionization potentials in the solid-state.
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In this article, we have demonstrated solar cell performance of the inkjet-printed PED-
OT:PSS layer and the roles of additives in device efficiency. The newly proposed PEDOT:PSS
inks with additives of glycerol and surfactant show the improved surface morphology and
high conductivity resulting in the enhanced photovoltaic performance. Using the opti-
mized ink formulation of PEDOT:PSS, we have demonstrated a 3.16% efficient solar cell
with an inkjet printing.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction solutions of functional materials in specific locations on a
During the past decade, there has been an intensive
search for cost-effective photovoltaics [1–3]. As an alter-
native to inorganic solar cells, polymer solar cells could
provide a significant cost reduction since their low temper-
ature processing may allow for the printing of large area
solar cells on flexible substrates at low fabrication cost
[4]. Progress in the field of polymer solar cells is rapid
[5,6]. The performance of polymer solar cells has been im-
proved by using new materials [7], new structures [8] and
new techniques in devices. Recently, several printing tech-
niques have been used to fabricate various polymer based
organic devices. Among them, inkjet printing is a com-
monly used technique for the controlled deposition of
. All rights reserved.

ax: +82 63 270 2306.
), shlee66@chonbuk.
substrate. It facilitates easy and fast deposition of polymer
films over a large area. Moreover, it may be suitable for the
large scale production of various electronic devices. In
addition, inkjet printing is very promising because the
polymer devices can be fabricated easily, due to their com-
patibility with various substrates and already complete
patterning. Inkjet printing has been extensively used in
the fields of polymer light emitting diodes (LEDs), and thin
film transistors (TFT) [9–12]. Inkjet printing technology
has also been used for fabricating polymer:fullerene bulk
heterojunction solar cells, but not many results have been
reported. Aernouts et al. developed polymer solar cells
with an active layer of P3HT:PCBM using inkjet printing
[13]. Steirer group recently reported inkjet-printed thin
film electrodes for polymer.

Poly(3,4-ethylenedioxythiophene) doped with poly(4-
styrenesulfonate) (PEDOT:PSS) has attracted much atten-
tion and has been widely used as an antistatic coating

mailto:yoonsch@krict.re.kr
mailto:shlee66@chonbuk.ac.kr
mailto:shlee66@chonbuk.ac.kr
http://www.sciencedirect.com/science/journal/15661199
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material, as electrodes for capacitors or photodiodes, and
as a hole transport layer in organic LEDs during the last
decade [14–17]. PEDOT:PSS is optically transparent and
easily processed using simple coating methods such as
spin-coating [18–20]. Many researchers reported on the
conductivity modification of PEDOT:PSS by adding several
additives such as polyols, metals and different solvents
[21–23]. The increase in conductivity of the PEDOT:PSS im-
proves characteristics such as electromagnetic radiation
shielding and electrical transport. In spite of such a poten-
tial use of PEDOT:PSS, few studies dealing with a PED-
OT:PSS printing technique have been reported. Steirer
et al. only reported inkjet-printed thin film electrodes of
PEDOT:PSS for polymer solar cells [24].

In this paper, we report on the performance of bulk het-
erojunction polymer solar cells with an inkjet-printed PED-
OT:PSS layer. The morphological and electrical studies and
device performance of the inkjet-printed PEDOT:PSS layer
in polymer solar cells are discussed in this article.
Table 1
Formulation details of the PEDOT:PSS inks with additives.

Inks PEDOT:PSS (g) Glycerol EGBE

g wt.% g wt.%

1 7.194 – – – –
2 7.194 0.431 6 – –
3 7.194 0.431 6 0.014 0.2
4 7.194 0.431 6 0.028 0.4

Fig. 1. Polarization microscope images of inkjet-printed PEDOT:PSS films (a) with
glycerol (6 wt.%), and EGBE (0.2 wt.%): ink 3, (d) glycerol (6 wt.%) and EGBE (0.4
2. Experimental

PEDOT:PSS was purchased from Bayer (Baytron P AI
4083) and used alone, as well as mixed with additives of
glycerol and ethylene glycol butyl ether (EGBE) to make
inks for printing. (Details are given in Table 1.) The poly-
mer solar cell device was fabricated with a configuration
of indium tin oxide (ITO)/PEDOT:PSS/P3HT:PCBM/LiF-Al.
Patterned ITO glass was cleaned with chloroform, acetone
and isopropyl alcohol using an ultrasonication method,
and then treated with an O2-plasma. After solvent cleaning,
the PEDOT:PSS thin films were coated by using inkjet
printing (UJ2100, Unijet, Korea) and dried for 20 min at
140 �C. An active layer of P3HT:PCBM (mixed solution of
1:0.7 wt.%) was cast on top of the PEDOT:PSS film by
spin-coating and dried for 1 h at 50 �C in a nitrogen atmo-
sphere. To complete the device, LiF was evaporated on the
active layer to about 0.7 nm thicknesses, and then Al evap-
orated to about 150 nm thicknesses under vacuum
(10�6 torr). This device was encapsulated to measure the
solar cell performance. The current versus voltage (I–V)
characteristics of the solar cell devices in the dark and un-
der white light illumination were measured with an AM
1.5G solar simulator (300 W, Newport, USA) and
100 mW/cm2 conditions, adjusted with a standard PV ref-
erence cell (2 � 2 cm, a monocrystalline silicon solar cell,
calibrated at NREL, Colorado, USA) with a Keithley 2400
source-measure unit. In order to avoid the underestima-
tion of the area of the devices due to cross conduction of
out additives (pure PEDOT:PSS): ink 1, with (b) glycerol (6 wt.%): ink 2, (c)
wt.%): ink 4.
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a highly conducting PEDOT:PSS used in this study, we used
a black mask fitted to the active area (3 � 3 mm) of the de-
vice [25,26]. The surface topography and morphology of
the inkjet-printed PEDOT:PSS thin films were analyzed
using polarization microscopy (JEOL-2010), surface profiler
(SNU Precision SIS3747) and atomic force microscopy
(AFM, VECCO, 613R1). All the characterizations were per-
formed at room temperature.

3. Results and discussion

Polarization microscopy images of the inkjet-printed
PEDOT:PSS films were completed to examine film mor-
phology and thickness uniformity at the millimeter length
scale (Fig. 1). As shown in Fig. 1a, the surface of the inkjet-
printed films appeared non-uniform for PEDOT:PSS ink
Fig. 2. Surface profile images of inkjet-printed PEDOT:PSS films (a) without addi
(6 wt.%), and EGBE (0.2 wt.%): ink 3, (d) glycerol (6 wt.%) and EGBE (0.4 wt.%): i
without any additives (ink 1 in Table 1). It appears to be
composed of discontinuous clusters which do not stick to
ITO substrates. The PEDOT:PSS accumulates in the center
of the substrate due to spreading and wetting on the sub-
strate and the drying behavior of the inkjet-printed films.
The surface anchoring forces want to align the PEDOT:PSS
parallel to the bottom surface and perpendicular to the top
surface of the film. The elastic forces work against the
resulting vertical distortions of the director field. Inkjet-
printed PEDOT:PSS film with 6 wt.% glycerol (ink 2) gives
better uniformity than film from ink 1 as shown in
Fig. 1b. The colors shown in the images are due to the New-
ton colors of thin films which depend on the thickness of
the film. Fig. 1c shows an image of PEDOT:PSS film with
glycerol 6 wt.% and 0.2 wt.% EGBE added (ink 3). This ink
had the best uniform film thickness and density. This
tives (pure PEDOT:PSS): ink 1, with (b) glycerol (6 wt.%): ink 2, (c) glycerol
nk 4.
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may be due to the EGBE surfactant in the dispersion which
minimizes the interfacial tension between the PEDOT:PSS
and glycerol, allowing the pitch size (distance between
individual droplets from the inkjet head) to be smaller than
the droplet diameter. When the EGBE ratio is increased to
0.4 wt.%, the formation of the film seems to be disturbed,
and film uniformity decreases as shown in Fig. 1d.

Fig. 2 shows the surface profile images of inkjet-printed
PEDOT:PSS films without and with additives. A significant
Fig. 3. AFM images of inkjet-printed PEDOT:PSS films (a) without additives (pur
and EGBE (0.2 wt.%): ink 3, (d) glycerol (6 wt.%) and EGBE (0.4 wt.%): ink 4.
distinction in the film surface profile was observed in ink-
jet-printed PEDOT:PSS films. The surface profile image of
the inkjet-printed PEDOT:PSS film without any additives
(ink 1 in Table 1) shows significantly rough surface in
500 lm length scale. The surface roughness was dramati-
cally improved in the inkjet-printed PEDOT:PSS film with
adding 6 wt.% glycerol (ink 2). With adding of additional
EGBE surfactant of 0.2–0.4 wt.% (ink 3 and 4), the surface
roughness were slightly changed and smoother surface
e PEDOT:PSS): ink 1, with (b) glycerol (6 wt.%): ink 2, (c) glycerol (6 wt.%),
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profiles were obtained. The surface morphology was fur-
ther studied with AFM. Fig. 3 represents the AFM images
of the inkjet-printed PEDOT:PSS films without and with
additives in different amounts. Similarly with a surface
profile result, the inkjet-printed PEDOT:PSS film from ink
1 without any additives shows relatively rough surface
morphology with an rms roughness of 6.67 nm. The AFM
images of the inkjet-printed PEDOT:PSS films from ink 2
and ink 3 with additives provide significantly reduced
roughness profiles with similar rms roughness values of
1.64 and 1.63 nm. The rms roughness of inkjet-printed
PEDOT:PSS film from ink 4 was slightly reduced up to
1.36 nm. A non-uniform surface roughness and profile,
especially in the PEDOT:PSS film without additives (ink
1), may affect the interfaces between PEDOT:PSS and the
photoactive layer, and therefore the performance of the
inkjet-printed solar cell devices [9].

Fig. 4 shows the conductivity results of the PEDOT:PSS
films with and without additives. The conductivity was en-
hanced in the inkjet-printed PEDOT:PSS film by the addi-
tion of 6 wt.% glycerol (ink 2) and with further addition
of 0.2 wt.% EGBE (ink 3). The conductivity of PEDOT:PSS in-
creased from 7.82 � 10�1 to 1.52 � 102 S/cm for PED-
OT:PSS by adding 6 wt.% glycerol and to 1.64 � 102 S/cm
by adding 0.2 wt.% EGBE. However, the conductivity de-
creases to 1.28 � 100 S/cm when EGBE is increased to
0.4 wt.%. The addition of glycerol to the aqueous PED-
OT:PSS dispersion is known to enhance the conductivity
of the thin films by several orders of magnitude, depending
on its concentration [27]. The conductivity of the PED-
OT:PSS is strongly dependent on the film morphology
and its chemical structure. F. Zhang et al. recently reported
that PEDOT:PSS with glycerol shows higher performance in
solar cells than pure PEDOT:PSS film due to the swelling
and aggregation of colloidal PEDOT-rich particles that ulti-
mately facilitate conduction in the film [36]. Several re-
ports show that the dramatic effect of glycerol as a
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Fig. 4. Conductivity measurements for inkjet-printed PEDOT:PSS films
(1) without additives (7.82 � 10�1 S/cm), with (2) glycerol (6 wt.%)
(1.52 � 102 S/cm), (3) glycerol (6 wt.%) and EGBE (0.2 wt.%) (1.64 �
102 S/cm), (4) glycerol (6 wt.%) and EGBE (0.4 wt.%) (1.28 � 100 S/cm).
processing additive is due to the reorganization and stabil-
ization of the PEDOT and PSS chains during subsequent
thermal annealing of the films by a plasticizing effect
[28–35]. In our study, the addition of glycerol and surfac-
tant EGBE may also affect the morphology and physical
structures of inkjet-printed PEDOT:PSS film. Here, we pro-
pose a hypothesis to explain the basic principles of molec-
ular interactions between the surfactant, glycerol and the
PEDOT:PSS film. Normally PEDOT:PSS film originates from
a core-shell type framework, as shown in Fig. 2d, where
PSS molecules are located around the PEDOT units through
ionic interaction. Similarly, upon addition of glycerol, the
polar functionality (–OH) in the glycerol molecule might
directly interact with cationic species of PEDOT. Probably
stronger ionic interactions between the glycerol and PED-
OT are responsible for the highly conductive network for-
mation in glycerol added PEDOT:PSS, when compared to
PSS and PEDOT in pure PEDOT:PSS film. A mild repulsive
force may be exerted between the PSS and glycerol units.
The level of conductive network formation is further ex-
tended by an incorporation of 0.2 wt.% EGBE surfactant,
which has both a polar alcoholic (–OH) group and a non-
polar alkyl group (butyl) at the other end. However, with
a higher weight percentage of EGBE surfactant, the conduc-
tive network formation is significantly suppressed by the
formation of hydrophobic areas. The alkyl group in the
EGBE surfactant aggregates along with PSS units to form
hydrophobic domains that will decrease the surface poten-
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Fig. 5. Current-density versus voltage (J–V) characteristics of solar cells
with different inkjet-printed PEDOT:PSS layers in the dark and under
simulated AM1.5 illumination of 100 mW/cm2.

Table 2
Summary of solar cell device characteristics with different inkjet-printed
PEDOT:PSS layers.

Devices Voc (V) Jsc (mA/cm2) FF (%) EFF (%)

1 0.589 6.746 52.63 2.09
2 0.599 9.063 53.70 2.92
3 0.595 9.593 55.28 3.16
4 0.615 7.972 59.06 2.90



Fig. 6. Photovoltaic characteristics of three solar cell devices by inkjet printing of PEDOT:PSS inks prepared in the different batches.
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tial of the PEDOT:PSS film in order to reduce conductivity.
The work is still underway to find an exact mechanism.

To study the effect of additives on solar cell device per-
formance, polymer bulk heterojunction solar cells (device
1–4) from different PEDOT:PSS inks (inks 1–4 as shown
in Table 1) have been fabricated in the configuration of
ITO/PEDOT:PSS inks/P3HT:PCBM/LiF-Al by inkjet printing.
Current-density versus voltage (J–V) characterization has
been performed in the dark and under simulated illumina-
tion as shown in Fig. 5. The resulting characteristics are
shown in Table 2. Without any additives (device 1), the de-
vice performance was very poor showing low power con-
version efficiency (EFF), circuit current density (Jsc) and
fill factor (FF). This is due to the roughness surface profile
as indicated in surface morphology results and low con-
ductivity of PEDOT:PSS layer. The Jsc, FF and EFF of the de-
vice 2 from inkjet-printed PEDOT:PSS with glycerol were
more than that of the pure PEDOT:PSS (device 1). Espe-
cially, Jsc was dramatically enhanced in device 2. This
enhancement in the Jsc as well as device efficiency may
be due to the improvement of the surface morphology
and the improved charge collection by increased conduc-
tivity of the PEDOT:PSS with glycerol compared with pure
PEDOT:PSS [37,38]. This may also be explained by the
swelling and aggregation of colloidal PEDOT-rich particles
which form a highly conductive network in the films
[36,39]. The device performance (device 3) further im-
proved with the addition of 0.2 wt.% EGBE surfactant from
2.92% to 3.16% in efficiency. Jsc and FF values were also en-
hanced in device 3. The conductivity of PEDOT:PSS film in
this device is almost the same as glycerol added to PED-
OT:PSS (device 2), but the surface roughness is optimal
compared to other films. When the amount of EGBE in
the PEDOT:PSS film is increased from 0.2 to 0.4 wt.%, it de-
creases the conductivity of the film, therefore efficiency
and Jsc decrease in device 4.

In order to investigate the reproducibility of solar cell
devices with inkjet-printed PEDOT:PSS layers, we have
prepared several solar cell devices from inkjet-printed
PEDOT:PSS inks in the different batches and their solar cell
properties were measured. Fig. 6 shows the photovoltaic
characteristics of three solar cell devices. All devices show
good reproducibilities in Voc, Jsc, FF and efficiency. The
best solar cell performance was obtained in device 3.

4. Conclusion

We have demonstrated solar cell performance of the
inkjet-printed PEDOT:PSS layer and the roles of additives
in device performance. We have used glycerol and EGBE
surfactant as additives for improve the surface morphology
and conductivity of PEDOT:PSS inks. The newly proposed
ink formulation of PEDOT:PSS increases the photovoltaic
performance such as Jsc, FF and efficiency of inkjet-printed
PEDOT:PSS resulting in a reliable print head with optimum
wetting, spreading and drying. Using the newly developed
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ink formulation of PEDOT:PSS (ink 3) with glycerol and
optimized EGBE surfactant, we have demonstrated a
3.16% efficient and reliable solar cell with an inkjet-printed
PEDOT:PSS layer (device 3). This high photovoltaic perfor-
mance indicates the potential of inkjet printing for the
mass production of organic photovoltaics.
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a b s t r a c t

The on/off ratio of a vertical-type metal-base organic transistor was significantly improved
by subjecting it to heat treatment in air. The heat treatment of the collector layer and the
base electrode reduced the off current that is mainly due to leakage current between the
base and the collector, resulting in a considerable decrease in the off current. As a result,
a high on/off ratio greater than 105 was achieved, in addition to the low-voltage and high
current operation of the vertical-type organic transistor.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction Recently, several researchers have proposed different
Organic transistors have been extensively studied and
are expected to be used for producing flexible displays
and low-cost radio frequency identification systems [1–
4]. Most studies conducted on organic transistors have fo-
cused on organic field-effect transistors (OFETs) having
‘‘lateral” structures. In these structures, the channel carri-
ers flow along the plane of the organic semiconductor film.
Further, the channel length in these structures, which is
determined by the fine patterning technique commonly
employed, can be reduced to less than several microns only
by expensive techniques such as lithography.
. All rights reserved.

ool of Science and
onezawa, Yamagata

(K. Nakayama).
types of organic transistors that have a ‘‘vertical” struc-
ture. In such structures, channel carriers flow across the
thin film in a direction perpendicular to the substrate.
Therefore, the channel length in this case corresponds to
the thickness of the film and can be easily reduced to less
than one micron. In order to achieve enhanced transistor
performance, for example, high current modulation, low-
voltage operation, and high frequency response, it is
important to have a short channel length. Thus far, sev-
eral types of vertical transistors have been proposed; for
example, organic static induction transistors with a
striped central electrode [5–7], vertical organic triodes
[8–10], vertical transistors made of organic–inorganic hy-
brid materials [11–13], and polymer space-charge-limited
transistors [14,15].

We have recently proposed a metal-base organic tran-
sistor (MBOT), which is a promising vertical-type organic
transistor [16,17]. This transistor has a simple structure

mailto:nakayama@yz.yamagata-u.ac.jp
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in the form of organic/metal/organic layers. The middle
electrode of the MBOT can be fabricated by techniques
other than the fine patterning technique; further, the
MBOT has a high current modulation of over 100 mA/cm2

and low-voltage operation of the order of several volts.
Generally, vertical-type transistors have a low on/off ra-

tio because their short channel length tends to increase the
leakage current. The on/off ratio of the proposed MBOT
was also reported to be low (around 100). However, we
have already reported a slight improvement in the on/off
ratio by exposing the device to air [18]; this improvement
was accompanied by a decrease in the on current. In this
study, we propose an efficient method for decreasing the
leakage (off) current; this method involves subjecting only
the collector semiconductor layer and the base electrode to
heat treatment in air. By this method, the off current is re-
duced significantly without a decrease in the on current,
resulting in a very high on/off ratio.

2. Experimental

In this study, the transistor device with a simple layered
structure (Fig. 1) was fabricated by vacuum evaporation.
The first organic layer (collector layer) of N,N0-dimethyl-
3,4,9,10-perylene tetracarboxylic diimide (Me-PTC) (Daini-
chiseika Color and Chemicals Manufacturing Co., Ltd.) with
a thickness of 500 nm and an aluminum layer (base elec-
trode) with a thickness of 20 nm were deposited succes-
sively on a clean indium tin oxide (ITO) glass substrate
that was subjected to ultrasonic cleaning in acetone, meth-
anol and deionized water. At this stage, the two layers
were subjected to heat treatment at 150 �C in air. Next,
the remaining layers, i.e., the second organic layer of C60

(100 nm) and the emitter electrode layer of Ag (30 nm)
were deposited. The chamber was flushed with dry nitro-
gen gas, but the substrate was exposed to air after each
deposition. The size of the active area on which the three
electrodes were deposited one over the other was 4 mm2.
The current modulation of this transistor was measured
C60 (100nm)

Me-PTC (500nm)

ITO

Al (20nm)

Ag(30nm)

emitter

base

collector

VC
IC

VB
IB
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N

C
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O

O

O

O

CH3H3C

Me-PTC C60

Fig. 1. Structure of metal-base organic transistors and the system for
measurement of transistor performance. Both collector voltage (VC) and
base voltage (VB) were applied with the emitter electrode negatively
biased.
using a common emitter circuit (Fig. 1) with two source-
measure units (Keithley Instruments Inc., model 236) un-
der vacuum (10–1 Pa) at room temperature. The collector
voltage (VC) was applied between the collector and emitter
electrodes, and the base voltage (VB) was applied between
the emitter and base electrodes; in both these cases, the
emitter was negatively biased. The current amplification
factor (hFE) is defined as the ratio of the change in the col-
lector current (IC) to that in base current (IB) induced by
applying the input voltage (VB). The HOMO level of the or-
ganic semiconductor was measured by photoelectron yield
spectroscopy (Sumitomo Heavy Industries, PYS-201), and
the HOMO–LUMO gap was estimated from the absorption
spectrum.

3. Results and discussion

The output current (IC) was increased by the application
of base voltage (VB), and hFE exceeded unity; therefore, the
device functions effectively as an MBOT. Fig. 2 shows the
effect of the time for which the layers were subjected to
heat treatment on the on and off currents at VC = 5 V,
where the on and off currents are the IC at VB = 3 and
VB = 0 V, respectively. For the heat treatment time equal
to zero (no heat treatment), a large off current was ob-
served, and the on/off ratio remained around 100. The off
current decreased significantly as the heat treatment time
increased and subsequently, it decreased by approximately
three orders of magnitude within several hours of heat
treatment. In contrast, the on current decreased by only a
slight amount. As a result, the on/off ratio increased with
increasing heat treatment time and attained a maximum
value of 3 � 105. Such a high on/off ratio of a vertical-type
organic transistor is desirable and comparable to that of
lateral-type OFETs.

Fig. 3 shows the current modulation characteristics of
the device subjected to heat treatment for 2 h (VC = 3, 5
and 7 V). Those of the device without heat treatment are
also shown (VC = 5 V). Fig. 3a shows the IC–VB curves at var-
ious values of VC. From the figure, it is clearly observed that
the output collector current (IC) was modulated by the in-
put base voltage (VB) by five orders of magnitude. It should
be noted that a large current density of over 100 mA/cm2

was obtained at a low operation voltage, that is, when VC

= 5 V and VB = 2 V. The current amplification factors (hFE)
for these modulations are shown in Fig. 3b. The value of
hFE reached around 140 at VC = 7 V and VB = 2.5 V, which
indicates that small input base current is amplified to large
output collector current. This low-voltage operation of the
transistor is attributed to its vertical structure with a very
short channel length. The fact that the IC–VB curves are
coincident for various values of VB suggests that the output
current reaches a saturation point as VC increases. Such a
saturation of the output current, similar to that observed
in OFETs, is also a desirable but uncommon feature of ver-
tical-type organic transistors. Furthermore, the decrease of
leakage current by the heat treatment resulted in high
reproducibility and stability in the fabrication of MBOTs.

The decrease in the off current by heat treatment in air
can be explained by the suppression of electron injection
from the base electrode. The operation mechanism of the



0 1 2 3 4 5
10-4

10-3

10-2

10-1

100

101

102

103

C
ur

re
nt

 d
en

si
ty

 [
m

A
cm

-2
]

Heating time [hours]

0 1 2 3 4 5

101

102

103

104

105

O
n/

of
f 

ra
tio

Heating time [hours]

ba

on current

off current

Fig. 2. Dependence of (a) on and off currents and (b) on/off ratio on the heat treatment time at VC = 5 V and VB = 3 V.

K. Nakayama et al. / Organic Electronics 10 (2009) 543–546 545
MBOT is explained with the help of a schematic energy dia-
gram shown in Fig. 4a. The real energy level of each layer is
illustrated in Fig. 4b. To explain its operation, we propose
the following mechanism of electron transmission through
the base electrode [16,17]. The electrons injected from the
emitter on applying VB are transmitted across the thin base
electrode with a high probability and are collected on the
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ITO electrode through the Me-PTC layer. This mechanism
induces high current modulation of IC for a small increase
in IB, namely, current amplification. In the off state, there
is no potential difference between the emitter and base be-
cause VB = 0. Therefore, the major component of the off
current is regarded as the leakage current from the base
to the collector. Furthermore, this component is attributed
to the flow of electrons from the base electrode because
Ag

ITO
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emitter

C60
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Al
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base
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Fig. 4. (a) Energy diagram of MBOT during its operation. The emitted
electrons pass through the base electrode with high probability. The off
current (IC at VB = 0) corresponds to the current of the electrons injected
from the base electrode to the Me-PTC layer. (b) HOMO and LUMO levels
of the organic semiconductors, and work function of each electrode.
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Me-PTC is a well-known n-type semiconductor [19–21].
Thus, it is concluded that heat treatment of the device in
air suppresses the current due to electron injection at the
Me-PTC/Al interface, causing a decrease in the off current.
In fact, two-terminal I–V curves between the base and col-
lector indicated clear decrease of current after the heat
treatment.

The current saturation that occurs with increasing VC, as
shown in Fig. 3b, can also be explained by the above men-
tioned mechanism. In the proposed mechanism, the num-
ber of electrons injected from the emitter depends only on
VB, and the collector voltage VC facilitates the collection of
these carrier electrons by the collector electrode. There-
fore, IC is expected to saturate when the upper limit of
the current due to the injected electrons is reached. In
the present study, the ideal current modulation observed
is also believed to be attributed to the decrease in the addi-
tional leakage current. This behavior also suggests that VC

has no effect on the electron injection at the emitter inter-
face; that is, the electric flux lines between the emitter and
collector are completely separated by the base electrode.

To further investigate the effect of heat treatment, we
performed some additional experiments. We tried heat
treating only the Me-PTC layer before depositing the base
electrode on it. However, this technique did not decrease
the off current, which indicates that the heat treatment
did not alter the bulk transport properties of Me-PTC. In
addition, no significant change was observed in HOMO
and LUMO levels of the Me-PTC film. Therefore, change
in the morphology or energy levels of the film was ex-
cluded as a possible cause of the decrease in the off cur-
rent, and this decrease was concluded to be attributed to
the Me-PTC/Al interface. Such a heat treatment including
aluminum associates us with some oxidation process.
However, the in-plane resistance of the base electrode
was maintained at several hundred ohms and did not in-
crease by heat treatment, which suggests that even after
the heat treatment, the base electrode functions effec-
tively. From all these results, we speculated that the heat
treatment forms some oxidation layer mainly at the Me-
PTC/Al interface, and this layer efficiently blocks electron
injection into Me-PTC. It was an interesting observation
that this layer did not block the electrons emitted from
the emitter. However, the exact mechanism of electron
transmission through the base electrode is still unclear
and requires further investigation.

4. Conclusion

In conclusion, we successfully decreased the leakage
(off) current by subjecting the collector layer and base
electrode to heat treatment in air and therefore realized
a vertical-type MBOT with a very high on/off ratio while
maintaining high current and low-voltage operation. The
fact that this method also improves stability and reproduc-
ibility of the fabrication of MBOTs has encouraged us to
further elucidate the operation mechanism systematically.
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We report on a novel method for patterned deposition of conductive polymers, which is
derived from and fully compatible with fast in-line printing methods. The method is aimed
at improving resolution, homogeneity and edge sharpness of printed conductive structures
for applications in the field of printed electronics. The surface energy of a foil substrate,
which has been increased by means of corona treatment, was reduced in selected areas
through contact with materials that have suitable surface properties and can be patterned
at micrometer scale (i.e. printing plates). A conductive fluid was sprayed onto the chemi-
cally heterogeneous surface. The fluid accumulated at areas with higher surface energy.
After the drying process, the conductive polymer structures were used as source/drain con-
tacts for the preparation of OFETs.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction major challenge is to guarantee the compatibility of new
In recent years, considerable progress has been made in
the relatively new field of printed electronics. Conductive,
semiconductive and insulating functional polymers were
successfully formulated as inks and applied in a patterned
way by means of mass printing methods, like offset, flexo-
graphic and gravure printing. On the basis of these technol-
ogies, all-printed, fully polymeric electronic devices
(transistors, inverters, ring oscillators) were realised in a
continuous process at a process speed of approx. 1 m/s,
[1,2]. The printed conductive structures, however, have a
limited resolution and the layer morphology is not optimal
especially with offset printing [3]. In order to enhance the
performance of polymer electronic devices, research
currently focuses on new technological approaches that
improve layer homogeneity and reduce structure sizes. A
. All rights reserved.
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.de (T. Fischer).
technological approaches with the continuity of conven-
tional printing and the utilised materials. Moreover, mate-
rial availability and processability are important issues [4].

Various approaches and methods for the preparation of
patterns on surfaces which are pre-structured in terms of
surface tension (so-called wetting structuring) have been
described. The increasing demand for miniaturisation of
structure sizes led to the development of complex technol-
ogies, like microcontact printing (lCP) [5–7]. One aspect of
lCP, the transfer of PDMS oligomers during contact be-
tween PDMS stamp and substrate, is discussed from vari-
ous perspectives in the literature [8–11]. In [11] a
method for applying low-molecular siloxane oligomers
with PDMS stamps to a substrate is presented. This method
was used for the preparation of a TFT (thin film transistor).
Another interesting method is plasma mask technology for
surface structuring of polymers [12]. However, reasonable
integration of the above mentioned methods into a
conventional printing process seems impossible, because
contact times of several minutes [11] or complex cleaning
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Fig. 1. Wetting structuring – process scheme.

Table 1
Functional layers – OFET.

Functional layer Material Layer thickness
[lm]

Application
process

Substrate PET foil 50
Source/drain PEDOT:PSS 0.1 Spraying
Semiconductor F8T2 0.05 Spin coating
Dielectric Cytop/Luxprint 8153 10 Spin coating
Gate PEDOT:PSS 1 Dispensing

Fig. 2. Surface energy of corona-treated PET foil (contact angle measure-
ment: sessile drop; calculation method: Owens–Wendt).
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procedures [13] are necessary. The method described in
[14] uses ink jet printing for applying droplets of an aque-
ous dispersion of PEDOT/PSS to a SiO2/n+–Si substrate.
Electron beam lithography, vacuum deposition and lift-
off processes were used to apply hydrophobic self-assem-
bled monolayers (SAMs) of fluorodecyltrichlorosilane
(FDTS) to the raised areas of the SiO2 substrate surface.
When PEDOT/PSS droplets hit the hydrophobic areas, the
liquid dewetted into two parts, which were employed as
source/drain electrodes in field-effect transistors. The
width of the raised SiO2 structures to which FDTS was ap-
plied determined the channel length. Channel lengths
down to 500 nm have been realised.

2. Experimental

In conventional printing processes, surface activation
by corona is usually employed to improve wetting behav-
iour of foil substrates. Corona treatment results in areas
with different surface energies. In the simplest case, these
differences result from the fact that only parts of the sub-
strate are corona-treated while others remain untreated.
This can be done by either turning the corona on and off
or by partial treatment of the web with segmented corona
electrodes. The usual area treatment, however, fails in con-
tinuous processes where the surface energy has to be mod-
ified at micrometer scale in running direction and
perpendicular to it.

The process presented here is based on contact between
a surface-modified foil substrate with the surface of a non-
inked printing plate processed with a reduced light detack-
ing (UVC) time of 5 min, as for instance used in flexo-
graphic printing (Flint Group nyloflex� FAH). The partial
reduction of the surface energy by contact requires the
structuring of the printing plate in printing and non-print-
ing areas. In flexographic printing the printing elements
are raised. Contact with the foil substrate and, thus, reduc-
tion of the surface energy only takes place at raised areas.
After contact between printing plate surface and corona-
treated foil, which shall be termed ‘‘wetting structuring”,
the surface of the foil has areas of different wetting behav-
iour. The surface energy of the polymer formulation is
adapted by adding a mixture of surfactants (about 0.03%
by weight) in order to match the foil areas having a high
surface energy. The conductivity of the dried layer is im-
proved by adding glycerol (15% by weight).

When these formulations are applied to the substrate it
is mainly the high surface energy areas that are wetted.
The amount of liquid that is applied per unit area is a cru-
cial factor for the preparation of homogenous polymer
structures with defined outlines. Only exact dosing guar-
antees that a pinhole-free, sufficiently thick layer is applied
and non-image areas are not wetted. Preparatory experi-
ments showed that spraying via nozzle is a suitable meth-
od for the precise application of a functional polymer
liquid. A two fluid nozzle with a nozzle diameter of
0.4 mm producing a spray with a Sauter mean diameter
of approx. 8 lm was chosen. The PET foil Melinex 401 with
a thickness of 50 lm was used as substrate. The surface en-
ergy of the foil was increased from 47 to approx. 60 mN/m
by means of corona pre-treatment (system by Arcotec
GmbH) on a laboratory printing press. The layout of the
flexographic printing plate consisted of source/drain struc-
tures for transistors and connecting lines, which allow for
more complex functions (e.g. inverters). The channel
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lengths on the printing plate were 10 lm. The formulation
of the conducting function polymer PEDOT:PSS in aqueous
dispersion (Baytron P, now Clevios P, by H.C. Starck GmbH,
Germany) was sprayed onto the wetting-structured foil
surface in order to prepare source/drain structures for
field-effect transistors. The process is explained in Fig. 1.
The other layers of the top-gate transistors were applied
by means of spin coating or dispensing. Table 1 provides
Fig. 3. (a) Flexographic printing form with source/drain layout: finger
width F = 150 lm; channel length L = 10 lm, (b) PEDOT:PSS structures
after spraying and drying, (c) SEM micrograph + profile scan of one line
shown in (b).

Fig. 4. OFET output characteristics (VGS = 0 to �60 V).
an overview of the utilised materials, layer thicknesses
and application methods.

3. Results and discussion

Corona treatment increases the surface energy of PET
foil from 47 to approx. 60 mN/m. Fig. 2 shows the charac-
teristics of the surface energy depending on the corona
energy. The corona energy is defined as the energy that is
applied to the substrate in order to modify its surface
energy. It is determined by the generator power, the speed
of the foil web and the width of the electrodes, i.e. the
width of the corona discharge. Under the given conditions
– web speed 0.5 m/s and width of the corona discharge
35 mm – the surface energy of the foil reaches a state of
saturation at a corona dose of >10 kWs/m2. Contact with
the flexographic printing plate results in a reduction of
the surface energy of the foil (dispersive contribution) at
the contact points. The difference in surface energy be-
tween contact and non-contact areas is 12 mN/m. The sur-
face energy of the aqueous PEDOT:PSS dispersion is
adjusted to guarantee wetting of the non-contact areas,
i.e. areas with a higher surface energy, on the foil (cf.
Fig. 3b). The PEDOT:PSS formulation is sprayed onto the
foil immediately after wetting structuring. Drying is real-
ized in a hot air stream adjusting a PET surface tempera-
ture of 130 �C for 20 s. The SEM micrograph in Fig. 3c
shows a profile scan of one finger of a source/drain struc-
ture with a channel length of 10 lm and a cross section
height of the finger of approx. 100 nm. The surface rough-
ness (Ra) is low, approx. 10 nm. Typical output characteris-
tics of an OFET which is based on these source/drain
structures with a channel length of 10 lm and a channel
width of 2.5 mm is shown in Fig. 4. Mobility is
4 � 10�4 cm2/Vs and on/off ratio 275.

4. Conclusions

A new approach for the preparation of conducting poly-
mer structures by means of a continuous process was pre-
sented. Very thin, homogenous layers with low roughness
were produced. The minimum channel length of 10 lm is
determined by the limited resolution of the used printing
plate. There is a difference in channel length between
Fig. 3b (�15 lm) and Fig. 3c (�10 lm) due to the limited
depth of field of the light microscope used for Fig. 3b.
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Challenges are the durability of the printing plate surface,
as there is a decrease in homogeneity of the surface energy
reduction regarding the contact area when using the same
plate for several times, and the spraying parameters, which
have to be adjusted in order to achieve very small structure
sizes and channel lengths. Other substrates, pre-treatment
methods, like atmospheric pressure plasma (plasma spot),
application methods for conducting polymers, like dipping
or blading, and the combination with other functional
materials in OFETs will be tested in order to further im-
prove the technology.
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In this study, we prepared all-solution-processed inverted polymer solar cells (PSCs) incor-
porating two solution-processed electrodes – surface-nickelized polyimide films (NiPI
films) as cathodes and high-conductivity poly(3,4-ethylenedioxythiophene)/poly(styrene-
sulfonate) (PEDOT:PSS) films as anodes – and an active layer with a bulk heterojunction
morphology of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-buytyric acid methyl
ester (PCBM). The granular Ni thin films, which exhibited good adhesion and high-conduc-
tivity (ca. 2778 S cm�1) on the polyimide (PI) substrates and possessed a work function dif-
ferent from that of pure Ni metal (WF, 5.4 eV). Using ultraviolet photoelectron
spectroscopy, we determined that the WF of the NiPI films was ca. 3.9 eV. Prior to the coat-
ing of the photoactive layer, the surface of the NiPI films were treated with titanium(diiso-
propoxide)bis(2,4-pentanedionate) (TIPD) solution to facilitate the deposition of high-
quality active layer and further as a hole blocking layer. The solution processed anodes
(solvent-modified PEDOT:PSS films) were further coated and subjected to mild oxygen
plasma treatment on the active layer. Short exposure (5 s) to the plasma improved the
quality of the surface of the active layer for PEDOT:PSS deposition. These inverted PSCs
on flexible granular NiPI films provided a power conversion efficiency of 2.4% when illumi-
nated under AM 1.5 conditions (100 mW cm�2). The phenomenon of light absorption
enhancement in those inverted PSCs was observed as indicated in reflective UV–vis, haze
factor and external quantum efficiency (EQE) responses. The resulting fill factor (FF) of
0.43 is still significantly lower than the FF of 0.64 for standard devices. When compared
to the planar structure, the improvement of absorbance of light and good haze factors
was obtained for granular structure which suggests NiPI as a better back contact electrode
through enhancing the light trapping and scattering in inverted PSCs.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Polymer solar cells (PSCs) have recently received con-
siderable attention because of their low cost, light weight,
high flexibility, and solution-processability. The power
conversion efficiency (PCE) of PSCs has been improved to
5% under AM 1.5G conditions [1–4] when using a bulk het-
erojunction (BHJ) structure comprising a blended film of
. All rights reserved.

x: +886 35 724727.
-T. Whang).
poly(3-hexylthiophene) (P3HT) as the donor and [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) as the accep-
tor. In addition to their improved device efficiency [1–5]
and lifetime [6,7], PSCs possessing inverted structures have
also been investigated to further reduce production costs
and to facilitate high-throughput production [8–22].
Among inverted PSCs, two major structures are studied
most frequently. One employs modified layers located be-
tween the active layer and the electrodes to change the en-
ergy level of the whole device, i.e., the roles of the indium
tin oxide (ITO) material (as the cathode) and the metal
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electrode (as anode) are different from those of standard
PSCs systems [ITO (anode)/PEDOT:PSS/active layer/metal
(cathode)] (Fig. 1A). For this inverted system, in which
the roles of the electrodes are exchanged, the use of solu-
tion processing methods results in enhanced efficiency
from the collocation of appropriate energy levels for the
electron- and hole-collection layers [8–14]; in addition, a
roll-to-roll suited module would be achieved when intro-
ducing an inject-printed metal as the anode (Fig. 1B). The
second type of inverted PSC possessing a layer sequence
has great promise for use as a cost-efficient roll-to-roll sui-
ted module, i.e., starting with the metallic electron contact
on a plastic substrate [16–23]. The active layer is coated on
the metal layer, followed by the PEDOT:PSS layer, which
forms the transparent hole contact. In this inverted system,
the roles of the anode and cathode are similar to those in
standard cells, but the processing method employed to
build the PSCs is different (Fig. 1C). Moreover, the prepara-
tion of this second type of inverted PSC would presumably
provide higher efficiency and lower device fabrication
costs when using ITO-free materials. Another advantage
when using this inverted PSC system [22,23] with high
topographical variations of metals is that it would lead to
an imposed topography on the photovoltaic device; it
could also be used to couple light into the film, increasing
the optical length in the device. Based on these previous
studies, we suspected that combining the technologies
for all-solution processing with the high topographical
variations of the metal and the high-conductivity
of PEDOT:PSS would allow us to obtain ITO-free inverted
PSCs for high-throughput production on flexible
substrates.

Recently, polyimide (PI) films have become generally
used components for flexible electronic devices because
they exhibit high glass transition temperatures, low sur-
face roughnesses, low coefficients of thermal expansion
(CTE), and high chemical resistance under typical fabrica-
Fig. 1. Architectures of polymer solar cells: (A) standard, (B) inverted (in terms o
processing structure).
tion conditions. Surface-metalized PIs have been devel-
oped widely using various metals, including Ag, Cu, and
Ni [24–27]. In a previous study [26], we developed an all-
solution method for fabricating thin granular Ni films on
PI (NiPI) with high adhesion and conductivity (ca.
2778 S cm�1). These NiPI films are readily fabricated
through alkaline hydrolysis to open the imide rings of
the pristine PI film, followed by ion exchange with Ni ions
and their subsequent reduction on the PI (Fig. 2A–E).

In this paper, we report the fabrication of all-solution-
processed inverted PSCs featuring NiPI as the cathode
material (back contact electrode) on flexible substrates;
these devices have the following configuration: PI/Ni
(cathode)/titanium(diisopropoxide)bis(2,4-pentanedionate
(TIPD)/P3HT:PCBM/PEDOT:PSS (anode). From the many re-
ports describing the insertion of a buffer layer between the
cathode and the active layer to improve device perfor-
mances [4,28–30], we chose the solution-processable TIPD
as the buffer layer in this study because Tan et al. [30]
demonstrated that the TIPD interface dramatically reduces
the degree of interface resistance between the cathode and
the active layer. Furthermore, because the energy level of
the lowest unoccupied molecular orbital (LUMO) of TIPD
is ca. 3.9 eV, we suspected that it would be easy to trans-
port electrons to the NiPI film [work function
(WF) = 3.9 eV]. In addition, we developed a low-tempera-
ture fabrication process (<150 �C) to obtain high-conduc-
tivity PEDOT:PSS films in these inverted ITO-free PSCs.
We readily obtained these high-conductivity PEDOT:PSS
films (ca. 283 S cm�1) through spin-coating of a solvent
(methoxyethanol, ME) onto pre-coated PEDOT:PSS films
[31]; this method appears to be more suitable for plastic
substrates because it does not require a very high-temper-
ature (>150 �C) to remove any polyalcohol [32–37] and,
thereby, decreases the likelihood of destroying the active
layer. Based on the previous report, [31] the sheet resis-
tance of PEDOT:PSS electrode (a distance effect for PED-
f the roles of the electrodes), and (C) inverted (in terms of the alternative



Fig. 2. Flow chart for the formation of the patterned NiPI film. (A) PI: pristine polyimide; (B) K+/PI: K+/PAA layer on PI film; (C) Ni2+/PI: Ni2+/PAA layer on PI
film; (D) Ni-NPs/PI: Ni-NPs/PAA layer on PI film; (E) NiPI: Ni/PAA layer on PI film; (F) Patterned NiPI: patterned Ni/PAA layer on PI film; (G) photograph of
the patterned NiPI. (a) Alkaline hydrolysis to open imide rings; (b) cation-exchange reaction leading to the incorporation of Ni2+ ions; (c) reduction of Ni2+

ions by aqueous NaBH4; (d) Ni electroless plating using an EN solution; (e) patterning of Ni through photolithography.
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OT:PSS based ITO-free PSC devices) increased as the area of
the device increasing, and hence decreased the device per-
formance. The low conductivity of the PEDOT:PSS elec-
trode is actually limited for larger area cells. Therefore,
we further deposited a Au grid (thickness at 100 nm) onto
the PEDOT:PSS films to efficiently collect holes and effi-
ciently increase the sheet conductivity of the transparent
electrode.

2. Experimental

2.1. Nickelized polyimide films (cathodes and substrates)

The process for the direct all-wet-chemical treatment of
Ni-coated conductive films was performed according to the
procedure outlined in Fig. 2A–F. The PI films were synthe-
sized from pyromellitic dianhydride (PMDA; from TCI) and
4,40-diaminodiphenylether (ODA, 98%; from Aldrich); the
experimental details for fabricating the PI and nickelized
PI films are available elsewhere [26]. Briefly, the PI films
were first immersed in 5 M aqueous KOH at 25 �C for
7 min and then rinsed with deionized water. Next, the K+

counterions associated with the opened imide rings on
the surface of the PI films were exchanged with Ni2+ ions
through immersion in 50 mM aqueous nickel sulfate at
25 �C for 5 min, followed by rinsing with deionized water.
The surface Ni2+ ions were then reduced in aqueous NaBH4

(0.2 g/100 ml deionized water) at 25 �C for 5 min to form
Ni nanoparticles on the PI surface (Ni-NPs/PI films), which
were then rinsed with deionized water. The Ni NP-seeded
PI films were immersed in an electroless nickel bath (EN
solution) at 50 �C for 8 min to form thin Ni layers on the
PI films (NiPI). The EN solution was prepared from a
4:1 (v/v) mixture of a Ni stock solution [nickel sulfate
(40 g l�1), sodium citrate (20 g l�1), and lactic acid
(10 g l�1) in deionized water) and a DMAB solution
(1 g l�1 in deionized water). A cartoon representation and
a photograph of the patterned NiPI are presented in
Fig. 2F and G, respectively. The NiPI films have long-term
air stability in the atmosphere. Prior to the deposition of
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the photoactive layer, the NiPI films were cleaned with
organic solvents.

2.2. Active-layer materials

Because of the large differences in the values of the
contact angles and surface energies of Ni and PI surfaces
(Table 1), the solution-processable titanium chelate TIPD
(from Aldrich) was pre-coated as the cathode buffer layer
on the patterned NiPI film surfaces to facilitate the fabrica-
tion of high-quality active layers. Next, a blend [1:0.8 (w/
w), 17 mg ml�1 in dichlorobenzene (DCB)] of P3HT (Rieke
Met. Inc.) and PCBM was stirred overnight in DCB, filtered
through a 0.2 lm poly(tetrafluoroethlene) (PTFE) filter, and
then spin-coated (500 rpm, 60 s) on top of the NiPI films.

2.3. High-conductivity PEDOT:PSS films (anodes)

The high-conductivity PEDOT:PSS anodes were pre-
pared using a two-step method [31]. In the first step, a
95:5 (w/w) mixture of PEDOT:PSS solution (HC V4; from
H. C. Starck) and dimethyl sulfoxide (DMSO; from Aldrich)
was filtered through a 0.45 lm filter prior and then depos-
ited (spin-coating at 4000 rpm in the air) onto the active
layers with a mild oxygen plasma exposure for 5 s (plasma
cleaner PDC-32G, Harrick Scientific, Ossining, NY) at a
thickness ca. 50 nm. In the second step, the surface-modi-
fying solvent, ME, was spin-coated onto the pristine PED-
OT:PSS films at 3000 rpm, which were then dried at
100 �C for 5 min inside a glove box. The device was com-
pleted by coating a 100 nm-thick layer of Au as a metal
grid and a mask to improve hole-collection and define
the active area, respectively. The cell was then encapsu-
lated using UV-curing glue (Nagase, Japan). The active area
of each photovoltaic (PV) cell was 0.036 cm2. Fig. 4A dis-
plays the architecture of the inverted ITO-free polymer/ful-
lerene solar cells.

2.4. Instrumentation

The NiPI films were transferred within 3 min of their for-
mation into the sample-loading chamber of an ultraviolet
photoelectron spectroscopy (UPS) system. UPS (VG ESCA-
Table 1
Contact angles and surface energies obtained after performing the inverted
fabrication process.

Sample H2O C2H4I2 Surface energy (mJ m�2)

PI 75.5 41.1 39.1
NiPI 104.9 38.0 58.4
TNiPI 87.0 33.6 46.6
PTNiPI 108.2 60.6 37.0
PTNiPIa 55.8 32.7 47.4
HCV4 48.0 29.5 52.1

PI: Pristine polyimide film.
NiPI: Ni/PI film obtained after annealing at 150 �C for 30 min.
TNiPI: Sample obtained after depositing TIPD solution on the NiPI and
then annealing at 70 �C for 5 min.
PTNiPI: Sample obtained after depositing the P3HT:PCBM film on the
TNiPI and then annealing at 140 �C for 15 min.
HCV4: Sample obtained after depositing the PEDOT:PSS film on the glass
substrate and then annealing at 100 �C for 5 min.

a After mild air plasma treatment for 5 s.
Lab 250, HeI hm = 21.2 eV) spectra were recorded at a sam-
ple bias of �5.0 V to observe the secondary electron cutoff,
from which the work function could be derived from the
width of the Fermi edge of a Au substrate. XPS spectra were
recorded using a VG Scientific Microlab 350 spectrometer
operated in the constant analyzer energy mode with a pass
energy of 50 eV and Mg � Ka (1253.6 eV) radiation as the
excitation source (with normal emission detected). The
sheet resistances of the PEDOT:PSS films were measured
using a four-point probe; the average of the measured val-
ues is reported. The transmittance spectra were recorded
using an HP8453 UV–vis spectrometer. Contact angles
and surface energies were measured and calculated using
the geometric mean approximation (GMA) and a FTA-200
dynamic contact analyzer operated with H2O and CH2I2 as
the two standard liquids. The crystalline phase of samples
was characterized using a BEDE D1 grazing incidence X-
ray diffractometer (GIXRD) and Cu � Ka radiation. The inci-
dent angle of the X-ray beam was fixed at 0.5�. The surface
morphologies and phase changes of the PEDOT:PSS films
were analyzed using a VEECO DICP-II atomic force micro-
scope (AFM) operated in the tapping mode (Si tips on Si
cantilevers having a spring constant of 2 N m�1 and a set
point of ca. 0.8–0.9) in the air. A JEOL JSM-6500F scanning
electron microscope (SEM) was employed to investigate
the thicknesses of the PEDOT:PSS films. Samples for trans-
mission electron microscopy (TEM) analysis were prepared
through microtoming with a Leica Ultracut Uct apparatus
into 90 nm-thick slices that were placed onto a 200-mesh
carbon-coated Cu TEM grid (Agar Sci., Inc.). TEM images
were recorded using a JEOL-2010 transmission electron
microscope and an internal charge-coupled device (CCD)
camera. Current–voltage (I–V) curves of the PSC devices
were measured using a computer-controlled Keithley
2400 source measurement unit (SMU) equipped with a
Peccell solar simulator under AM 1.5 illumination
(100 mW cm�2). The spectral irradiance data of the light
source was similar to the AM 1.5G solar spectrum (spectral
mismatch <5% in the range 350–800 nm). The illumination
intensity was calibrated using a standard Si photodiode
detector equipped with a KG-5 filter. All of these measure-
ments were performed under an ambient atmosphere at
room temperature. All of these inverted PSCs are identified
by ‘‘PTXNiPI-X”, the first number denoting to the incorpo-
rating different concentrations of TIPD (wt%), the follow
number denoting to the thermal annealing time (min).
The absorption spectra were recorded using a Hitachi
U-4100 UV–vis spectrometer with the integrating sphere.
The planar and granular substrates were characterized by
optical spectrometry (MFS-530 commercialized by Hong-
Ming Technology): the total and scattered reflectivity have
been measured and the haze factors (HR(k)) have been cal-
culated for each of the substrates according to the equation,
HR(k) = Rscat(k)/Rtot(k), and these optical measurements
have been performed in air.
3. Results and discussion

To examine the feasibility of using NiPI as the cathode
(back contact electrode), we used UPS to determine that



Fig. 3. (A) Photoelectron spectrum of NiPI film. (B) XPS spectrum of NiPI surface. (C) SEM image of NiPI surface. (D) Schematic representation of the energy
levels of an ITO-free inverted PSC on PI.
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the WF of the surface-nickelized PI (NiPI) was 3.9 eV, i.e., it
differs from that of pure Ni (Fig. 3A) [38]. Because this va-
lue is lower than that of the Al cathode (ca. 4.2 eV), it ap-
peared suitable for application as the back contact
electrode in inverted PSCs. To understand why there was
a difference in the WFs of NiPI and pure Ni, we performed
an XPS survey and then obtained the Ni/B ratio of NiPI (ca.
2.9) by using the Shirley method to estimate the peak areas
of the atom contents on the NiPI surface in Fig. 3B. Accord-
ing to previous reports [26,27] and the results of this XPS
analysis, in addition to a small amount of oxygen (repre-
senting native oxides or B2O3) formed on the NiPI surface,
we suspect that the Ni–B component, which arose from the
use of dimethylamine borane (DMAB) as the reductant in
the Ni electroless deposition process, was responsible for
the WF of the NiPI film to differ from that of pure Ni. The
SEM image in Fig. 3C reveals that the granular NiPI con-
sisted of fine particles (ca. 200–300 nm) with a continuous
and interconnected network. Fig. 3D provides a schematic
energy level diagram. The WF of NiPI allows efficient elec-
tron transfer from the LUMO of PCBM. Based on the previ-
ously report [30], the TIPD layer could improve the
electron collection and reduce the interface resistance be-
tween the active layer and the metal cathode. From the
view of energy level, the WF of TIPD matches the transport
levels of the respective charge carriers for efficient charge
transferring, however, other effects like oxide layers, dipole
layers or the interface morphology of the photoactive layer
might affect the charge injection. Table 1 summarizes the
contact angle (CA) and surface energy (SE) data. On the
surface of patterned NiPI, the difference in the H2O contact
angles of PI (CA = 75.5�) and Ni (CA = 104.9�) was dramatic.
We attempted to improve the device performance through
solvent annealing (slow drying) with DCB, a solvent with a
high-boiling-point, to enhance the degree of microcrystal-
line lamellar stacking in the solid state packing of the ac-
tive layer [39]. We found, however, that the slow drying
process had a negative effect on the quality of the
P3HT:PCBM film when using the patterned NiPI as the sub-
strate. After spin-coating the P3HT:PCBM solution onto the
patterned NiPI film, droplets of P3HT:PCBM tended to
aggregate on the Ni surface through slow growth and the
thickness of the active layer became non-uniform. To over-
come this problem, we pre-coated the TIPD onto the NiPI
surface. The TIPD-modified, patterned NiPI film, which
we refer to as TNiPI, had a contact angle of 87.0�; therefore,
droplets of the P3HT:PCBM solution covered the TNiPI sur-
face more completely, resulting in uniform P3HT:PCBM
films that we name PTNiPI.

Because of the large variation in the values of CA of
P3HT:PCBM and PEDOT:PSS (Table 1), the deposition of
PEDOT:PSS on the highly hydrophobic P3HT:PCBM surface
requires a preliminary treatment process to ensure wetta-
bility and adhesion. Chaudhary et al. [40] demonstrated
that short exposure (5 s) to Ar plasma can effectively tailor
the wettability of P3HT:PCBM layers for subsequent depo-
sition of single-wall carbon nanotubes (SWNT) from an
aqueous solution. In our present study, oxygen plasma
treatment was more convenient than Ar plasma treatment;
therefore, we subjected our PTNiPI film to a short (5 s
exposure) oxygen plasma treatment to facilitate the depo-
sition of PEDOT:PSS on the active layer. The oxygen plas-
ma-treated PTNiPI film exhibited values of CA and SE of
ca. 55.8� and 47.4 mJ m�2, respectively, similar to those
of the PEDOT:PSS film. To determine the influence of the
5 s oxygen plasma treatment on the surface of the active
layer, we analyzed the performance of standard PSC struc-
tures (glass/ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al) formed
with and without plasma treatment. The variation in the
PCE was less than ca. 0.1%, arising mostly from a slight loss
in the current density; the values of Voc and the fill factor
(FF) were unaffected, as revealed by the I–V characteristics



Fig. 4. (A) S(2p) core level spectra of P3HT:PCBM film (1:0.8 w/w) with plasma treatment for various seconds. (B) Architecture of an inverted PSC featuring
an inverted sequence on NiPI as the back contact electrode. (C) Optical image of an inverted PSC on NiPI. (D) TEM cross-sectional image of an inverted PSC
on NiPI. Scale bars, 500 nm.

Table 2
Sheet resistances and conductivities of PEDOT:PSS, ITO, and NiPI films.

Sample Film
thickness
(nm)

Transmittance
at 550 nm (%)

Sheet
resistancec

(kX sq�1)

Conductivityc

(S cm�1)

H 90a 96.7 22.00 5
HD 45a 96.9 1.310 170
HDM 45a 96.4 0.785 283
ITO 200a 89.6 0.007 7143
NiPI 300b – 0.012 2778

H: Thin film of PEDOT:PSS (HCV4) on the glass substrate.
HD: Thin film obtained from a mixture of HCV4 (95 wt%) and DMSO
(5 wt%) on the glass substrate.
HDM: ME-modified HD thin film on the glass substrate.

a Film thickness identified using SEM.
b Film thickness identified using TEM.
c Values determined using a four-probe point.
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(Table 3). The treatment of oxygen plasma might predom-
inately destroy the P3HT phase, but not the PCBM phase.
As the consequence, the electron injection interface might
still be working for standard cell. However, this may
significant effect the anode interface. To investigate if
and how the effect through oxygen plasma treatment, we
employed XPS measurements to quantitative determine
the thiophene defects through oxygen plasma treatment
(Fig. 4A). The S(2p) core level spectra showed that there
were 96% thiophene (at 164 eV) preserved and only 4% thi-
ophene defects (at 168.5 eV) were observed through 5 s
oxygen plasma treatment on the active layer surface. In
the inverted geometry, this would lead to a destruction
of the anode interface; however the effect is not significant
as a result of XPS spectra.

To apply PSCs in an economical roll-to-roll-suited mod-
ule, the major requirement to reduce the cost of produc-



Table 3
Performance of PSCs under AM 1.5 illumination (100 mW cm�2).

Sample Structure Jsc

(mA cm�2)
Voc (V) FF PCE (%)

Standarda Standard 9.2 0.64 0.63 3.7
Standard-pa Standard 8.8 0.63 0.64 3.6
PT1NiPI-5b Inverted 8.3 0.58 0.26 1.2
PT3NiPI-5b Inverted 9.0 0.54 0.29 1.4
PT0NiPI-15b Inverted 5.4 0.43 0.25 0.6
PT1NiPI-15b Inverted 9.2 0.59 0.37 2.0
PT3NiPI-15b Inverted 9.3 0.60 0.43 2.4
PT7NiPI-15b Inverted 5.2 0.61 0.35 1.1
PT15NiPI-15b Inverted 4.4 0.59 0.24 0.6

Standard: Standard PSC structure without plasma treatment.
Standard-p: Standard PSC structure with plasma treatment on the active
layer.

a Active area = 0.04 cm2.
b Active area = 0.036 cm2.
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tion is substitution of a cheap material in place of the ITO
electrode. In a previous report, Zimmermann et al. [18]
constructed an ITO-free PSC module that comprised PSCs
on metal-coated plastic substrates with an inverted layer
sequence. Based on their module concept, we examined
the solution processing of NiPI, our surface-nickelized PI
film, as the cathode/substrate and the high-conductivity
PEDOT:PSS as the anode for the all-solution processing of
PSCs (Fig. 4B). Fig. 4B–D presents the structure, optical
and TEM images of the inverted PSC cell on NiPI. Although
the TIPD layer was too thin to identify, the cross-sectional
TEM image of the device clearly indicates the presence of
individual layers without interlayer mixing (Fig. 4D). The
PSCs had the following device structure: PI/Ni
(385 nm ± 77 nm)/TIPD/P3HT:PCBM (100 nm)/PEDOT:PSS
(45 nm).

The conductivity of NiPI and ITO were 2778 and
7143 S cm�1, respectively (Table 2). The resistive loss of
NiPI could be ignored for small cell device. Nonetheless,
NiPI layer is actually limited for larger area cells similar
to the ITO based devices. To form a transparent conducting
anode, we employed the low-temperature processing of
high-conductivity PEDOT:PSS. When processing with a
polyalcohol, the conductivity of PEDOT:PSS films can be
enhanced for their application in PSCs. Although adding a
polyalcohol would obviously decrease the sheet resistance
of the PEDOT:PSS films, higher processing temperatures
(>140 �C) and longer thermal treatment times are neces-
sary to remove the high-boiling-point (>200 �C) additive
[32–37], which may damage the P3HT/PCBM blends in
our inverted structure. Herein, we selected DMSO and
ME as solvents to investigate their ability to enhance the
conductivity of PEDOT:PSS at low processing tempera-
tures. The pristine PEDOT:PSS film (H; HC V4 from H. C.
Starck) had the lowest conductivity (5 S cm�1). When we
added 5 wt% DMSO into this pristine PEDOT:PSS aqueous
solution, the conductivity of the HD film was enhanced
to 170 S cm�1. Furthermore, consistent with our results
from a previous study [31], surface solvent-treatment of
HD films with ME (HDM) led to a dramatic increase in
the conductivity of the PEDOT:PSS to 283 S cm�1 and a cor-
responding processing temperature lower than that re-
quired for the polyalcohol system.
If transparent electrodes are to be used in PV devices,
they must have high transparency in the visible region.
Thicker PEDOT:PSS films will lead to transmittance and
vertical conductivity problems. We observed that the
transmittances of the thin PEDOT:PSS films (<100 nm) of
H, HD, and HDM on glass (each ca. 96%) were better than
that of ITO (ca. 89.6%; Table 2). From a comparison of the
electrical conductivities of ITO (same as the anode of a
standard cell), and NiPI, we observed that the highest
conductivity of PEDOT:PSS (HDM) was enhanced to
283 S cm�1 with a order less than ITO and NiPI. We suspect
that combining a suitable metal grid (such as a metal grat-
ing or random metal nanowire mesh) with HDM film may
be compatible with the future development of flexible PSCs
[41,42].

Because TIPD was present as an ultrathin layer on NiPI
(Fig. 4D), it was necessary for us to determine the thick-
ness of P3HT:PCBM on the highly topographically variant
NiPI to obtain the optimized parameters for these in-
verted PSCs, because the effect of a thinner active layer
(higher speed of coating of the P3HT:PCBM solution) on
the imposed topography of the anode would increase
the risk of creating short circuits (i.e., lower the efficiency
of the device) [22]. If the P3HT:PCBM solution was spin-
coated on TNiPI for 700 rpm, the thinner active layer film
on the imposed topography of anode would increase the
risk of creating short circuits to lower the efficiency of
the device. As the result of the device performance and
the TEM cross-sectional image, the minimum active layer
film thickness was suggested to be ca. 200 nm. Thus, un-
der the optimal conditions for spin-coating of the
P3HT:PCBM solution onto TNiPI (500 rpm), we investi-
gated the concentrations with respect to the thickness
of the TIPD layer of the whole devices. Prior to the coating
of the photoactive layer, the TIPD layers were treated at
the temperature of 80 �C and 160 �C for 5–30 min to
investigate the temperature effect of the TIPD film with-
out a superimposed effect of the active layer. Similar cell
performances were obtained as the temperature and
annealing condition change. First, to understand the ther-
mal stability of the TIPD-coated devices, we examined the
device performances after employing various thermal
annealing times. Table 3 summarizes the device perfor-
mance under AM 1.5 illumination at an intensity of
100 mW cm�2. The device formed using an interfacial
layer of 3.75 wt% TIPD (PT3NiPI-5) and a short thermal
annealing time (5 min; 140 �C), exhibited poor perfor-
mance: Voc = 0.54 V; Jsc = 9.0 mA cm�2, FF = 0.29;
PCE = 1.4%. After increasing the thermal annealing time
at 140 �C to 15 min, the values of Voc, Jsc, and FF all in-
creased, thereby improving the value of PCE to 2.4%.
When TIPD was incorporated at 1.88 wt% (PT1NiPI-15),
we obtained similar results, i.e., improved performance
after longer periods of thermal treatment; after thermal
annealing for 15 min, the values of Voc, Jsc, FF, and PCE
were 0.59 V, 9.2 mA cm�2, 0.37, and 2.0%, respectively.
Consistent with previous results, this TIPD-coated NiPI
was stable to thermal annealing at 140 �C for several min-
utes. We suspect that this TIPD-coated NiPI would be
more suitable than the corresponding ITO/PET system
[43,44] for long-time high-temperature annealing.
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To compare the performance of devices incorporating
different concentrations of TIPD (0.94, 1.88, 3.75, 7.5, and
15 wt%), we performed AFM measurements to determine
the underlying mechanism of TIPD incorporation on NiPI.
We observed interesting morphologies with high topo-
graphical variations for the pristine NiPI and TIPD-coated
NiPI surfaces (Fig. 5). After coating with TIPD at 0.94,
3.75, and 15 wt%, the root-mean-square roughness (Rms)
changed from 33.8 nm for pristine NiPI to 24.6, 24.3, and
25.3 nm, respectively. Thus, coating with different TIPD
concentrations did not have a significant effect on the va-
lue of the Rms. Furthermore, in the phase image of NiPI,
the topographical variations of granular Ni films were ex-
pressed as a darker edge effect (Fig. 5b). After coating TIPD
onto NiPI, we expected the phase changes to be more obvi-
ous at the darker edges of the granular NiPI. The previous
study have been reported [17] that charge collection could
Fig. 5. (a, c, e, g) Topographies (including cartoon representations) and (b, d, f, h)
film; (c, d) T0NiPI: TIPD (0.94 wt%) on NiPI film; (e, f) T3NiPI: TIPD (3.75 wt%) on
be enhanced by using a thin layer of Ti/TiOx on top of the Al
electrode; in the absence of this Ti compound coating, the
oxide formed on Al blocked charge transport. For our TIPD
systems, even a small amount of oxygen (representing na-
tive oxides or B2O3) formed on the NiPI surface (Fig. 3B),
we suspected that a higher concentration of the coating
TIPD solution (3.75 wt%) would be more effective at en-
abling charge collection in the inverted cells than would
a coating of 0.94 wt%. From an analysis of the PSCs’ perfor-
mances, we found that higher concentrations of TIPD led to
improved PCE, presumably because a more uniform TIPD
layer on NiPI enhanced electron transport to the anode
(Fig. 5c–f). Increasing the concentration of TIPD from 3.75
to 15 wt% decreased the current density, which led to
poorer performance. Based on the similar values of Voc of
the PT3NiPI-15, PT7NiPI-15, and PT15NiPI-15 devices (Ta-
ble 3 and Fig. 6), it appears that exceeding the critical con-
phase images of NiPI and TIPD-modified NiPI films. (a, b) NiPI: pristine NiPI
NiPI film; (g, h) T15NiPI: TIPD (15 wt%) on NiPI film. Scale bars, 500 nm.



Fig. 6. I–V characteristics of inverted PSCs under AM 1.5 illumination
(100 mW cm�2).

Y.-S. Hsiao et al. / Organic Electronics 10 (2009) 551–561 559
centration of TIPD (3.75 wt%) led to a lower variation of the
angles in the phase images (cf. Fig. 5g and h), which would
block the degree of electron transport to NiPI and, thereby,
decrease the current density.

Roman et al. [23] have reported that the light-trapping
effects from active layers on the periodic Al metal nano-
structures, and those structures could further enhance
PSCs performance. Comparing the dimension of the granu-
Fig. 7. SEM images (top-view) of different structure of cathodes. (A) AlPI: plan
different structures of cathodes. (a) AlPI: planar AlPI, (b) NiPI: granular NiPI, (
TIPD(3.75 wt%)/NiPI, (e) PT3AlPI device: PEDOT:PSS/PT3/AlPI, (f) PT3NiPI device
lar NiPI with the Al grating structure, the NiPI films were
believed to have the same effect in PSCs. To complement
the observed degree of light confinement in whole devices,
herein, we performed reflective UV–vis, reflection haze fac-
tor (HR) [45] and external quantum efficiency (EQE) mea-
surements of overall inverted PSCs process of the plane
AlPI and the granular NIPI films. Fig. 7A and B showed
the SEM image of planar AlPI and granular NiPI films,
respectively. In the reflective UV–vis spectra of absorbance,
Fig. 7C represents that the granular NiPI films were well-
adapted to improve the light-trapping in 200 nm thick
P3HT:PCBM cells. Based on the previous reports, [46,47]
the refractive indices of PEDOT:PSS and P3HT:PCBM were
1.1–1.6 and 1.6–2.2, respectively, in the range 400–
800 nm. The higher HR was obtained from rougher NiPI
structure through reflective haze factor measurements
(Fig. 8A). The total internal reflection could occur where
light travels from a P3HT:PCBM film with a higher refrac-
tive index to the PEDOT:PSS film with a lower refractive in-
dex. The absorption, haze factor and EQE analysis,Figs. 7C–
E, C–f and 8A show that there were more light absorptions
in granular NiPI of devices (PT3NiPI device) than the planar
structures of electrode (PT3AlPI device) in the range of
wavelengths 400–650 nm. The beam of light scattering
on the granular NiPI shows better light confinements than
planar AlPI of devices. Therefore, a light trapping effect
were presumed by the NiPI layer in the range 400–
800 nm, hence the EQE of P3HT devices show enhance-
ar AlPI, (B) NiPI: granular NiPI. (C) Reflective UV–vis spectra of films on
c) PT3/AlPI: P3HT:PCBM/TIPD(3.75 wt%)/AlPI, (d) PT3/NiPI: P3HT:PCBM/
: PEDOT:PSS/PT3/NiPI.



Fig. 8. (A) Reflection haze factors for different structure of cathodes and
the EQE spectra of inverted PSCs on different structure of cathodes.
Cartoon representations for inverted PSCs illuminated on different
structure of cathodes. (B) Planar AlPI, (C) granular NiPI.
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ment in the range 400–620 nm (Fig. 8A). Although differ-
ent materials of cathodes may cause to the different device
performance, in this study, the comparison of haze factors
and EQE results, give some information of optical path
length enhancement in the active layer. The Rms of coated
photoactive was ca. 5.6 nm and its surface roughness was
smoother than NiPI substrate (Rms � 33.8 nm). The
cross-sectional TEM image showed the thickness of the
photoactive layer was ca. 200 nm and the granular NiPI
film can actually be well covered by the photoactive layer.
The thin film architecture of device suggests that the vari-
ation in the film thickness would not be a problem for
charge carrier extraction. As shown in Fig. 8B and C, the
cartoon illustration summarized the representations of
light-reflection and light-scattering properties in PSCs,
and the schematic representations can be presumed that,
in the active layer, rougher NiPI would induce better of
light trapping than planar AlPI.

4. Conclusions

We have developed a procedure for the all-solution pro-
cessing of inverted PSCs on PI substrates. In this approach,
the solution processing led to the chemical formation of
granular Ni thin films with high-conductivity (ca.
2777.8 S cm�1) and a suitable WF for use as back contact
cathodes in PSCs. We used a TIPD solution to modify the
surface energy of the patterned NiPI film prior to further
P3HT:PCBM coating. An analysis of the values of PCE
revealed that a suitable concentration of the TIPD coating
led to improved PV performance. After performing a mild
oxygen plasma treatment for 5 s on the P3HT:PCBM sur-
face, the active layer was appropriately modified for further
coating with PEDOT:PSS. Moreover, we further investigated
the low-temperature fabrication of high-conductivity PED-
OT:PSS films by employing DMSO and ME as additives;
using this approach, we obtained a high-conductivity (ca.
283.1 S cm�1) HDM film after thermal treatment at just
100 �C for 5 min. The ITO-free inverted PSCs incorporating
HDM films as anodes and TNiPI as the modified layer/cath-
odes exhibited high performance, with the PCE reaching
2.4% under AM 1.5 illumination (100 mW cm�2). Although
the deposition of Au grids (thickness at 100 nm) was help-
ful for decreasing the distance effect of PEDOT:PSS layer
(hole-collection), the FF of of 0.43 is still significantly lower
than the FF of 0.64 for standard devices. It was believed that
higher conductivity of NiPI films and PEDOT:PSS films still
need for further improving the device performance. As
the results of the absorption, haze factor and EQE re-
sponses, the granular NiPI was presumed to be a better
electrode/substrate through enhancing the light scattering
and trapping in inverted PSCs.
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a b s t r a c t

We report on studies of poly-(2,5-dihexyloxy-p-phenylenevinylene) (PDHeOPV), a sym-
metric side-chain polymer, as a potential new donor material for polymer:fullerene blend
solar cells. We study the surface morphology of blend films of PDHeOPV with PCBM, the
transport properties of the blend films, and the performance of photovoltaic devices made
from such blend films, all as a function of PCBM content. In each case, results are compared
with those obtained using the asymmetric side chain polymer, poly[2-methoxy-5-(3,7-
dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV), in order to investigate the influ-
ence of polymer side chain symmetry on solar cell performance. AFM images show that
large PCBM aggregates appear at lower PCBM content (50 wt.% PCBM) for PDHeOPV:PCBM
than for MDMO-PPV:PCBM (67 wt.% PCBM) blend films. Time-of-Flight (ToF) mobility mea-
surements show that charge mobilities depend more weakly on PCBM content in
PDHeOPV:PCBM than in MDMO:PPV:PCBM, with the result that at high PCBM content
the mobilities in PDHeOPV:PCBM are significantly lower than in MDMO:PPV:PCBM blend
films, despite the higher mobilities in pristine PDHeOPV compared to pristine MDMO-PPV.
Photovoltaic devices show significantly lower power conversion efficiency (�0.93%) for
PDHeOPV:PCBM (80 wt.% PCBM) blend films than for MDMO-PPV:PCBM (2.2% at 80 wt.%
PCBM) blends. This is attributed to the relatively poor transport properties of the
PDHeOPV:PCBM blend, which limit the optimum thickness of the photoactive layer in
PDHeOPV:PCBM blend devices. The behaviour is tentatively attributed to a higher ten-
dency for the symmetric side-chain polymer chains to aggregate, resulting in poorer inter-
action with the fullerene and poorer network formation for charge transport.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The performance of bulk heterojunction solar cells
based on the blend of a conjugated polymer and a fullerene
derivative is critically dependent on the nano- and micro-
scale morphology of the thin solution-processed semicon-
. All rights reserved.

9 (S.M. Tuladhar);
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ductor blend layer [1–6]. In several systems it has been ob-
served that optimum device performance is achieved for
blend films that feature a certain degree of phase separa-
tion (�10 nm length scale). This positive effect of phase
segregation is attributed to improved charge transport or
light harvesting as a result of increased crystallinity of
components [7] and to a reduction in bimolecular [8] or
geminate [9] charge recombination with less intimate
phase mixing. Large scale (>100 nm) phase segregation,
on the other hand, leads to poor device performance due
to the limited interfacial area available for charge
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separation [10]. Control of the microstructure of the active
layer is therefore critical for the optimisation of photovol-
taic device performance.

One means by which the blend morphology can be con-
trolled is through the self-organising nature of the molec-
ular components used, for instance, the degree of
crystallinity of the polymer or fullerene [7] or the interac-
tion energy between the components [11]. In the case of
conjugated polymers, polymer chain packing is known to
be influenced by the length and nature of the polymer side
chains. In particular, symmetric side chains in poly-p-
phenylenevinylene (PPV) polymers are known to lead to
more rigid chain conformations and a higher degree of
chain aggregation than asymmetric chains [12,13]. A re-
cent study by Blom and co-workers [14,15] has shown that
hole transport in blend films of a symmetrically substi-
tuted PPV polymer with PCBM is insensitive to composi-
tion, in contrast to blend films of the widely studied
asymmetrically substituted polymer poly[2-methoxy-5-
(3’,7’-dimethyloctyloxy)-1-4-phenylene vinylene] (MDMO-
PPV) with PCBM, suggesting that side chain symmetry
can affect blend film morphology. In this paper, we inves-
tigate the influence of the polymer donor side chain sym-
metry on the morphology of PPV polymer:PCBM blend
films, on charge transport in the blend films and on the
behaviour of the corresponding bulk heterojunction photo-
voltaic devices. We select two alternative dialkoxy-p-
phenylenevinylene polymers as the donor material, the
symmetrically substituted polymer 2,5-dihexyloxy-p-
phenylenevinylene (PDHeOPV) and the asymmetrically
substituted polymer MDMO-PPV. We show that the sym-
metrically substituted polymer leads to larger scale phase
separation and poorer device performance, and that the
differences in device performance are correlated both to
the different degree of phase segregation and to a very dif-
ferent dependence of the electron and hole transport prop-
erties of the blend films on PCBM content. The results
demonstrate the critical influence of polymer phase behav-
iour on bulk heterojunction performance.
2. Experimental

The PDHeOPV polymer (number average molecular
weight �25 kDa (approximately 82 repeat units)) was pre-
pared as detailed in Ref. [16]. For atomic force microscopy
(AFM, Burleigh Instruments) and photoluminescence (PL,
FluoroMax-3, Jobin-Yvon) measurements, blend films of
thickness �50 nm were spin coated from chlorobenzene
solution onto indium tin oxide (ITO) coated glass sub-
strates coated with a �70 nm layer of polystyrene sulpho-
nate doped poly(ethylenedioxythiophene) (PEDOT:PSS).
This sample structure was used in order to simulate condi-
tions in the solar cell as closely as possible, since it is
known that substrate influences phase segregation.
Devices for time-of-flight (ToF) mobility measurements
were made by spin coating films of pristine PDHeOPV
and blend films of PDHeOPV:PCBM blends containing
0, 20, 33, 50, 67 and 75 wt.% PCBM from chlorobenzene
solutions onto indium tin oxide (ITO) coated glass sub-
strates. Pristine films of PDHeOPV (92 mg/ml) and blend
films of PDHeOPV:PCBM containing 20 (18 mg/ml), 33
(30 mg/ml), 50 (45 mg/ml), 67 (60 mg/ml) and 75
(67 mg/ml) wt.% PCBM were spin-coated on to ITO at spin
speeds of 2000, 1800, 1500, 1500 and 1000 rpm, respec-
tively. The ToF devices were then completed by thermal
evaporation of a shadow masked, aluminum top contact
(�100 nm), at a typical pressure of 10�6 mbar. Film thick-
nesses were measured with a Sloan DektakTM surface profi-
lometer. Hole mobility values were obtained by analysis of
ToF photocurrent transients as described in Ref. [17]. Bulk
heterojunction solar cells with the sandwich structure ITO/
PEDOT:PSS (70–75 nm)/X/Al were fabricated where X was
a blend layer of either PDHeOPV or MDMO-PPV with a
varying weight fraction of PCBM. All devices were illumi-
nated through the semitransparent ITO electrode with
AM1.5G light from a filtered Xe lamp at an intensity of
100 mW/cm2.
3. Results and discussions

The electric field dependence of hole mobility of
PDHeOPV and MDMO-PPV at room temperature is shown
in Fig. 1. The data for both samples follow the Poole-Frenkel
form, generally found in a wide range of disordered materi-
als [18]. The hole mobility of symmetrically substituted
PDHeOPV (�10�5 cm2/Vs) at low fields is about an order
of magnitude higher than the hole mobility of the asymmet-
rically substituted MDMO-PPV (�10�6 cm2/Vs). This is also
true of the hole mobility of other symmetrically substituted
dialkoxy-poly-p-phenylene vinylenes, even those with
longer side chains [16]. The higher low field mobility for
the symmetrically than for the asymmetrically substituted
PPVs thus implies that the nature of chain packing is impor-
tant in determining the hole-transporting characteristics of
these materials. This is reflected in the ToF photocurrent
transients shown in the inset to Fig. 1. The photocurrent
transients of PDHeOPV films exhibit relatively non-disper-
sive behaviour (characterised by the pronounced knee in
the transient when plotted on double logarithmic axes) in
comparison to MDMO-PPV at similar fields. Weak depen-
dence of hole mobility on electric field, such as that seen
for PDHeOPV in Fig. 1, is often correlated with low energetic
disorder and non-dispersive charge transport [19].

Fig. 2 shows the zero-field electron and hole mobilities
in PDHeOPV:PCBM blend films as a function of PCBM con-
tent, obtained by extrapolation of Poole-Frenkel fits to the
field dependent mobility data. The zero-field ToF mobility
of holes and electrons in MDMO-PPV:PCBM blend films
[20] are also presented as a function of PCBM content in
the same plot for comparison. Whilst both electron and
hole mobility increase continuously with increasing PCBM
content from 16 to 67 wt.% PCBM in the case of MDMO-
PPV:PCBM blend films, leading to a net increase of two to
four orders of magnitude, the zero-field electron and hole
mobilities of PDHeOPV:PCBM blends are relatively insensi-
tive to PCBM content. The mild increase in electron mobil-
ity with PCBM content in PDHeOPV:PCBM blends can be
attributed to improved electron percolation with PCBM
network formation. A similar weak dependence of hole
mobility on PCBM content was observed previously for an-
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other symmetrically substituted dialkoxy PPV polymer
[14]. Although the strong dependence of charge transport
on PCBM content observed for MDMO-PPV:PCBM blend
films has not been unambiguously explained, the influence
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Fig. 2. Zero-field electron (circles) and hole mobilities (squares) in (a)
PDHeOPV:PCBM and (b) MDMO-PPV: PCBM blends as a function of PCBM
concentration. Open symbols represent PDHeOPV:PCBM and filled sym-
bols MDMO-PPV:PCBM blends.
of PCBM on polymer chain packing is thought to be rele-
vant [6,20].

The very different composition dependence of charge
carrier mobilities in PDHeOPV:PCBM blends compared to
MDMO-PPV:PCBM may result from different polymer
chain conformations. Symmetric side chain polymers are
expected to assume more rigid conformations [12] and
therefore the PDHeOPV chain morphology may be less
strongly affected by the presence of PCBM than MDMO-
PPV with its asymmetric side chains and tendency to form
ring-like structures [13]. This difference may be enhanced
by the fact that the side chains in MDMO-PPV are branched
while those in PDHeOPV are linear. The observation of
phase segregation at 50 wt.% PCBM in PDHeOPV:PCBM
blends while none is seen in MDMO-PPV:PCBM until
�67 wt.% [3,21] is consistent with the hypothesis that the
more rigid, symmetrically substituted PDHeOPV polymer
chains have a stronger tendency to aggregate than the
asymmetrically substituted MDMO-PPV chains, and conse-
quently are less strongly affected by the presence of PCBM.

Fig. 3 shows the photoluminescence spectra (480 nm
excitation) for PDHeOPV:PCBM blend films as a function
of PCBM content. The PL of PDHeOPV is increasingly
quenched with the addition of PCBM up to a content of
70–80 wt.% PCBM, consistent with photoinduced charge
transfer in these composite films. The PL spectra of the
PDHeOPV:PCBM blend films exhibit well resolved vibronic
structure and resemble the spectra of pristine PDHeOPV
[16], at all PCBM contents. In contrast, it has been shown
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that the PL spectra of MDMO-PPV:PCBM blend films be-
come structureless with increasing PCBM content, com-
pletely losing the red shoulder seen in the PL spectrum of
pristine MDMO-PPV at PCBM contents greater than
30 wt.% [3]. This again suggests that the morphology of
the blend film made from the symmetrically substituted
polymer will be quite different from that of the blend made
from the asymmetrically substituted polymer.

As a further probe of morphology, the PDHeOPV:PCBM
blend films were studied with atomic force microscopy
(AFM) as a function of PCBM content. Fig. 3 (inset) shows
the height images obtained by AFM for composite
PDHeOPV:PCBM films (�50 nm) for four different compo-
sitions. Whilst the surface roughness of pristine films of
both PDHeOPV and PCBM films is low (root-mean-square
roughness, zRMS < 1 nm), the PDHeOPV:PCBM blend films
are rough (zRMS P 10 nm) and exhibit separate domains
of diameter >100 nm, with both surface roughness and do-
main size increasing with PCBM content. These roughness
values and domain sizes are much larger than those ob-
served for MDMO-PPV:PCBM blend films at similar PCBM
content (zRMS < 1 nm, domain size 60–80 nm at 80 wt.%
PCBM [3,10] compared to zRMS � 12 nm, domain size
500 nm for PDHeOPV:PCBM). Larger domains may lead to
a lower efficiency of exciton dissociation, depending on
the purity of the domains observed. The height fluctuations
of the PDHeOPV:PCBM blend films thus account for a sig-
nificant fraction of the total thickness of the thin films used
to make devices, as discussed below.

Photovoltaic devices were made from PDHeOPV:PCBM
blends containing 50, 67, 75 and 80 wt.% PCBM. The high-
est EQE was obtained at 80 wt.% PCBM. To optimise device
structure, device performance was then studied as a func-
tion of blend film thickness for the composition (80 wt.%
PCBM). Film thickness was varied from 50 to 240 nm by
changing either solution concentration or the rate of spin
coating. For all devices, blend films were spin coated on
to PEDOT:PSS layers (70–75 nm thick) and finished with
Al top contacts. A similar series of MDMO-PPV:PCBM de-
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vices was made for comparison and the resulting EQE spec-
tra are depicted in Fig. 4. The data clearly show that the
EQE of the devices based on PDHeOPV:PCBM is substan-
tially lower than that of MDMO-PPV:PCBM based devices,
across the thicknesses range. The EQE shows a maximum
35% for the MDMO-PPV:PCBM device with a 75 nm thick
active layer while for the PDHeOPV:PCBM devices, the low-
est thickness studied (50–55 nm) produced the highest
EQE (�10%). Good quality devices with thinner active lay-
ers could not be made, probably due to defects such as pin-
holes in the active layer.

The value of the optimum active layer thickness in a
bulk heterojunction solar cell is determined by the compe-
tition between light absorption and charge carrier mobil-
ity. Given that the optical absorption of the two polymers
is similar, the lower optimum thickness for
PDHeOPV:PCBM than for MDMO-PPV:PCBM is consistent
with the lower electron and hole mobilities of the former
blend.

Fig. 5 shows a plot of the photovoltaic parameters, the
short circuit current density, Jsc, open circuit voltage, Voc,
power conversion efficiency g and fill factor FF for the ser-
ies of PDHeOPV:PCBM (80 wt.% PCBM) devices with differ-
ent active layer thickness in comparison with those for a
series of MDMO-PPV:PCBM (80 wt.% PCBM) devices.

The dependence of Jsc on active layer thickness for
PDHeOPV:PCBM and MDMO-PPV:PCBM blend devices
resembles that of the EQE with an optimum at 55 nm for
PDHeOPV:PCBM and at 75 nm for MDMO-PPV:PCBM, after
which Jsc tends to decrease with increasing thickness as a
result of the competition between transport and recombi-
nation, as discussed above. In the case of MDMO-
PPV:PCBM blend devices Jsc shows a broad local minimum
around �100 nm which can be attributed to optical inter-
ference and is expected theoretically [22]. Similar structure
is also visible in the case of PDHeOPV:PCBM blend films.
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Open-circuit voltages were comparable for the two blend
types (�0.7–0.8 V) and relatively insensitive to film thick-
ness, as previously observed [23,24]. However, a fall-off in
both Voc and fill factor with reducing thickness for the thin-
nest PDHeOPV:PCBM blend devices suggests shunt losses
possibly due to non-uniformities in film thickness.

The highest power conversion efficiencies are found for
the device thicknesses that led to the highest Jsc, i.e. 55 nm
(g = 0.93%) in the case of PDHeOPV:PCBM blend devices
and 75 nm (g = 2.2%) in the case of MDMO-PPV:PCBM
blend devices, in good agreement with previous results
for solar cells based on same materials [10]. The inferior
performance of PDHeOPV:PCBM devices compared to
MDMO-PPV:PBM is likely to result from the lower photon
to electron conversion efficiency, resulting both from the
lower mobility (enhancing recombination) and the rela-
tively large domain size (possibly reducing exciton dissoci-
ation efficiency) relative to MDMO-PPV:PCBM. In addition,
the relatively high surface roughness (�10 nm) is likely to
limit the performance of thinner devices through charge
leakage along shunt paths between the electrodes.

4. Conclusions

Polymer:PCBM blend films and devices were made
using dialkoxyPPV polymers with symmetric (PDHeOPV)
and asymmetric (MDMO-PPV) side chains and their trans-
port and photovoltaic properties were studied. The effects
of PCBM content and active layer thickness on
PDHeOPV:PCBM blend photovoltaic device parameters
were also examined. We have optimised the active layer
thickness for PDHeOPV:PCBM and MDMO-PPV:PCBM
blend solar cells and found efficiency maxima of 0.93% at
55 nm for PDHeOPV:PCBM and 2.2% at 75 nm for MDMO-
PPV:PCBM devices. The maximum EQE for PDHeOPV:PCBM
blend devices was found to be about 10% in the range of
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420–520 nm compared to about 34% for MDMO-PPV:PCBM
blend devices.

AFM images show that the surface morphology is differ-
ent for PDHeOPV:PCBM and for MDMO-PPV:PCBM blend
films and that the morphology is affected differently by
blend composition in the two cases. For example, phase
segregation is observed at 50 wt.% PCBM in PDHeOPV:
PCBM blends while none is seen in MDMO-PPV:PCBM until
�67 wt.%. The poorer device performance for PDHeOPV:
PCBM than for MDMO-PPV:PCBM can be attributed to
the more phase-segregated morphology and poorer trans-
port properties, which in turn limit the thickness of the
PDHeOPV:PCBM active layer that can be used for efficient
device performance. Furthermore, the strong positive ef-
fect of PCBM addition on the hole transport properties ob-
served in MDMO-PPV:PCBM blends was not observed in
the case PDHeOPV:PCBM; the mechanism requires further
investigation but the different morphology of the blend
films is likely to be a factor. Thus it appears that the choice
of the symmetric or asymmetric side chains has a clear
influence on the blend morphology and transport proper-
ties within the blend, and should be taken into consider-
ation in the design of new conjugated polymer materials
for photovoltaic applications.
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Co atoms will permeate into the soft organic material to form a magnetic permeated sub-
layer (MPS) during the fabrication of an organic spin device, such as Co/OSC/LSMO. We con-
sidered the OSC as a two-sublayer structure of MPS and pristine OSC, and then established
a dynamic spin-diffusion equation to study the effect of MPS on the spin current polariza-
tion and the magnetoresistance of the device. It was found that the MPS will change the
spin transport due to its different spin-flip time and mobility from that in the pristine
OSC. The splitting of spin-flip times will be favorable to the spin polarization transport.
Mobility of spin polarons in the MPS will be reduced due to the scattering of the Co atoms,
which will weaken the spin polarization. For a given device, effect of the thickness of the
MPS on the spin polarization is discussed. Finally, we calculated the magnetoresistance
of a Co/OSC/LSMO device. A theoretical result which is consistent with the experimental
data was obtained.

� 2009 Elsevier B.V. All rights reserved.
z1. Introduction

Organic semiconductors (OSCs) are a class of func-
tional materials that have attracted considerable attention
during the last decades. They have revolutionized
important technological applications including large-area
electrics, owing to their processing and performance
advantages compared with conventional semiconductors
for low-cost or large-area device applications [1–3].
Recently, another application of OSCs as spin transport
materials has been found. Their soft lattice structure
and capability of reconstructing the structure provide an
opportunity to form a good interface with ferromagnetic
metal (FM) or half-metal contacts, reducing the probabil-
. All rights reserved.

cs, Shandong Univer-
21.
ity of spin scattering at the interface. In addition, the
spin-orbit coupling and hyperfine interaction are very
weak in the OSCs, so that the electron spin-diffusion
length of an OSC is expected to be much longer than that
of a usual inorganic material [4]. A new field called organ-
ic spintronics is emerging out and attracting the attention
of both physical scientists and chemical scientists
[5–7,15]. In 2002, Dediu’s group firstly reported spin
injection into a thin film of conjugated organic material
sexithienyl (T6) on a nanostructured planar hybrid junc-
tion La0.7Sr0.3MnO3/T6/La0.7Sr0.3MnO3 (LSMO) at room
temperature [5]. The spin-diffusion length in T6 they
observed is about 200 nm at room temperature. Xiong
et al. have also observed spin injection and transport in
a La0.7Sr0.3MnO3/Alq3/Co organic spin valve. The measured
magnetoresistance can be as high as 40% at low temper-
ature [6]. Majumdar et al. have observed as much as
80% magnetoresistance (MR) at 5 K and 1.5% MR at room
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http://www.sciencedirect.com/science/journal/15661199
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Fig. 1. A schematic diagram of the ‘‘Co/MPS/OSC/LSMO” structure.
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temperature in the structure of La0.67Sr0.33MnO3/poly 3-
hexylthiophene/Co organic spin valve [7]. On the theoret-
ical side, Yu et al. studied the influence of weak magnetic
field for spin transport process in magnet/polymer/mag-
net structures [8]. Xie et al. suggested a model for Re
1�xSrxMnO3/polymer structure and studied the spin
density distribution of the system from the Su–Schrief-
fer–Heeger-like Hamiltonian [9]. They indicated that the
carriers in OSCs contain spin polarons and spinless bipo-
larons. We used the spin-dependent diffusion model
[8,10–12] of the electrochemical potential and studied
the spin polarized injection and transport in the structure
of FM/OSC hetero junction and FM/OSC/FM trilayers
[13,14]. By supposing that polarons and bipolarons coex-
ist in OSCs with a given proportion r, we found that spin
polarons are the dominant carriers of the spin polarized
current. Further considering the polaron–bipolaron transi-
tion, we found that spinless bipolarons will affect the spin
polarization of the OSC device [16], which is different
from the case in a normal inorganic semiconductor.

Otherwise, the permeation of metal atoms into OSC in a
metal/organic semiconductor interface had been exposed
experimentally [17–20]. And it might be a prevalent phe-
nomenon due to the thermal evaporation technique, which
made it easy that the metal atoms diffuse from an elec-
trode into the soft OSC layer. Recently, people predicated
the existence of MPS in the Co/OSC interface in a spin valve
[6,21,27,30], but the effect of MPS on the spin injection and
transport was not explicit. The investigation of Co doped
Alq3 [22] has indicated that it will result in superparamag-
netic behavior, but the investigation on a magnetic doped
inorganic semiconductor (for example, Co doped ZnO
[23]) implied that magnetic impurities can result in the
ferromagnetism if the concentration of magnetic impurity
is high enough. Thus the influence of the magnetic impuri-
ties of MPS on the spin injection and transport may be
crucial.

Among all the experimental investigation, Xiong et al.
revealed the interfacial characteristics between the ferro-
magnetic electrode (Co) and the organic layer [6]. They
predicated that a magnetic permeated region exists in
the organic layer, which has a width of up to 100 nm. It
was suggested that transport channel is composed of
two sublayers: one with a thickness of up to 100 nm
immediately attached to the Co electrode that contains
Co inclusions; and the other of pristine deposited Alq3 at-
tached to the LSMO electrode. Xiong et al. assumed that
the injected carriers through the Co/OSC interface reached
the pristine sublayer without any losing of spins. In other
words, they neglected the decay of spin in the MPS. In
fact, the magnetic atoms in the MPS may influence the
spin transport in two main aspects: mobility and spin-flip
time of a spin carriers or polarons. In this paper, basing
on the drift-diffusion model, we calculate the current
polarization and magnetoresistance of a Co/Alq3 device.
We will focus on the influence of magnetic permeation
on the spin transport in an OSC layer. Section 2 will pro-
vide a description of the model and the derivation of rel-
evant formulae, numerical results will be presented and
discussed in Section 3, and the conclusions will be drawn
in Section 4.
2. Model and method

We consider an organic device Co/Co + Alq3/Alq3/LSMO
referring to the experimental fabrications [6] as shown in
Fig. 1, where Co + Alq3 means the MPS. Spin polarized car-
riers are injected from the Co electrode into the Co + Alq3

layer (0 < x 6 x0). They transport under a driving field
from the MPS (Co + Alq3 layer) to the pristine Alq3 layer
and then finally into the right LSMO electrode. Here we
will investigate the transport of carriers in the OSC
(Co + Alq3/Alq3). We suppose that Co electrode and the
Co + Alq3 layer have the same magnetic orientation with
different magnetization intensities. When spin polarized
electrons are injected into the organic layer, they will
evolve into spin polarons as described elsewhere. Here
we neglect the possible formation of bipolarons from a pair
polarons, although it has been predicated that spinless
bipolarons may affect the current polarization to some ex-
tent [16]. As a polaron has particle-like characteristic,
whose transport may be described by the classical diffu-
sion equation. Firstly, the mobility of polarons will be dif-
ferent in the MPS from that in the pristine OSC due to the
additional scattering from the magnetic impurity atoms
[26].

lðxÞ ¼ 1
aþ bNmðxÞ

; ð1Þ

where NmðxÞmeans the magnetic impurity density, a and b
the parameters related to temperature and the fabrication
conditions. It indicates that the mobility of polarons in MPS
is position dependent because of the nonuniform perme-
ation of the impurity atoms. Secondly, in the MPS the
spin-flip time s"# (from spin-up to spin-down) will be
different from s#" (from spin-down to spin-up) due to the
effect of the magnetization of the impurity atoms, which
should also be dependent on the impurity density,

s"#ð#"ÞðxÞ ¼ s0 � cNmðxÞ; ð2Þ

where s0 means a spin-flip time of a polaron in the pristine
OSC, c (>0) is a constant parameter. It indicates spin-up
polarons take a longer time to reverse its spin than spin-
down ones.

Now let us consider the transport behavior of the spin
polarons in the device. Based on the drift-diffusion model
[24,25], the evolution of the densities of polarons n"ð#Þ are
written as,

@n"ð#Þ
@t
¼ 1

e
div~j"ð#Þ �

n#
s#"
� n"

s"#

� �
; ð3Þ



570 Y. Zhang et al. / Organic Electronics 10 (2009) 568–572
where -e is the electron charge.~j"ð#Þ is the current density of
spin-up (down) polarons, which can be described by:

~j"ð#Þ ¼ r"ð#Þ~Eþ eDrn"ð#Þ; ð4Þ

where r"ð#Þ ¼ en"ð#Þl is the conductivity of polarons with
up (down) spin. ~E is the applied external electric field. D
and l are the diffusion coefficient and mobility of polarons
which obey Einstein relation D=l ¼ kBT=e, where kB is
Boltzmann constant and T the temperature. We neglect
the spin dependence of the diffusion coefficients and
mobilities of polarons in present investigation.

Substituting Eq. (4) into Eq. (3), we finally obtain the
evolution equations for spin polarons along the x-direction,

@n"ð#Þ
@t
¼ D

@2n"ð#Þ
@x2 þ lEþ @D

@x

� �
@n"ð#Þ
@x

þ @l
@x

Eþ l @E
@x

� �
n"ð#Þ �

n#
s#"
� n"

s"#

� �
: ð5Þ
Fig. 2. Distribution of spin polarization with different spin-flip time
Ds ¼ r1s0 in the MPS. The dotted, dash-dotted, dashed, and solid
lines indicate r1 = 0.0, 0.1, 0.3, and 0.38, respectively. The other param-
eters are l ¼ l0 ¼ 1:0� 10�7 cm2/Vs, s0 ¼ 2:7� 10�3 s, l1 ¼ 0:8l0, and
LMPS ¼ 90 nm.
3. Results and discussion

The investigation of spin transport through the MPS
and the pristine OSC sublayer is performed based on Eq.
(5). We set the initial and boundary conditions as
n"ðx ¼ 0þ; t ¼ 0Þ ¼ 3:5� 1016 cm�3 and n#ðx ¼ 0þ; t ¼ 0Þ ¼
1:5� 1016 cm�3. This assumption may be rational for Co
contact (the spin polarization in cobalt is about 0.4) if we
neglect the spin-flip at the interface due to the so-called
self adjusting capability of organic materials [6,9]. We
choose parameters in the pristine OSC as follow:
l0 ¼ 1:0� 10�7 cm2/Vs and s0 ¼ 2:7� 10�3 s [27]. All the
other parameter values are listed in the caption of the
corresponding figures. To simple the calculation, we sup-
pose the density of impurity in the MPS is uniform with
NmðxÞ ¼ Nmðx 6 LMPSÞ, where LMPS is the thickness of
the MPS, which gives a constant mobility and spin-flip
time as lðxÞ ¼ l1 and s"#ð#"Þ ¼ s0 � Ds in the MPS, where
Ds P 0. We take a numerical calculation by a driving
electric field E ¼ 3:0� 104 v/cm, which is supposed to be
uniform along the MPS and OSC layer. It should be pointed
out that the current density along the whole system should
obey conservation law. For the total drift current density
j ¼ eðn" þ n#ÞlE, a constant assumption of the deriving
field means that product lðn" þ n#Þ is constant along the
whole system. However, either mobility l or the total
charge distribution ðn" þ n#Þ may be changeable in space.

When a deriving field is switched on, spin polarized
charge will be injected into the organic layers from the fer-
romagnetic electrode. After a long-time evolution from Eq.
(5), we obtain that the system will reach a steady state and
in this case the spin distribution is time-independent, i.e.,
@n"ð#Þ=@t

��
t!1 ¼ 0. However, the spin polarization is posi-

tion dependent, which may be reflected by the density of
polarons defined as,

PðxÞ ¼ ðn" � n#Þ=ðn" þ n#Þ: ð6Þ

If the MPS was not considered, it was obtained that the
spin polarization decays exponentially in the OSC as
described elsewhere [16,25]. As there is a MPS in a real
organic spin device, which is reflected in present model,
the spin polarization will be different from that in a pris-
tine OSC due to the effect of two factors: the spin-flip time
and the mobility of polarons in the MPS.

Firstly, let us consider the effect of spin-flip time on the
spin polarization. As the magnetization of the MPS comes
from the permeated Co clusters or atoms, we suppose that
the magnetization of the MPS is less than that of the Co
electrode, which asks Ds 6 P0s0, where P0 ¼ 0:4 is the
spin polarization of Co at Fermi level [29]. The distribution
of spin polarization with different spin-flip time in the MPS
is shown in Fig. 2, in which s0 ¼ 2:7� 10�3 s and Ds ¼ 0:0,
0:1s0, 0:3s0, and 0:38s0, respectively. It is found that the
spin polarization decays slowly in the MPS, but in the pris-
tine OSC it decays rapidly with an exponential form. We
also note that the spin polarization in the MPS is related
to the spin-flipping time. A large splitting of sss0 or Ds will
result in a high spin polarization, where s and s0 denote the
different spin orientation. It can be understood as follow: If
Ds ¼ 0, the probability of a spin from up to down is equal
to that from down to up. As the amount of spin-flipping
from s to s0 is proportional to ns=sss0 , the system will finally
reach a spin degenerate state with n" ¼ n# or Pðþ1Þ ¼ 0. If
Ds – 0, however, the situation will be different. The flip-
ping probability of a spin from up to down is always smal-
ler than that from down to up. Therefore, the system will
exist in a spin non-degenerate state with n" > n#. In pres-
ent parameters, Ds ¼ 0:4s0 means that the MPS has the
same characteristic as the Co electrode and it keeps a
maximum spin polarization unchanged. If Ds < 0:4s0, the
injected polarons in the MPS will experience a spin
evolution and finally reach a dynamic equilibrium with
Pðþ1Þ – 0.

Then we consider the effect of the mobility of polarons
on the spin polarization, which is shown in Fig. 3. As the
mobility is smaller in the MPS than that in the OSC due
to the additional scattering of Co on polarons, we give
the results of l1 ¼ l0, 0:8l0, and 0:4l0, respectively in
Fig. 3. It is found that the effect of mobility is related to
the spin-flip time. In the case of a large splitting of the
spin-flip time, for example Ds ¼ 0:35s0 as shown in
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Fig. 3. Distribution of spin polarization with different polaron mobility in
the MPS. (a) Ds ¼ 0:35s0, (b) Ds ¼ 0:1s0. The solid, dashed, and dash-
dotted lines are for l1 ¼ l0, 0:8l0, and 0:4l0, respectively. The other
parameters are same as those in Fig. 2.

Fig. 4. Distribution of spin polarization with the thickness (LMPS) of MPS.
The solid, dashed, dotted, and dash-dotted lines indicate LMPS = 90, 50, 5,
and 0 nm, respectively. The parameters are l1 ¼ 0:8l0, Ds ¼ 0:2s0, and
L = 160 nm, the other parameters are same as those in Fig. 2.

Fig. 5. The GMR value of Co/MPS/OSC/LSMO device with the different
thickness of the OSC layer. The circles is for the experimental data [6], the
dotted and solid lines for LMPS = 0 and 90 nm, respectively. The parameters
are l1 ¼ 0:8l0 and Ds ¼ 0:35s0. The other parameters are same as those
in Fig. 2.
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Fig. 3a, the effect of mobility on spin polarization is not
apparent. But in the case of a small splitting of the spin-flip
time, for example Ds ¼ 0:1s0 as shown in Fig. 3b, the spin
polarization will have an apparent decrease with the
mobility. As the thickness of the MPS is limited, a small
mobility means that a polaron will experience a long time
to move through the MPS, which means that the polaron
has a long time to reverse its spin in this layer. Therefore,
the spin polarization will become small in the MPS. It also
predicates that a small mobility in the MPS is not favorable
for the transport of spin.

It has been reported that the thickness of the MPS may
distribute from a few nanometers to nearly one hundred
nanometers upon the concrete preparation of a device
[6,21,30]. Except for the spin-flip time and the mobility
of a polaron, the thickness of the MPS will also affect the
current spin polarization of the device. Here we consider
a device with a preparation thickness of the OSC layer
(MPS + pristine layer) L ¼ LMPS þ Lp�OSC. A deep permeation
means a large LMPS and so a small Lp�OSC. Dependence of the
spin polarization on the thickness of the MPS with a large
splitting of spin-flip time is shown in Fig. 4, in which
L = 160 nm and LMPS = 0, 5, 50, and 90 nm, respectively.
LMPS = 0 means that there is not any permeation of Co
atoms. In this case, it is found that the spin polarization de-
cays exponentially as expð�x=kÞ, where k is the spin-diffu-
sion length [25]. For a shallow permeation, for example
LMPS = 5 nm, the spin polarization keeps nearly the same
as that with no permeation. It is also found that, for a shal-
low permeation, the polarized polarons could not conserve
its spin orientation when it reaches the right side of the
OSC layer as the polarization P(L) is nearly zero. But in
the case of a deep permeation, for example LMPS = 90 nm,
a much change will take place for the spin polarization. It
has a slow decay both in the MPS and the pristine OSC.
Most importantly, the polarons will keep a large spin
polarization P(L) = 0.05, which means that a spin polarized
current will appear in a Co/OSC/LSMO device if there is a
deep permeation of Co.

Finally we calculate the magnetoresistance of a spin
valve Co/OSC/LSMO. Let P1 ¼ PðLÞ be the spin polarization
of polarons at the OSC side near the OSC/LSMO interface,
and P2 the spin polarization of LSMO at Fermi level. Magne-
toresistance DR=R is given by the Julliere formula [6,28]

DR
R
¼ RAP � Rp

RAP
¼ 2P1P2

1þ P1P2
¼ 2P1

1þ P1
; ð7Þ

where we suppose that the detecting contact LSMO is 100%
polarized, i.e., P2 ¼ 1. The results with different thickness
of OSC layer are shown in Fig. 5. The dotted line is the re-
sult that there is no any Co permeation (LMPS ¼ 0). The solid
line is the result that there is a MPS with a thickness of
LMPS ¼ 90 nm. Apparently, the theoretical calculation is
quite consistent to the experimentally data [6] if a deep
permeation layer is considered. It is found that the perme-
ation of Co is seriously important to the magnetoresistance
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of a spin device. The existence of a Co permeation layer
especially a deep permeation one will be favorable to a
large magnetoresistance of a device.

4. Summary

In summary, we investigated the effect of a magnetic
permeated sublayer on the spin transport in a Co/OSC/
LSMO device. We established a dynamic spin-diffusion
equation and calculated the spin polarization and the mag-
netoresistance. It was found that, due to the permeation of
magnetic atoms or the appearance of the MPS, the spin
transport in the MPS will be adjusted with both the spin-
flip time and the mobility of polarons. The spin-flip time
from spin-up to down and that from spin-down to up will
split due to the magnetization of MPS, which will result in
a slow decay of spin polarization. As the mobility of pola-
rons is reduced due to the additional scattering of the
permeated Co atoms, the spin polarization will be
weakened. For a given device, we discussed the effect of
different permeation thickness on the spin polarization.
Finally, we calculated the magnetoresistance of a Co/OSC/
LSMO device. A theoretical result which is consistent with
the experimental data was obtained. It was found that the
permeation of Co is seriously important for the current
polarization of the device. A deep permeation will be favor-
able to a large magnetoresistance of the device.
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Organic field-effect transistors (OFETs) with regioregular poly(3-hexylthiophene) (P3HT)
have been designed and fabricated aiming at the lowest possible working point (i.e. the
adjusted values of gate voltage and drain–source voltage) for the use as sensor in electro-
lytes. Using thermally grown silicondioxide with a thickness of 45 nm it has been possible
to dramatically lower the gate potential. Even around one volt the channel current and its
modulation are still large enough for detection with simple operational amplifiers.

The experimental results indicate a strong dependence of the transistor performance on
the solvent used for spin coating the organic film. A theoretical analysis based on an ana-
lytical model allowed us to relate the different behavior of the transistor to their mobility,
which is in turn dependent on the density of traps. In the context of this paper the leakage
currents – as a non-zero gate current – have been analyzed. The observed gate leakage cur-
rents of the electrode structures themselves as well as of the complete transistors can be
well described by Fowler’s and Nordheim’s field enhanced tunneling.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction If one considers medical and biosensing applications,
Molecular electronics have been standing in the spot-
light of semiconducting materials research for several dec-
ades now. Oligo- and polymers seem to offer a way out of
the energy dissipating and cost intensive fabrication tech-
nologies needed for silicon-based electronics. On the other
side, the high sensitivity of the organic molecules to phys-
ical and chemical influences seems to open a unique appli-
cation niche in the sensing field [1–5]. One crucial obstacle
in the use of organic transistors is the low mobility of
charge carriers in these films and consequently the huge
ratio between driving voltage and modulated current
which leads to a high vulnerability to noise effects.
. All rights reserved.

(S.M. Goetz), scarpa@
the currently common voltage levels are not fulfilling the
safety requirements in those fields. In many cases – for
example when device areas are in contact with ionic solu-
tions – unwanted electrochemical reactions of the mole-
cules could no longer be prevented. The measured signals
would therefore be affected by large errors, which would
hinder the proper operation of the devices. In the case of
cell signal studies, high voltages can disturb ion concentra-
tion gradients and induce action potentials. For defining
the proper working point of a field-effect transistor, i.e.
the adjusted values of gate voltage and drain–source volt-
age, a suitable range of the current–voltage curves is re-
quired. This is typically chosen by applying a constant
drain–source voltage and a constant gate voltage at high
values of the transistor transconductance (constant voltage
mode). Environmental influences acting as gating potential
result in corresponding changes of the drain current.
Changes in the drain–source current (as sensor output
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mailto:goetz@gsma.de 
mailto:scarpa@ 
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Fig. 1. Layout of the used gold structure for the source/drain electrodes.
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signal) can eventually be converted into voltages and
amplified.

One solution to the above mentioned problems involves
the enhancement of the current density in the field-effect
transistor channel. In recent years great progress has been
achieved in the chemical design of competitive active
materials [6]. As the identified limiting factor for the car-
rier mobility has been identified in the hopping process be-
tween molecules in the disordered organic films, ordering
has proven a successful way [7,8].

A second strategy focused on tailoring the electric field
between the gate electrode and the semiconducting layer
which is responsible for carrier accumulation. The nature
of the insulating material has therefore become an impor-
tant issue. Assuring high fields at low voltages is achieved
in traditional semiconductor technology via the use of
high-k dielectrics [9–13]. One central drawback is the fact
that the expensive high-k layer preparation outweighs
the simple and cheap deposition methods of organic semi-
conductors. As the growth processes of these insulators are
carried out often at high temperatures [14] or in wet sur-
rounding [11], it is at the moment not clear if they will
be a reasonable way to reduce the operating voltage of or-
ganic transistor devices. The biocompatibility of high-k
materials is also an important question. For example bar-
ium, widely used in BZT [9] layers, is known to act as an
ion channel inhibitor [15]. Lead ions in the alternative
compound PZT are also well-known to be poisonous [16].
Toxic side-effects of self-assembling monolayers for gate
dielectrics have not been investigated to a satisfying ex-
tend. A second problem of the latter mentioned molecules
for any use in biochemical applications is their solubility in
typical organic fluids [11], which hinders their biochemical
application.

In using classical established insulating materials such
as SiO2, higher electric fields have been achieved by thin-
ning the oxide layer separating the gating electrode and
the channel. A dramatic increase of leakage currents is
the expected consequence [17,18]. Unfortunately, a clear
analysis of the gate currents in organic thin-film transis-
tors (OTFTs) is still missing.

It is worth mentioning that stability problems related to
the use of a silicon dioxide insulating layer in sensors can
lead to a slow and widely monotonic shift of the threshold
voltages [19–21]. The amount of drifting is not only depen-
dent on the material [22], but also very intensely on the
deposition process [23,20]. Meanwhile those effects can
be side-stepped very elegantly by taking into account the
drift with theoretical models [21,24,25] that have even
been applied to real-time compensation systems [26]. In
this context also a separation of the sensor as a disposable
and the read-out as well as compensation circuitry appears
reasonable. Mechanical damage in long-term use, e.g. flak-
ing or crumbling, can be prevented quite effectively by
covering the dielectric surface with very thin Si3N4-layers
grown by CVD.

We designed and fabricated organic field-effect transis-
tors based on thin silicondioxide dielectric layers showing
the possibility to lower the driving voltages to ranges suit-
able for in vitro biosensing applications and evaluate the
leakage currents in the complete devices. Parallel to the
experimental investigation, we have carried out a theoret-
ical analysis of the transport phenomena in our OTFTs.
Such study allows us to extract valuable information about
the operation of the device.

2. Structure fabrication

The field-effect transistor devices have been fabricated
on two-inch boron-doped silicon wafers (with a doping le-
vel around 1018 cm�3, conductivity �10,000 S/m, obtained
from Si-Mat, Landsberg). A bottom-gate bottom-contact
structure was used in this work (see the inset of Fig. 2).
The use of silicon substrates is justified by considering that
silicon CMOS electronics can be used for processing the
biosensors’ signal.

Initially the wafers have been treated with a full two-
step RCA cleaning procedure. On the h100i-surface a
45 nm thick silicondioxide layer was grown in a dry oxida-
tion process at 1000 �C. The back side of the wafers was
etched using hydrofluoric acid (HF). Afterwards the
source/drain electrode structures were patterned by lift-
off on the silicondioxide dielectric layer in an optical
lithography step. A 4 nm titanium sticking layer was fol-
lowed by a gold coating with a height of about 46 nm
deposited by RF-sputtering. The resulting pattern of each
transistor was an interdigitated electrode structure
(10 mm2), half of that area building the source/drain con-
tacts (see Fig. 1). The silicondioxide surface has explicitly
not been treated by silanisation or similar methods, but
was left hydrophilic. The values for the channel length L
were chosen between 10 lm and 100 lm.

The active organic semiconductor (regioregular poly(3-
hexylthiophene), P3HT, Sigma–Aldrich) was used as re-
ceived and spun out of toluene and chloroform (both with
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a concentration higher than 99.5%), respectively, with a
mass relation of 1 to 100.

The films (1000 rpm for 20 s) were deposited onto the
wafers under nitrogen atmosphere and no other thermal
treatment was applied. An Agilent 4156B parameter ana-
lyzer was used to probe the devices. All measurements
took place at room temperature in normal atmosphere.

3. Experiments

In the following the input characteristics (drain current
vs. gate voltage for varying drain–source voltages) as well
as the output characteristics (drain current vs. drain–
source voltage for varying gate voltages) of various transis-
tors will be analyzed. In addition to such standard mea-
surements, the leakage current across the oxide layer will
also be investigated, as it constitutes an important limiting
factor for biosensing applications.

3.1. Transistor performance

The field-effect mobility for positive charge carriers of
the processed transistors differed between toluene and
chloroform solutions, as is well known in the literature
[27]. The devices spun with P3HT from the halogenic sol-
vent reached mobility values around 10�3 cm2=Vs,
whereas the toluene samples stayed behind with approxi-
mately 2� 10�4 cm2=Vs. These values were extremely con-
stant throughout all samples. Such mobility values have
been extracted from the transfer characteristics of the
P3HT transistors in the standard way [28].

As the surface of the silicon dioxide was not treated
separately, nearly all transistors showed a positive thresh-
old voltage of about +5 V. The described devices displayed
a clearly conducting channel already at a zero gate voltage.
Fig. 2. Output characteristics of an OFET with P3HT spun out of toluene with a
structure of the transistor samples is presented schematically in the inset.
Thus, one is allowed to choose a low working point for
measurements of current modulations.

The latter is an optimal method for lowering the operat-
ing voltage of transistor-based sensor devices.

Fig. 2 shows the output characteristic of an exemplary
organic field-effect transistor with P3HT as the semicon-
ductor layer spun out of toluene and the used structure
as an inlay. The channel length was 20 lm with a ratio of
W=L ¼ 13350. Consistent with previous findings [29], the
drain current and the on/off ratio (calculated from the high-
est on-current and the lowest off-current from the transfer
curve) become higher when the channel length is reduced.
For the produced devices the current could be controlled
over a bandwidth of nearly four decades with a voltage
range within 10 volts. The logarithmic transfer curves
shown in Fig. 3 stems from a P3HT transistor spun out of
toluene with a channel length of 50 lm and a ratio of
W=L ¼ 2100. Compared with the device characteristics
shown in Fig. 2 the lower drain current values and on/off
ratio are in agreement with the difference in the geometri-
cal dimensions.

3.2. Analysis of leakage currents

The most important fact preventing the use of thin
dielectric layers in organic field-effect transistors are leak-
age currents through the insulator [30]. Nevertheless, a
thorough study of the underlying mechanisms is rarely
performed. A suiting model could open the way for esti-
mating the exact influence of the insulator’s thickness on
the leakage behavior, thus helping to design low-voltage
transistors and sensors. The dominating effect for leakage
currents of the present samples is expected to be a field as-
sisted tunneling through the oxide between source/drain
and gate contacts.
channel length of 20 lm and W=L ¼ 13350 on 45 nm silicondioxide, the



Fig. 3. Transfer behavior of an P3HT transistor with L ¼ 50 m and W=L ¼ 2100 spun out of toluene.
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The leakage current between the bottom gate and the
source/drain contacts has been measured with and with-
out the presence of the polymer. The results are displayed
in Fig. 5. To show the relatively low current of devices
without the polymer layer, the y axis is shown with a log
scale. For this measurement, the silicondioxide surface
has also explicitly not been treated by silanisation or by
other methods to avoid undefined surface properties. The
source and drain contacts have been shorted and biased
against the bottom gate electrode. After spin-coating the
Fig. 4. Fitted subthreshold characteristics of two P3HT devices. Symbols denot
(lower) curves belong to a device fabricated with chloroform (toluene) solvent.
P3HT layer, the edge of all 200 wafers has been cleaned with
acetone to ensure that no direct ohmic paths to the back
gate exist along the P3HT film. Apart from this the semi-
conductor layer fully covers the substrate. Fig. 6 displays
the gate current of the gold source/drain structure fully
covered with P3HT, together with the fitting curve (see
next section).

In the very detailed work by Jia et al. [31], leakage cur-
rents have been reduced by lithographically patterning the
P3HT so it is only present in the channel area. In their re-
e experimental data while lines represent model calculations. The upper



Fig. 5. Leakage currents between the source/drain electrodes and the back gate of the structure itself without an active layer and of the complete transistor.

Fig. 6. Leakage current through the thermally grown silicon oxide with a thickness of 45 nm and the fitted formula (1) with the 0.95 side bands around for
the error values as solid lines in blue color. In this case the surface of the 200 wafer was fully covered with P3HT.
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sults however the leakage currents already of the unpat-
terned P3HT structures strongly influenced the shape of
the I–V characteristic, although the thermally grown sili-
condioxide dielectric layer was 100 nm thick. In our case
the distortion on the output characteristics for low
drain–source voltages was much lower, although the
dielectric layer is among the thinnest used with such a
large device area. This may be partly an effect caused by
the cleaning treatments they applied prior to the P3HT
solution coating, which we explicitly avoided here.
4. Theoretical analysis

The theoretical analysis focuses on the influence of trap
states on the current–voltage characteristics as well as on



Table 2
Results for leakage analysis.

Scenario A ðA=V2Þ B (V)

Without active layer ð1:87� 0:10Þ � 10�13 ð3:44� 0:62Þ
Fully covered surface ð3:92� 0:10Þ � 10�10 ð3:13� 0:13Þ
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the leakage current through the gate at almost zero drain–
source bias.

4.1. Analysis of trap states

Our analysis is based both on finite element drift-diffu-
sion simulations (Dessis, Synopsis) and analytic transistor
models that account for the influence of trap states on
the current–voltage characteristics of the OTFTs. By fitting
the sub-threshold characteristics, the approximate energy
and density of trap levels can be determined. Details of
the models can be found elsewhere [32]. In the following
we will compare our model against the experimental char-
acteristics of our set of organic transistors and extract rel-
evant trap parameters. As traps reflect the quality of
fabrication process and materials, such parameters are
valuable information in performance benchmarking and
device optimization.

Chloroform and toluene related films do not only
show differences in obvious properties such as color
shading. We observed that the fabrication process with
chloroform solvent yields higher mobility over a wide
variety of tested devices. This behavior has already
been reported in [6] and was related to the influence
of the solvent on the formation of semi-crystalline re-
gions in the semiconductor [7,27,33]. As an example
Yang et al. determined via X-ray diffraction analysis
that P3HT films from chloroform solution have a higher
tendency to form ordered fibrillar networks without
sharp boundaries. In the following, we investigate
wether the general mobility trend is related to the
presence of trap states. The transfer characteristics of
two randomly chosen representative chloroform and
toluene P3HT OTFTs are therefore fitted using our mod-
el. The resulting curves are shown in Fig. 4. We are
able to precisely reproduce the experimental data using
the parameters given in Table 1.

In our derivation, the traps are assumed to populate
the semiconductor–insulator interface with a density
NAt . Their energy EAt is located somewhere between the
Fermi level EF and the valence band energy Ev. Generally,
the obtained trap densities and energies are within the
expected range [34,35]. Our results indicate that the de-
vice with inferior mobility (toluene) also exhibits a sub-
stantially higher trap density. The traps are additionally
located closer to the valence band which increases their
effectiveness. This agrees with the notion that less or-
dered films possess more structural defects which act
as trapping centers and reduce the effective mobility
[34].
Table 1
Results for exemplary subthreshold analysis.

Solvent Chloroform Toluene

W/L 2100 510
lðcm2=ðVsÞÞ 7:2� 10�4 3:5� 10�4

V0 (V) 4.6 �4
EAt (eV) 0.22 0.12
NAt ðcm�2Þ 7:7� 1011 3:9� 1012
4.2. Theoretical analysis of leakage currents

In an ideal case, leakage currents should be dominated
by tunneling effects. When neglecting thermal effects and
barrier lowering mechanisms of the contacting material,
the Fowler–Nordheim-tunneling can be simply described
by the following approximation [36,37]:

I ¼ AU2 � exp � B
jUj

� �
ð1Þ

where I is the current, U the potential difference across the
insulating layer and A, B are constants left as fitting param-
eters (the physical meaning of those constants is described
in [36]). All the experimental curves have been evaluated
using such model. The results are reported in Table 2.

The scenario without active layer represents the leakage
current through the oxide, while the fully covered surface
describes the case in which the organic layer was spun
onto the whole wafer removing only the outermost areas
(at wafer edges) to prevent paths to the bottom gate as
mentioned before. Whereas the second parameter B varies
only within a small interval between the two cases, A
shows a variation of more than two orders of magnitude.
The A parameter in Eq. (1) is proportional to the contact
cross section area. Since the gate contact extends over
the whole wafer, the presence of P3HT effectively increases
the overall contact area by a factor 400.

In addition, we believe that the P3HT layer leads to an
enhanced tunneling probability, related to a higher electric
field under the P3HT than under the gold contact, and to
the presence of the LUMO orbital providing a resonant
channel for the tunneling process that in turn induces
the presence of electrons in the P3HT. A confirmation of
this condition can be seen in the data shown in Fig. 7,
depicting the standard I–V characteristics of an OTFT
(upper panel) together with an enlargement of the low
drain-to-source bias region. In such region a positive cur-
rent is observed at high negative gate bias (evidenced by
the circle in the lower panel of Fig. 7), which is a direct sig-
nature of the presence of electrons at the interface to the
oxide. Tunneling of holes from the side of the semiconduc-
tor into the gate contact is excluded, since the energy bar-
rier seen by the holes lays approximately 3 eV above that
for the electrons. The present model can only take into ac-
count those effects roughly as an increased effective con-
tact area, thus in the coefficient A. Further experimental
and theoretical work for better understanding those pro-
cesses is in progress.

5. Conclusion

In this paper, we demonstrated the possibility to reduce
the driving voltages of OTFTs with a bottom contact config-
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uration by reducing the thickness of the dielectric layer.
The values reached for the transistor working point are
now compatible with in vitro biosensing applications in or-
der to avoid unwanted electrochemical reactions as well as
action potentials of attached cells.

A preliminary test on biocompatibility was performed
by the authors with L929 cells from culture. The untreated
poly(3-hexylthiophene) showed a positive result after
48 h. All negative reference samples behaved as they were
supposed to. Further results will be published later.

First test measurements in electrolytes have shown that
the performance of the transistors did not deteriorate. We
are currently studying the influence of different solutions
on the performance of the devices.

The leakage currents of these devices have been ana-
lyzed by means of a field assisted tunneling model based
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on the Fowler–Nordheim-formula. The increased leakage
currents in the presence of the polymer has been explained
in terms of an increased number of electronic states avail-
able at one side of the oxide layer with respect to the case
in which only the metal contacts are there. The influence of
tunneling through thinner oxide layers can be clearly seen.
The data extracted from the subthreshold analysis indicate
not only that the choice of solvent, which is used during
spin coating, influences the observed mobility. Good
mobility also coincides with a reduced density of traps.

A comparison with classical biosensors shows that the
driving voltages and the modulated current values are
within the specification of the required purposes.
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Degradation process of organic light-emitting diodes (OLEDs) is examined directly by X-ray
photoelectron spectroscopy with in situ high-energy C60

+ and low-energy Ar+ co-sputter-
ing. It is proven that this analytical technique clearly indicates the elemental depth profile
of as-prepared OLED device (Al/LiF/2,20 ,20 0-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benz-
imidazole) (TPBi)/4,40-bis(carbazol-9-yl)biphenyl:bis(3,5-difluoro-2-(2-pyridyl)-phenyl-
(2-carboxypyridyl) iridium (III) (CBP:FIrpic)/poly(ethylenedioxythiophene): poly(styrene
sulfonic acid) (PEDOT:PSS)/ITO). Devices operated for different durations are subjected to
this profiling technique for studying the change of elemental distribution. In addition to
some of the accepted degradation mechanisms, it is observed that small TPBi molecules
migrate towards the ITO anode under a direct driving voltage while retaining its original
structure. It is also observed that oxygen diffused into the device through the Al cathode
and along the Al–organic interface. Molecules with high stereo-hindrance may have less
degradation due to the electron migration.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction (ii) catastrophic failure, and (iii) intrinsic degradation [4].
Over the past two decades, organic light-emitting
diodes (OLEDs) have drawn considerable attention as a po-
tential technology for flat panel displays [1–3]. One of the
basic requirements in any emissive device is providing
adequate stability to ensure a sufficiently long lifetime. In
the development of long lifetime devices, a variety of deg-
radation models have been proposed [4].

In general, the degradation of OLEDs can be ascribed to
three independent mechanisms: (i) dark-spot degradation,
. All rights reserved.

for Applied Sciences,
ei 115, Taiwan, ROC.

yue).
Dark-spot degradation is caused by environmentally in-
duced electrode degradation and can be suppressed by
proper encapsulation. Catastrophic failure is the result of
the development of electrical shorts across the device
and can be alleviated by proper substrate cleaning and
adequate control over the fabrication process. On the other
hand, although significant works on understanding the
intrinsic reason have been reported, a fully consistent
mechanism is still lacking and limits the progress of OLED
development.

Currently, it is accepted to divide intrinsic degradation
into five mechanisms: (i) morphological instability, (ii)
unstable cationic aluminum tris(8-hydroxyquinoline)
(Alq3), (iii) indium migration, (iv) mobile ionic impurities,
and (v) immobile positive charge accumulation [4]. Exper-
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imentally, these mechanisms have been proposed by
studying the lifetimes of different devices [4–6]. Therefore,
this observation has been indirect. Recently, degradation
has been directly studied using a peel-off technique [7]
and cross-sectional scanning electron microscopy [8].
However, the depth-resolution and the information
regarding chemical composition measured in these means
is not sensitive enough to yield a complete picture of the
true degradation mechanism.

X-ray photoelectron spectroscopy (XPS) is one of the
most common techniques for studying the surface of mate-
rials due to its high surface sensitivity and the wealth of
elemental and molecule information. When combined
with in situ ion sputtering, the depth distribution of mate-
rials close to the surface can be profiled with nanometer
resolution as well. Monoatomic argon sputtering is the
most accepted technique for both removing surface con-
taminants and acquiring information on the depth distri-
bution of a species within a sample. However, this
erosion technique is known to cause severe damage to or-
ganic samples and cannot be used to analyze organic mate-
rials [9].

Recently, buckminsterfullerene (C60) ions have been
used to sputter materials away in order to study surface
composition. Molecular dynamics (MD) calculations sug-
gest that C60

+ ions are more efficient than monoatomic ions
in removing material [10] and leaving behind a relatively
thin damaged layer [11]. Experimental result also con-
firmed a reduction in surface damage when using C60

+

sputtering compared with Ar+ sputtering [12]. The applica-
tion of C60

+ profiling for thick organic films is further ex-
tended by applying a secondary low-energy Ar+ ion beam
concurrently [13]. Although it is found that this analysis
technique causes comparable damage to inorganic speci-
mens [14], it provides a direct method for analyzing the
distribution of materials in organic electronics with high
depth-resolution and is adopted in this work in the at-
tempt to study the degradation processes of OLED.
2. Experimental

2.1. Fabrication of OLED devices

Details on the fabrication and properties of the OLED
devices can be found elsewhere [15]. In short, a hole-trans-
porting layer (HTL) consisting of poly(ethylenedioxythio-
phene): poly(styrene sulfonic acid) (PEDOT:PSS, 35 nm),
Baytron� P VP AI 4083, PEDOT:PSS �1:4.5) was spin-
coated on a 125 nm-thick indium tin oxide (ITO) glass. A
light emissive layer (EL, 40 nm) comprising a 4,40-bis(car-
bazol-9-yl)biphenyl (CBP) molecular host doped with
14 wt% bis(3,5-difluoro-2-(2-pyridyl)-phenyl-(2-carboxy-
pyridyl) iridium (III) (FIrpic) was spin-coated on the HTL.
On the EL, an electron-transporting layer (ETL, 32 nm) con-
sisting of 2,20,20 0-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi) was then thermal-evaporated. Final-
ly, an additional electron injection layer (EIL, 0.7 nm) of LiF
and the Al cathode (150 nm) were evaporated on the ETL.
The luminescence area is 2 mm �mm and each chip con-
tains 4 devices separated by 2 mm.
2.2. XPS measurements

The experiments were performed with a PHI 5000 Ver-
saProbe (Chigasaki, Japan) XPS system. Micro-focused
(25 W, 100 lm) Al Ka X-ray was used and the take-off an-
gle of the photoelectron was 45�. Throughout data acquisi-
tion, the X-ray and acceptance lens of the analyzer was
rastering over an area of 500 lm � 500 lm and centered
at the center of luminescence area of the device. A dual-
beam charge neutralizer (7 V Ar+ and 30 V flooding elec-
tron beam) was used for charge compensation. The Ar+

sputter source was operated at 0.2 kV, 300 nA with an inci-
dent angle of 45�. The C60

+ ion source was operated at
10 kV, 10 nA with an incident angle of 70�. Both ion beams
were rastered over an area of 2 � 2 mm at the same time.
The beam currents were measured with the target current
on an Au foil and were stable for at least two weeks of con-
tinuous operation. Between each profile, reference devices
on the same chip were profiled to ensure the steady sput-
tering condition and to eliminate chip-to-chip variation.
This experimental design also allows the direct comparison
between degraded device and as-prepared referencing
device.
3. Results and discussion

Fig. 1a shows the elemental depth profile of the as-pre-
pared (reference) OLED device using in situ C60

+ and Ar+

sputtering concurrently in the XPS. At the top-most surface,
oxidized Al (as in Al2O3) is observed, as Al is known to be
easily oxidized in the air. At the bottom of the Al layer, O
is also observed. The O 1s binding energy in this region
(180–220 min) is 532.4 eV (Fig. 1b), which is close to the
oxygen in the top-most Al2O3 layer. In addition, two Al 2p
peaks are observed at 72.7 and 75.4 eV (Fig. 1c) that indi-
cate Al0 and Al3+, respectively. In comparison, oxygen is
not observed on identical organic layers that do not have
the Al cathode so that the oxygen source cannot be attrib-
uted to the adsorption [13]. It can be therefore concluded
that oxygen diffuses through the interface of the Al cathode
and the organic layers; hence both sides of the Al cathode
are oxidized. Right below the oxidized layer of the Al metal,
traces of Li and F at �1:1 ratio are observed.

Below the inorganic layers, TPBi and CBP layers that
have different C to N ratios are observed. Although the C
concentration is slightly higher than the value expected
due to carbon implantation from the C60

+ beam, the differ-
ence between TPBi and CBP is still observable. Trace
amount of Ir is also observed at the CBP layer, indicating
that the FIrpic dye is mainly confined in the CBP layer;
hence the host-guest EL structure is evident. Following
with the EL, S is observed, indicating the HTL layer, which
consists of PEDOT:PSS. At the interface of EL and HTL, the Ir
signal extends slightly deeper into the HTL than N. This re-
sult suggests that some FIrpic-dye from the EL infiltrates
into the HTL. Finally, below the HTL, ITO and glass sub-
strate are observed. It is noteworthy that although the total
thickness of the organic layer is thinner than that of inor-
ganic layer, the time required to remove the organic layer
is longer. The apparent slower sputtering rate of organic



Fig. 1. (a) XPS elemental depth profiles of as-prepared (reference) OLED device. (b) O 1s spectrum extracted from 180 to 200 min. (c) Al 2p spectrum
extracted from 180 to 200 min.
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layer maybe be attributed to ion-induced cross-linking of
organic molecule [16].

The depth profile correctly reflects the multilayer struc-
ture of the referencing OLED device. Therefore, it can be
concluded that such a profiling technique is suitable for
profiling the OLED device. To study the degradation of
the OLED device, as-deposited devices are operated at a
constant 5 V forward bias for 15 min, 1, 3, 6, and 12 h
and are subject to depth profiling. Fig. 2a shows the depth
profile of the device after operating for 12 h in an ambient
environment.

It is clear that a significant portion of the Al cathode is
oxidized showing increased oxygen concentration
throughout the Al layer. Therefore, the organic layer ap-
pears later in the sputtering because the sputtering rate
of Al2O3 is lower than that of Al. In addition, Al diffused
into the organic layer. Based on the binding energy of the
Al 2p peak, both Al0 and Al3+ are observed (350–500 min,
Fig. 2b). Such results suggest that electron migration of
Al may have occurred. In addition, the LiF signal indicates
that Li+ migrated into the Al cathode and F- diffused
slightly into both Al and the organic layer.

In the organic layers, all the profiles are more diffused
than that of the reference device; thus, it is evident that
the interface is broadened by the electrical current. By
examining the elemental profile more closely, it is obvious
that the change in the C to N ratio is less clear in the ETL/EL
interface than that in the reference device (Fig. 2c). The in-
crease of N ratio in the EL region indicates that the N-rich
ETL (TPBi, 11% N) diffuses into the EL (CBP, 5% N). Never-
theless, the N 1s doublet at 398 and 400 eV due to the
non-planar TPBi structure [9] is still observed (350–
500 min, Fig. 2d). Note that the peak at 400 eV is stronger
than that at 398 eV due to the overlap with the N in CBP.
Therefore, it can be concluded that the TPBi is not decom-
posed and the whole molecule migrates into the EL under
the electric current.

Similarly, the change in atomic ratio is also observed in
the N to S ratio in the EL/HTL interface and the S to In ratio
in the HTL/ITO interface. In addition, trace amounts of C



Fig. 2. (a) XPS elemental depth profiles of OLED device aged at 5 V forward bias for 12 h. (b) Ir 7f and Al 2p spectra of aged device extracted between 350
and 500 min. (c) N distribution before (solid line) and after operation for 12 h (broken line). (d) N 1s spectrum of aged device extracted between 350 and
500 min.
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and N are observed deep in the ITO layer (600–700 min)
where no S is observed in the same region. These results
indicate that the TPBi and/or CBP migrate into the ITO an-
ode through the PEDOT:PSS layer while the polymeric HTL
does not migrate into the ITO. As the small-molecular
organics migrate into the ITO layer and possibly In diffused
into the organic layer, the thickness of the In-containing
layer increases; thus the time required to remove the ITO
layer becomes longer.

In order to obtain information on the progress of degra-
dation, similar profiles are acquired after the device is
operated for 15 min, 1, 3, and 6 h (Fig. 3). After 15 min of
operation, most of the profiles remain unchanged. How-
ever, the change in the N to C ratio reflects that the inter-
face between TPBi and CBP is less sharp than that in the
reference device. As time progresses, the N intensity at
the Al-TPBi interface decreases while the N intensity in
CBP increases. It is clear that the migration of TPBi into
CBP starts immediately after applying voltage.
It is reported that, although the efficiency is lower, a de-
vice using Al complexes as hole-blocking-layers yields
longer device lifetime than that by employing TPBi [17].
This difference in lifetime can be explained by molecule
migration. Al complexes are ball-shaped molecules that
have higher stereo-hindrance than that of planar TPBi.
Therefore, under a similar driving force, it is easier for TPBi
to migrate through the pores of amorphous organic mate-
rials. It is also reported that using inorganic silicate nano-
dots in the HTL, the lifetime increases [18]. Since the sili-
cate is crystalline, the dense structure acts as a blockade
to small molecules, thus molecular migration is suppressed
and the lifetime increased.

After 1 h operation, the thickness of the surface Al2O3

layer increases significantly, indicating that oxidation of
the Al cathode occurs. Nevertheless, besides oxidation of
the Al cathode and continuous migration of TPBi into
CBP, there is no other change in the device at this stage
of aging. At 3 h, a considerable amount of oxygen diffuses



Fig. 3. XPS elemental depth profiles of OLED devices aged at 5 V forward bias for different times.
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into the Al cathode from the surface and diffusion of Li into
the cathode is observed. A trace amount of Al atoms is also
observed in the organic layer, indicating the occurrence of
electron-migration of the Al atoms.

At 6 h, a significant amount of oxygen is observed at the
interface of the cathode and the organic layer. The oxygen
concentration is higher at the Al-organic interface than on
the outer surface at this point. This result suggests that
oxygen diffuses into the organic layer through the inter-
face. Even though diffusion through the interface is ob-
served later than that through the Al cathode, the
diffusion rate through the interface is actually higher; the
oxygen has to diffuse through a distance of 500 lm to
reach the analyzing region while only 150 nm is required
through the Al layer. This result confirms the hypothesis
that device degradation is caused by oxygen diffusion
along the interface [19]. In addition, at this stage, the
migration of Li into Al and organic materials into ITO is
clear.

4. Conclusion

Using in situ co-sputtering of high-energy C60
+ and low-

energy Ar+ in XPS, OLED devices (Al/LiF/TPBi/CBP:FIrpic/
PEDOT:PSS/ITO) operated for different times are profiled
to study the degradation process. As soon as the device is
under voltage bias, the TPBi molecules in the ETL start to
migrate toward the ITO anode. Eventually, small organic
molecules migrate all the way down to the ITO layer. Nev-
ertheless, the molecular structure of TPBi appears un-
changed during this migration. As the device is not
encapsulated, oxygen diffuses into the device through the
Al cathode and along the Al/TPBi interface, and the diffu-
sion rate is faster through the interface than that through
the Al layers. Meanwhile, while F appears to be stationary,
Li diffuses into the Al cathode and Al diffuses into organic
layers.
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Herein we discuss the topographical and nanomorphological aspects of spray deposited
organic photovoltaics. We show that the solvent properties have a massive impact on
the topography, but less on the nanomorphology formation of composites based on the
electron donor poly(3-hexylthiophene) (P3HT) and the electron acceptor [6,6]-phenyl
C61 butyric acid methyl ester (PCBM). An adapted solvent mixture consisting of ortho-
dichlorobenzene (oDCB) and 1,3,5-trimethylbenzene (mesitylene) allows us to demon-
strate spray coated organic photovoltaic devices with 3.1% power conversion efficiency
(PCE). Moreover, we show that spray coating is a feasible technology to deposit all solution
processable layers of organic solar cells, including the hole transporting layer poly(3,4-eth-
ylene dioxythiophene) doped with polystyrene sulphonic acid (PEDOT:PSS) as well and
demonstrate fully spray coated devices with 2.7% PCE.

� 2009 Elsevier B.V. All rights reserved.
Organic photovoltaics (OPVs) are of increasing interest
as new materials for future light-activated energy sources.
OPVs have the virtue of being lightweight and flexible and
could open up many new applications due to their easy
processing offering the potential for low fabrication cost
[1]. A variety of approaches have been used to deposit or-
. All rights reserved.

ologies GmbH, Land-
th).

h), cbrabec@konarka.
ganic semiconductors based on the nature of those materi-
als. The commonly applied technique is the solution-
processed deposition, such as spin coating, doctor blading
[2] or printing, which are evaluated as one of the future
key technologies opening up completely new applications
and markets for photovoltaics [1]. Printing technologies
such as screen printing [3], gravure, offset, micro-contact
and inkjet printing [4] are attractive candidates to utilize
a low-cost OPV roll to roll production.

At present, bulk heterojunction (BHJ) structures based
on blends of polymer donor and a highly soluble fullerene

mailto:choth@konarka.com
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derivative as acceptor have been the material system with
the highest reported power conversion efficiencies (PCE)
[5] and the demonstration of solar cells with 5% PCE under
calibrated AM 1.5 conditions have been regarded as an
important milestone to prove the technology’s potential
[6]. Among other technologies, spray coating [7] was re-
cently reported as an elegant coating technique for the fab-
rication of BHJ devices. Recently, Vak et al. showed that
spray coating the active layer from chlorobenzene solu-
tions gives highly efficient devices [8]. Furthermore, Green
et al. presented spray deposited poly(3-hexylthiophene)
(P3HT): [6,6]-phenyl C61 butyric acid methyl ester (PCBM)
films from a variety of common organic solvents with dif-
ferent boiling points [9].

In this communication, we investigate spray coating
as a production technique for depositing the active layer
in organic BHJ solar cells. We specifically investigate the
film formation, surface topography and the morphology
of spray coated mono- and bilayers based on pristine sol-
vents compared to mono- and bilayers based on multiple
solvent systems. Furthermore, we studied the impact of
the ink formulation and specifically the solvent proper-
ties such as vapor pressure, boiling point, viscosity and
surface tension on the topography, nanomorphology
ITO 

P3HT:PCBM blend 

PEDOT:PSS 

Ag 
Ca 

Fig. 1. Device architecture of a solar cell ITO/PEDOT:PSS/P3HT:PCBM
blend/Ca/Ag under study.

Table 1
Solvent properties.

Solvent Vapor
pressure
at
20 �C
(mm Hg)

Boiling
point
(�C)

Surface
tension
(dynes cm�1)

Viscosity
at 25 �C
(mPa)

Chlorobenzene 11.70 132 33.0 0.76
ortho-

Dichlorobenzene
1.20 180 37.0 1.32

Mesitylene 1.86 165 28.8 1.04

Table 2
Measured values of ink properties with appropriate random errors, thickness of s

Ink formulation Surface tension
(dynes cm�1)

Contact angle on
PEDOT:PSS (�)

K
(

P3HT:PCBM in
chlorobenzene (IF1)

29.5 ± 0.1 9.7 ± 0.2 1

P3HT:PCBM in oDCB/
mesitylene (IF2)

28.0 ± 0.3 7.7 ± 0.2 2
and device performance of spray coated photoactive
P3HT:PCBM films. In detail, we show that a mixture of
high and low boiling solvent, in our case 68% ortho-
dichlorobenzene (oDCB) and 32% 1,3,5-trimethylbenzene
(mesitylene) allows to produce spray coated organic so-
lar cells with AM 1.5 calibrated PCE of over 3.1%. Inter-
estingly, the large surface roughness of the films does
not seem to impact the device performance. Moreover,
we show that spray coating is a feasible technology to
deposit all solution processable layers of organic solar
cells, including poly(3,4-ethylene dioxythiophene) doped
with polystyrene sulphonic acid (PEDOT:PSS) as well
and demonstrate fully spray coated cells with a PCE of
2.7%. The device performance of spray coated films is
demonstrated based on the common device configuration
glass/ITO/doctor bladed or spray coated PEDOT:PSS/spray
coated active layer/Ca/Ag, depicted in Fig. 1.

In the spray coating technique, organic thin films are
generated stepwise. Single droplets are deposited by the
transfer gas pressure with a high velocity onto the sub-
strate. Spray coated films are formed via droplets, drying
immediately when hitting the surface of the substrate. This
is very different to most conventional printing technolo-
gies such as inkjet printing [4], where the film formation
is based on the spreading of droplets and combining with
adjacent droplets, forming a liquid bulk that dries during
vaporization of the organic solvents. To achieve rapid dry-
ing, the semiconductor ink must fulfill certain require-
ments, which are primarily defined by the solvent
properties, such as boiling point, vapor pressure, viscosity
and surface tension, as presented in Table 1. In this study,
the ink is processed at ambient conditions and is not
heated during the spray deposition. To be compatible with
the nozzle of the airbrush, the viscosity needs to be rather
low at room temperature. High viscous inks require higher
temperatures to decrease the viscosity and adapt the fluid
properties on the airbrush setup. If the nozzle-to-substrate
distance is constant, inks with too low drying rates the li-
quid droplets are immediately pushed sidewards by the
pressure gas of the airbrush, resulting in non-uniform wet-
ting. On the other hand, organic solvents with too high
evaporation rates, at a certain nozzle-to-substrate distance
the spray deposited droplets may be dry prior to reaching
the substrate surface and a film deposition is inhibited.
According to this, we studied two ink formulations differ-
ing in the drying behaviour. The first ink formulation is
based on pristine chlorobenzene (IF1) and features a low
boiling point and high vapor pressure resulting in rapid
drying. The low surface tension for the blended semicon-
ductor solutions guarantees decent wettability, which is
also indicated by the small contact angle, represented in
pray coated active layer and rms roughness.

inematic viscosity
m2 s�1)

Active layer thickness
mono/bi (nm)

RMS roughness
mono/bi (nm)

.8 ± 0.02 250/400 67.9/46.0

.4 ± 0.2 250/400 24.1/51.7



Fig. 2. AFM images representing the surface topographies of the devices under study. (a) Chlorobenzene (IF1), spray coated monolayer. (b) Chlorobenzene
(IF1), spray coated bilayer. (c) Chlorobenzene (IF1), doctor bladed reference, rms 3.3 nm. (d) oDCB/mesitylene (IF2), spray coated monolayer. (e) oDCB/
mesitylene (IF2), spray coated bilayer. (f) oDCB/mesitylene (IF2), doctor bladed reference, rms 4.1 nm.
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Table 2. The second ink formulation is based on 68% oDCB
and 32% mesitylene organic solvents (IF2) showing higher
boiling points and lower vapor pressures for a slow drying.
The surface tension of the blend solution and the low
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contact angle again guarantee good wettability. More de-
tails on the development of ink formulation IF2 can be
found elsewhere [4].

The atomic force microscope (AFM) images of the
mono- and bilayer spray coated P3HT:PCBM films on doc-
tor bladed PEDOT:PSS substrates are presented in Fig. 2.
Due to the high surface roughness and to better reveal
the film topography, the height scale is chosen to be
200 nm for all spray deposited layers. For both ink formu-
lations, the spray coated films demonstrate a significantly
larger grain size and higher roughness compared to doctor
bladed layers. Single dried droplets are identified and indi-
cate a stepwise film formation. Considering IF1 spray
deposited active layers (Fig. 2a and b), the monolayer
(Fig. 2a) exhibits an rms roughness of 67.9 nm, whereas
the rms roughness of the bilayer sprayed film (Fig. 2b)
could be reduced to 46.0 nm due to smaller droplet sizes
while depositing the film in two steps (bilayer). In this
study, the thickness of mono- and bilayers for both ink for-
mulations was adjusted to 250 and 400 nm, respectively.
The overall film thickness can be varied by the spraying
time interval, the droplet size and the flow rate. To obtain
a 400 nm thickness for bilayer sprayed films, the flow vol-
ume per time was slightly reduced compared to monolay-
ers, resulting in smaller droplets. Otherwise, by using the
same spraying parameter as for monolayers, the film thick-
ness would be doubled. With this spray coating setup it
was not possible to obtain equal film thicknesses of
250 nm for both, mono- and bilayers without altering the
spraying parameters nozzle distance and ink flow rate as
well as solution concentrations significantly. This modifi-
cation would lead to entirely different processing condi-
tions for mono- and bilayers, which prevent a fair
comparison between IF1 and IF2. Therefore, we set the
film thickness to 250 nm for monolayers and 400 nm for
bilayers. We achieved the same film thickness for IF1 and
IF2, measured by both AFM, as well as optical absorption
measurement (Fig. S3). The lower surface roughness for
IF1 bilayers is explained by the smaller droplets. Spraying
the second layer, the droplets fill the gaps produced by the
first sprayed layer and thus, the overall surface roughness
is reduced. The doctor bladed reference film is shown in
Fig. 2c and provides a completely different topography
with very smooth layer and little grain sizes resulting in
an rms roughness of only 3.3 nm.

The spray deposited monolayer based on IF2 (Fig. 2d)
demonstrates a considerably lower rms roughness of
24.1 nm compared to the monolayer from IF1. Using iden-
tical nozzle-to-substrate distances for both ink formula-
tions but decreased ink flow rates for IF2 over IF1, the
dried droplets based on IF2 show a smaller diameter and
a more circular shape. The lower rms roughness can be re-
lated to the improved wetting behaviour of IF2 due to the
low surface tension of the component mesitylene which
results in an overall decreased surface tension of the
P3HT:PCBM-IF2 and a lower contact angle on doctor
bladed PEDOT:PSS. Regarding the IF2 spray deposited bi-
layer (Fig. 2e) with its rms roughness of 51.7 nm, the sur-
face topography indicates significant differences in the
film formation compared to IF1 bilayers (Fig. 2b). While
the AFM image of the IF1 bilayer clearly exhibits individu-
ally dried droplets from two sequential steps, the film for-
mation of the IF2 bilayer (Fig. 2e) is dominated by the film
forming dynamics, where the second layer partially redis-
solves the first layer. This difference in the surface topogra-
phy between the IF1 bilayer and IF2 bilayer is attributed to
the differences in boiling points and, more important, to
distinct vapor pressures by almost a factor 10. According
to the higher vapor pressure and thus, faster drying condi-
tion, the spray deposition of a second IF1 layer will not
influence/reorder and redissolve the first IF1 layer as much
as the second IF2 layer, since all deposited droplets are
dried at their impact. This is also consistent with Fig. 2b
showing clear dried droplets and a sequential film forma-
tion of the IF1 bilayer. While spraying a second IF2 layer
on top of a first layer, leads to a reordering and mixing be-
tween the two layers due to a lower drying rate of IF2 and
therefore, the droplets contain higher solvent residual at
their impact. This reorganization does affect the film qual-
ity and the morphology which is in good accordance with
the AFM image in Fig. 2e showing a more blended struc-
ture of the two successive deposited layers. If the droplets
are not dry at all or too wet at their impact, spray coating
as a deposition method is not capable, since the droplets
would not adhere to the substrate, but rather pushed side-
wards due to the transfer gas pressure. The doctor bladed
reference film based on IF2 is demonstrated in Fig. 2f with
observably smaller grain sizes and rms roughness is calcu-
lated to be 4.1 nm. The AFM analysis of the spray coated
films indicates significant distinctions in the surface topog-
raphy compared to doctor bladed films. In the next para-
graph, we will discuss whether differences in film
topography can be related to differences in nanomorphol-
ogy and device performance.

The nanomorphology of mono- or bilayer spray coated
films was investigated by analyzing the device perfor-
mance of organic solar cells. The cells were fabricated in
an identical manner using either IF1 or IF2 as organic sol-
vents for the spray deposition of the P3HT:PCBM active
layer on doctor bladed PEDOT:PSS (see Section 1). A statis-
tical analysis of the solar cell device parameters under AM
1.5 illumination can be found in the supplementary infor-
mation (Fig. S1). The IF2 monolayer (Fig. 2d) is formed by
depositing smaller droplets yielding a more uniform film
with decreased rms roughness (Table 2) and a lower pin-
hole density. Correspondingly, the shunt is reduced while
the fill factor (FF) and open circuit voltage (Voc) increase,
as also indicated by the representative current–voltage
(J–V) behaviour under illumination shown in Fig. 3b. A bet-
ter molecular distribution of PCBM within the P3HT do-
mains and the improved intermixing of the first and
second spray deposited layer for the IF2 bilayer are indi-
cated by a reduced reverse bias dependence of the photo-
current and results in significant better charge transport
properties (Fig. 3).

For a detailed investigation of the morphology, the cur-
rent–voltage behaviour of representative solar cell devices
is analyzed [10].
J ¼ J0 e
�qðV�JRSÞ

nkT � 1
� �

þ V � JRS

RP
þ Jlight ð1Þ
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Fig. 3. Current density–voltage (J–V) characteristics of the devices under
study: chlorobenzene (IF1) monolayer (black squares), chlorobenzene
(IF1) bilayer (black dots), oDCB/mesitylene (IF2) monolayer (grey open
squares) and oDCB/mesitylene (IF2) bilayer (grey open dots). (a) Repre-
sentative dark J–V characteristics in a semi-logarithmic representation in
the voltage range revealing the opening of the diode. (b) J–V curves under
AM 1.5 illumination with 100 mW cm�2.
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The above equation represents the J–V characteristics of
a solar cell according to a standard replacement circuit as
demonstrated elsewhere [10], where J reveals the mea-
sured current density throughout the device, J0 shows the
reverse current of the diode (saturation current), V the ap-
plied voltage, RS and RP the serial and parallel resistances,
Jlight the photogenerated current of the device, e evidences
the natural exponential function and q the elementary
charge [10]. The diode ideality factor n represents the
opening of the diode, which is the recombination at the
interfaces between the donor and acceptor material.
Therefore n correlates with the number of distributed
interfaces within the blend [11] and reflects the morphol-
ogy of the blend. The dark J–V curves (Fig. 3a) between 0
and the built in potential VBI are characteristic for the diode
behaviour of the solar cells, as defined by the ideality factor
n and saturation current J0. Variations in the absolute val-
ues of n are related to different morphologies, where
n = 1 is representative for a bilayer system and n = 2 repre-
sents an intimate mixing of the donor with the acceptor
throughout the bulk. Values larger than 2 indicate more
complex carrier recombination mechanisms. From the
dark J–V characteristics between 0.3 and 0.6 V (Fig. 3a)
all fabricated devices reveal, within the accuracy of the
analysis method, similar values for n in the range of 1.6–
1.9 which are typical values for polythiophene:PCBM blend
devices. The dark J–V curve of IF1 spray coated monolayer
(Fig. 3a, black squares) solar cell exhibits a huge limitation
in the shunt and can therefore not be simulated with this
model. The IF1 spray deposited bilayer (Fig. 3a, black dots)
and the doctor bladed equivalent (not shown) indicate
similar values within the certainty of the fit of
n = 1.8 ± 0.1 and 1.9 ± 0.05, respectively. Comparing the
dark J–V characteristics of IF2 based spray deposited de-
vices (Fig. 3a, grey curves) with their doctor bladed equiv-
alent (Fig. S2a), the differences are also within the
certainty of the fit, namely n = 1.8 ± 0.1 for the mono-
and bilayer and n = 1.6 ± 0.05 for the doctor bladed (dark
J–V curve of doctor bladed device, see Supplementary
information, Fig. S2a). For both solvents we can not mea-
sure a significant difference in the ideality factor between
a spray coated and doctor bladed devices. Typically such
an observation is explained by a rather comparable distri-
bution of the donor and acceptor interface throughout the
bulk of the heterojunction. Even though the similar ideality
factors are not a direct proof for identical nanomorpholo-
gies, our experience on several material systems showed
good correlation between ideality factor and morphology
[10,11]. In contrast, there is a significant variation in the
charge carrier extraction between the various spray coated
solar cells (Fig. 3b) and doctor bladed devices (Fig. S2b).
That variation is correlated to differences in the mobility-
lifetime product as clearly seen by the simulations. The
low ls-product goes hand-in-hand with the lower fill fac-
tors for spray coated devices as discussed in more detail
below. The AFM images show clear distinctions in the
topography (Fig. 2). Furthermore, the dark J–V characteris-
tics distinguish significantly in the series resistance RS

(Fig. 3a). Independent of the ink formulation, the monolay-
ers demonstrate a lower RS than the spray coated bilayers
due to the lower film thickness for the monolayers. In addi-
tion, the dark J–V characteristics exhibit low leakage cur-
rents for the IF1 bilayer (Fig. 3a, black dots), the IF2
monolayer (Fig. 3a, grey open squares) and IF2 bilayer
(Fig. 3a, grey open dots), whereas the dark J–V curve of
the monolayer based on IF1 (Fig. 3a, black squares) reveals
an atypical shape, low currents in forward direction and
high leakage current in reverse bias indicating decreased
bottom contact selectivity. The diagram in Fig. 3b summa-
rizes the J–V characteristics under AM 1.5 illumination
with 100 mW cm�2. A clear difference in the device perfor-
mance is visible comparing IF1 with IF2 devices. The IF1
monolayer device (Fig. 3b, black squares) exhibits a Voc
of 573 mV, a short circuit current density (Jsc) of
8.4 mA cm�2, a FF of 0.39 resulting in 1.9% PCE. The bilayer
device based on IF1 (Fig. 3b, black dots) shows the lowest
solar cell parameters with Voc = 563 mV, Jsc = 7.5 mA
cm�2, FF of 0.40 and a PCE of 1.7%. The strong limitation
in FF for IF1 devices is attributed to a reduced extraction
of the charge carriers. In contrast, the IF2 spray deposited
devices perform significantly better, with a Voc of
588 mV, Jsc of 9.0 mA cm�2, a high FF of 0.59 for the mono-
layer (Fig. 3b, grey squares). This corresponds to a power
conversion efficiency of 3.1%. The bilayer based on IF2
(Fig. 3b, grey dots) features similar performance,
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Fig. 4. Fully spray deposited solar cell with spray coated PEDOT:PSS and
spray coated P3HT:PCBM. (a) J–V characteristics under AM 1.5 illumina-
tion with 100 mW cm�2. The inset shows the dark J–V curve in a semi-
logarithmic plot; (b) surface topography of a spray deposited PEDOT:PSS
film and (c) surface topography of a reference doctor bladed PEDOT:PSS
film.
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Voc = 580 mV, Jsc = 8.7 mA cm�2, but shows the main limi-
tation in FF with 0.47 corresponding to a PCE of 2.4%. Com-
paring the shape of the J–V characteristics under
illumination, there is an obvious distinction in the curve
progression. Clearly, bilayer devices have lower FF due to
the larger RS. Moreover, a difference due to the mobility-
lifetime (ls) product can be seen. The photogenerated car-
riers are field driven [10], therefore a product of internal
field and ls smaller than the film thickness will lead to a
loss in photocurrent. At larger external negative bias the
field for the carriers is large enough to be completely ex-
tracted, which can be seen for all illuminated J–V curves
showing the same photocurrent at bias around �0.6 V.
The monolayer of IF2 (Fig. 3b, grey squares) shows a nearly
constant photocurrent for voltages < 0.2 V. The thicker bi-
layer devices of IF2 (Fig. 3b, grey dots) are affected by a
ls limitation, and it needs reverse bias of �0.3 V to extract
all photogenerated carriers. The monolayer of IF1 (Fig. 3b,
black squares) shows also a lower photocurrent at 0 V than
at �0.3 V, while the bilayer (Fig. 3b, black dots) shows a
complete extraction only at �0.6 V. Monolayer devices
with a thickness of 250 nm are much weaker field depen-
dent than thicker bilayer devices. In good agreement with
earlier reports [5], the more slowly dried IF2 films have a
larger ls-product, sufficient to extract all carriers under
JSC conditions.

Fig. 4a represents the J–V behaviour of a fully spray
coated device, comprising a 60 nm spray deposited PED-
OT:PSS layer on top of ITO and a subsequent spray depos-
ited P3HT:PCBM based on IF2 (monolayer with 250 nm
P3HT:PCBM film thickness; these parameters resulted in
the most efficient spray coated active layer device). The
fully spray deposited solar cell exhibits a decent device
performance (Fig. 4a), Voc of 560 mV, Jsc of 9.1 mA cm�2

and a FF of 0.52. This corresponds to a power conversion
efficiency of 2.7% for a fully spray coated device. Compar-
ing the IF2 monolayer reference solar cell device (grey
open squares in Fig. 3) with the ‘‘fully sprayed” device
comprising a spray deposited PEDOT:PSS and a spray
coated P3HT:PCBM (J–V behaviour is shown in Fig. 4a), a
clear difference of the device performance is visible, which
can be attributed to the spray deposited PEDOT:PSS. The
fully sprayed solar cell (see Fig. 4a) indicates a 5% lower
Voc (560 mV) compared to the IF2 monolayer device with
doctor bladed PEDOT:PSS, grey squares in Fig. 3b
(588 mV), whereas the Jsc is in the same range (9.0 mA/
cm2 for IF2 monolayer and 9.1 mA/cm2 for fully sprayed
solar cell). Comparing the FF of both devices, there is a clear
distinction between the IF2 monolayer reference and the
fully sprayed solar cell device, namely 0.59 and 0.52,
respectively. This lower FF for the fully sprayed solar cell
is attributed to the spray deposited PEDOT:PSS due to
higher surface roughness (rms = 20.7 nm) and higher leak-
age current, while same low RS. Fig. 4b shows the AFM im-
age of the PEDOT:PSS film with rms roughness of 20.7 nm
and Fig. 4c reveals a reference doctor bladed PEDOT:PSS
film with rms roughness of 3.7 nm. A significantly larger
droplet size is observed for PEDOT:PSS spray coated films
compared to spray deposited P3HT:PCBM layers. This lar-
ger droplet size is attributed to the higher surface tension
of the water based PEDOT:PSS solution compared to the
P3HT:PCBM solution where smaller drop sizes can be
created.

In this study, an alternative method is presented to de-
posit P3HT:PCBM blend and PEDOT:PSS to produce high
efficiency devices. We discussed the topographical and
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the nanomorphological aspects between a spray deposited
mono- and bilayer based on a pristine solvent compared to
a multiple solvent system. The AFM images in Fig. 2 indi-
cate significant topographical differences between spray
deposited and doctor bladed films. A J–V analysis (Fig. 3a)
revealed similar ideality factors of mono- and bilayer spray
coated films over doctor bladed ones indicating similar
interface between the donor and acceptor in the BHJ, but
differences in the charge carrier extraction between spray
coated solar cells among themselves (Fig. 3b) and doctor
bladed devices. The solvent properties such as boiling
point, vapor pressure, viscosity and surface tension have
a massive impact on the topography as shown by the
AFM analysis. An optimized spray coating formulation is
found with IF2, which allows to spray deposit films with
outstanding high carrier transport properties, directly
comparable to high qualitatively doctor bladed films. This
resulted in an enhanced device performance with 3.1%
PCE for spray coated polymer:fullerene based solar cells.
Interestingly to note that the nearly 10 times higher sur-
face roughness of IF2 spray coated compared to doctor
bladed films does not negatively influence the device per-
formance. Moreover, we show that spray coating is a feasi-
ble technology to deposit among others also the
PEDOT:PSS film without affecting the device parameters
adversely. The high photovoltaic performance of 2.7% PCE
for fully sprayed cells proves the outstanding potential of
spray coating as a novel manufacturing method for organic
electronics.
1. Experimental section

The devices were built on transparent indium tin oxide
(ITO) coated glass substrates, purchased from TFD. The
glass was cleaned for 10 min in acetone and another
10 min in isopropyl alcohol using an ultrasonic bath and fi-
nally with an ozone treatment lasting 10 min. A thin 60 nm
layer of poly(3,4-ethylene dioxythiophene) doped with
polystyrene sulphonic acid (PEDOT:PSS) was deposited by
doctor blading on top of the ITO bottom electrode. For
our devices the Baytron PH, comprising a PEDOT:PSS ratio
of 1:2.5 by weight, purchased from H.C. Starck was used.
After the PEDOT:PSS doctor blading step, the samples were
stored in inert atmosphere for at least 2 h. For spray depos-
ited PEDOT:PSS layers, the Baytron PH dispersion was di-
luted with deionized water in a ratio of 1:3. The
thickness of the spray deposited PEDOT:PSS film was mea-
sured to be 60 nm. In comparison to doctor bladed PED-
OT:PSS, the spray deposited PEDOT:PSS on ITO was used
as prepared for the spray deposition of the P3HT:PCBM.
The photoactive layer consists of 1.5 w% P3HT blended
with fullerene PCBM in a 1:0.8 weight ratio and dissolved
in pristine chlorobenzene or ortho-dichlorobenzene/mesit-
ylene solvent mixture. The deposition of the active layer by
spray coating was performed with an airbrush system in
ambient surroundings with 3 bar pressure. For the fabrica-
tion of bilayers, no additional drying procedure among
mono- and bilayer deposition was applied, despite the de-
lay of 2 min needed by the setup between the two succes-
sive spray deposited films. On top of the active layer, an
additional Ca–Ag top electrode was deposited by physical
vapor deposition to complete the bulk heterojunction solar
cell. Prior to evaporation of the top electrode, all devices
were subjected to a thermal treatment at 140 �C for
10 min. For efficiency evaluation the device area was de-
fined by the overlap between the underlying ITO and the
top electrode. Solar cells with an active area of typically
20 mm2 were studied. The current density–voltage (J–V)
characteristics were assessed with a source measurement
unit SMU 2400 from Keithley under nitrogen atmosphere.
For illumination a Steuernagel Solarsimulator was used
providing an AM 1.5G spectra at 0.1 W cm�2. AFM images
of the thermally annealed spray coated films were re-
corded on glass substrates coated with a 60 nm PEDOT:PSS
layer with a NanoSurf easyScan 2 operating under ambient
conditions in contact mode. Measurements were per-
formed using a pointprobe-plus silicon-SPM cantilever.
Surface tensions and contact angles were measured with
a Krüss easy drop tool. The kinematic viscosity of the two
blend formulations was determined at room temperature
with a micro Ubbelohde capillary viscosimeter from
Schott.
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a b s t r a c t

A series benzoimidazole-based dendritric complexes of iridium dendrimers containing Fré-
chet-type dendrons with peripheral fluorenyl surface groups have been synthesized. These
iridium dendrimers are green-emitting with high phosphorescence quantum yield, and can
be spin-coated as films of good quality. From cyclic voltammograms (CV), high onset
potentials at 1.42–1.58 V due to the peripheral fluorene group were observed. Device from
a second generation dendrimer 17 with structure of ITO/PEDOT:PSS/CBP: 20 wt% 17/TPBI/
LiF/Al (PEDOT:PSS = poly(ethylene dioxythiophene): polystyrenesulfonate and CBP = bis(N-
carbazolyl)biphenyl) has the best performance: maximum external quantum efficiency of
13.58% and maximum current efficiency of 45.7 cd/A. Space-charge-limited current (SCLC)
flow technique was used to measure the mobility of charge carriers in the blend films of the
compounds in CBP. Blend films of higher generation dendrimers have lower hole mobility,
albeit with higher device efficiencies.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction to be achieved in electrophosphorescent devices [4]. How-
Since Tang and coworkers reported electroluminescent
devices based on tris(8-hydroxyquinoline) aluminum
(Alq3) in 1987, organic light-emitting diodes (OLEDs) have
attracted great attention [1]. In recent years, there are
increasing numbers of solution-processed OLED devices
fabricated from fluorescent polymers or dendrimers [2].
However, the devices exhibit only low efficiencies in most
cases. A lot of efforts have been directed to phosphorescent
materials in order to improve device efficiencies [3]. Be-
cause both singlet and triplet excitons can be harvested,
theoretical 100% internal quantum efficiency is possible
. All rights reserved.
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ever, intermolecular interaction frequently leads to
quenching of excited states and reduces the performance
of OLEDs, fabricated via either vacuum deposition or solu-
tion-processing.

An ideal approach to suppress intermolecular interaction
and retain high emission quantum yields is to use bulky and/
or rigid peripheries to encapsulate the emitting core, i.e.,
dendritic approach [5,6]. Indeed, dendritic LEDs (DLEDs)
using electrophosphorescent iridium dendrimers as emit-
ters were reported to exhibit high luminous efficiency even
without any host. For example, a maximum external quan-
tum efficiency (EQE) of 13% and a maximum luminous effi-
ciency of 34.7 cd A�1 were reported for green light-emitting
iridium dendrimers with benzoimidazole-based ligands
containing carbazolyl dendrons [7]. Similarly, a high EQE va-
lue of 13.6% (30 lm/W, 47 cd/A, 110 cd/m2) was also
achieved on a host-free DLED based on a dendrimer with a
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fac-tris(2-phenylpyridyl)iridium(III) core [8]. Possibly due
to the presence of void space and the insulating linkages in-
side a dendrimer, the carrier mobility generally decreases as
the dendrimer generation increases [9]. Consequently, the
dendrimers are commonly doped in host materials, such
as bis(N-carbazolyl)biphenyl (CBP) [10], in order to improve
the device efficiency. Red- [11], green- [7,12], and blue-
emitting [13] DLEDs have been fabricated to demonstrate
very promising efficiencies. It is worthy to note that besides
encapsulation, dendrons surrounding the phosphorescent
core also allow one to tether with suitable surface groups
for enhancing the solubility of the dendrimer to facilitate
spin-coating of the film [14], or tether with carrier-transport
units for improving charge transporting [11,15].

Previously we synthesized a series of phosphorescent
cyclometalated iridium complexes containing benzoimi-
dazole-based ligands [16]. High performance DLEDs based
on the complexes were fabricated via vacuum deposition.
In a recent report we extended our study to Fréchet-type
dendritic benzoimidazole ligands [17], and electrolumines-
cent (EL) devices with good efficiencies can be achieved by
solution-processing. In an attempt to further enlarge the
size of Fréchet-type dendron, we tethered periphery with
a fluorene moiety which was beneficial to raising the solu-
bility and reducing the intermolecular interactions [12b].
Furthermore, fluorene moiety is also possible to assist in
carrier hopping [18]. In this paper, we report the first-
and second-generation cyclometalated iridium dendrimer,
in which Fréchet-type benzyl ether-based dendrons were
tethered with peripheral alkylated fluorenyl groups. DLEDs
fabricated from these dendrimers by spin-coating tech-
nique will also be discussed.
2. Experimental

2.1. Characterization

The 1H NMR spectra were recorded on a Bruker AMX400
spectrometer. FAB-mass spectra were collected on a JMS-
700 double focusing mass spectrometer (JEOL, Tokyo, Ja-
pan) with a resolution of 3000 for low resolution and
8000 for high resolution (5% valley definition). For FAB-
mass spectra, the source accelerating voltage was operated
at 10 kV with a Xe gun, using 3-nitrobenzyl alcohol as the
matrix. MALDI-mass spectra were collected on a Voyager
DE-PRO (Applied Biosystem, Houston, USA) equipped with
a nitrogen laser (337 nm) and operated in the delayed
extraction reflector mode. Elemental analyses were per-
formed on a Perkin–Elmer 2400 CHN analyzer. Cyclic vol-
tammetry experiments were performed with a BHI-621B
electrochemical analyzer. All measurements were carried
out at room temperature with a conventional three-elec-
trode configuration consisting of a platinum working elec-
trode, an auxiliary electrode, and a nonaqueous Ag/AgNO3

reference electrode. The E1/2 values were determined as
1=2ðEa

p þ Ec
pÞ, where Ea

p and Ec
p are the anodic and cathodic

peak potentials, respectively. The solvent used was CH2Cl2

and the supporting electrolyte was 0.1 M tetrabutylammo-
nium hexafluorophosphate. Electronic absorption spectra
were obtained on a Cary 50 Probe UV–visible spectrometer.
Emission spectra were recorded in deoxygenated solutions
at 298 K by a JASCO FP-6500 fluorescence spectrometer.
The emission spectra were collected on samples with o.d.
�0.1 at the excitation wavelength. UV–visible spectra were
checked before and after irradiation to monitor any possi-
ble sample degradation. Emission maxima were reproduc-
ible within 2 nm. Luminescence quantum yields (Uem)
were calculated relative to Ir(ppy)3 (Uem = 0.40 in toluene)
[19]. Luminescence quantum yields were taken as the aver-
age of three separate determinations and were reproduc-
ible within 10%. Luminescence lifetimes were determined
on an Edinburgh FL920 time-correlated pulsed single-pho-
ton-counting instrument. Samples were degassed via
freeze–thaw–pump cycle at least three times prior to mea-
surements. Samples were excited at 337 nm from a nitro-
gen pulsed flashlamp with 1 ns FWHM pulse duration
transmitted through a Czerny-Turner design monochroma-
tor. Emission was detected at 90o via a second Czerny-
Turner design monochromator onto a thermoelectrically
cooled red-sensitive photomultipler tube. The resulting
photon counts were stored on a microprocessor-based
multichannel analyzer. The instrument response function
was profiled using a scatter solution and subsequently
deconvoluted from the emission data to yield an undis-
turbed decay. Nonlinear least square fittings of the decay
curves were performed with the Levenburg–Marquardt
algorithm and implemented by the Edinburgh Instruments
F900 software. The reported values represent the average of
at least three readings.

2.2. Light-emitting devices fabrication

A layer of 70 nm thick poly(ethylenedioxythio-
phene):poly(styrene-sulfonic acid) (PEDOT:PSS) (Baytron
PVP CH 8000) films was spin-coated on pre-cleaned
ITO-coated glass substrates as the hole injection layer
and then baked at 100 �C in air for 1 h. Next, the film of
CBP containing iridium dendrimer or the neat iridium film
(thickness at �45 nm for 16 and 18, �70 nm for 17 and 19,
respectively) as the emitter was spin-coated using
dichloroethane as the solvent (concentration: 10 mg mL�1

for the host and �wt% Ir dendrimer as the guest) at a spin
rate of 2800 rpm (revolution per min.). Then, a electron-
transporting and hole blocking 1,3,5-tris(N-phen-
ylbenzimidazol-2-yl)benzene (TPBI) film of 40 nm thick
was vacuum deposited in a vacuum chamber less than
2.5 � 10�5 torr. Finally, the device was completed by
thermal deposition of a LiF/Al (1 nm/120 nm) cathode.

2.3. Hole-only devices fabrication

The hole-only devices in this study consists of a 20 wt%
of 16 (or 17–19) in CBP blend thin film sandwiched be-
tween transparent indium tin oxide (ITO) anode and metal
cathode. Before device fabrication, the ITO glasses
(1.5 � 1.5 cm2) were ultrasonically cleaned in detergent,
de-ionized water, acetone and isopropyl alcohol before
the deposition. After routine solvent cleaning, the sub-
strates were treated with UV ozone for 15 min. Then a
modified ITO surface was obtained by spin-coating a layer
of poly(ethylene dioxythiophene): polystyrenesulfonate
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(PEDOT:PSS) (�30 nm). After baking at 130 �C for 1 h, the
substrates were then transferred into a nitrogen-filled
glove box. The active layer was spin coated (spin
rate = 2800 rpm; spin time = 45 s) on top of PEDOT:PSS
and then dried in covered glass Petri dishes. The film thick-
ness of the active layer was measured to be 55, 50, 50 and
50 nm, for 16, 17, 18 and 19, respectively. Subsequently, a
20 and 100 nm thick of MoO3 and aluminum was ther-
mally evaporated under vacuum at a pressure below
6� 10�6 torr thorough a shadow mask. The active area of
the device was 0.12 cm2.
3. Materials

Chemicals and solvents were reagent grades and pur-
chased from Aldrich, Acros, TCI, and Lancaster Chemical
Co. Solvents were dried by standard procedures. All reac-
tions and manipulations were carried out under N2 with
the use of standard inert atmosphere and Schlenk tech-
niques. Solvents were dried by standard procedures. All
column chromatography was performed by using silica
gel (230–400 mesh, Macherey-Nagel GmbH & Co.) as the
stationary phase in a column which is 25–35 cm in length
and 2.5 cm in diameter.

3.1. 9,9-Dihexyl-9H-fluorene-2-carbaldehyde (1)

2-Bromo-9,9-dihexyl-9H-fluorene (20.2 g, 48.9 mmol)
was dissolved in 100 mL of dry THF and the solution was
cooled to �78 �C. n-Butyl lithium in hexane (1.6 M,
30.5 mL, 48.9 mmol) was added dropwise over a period
of 30 min. The mixture was allowed to warm to �20 �C
in the next 1 h, and 3.8 mL of dry DMF was added. The mix-
ture was stirred at room temperature for 12 h. The reaction
was quenched with water and the solution was extracted
with diethyl ether. The combined organic extracts were
washed with brine solution, dried over MgSO4, and evapo-
rated to dryness. The residue was purified by column chro-
matography using a mixture of CH2Cl2 and hexanes (1:1)
as the eluent to afford a white solid (13.4 g, 75%). 1H
NMR (CDCl3, 400 MHz, ppm): d 10.04 (s, 1H, CHO), 7.85
(s, 1H), 7.83–7.80 (m, 2H), 7.76–7.74 (m, 1H), 7.37–7.33
(m, 3H), 2.00–1.97 (m, 4H, CH2), 1.07–0.97 (m, 12H, CH2),
0.75 (t, J = 7.2 Hz, 6H, CH3), 0.56–0.53 (m, 4 H, CH2).

3.2. 4-(9,9-Dihexyl-9H-fluoren-2-yl)benzaldehyde (2)

4-Bromobenzaldehyde (9.25 g, 50 mmol), 9,9-dihexyl-
9H-fluoren-2-yl-boronic acid (22.5 g, 1.2 equiv.), Na2CO3

(12.0 g, 2 equiv.), and Pd(OAc)2 (112 mg, 0.01 equiv.) were
dissolved in a mixture of 30 mL of acetone and 35 mL of
water. The mixture was stirred at room temperature for
16 h. The reaction was then quenched by pouring the solu-
tion into water and the desired compound was extracted
with diethyl ether. The collected organic extracts were col-
lected, dried over anhydrous MgSO4. Filtration and re-
moval of the solvent provided a white solid. It was
purified by column chromatography using a mixture of
dichloromethane and hexanes (1:1) as the eluent to give
a yellow oil in 73% yield (16.0 g). 1H NMR (CDCl3,
400 MHz, ppm): d 10.06 (s, 1H, CHO), 7.97 (d, J = 8.4 Hz,
2H, C6H4), 7.82 (d, J = 8.4 Hz, 2H, C6H4), 7.78 (d, J = 8.0 Hz,
1H, fluorene), 7.75–7.73 (m, 1H, fluorene), 7.62–7.60 (m,
2H, fluorene), 7.38–7.30 (m, 3H, fluorene), 2.04–1.99 (m,
4H, CH2), 1.12–1.04 (m, 12H, CH2), 0.75 (t, J = 7.2 Hz, 6H,
CH3), 0.68–0.66 (m, 4H, CH2).

3.3. (9,9-Dihexyl-9H-fluoren-2-yl)methanol (3)

Compound 1 was dissolved in 40 mL of THF and 40 mL
of methanol. Sodium borohydride (2 equiv.) was added
slowly to the above solutions in portions, and the solution
was allowed to stir for 24 h. The reaction was quenched by
pouring the solution into water and the desired compound
was extracted with diethyl ether. The organic extracts
were collected and dried over anhydrous MgSO4. Filtration
and removal of the solvent provided a white solid. It was
purified by column chromatography using a mixture of
dichloromethane and hexanes (1:1) as the eluent to afford
a white powder in 75% yield. 1H NMR (CDCl3, 400 MHz,
ppm): d 7.67–7.64 (m, 2H), 7.32–7.25 (m, 5H), 4.75 (s,
2H, OCH2), 1.96–1.91 (m, 4H, CH2), 1.11–1.00 (m, 12H,
CH2), 0.75 (t, J = 7.2 Hz, 6H, CH3), 0.61–0.55 (m, 4H, CH2).

3.4. 4-(9,9-Dihexyl-9H-fluoren-2-yl)phenyl)methanol (4)

Compound 4 was synthesized by the same procedure as
illustrated for compound 3 except that compound 1 was
used instead of compound 2. The compound was isolated
as a white solid in 75% yield. 1H NMR (CDCl3, 400 MHz,
ppm): d 7.77–7.73 (m, 2H, fluorene), 7.69 (d, J = 8.4 Hz,
2H, C6H4), 7.59–7.57 (m, 2H), 7.48 (d, J = 8.4 Hz, 2H,
C6H4), 7.39–7.31 (m, 3H, fluorene), 4.74 (d, J = 2.0 Hz, 2H,
OCH2) 1.99–1.96 (m, 4H, CH2), 1.09–1.01 (m, 12H, CH2),
0.73 (t, J = 7.2 Hz, 6H, CH3), 0.66–0.64 (m, 4H, CH2).

3.5. 2-(Bromomethyl)-9,9-dihexyl-9H-fluorene (5)

A mixture of compound 3 (1.82 g, 5.0 mmol) and tri-
phenylphosphine (1.1 equiv.) was dissolved in THF
(15 mL) and cooled to 15 �C. N-bromosuccinimide
(1.1 equiv.) was added all at once. The reaction was stirred
for additional 10 min and immediately quenched by cold
water. The solids formed were extracted into dichloro-
methane. The organic extracts were collected, washed with
brine, and dried over anhydrous MgSO4. After filtration and
removal of the solvent, the crude product was further puri-
fied by column chromatography on a silica gel column
using a mixture of CH2Cl2 and hexanes (1:5 by volume)
as the eluent to afford the pure compound as a white solid
in 85% yield. 1H NMR (CDCl3, 400 MHz, ppm): d 7.67–7.61
(m, 2H, fluorene), 7.36–7.30 (m, 5H, fluorene), 4.59 (s, 2H,
CH2Br), 1.98–1.90 (m, 4H, CH2), 1.12–1.05 (m, 12H, CH2),
0.75 (t, J = 7.2 Hz, 6H, CH3), 0.59–0.50 (m, 4H, CH2).

3.6. 2-(4-(Bromomethyl)phenyl)-9,9-dihexyl-9H- fluorene
(6)

Compound 6 was synthesized by the same procedure as
illustrated for compound 5 except that compound 3 was
used instead of compound 4. The product was isolated as
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a white solid in 76% yield. 1H NMR (CDCl3, 400 MHz, ppm):
d 7.73 (d, J = 8.0 Hz, 1H, fluorene), 7.70 (d, J = 7.2 Hz, 1H,
fluorene), 7.62 (d, J = 8.4 Hz, 2H, C6H4), 7.54 (dd, J = 8.0 Hz
and 1.6 Hz, 1H, fluorene), 7.51 (d, J = 1.2 Hz, 1H, fluorene),
7.47 (d, J = 8.4 Hz, 2H, C6H4), 7.34–7.28 (m, 3H, fluorene),
4.55 (s, 2H, CH2Br), 1.99–1.96 (m, 4H, CH2), 1.09–1.01 (m,
12H, CH2), 0.73 (t, J = 7.2 Hz, 6H, CH3), 0.66–0.64 (m, 4H,
CH2).

3.7. (3,5-Bis((9,9-dihexyl-9H-fluoren-2-yl)methoxy)phenyl)-
methanol (7)

A mixture of 3,5-dihydroxybenzyl alcohol (2.80 g,
20 mmol), potassium carbonate (6.67 g, 40 mmol), com-
pound 5 (2.1 equiv.), and 18-crown-6-ether (0.52 g, 0.2
mmol) in acetone (30 mL) was heated to reflux for 48 h.
After being cooled, water was added and the solution
was extracted with dicholormethane. The organic extracts
were collected, washed with brine, and dried over anhy-
drous MgSO4. After filtration and removal of the solvent,
the crude product was further purified by column chroma-
tography using a mixture of CH2Cl2 and hexanes (1:1 by
volume) as the eluent. The product was isolated as a white
solid in 70% yield. 1H NMR (CDCl3, 400 MHz, ppm): d 7.67
(d, J = 8.0 Hz, 4H, fluorene), 7.37–7.28 (m, 10H, fluorene),
6.64 (d, J = 2.0 Hz, 2H, C6H3), 6.62 (t, J = 2.0 Hz, 1H, C6H3),
5.10 (s, 4H, OCH2), 4.62 (s, 2H, OCH2), 1.95–1.91 (m, 8H,
CH2), 1.12–0.97 (m, 24H, CH2), 0.74 (t, J = 7.2 Hz, 12H,
CH3), 0.64–0.56 (m, 8H, CH2).

3.8. (3,5-Bis(4-(9,9-dihexyl-9H-fluoren-2-yl)benzyloxy)-
phenyl)methanol (8)

Compound 8 was synthesized by the same procedure as
illustrated for compound 7 except that 5 was used instead
of 6. The product was isolated as a white solid in 70% yield.
1H NMR (CDCl3, 400 MHz, ppm): d 7.74–7.68 (m, 4H, fluo-
rene), 7.67 (d, J = 8.4 Hz, 4H, C6H4), 7.56–7.49 (m, 4H, fluo-
rene), 7.47 (d, J = 8.4 Hz, 4H, C6H4), 7.33–7.25 (m, 6H,
fluorene), 6.67 (d, J = 2.0 Hz, 2H, C6H3), 6.60 (t, J = 2.0 Hz,
1H, C6H3), 5.07 (s, 4H, OCH2), 4.61 (s, 2H, OCH2), 1.95–
1.91 (m, 8H, CH2), 1.12–0.97 (m, 24H, CH2), 0.74 (t,
J = 7.2 Hz, 12H, CH3), 0.64–0.56 (m, 8H, CH2).

3.9. Compound 9

Compound 9 was synthesized by the same procedure as
illustrated for compound 5 except that compound 3 was
used instead of compound 7. The product was isolated as
a white solid in 70% yield. 1H NMR (CDCl3, 400 MHz,
ppm): d 7.68 (d, J = 8.4 Hz, 4H, fluorene), 7.41–7.25 (m,
10H, fluorene), 6.66 (d, J = 2.0 Hz, 2H, C6H3), 6.62 (t,
J = 2.0 Hz, 1H, C6H3), 5.09 (s, 4H, OCH2), 4.39 (s, 2H,
OCH2), 1.95–1.91 (m, 8H, CH2), 1.09–1.00 (m, 24H, CH2),
0.74 (t, J = 7.2 Hz, 12H, CH3), 0.56–0.53 (m, 8H, CH2).

3.10. Compound 10

Compound 10 was synthesized by the same procedure
as illustrated for compound 5 except that compound 3
was used instead of compound 8. The product was isolated
as a white solid in 72% yield. 1H NMR (CDCl3, 400 MHz,
ppm): d 7.74–7.69 (m, 4H, fluorene), 7.67 (d, J = 8.4 Hz,
4H, C6H4), 7.56–7.54 (m, 4H, fluorene), 7.51 (d, J = 8.4 Hz,
4H, C6H4), 7.34–7.26 (m, 6H, fluorene), 6.67 (d, J = 2.0 Hz,
2H, C6H3), 6.61 (t, J = 2.0 Hz, 1H, C6H3), 5.09 (s, 4H,
OCH2), 4.43 (s, 2H, OCH2), 1.99–1.95 (m, 8H, CH2), 1.11–
1.03 (m, 24H, CH2), 0.73 (t, J = 7.2 Hz, 12H, CH3), 0.67–
0.63 (m, 8H, CH2).

3.11. 4-(1-Phenyl-1H-benzo[d]imidazol-2-yl)phenol (11)

N-Phenyl-o-phenylenediamine (9.21 g, 50 mmol), and
4-hydroxybenzaldehyde (6.10 g, 50 mmol) were dissolved
in 40 mL of 2-methoxyethanol. The mixture was heated
to reflux for 48 h. After cooling, the deposited solids were
filtered, washed with dichloromethane, and dried under
vacuum to give the desired product (5.1 g, 35%). 1H NMR
(DMSO-d6, 400 MHz, ppm): d 7.71 (d, J = 7.6 Hz, 1H),
7.57–7.51 (m, 3H), 7.36 (d, 7.6 Hz, 2H), 7.32 (d, J = 8.4 Hz,
2H), 7.26 (t, J = 7.2 Hz, 1H), 7.20 (t, 7.2 Hz, 1H), 7.11 (d,
J = 8.0 Hz, 1H), 6.68 (d, 8.4 Hz, 2H). FABMS: m/z 287.2
(M+H)+. Anal. Calcd for C19H14N2O: C, 79.70; H, 4.93; N,
9.78. Found: C, 79.29; H, 5.04; N, 9.58.

Ligands 12, 13, 14, and 15 were synthesized by similar
procedures, as described below for compound 12. Com-
pound 11 (0.73 g, 2.5 mmol), K2CO3 (0.35 g, 2.5 mmol),
and compound 5 (1.06 g, 2.5 mmol) were dissolved in
30 mL of DMF. The mixture was heated at 100 �C for
24 h. After cooling, the reaction was quenched with water
and the mixture was extracted with dicholormethane. The
organic extracts were collected, washed with brine, and
dried over anhydrous MgSO4. After filtration and removal
of the solvent, the crude product was further purified by
column chromatography using a mixture of CH2Cl2 and
hexanes (3:1 by volume) as the eluent to provide 12 as a
white solid in 73% yield. 1H NMR (CDCl3, 400 MHz, ppm):
d 7.84 (d, J = 8.0 Hz, 1H), 7.67 (d, J = 8.4 Hz, 2H, C6H4),
7.55–7.43 (m, 5H), 7.35–7.27 (m, 8H), 7.20 (d, J = 8.0 Hz,
2H), 6.92 (d, J = 8.4 Hz, 2H, C6H4), 5.10 (s, 2H, OCH2),
1.94–1.90 (m, 4H, CH2), 1.10–1.00 (m, 12H, CH2), 0.74 (t,
J = 7.2 Hz, 6H, CH3), 0.60–0.58 (m, 4H, CH2). FABMS: m/z
633.3 (M+H)+. Anal. Calcd for C45H48N2O: C, 85.40; H,
7.64; N, 4.43. Found: C, 85.24; H, 7.79; N, 4.35.

13: White solid. Yield = 75%. 1H NMR (CDCl3, 400 MHz,
ppm): d 8.14 (d, J = 8.0 Hz, 1H), 7.68–7.60 (m, 8H), 7.54–
7.46 (m, 3H), 7.38–7.18 (m, 13H), 6.89 (d, J = 8.4 Hz, 2H),
6.67 (d, J = 2.0 Hz, 2H, C6H3), 6.62 (t, J = 2.0 Hz, 1H, C6H3),
5.09 (s, 4H, OCH2), 4.99 (s, 2H, OCH2), 1.94–1.86 (m, 8H,
CH2), 1.09–0.99 (m, 24H, CH2), 0.73 (t, J = 7.2 Hz, 12H,
CH3), 0.65–0.54 (m, 8H, CH2). FABMS: m/z 1101.9 (M+H)+.
Anal. Calcd for C78H88N2O3: C, 85.05; H, 8.05; N, 2.54.
Found: C, 85.15; H, 8.22; N, 2.60.

14: White solid. Yield = 56%. 1H NMR (CDCl3, 400 MHz,
ppm): d 7.84 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H),
7.69 (d, J = 7.2 Hz, 1H), 7.65 (d, J = 8.0 Hz, 2H), 7.55–7.45
(m, 9H), 7.31–7.28 (m, 6H), 7.22–7.18 (m, 2H), 6.91 (d,
J = 8.8 Hz, 2H), 5.09 (s, 2H, OCH2), 1.99–1.96 (m, 4H, CH2),
1.09–1.01 (m, 12H, CH2), 0.73 (t, J = 6.8 Hz, 6H, CH3),
0.66–0.64 (m, 4H, CH2). FAB MS: m/z 709.5 (M+H)+. Anal.
Calcd for C51H52N2O: C, 86.40; H, 7.39; N, 3.95. Found: C,
86.54; H, 7.40; N, 3.67.
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15: White solid. Yield = 56%. 1H NMR (CDCl3, 400 MHz,
ppm): d 8.02 (d, J = 8.0 Hz, 1H), 7.71–7.61 (m, 10H), 7.55–
7.47 (m, 12H), 7.34–7.27 (m, 9H), 7.20 (d, J = 8.4 Hz, 1H),
Br
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Scheme 1. Synthesis of th
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e dendritic ligands.
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0.73 (t, J = 7.2 Hz, 12H, CH3), 0.66–0.64 (m, 8H, CH2). FAB-
MS: m/z 1253.8 (M+H)+. Anal. Calcd for C90H96N2O3: C,
86.22; H, 7.72; N, 2.23. Found: C, 85.88; H, 7.58; N, 2.00.

Tris-Ir complexes 16, 17, 18, 19 were synthesized by
similar procedures, as described below for 16. To a flask
+ IrCl3. nH2O

N N

O
D

Ir
Cl

Cl

2
4 HCl
    +
n H2O

S / H2O
 (3:1)

S= 2-methoxyethanol

12 , 13, 14 or 15

N N

O

N N

O

O OC6H13

C6H13

C6H13C6H13
C6H13C6H13

Ir

3

Ir

16

17

3
,

,

Scheme 2. Synthesis of dendr

Table 1
Physical data of the compounds.

cpd kabs (loge), a (nm) kem,(Up)in
solution
nm (%)

12 275 (4.63), 307 (4.73) 354a

13 273 (4.82), 306 (4.67) 355a

14 308 (4.69) 356a

15 282 (4.90), 314 (4.70) 357a

(G0)3Irj 298 (4.6), 313 (4.6), 375 (4.1), 410 (3.8), 453 (3.5) 517 (45)
16 268 (4.66), 308 (4.69), 374 (3.96), 407 (3.74), 432

(3.57)
512b (55)

17 271 (4.87), 306 (4.64), 366 (3.88), 427 (3.34) 512b (63)
18 292 (4.60), 317 (4.69), 356 (3.99), 420 (3.34) 513b (65)
19 296 (4.83), 312 (4.77), 354 (3.77), 407 (3.07) 519b (74)

a Measured in CH2Cl2 at 298 K at a concentration of 10�5 M. e is the absorptio
b Recorded in toluene solutions at 298 K. Excitation wavelength was 410 nm fo

Ir(ppy)3 (Up = 0.40).
c Neat-film data measured at 298 K. PL quantum efficiencies in films were me
d Measured in toluene solutions at 298 K.
e sr = s/Up.
f Oxidation potential reported is adjusted to the potential of ferrocene (E1/2 = 2

of cyclic voltammetric measurements: platinum working electrode; Ag/Ag
monium hexafluorophosphate.

g Eg: bandgap. Eg was obtained from the absorption spectra.
h HOMO level were calculated from CV potentials using ferrocene as a standa
i LUMO derived via equation, Eg = HOMO � LUMO.
j Ref. [7].
containing IrCl3 � 3H2O (176 mg, 0.50 mmol) and 12
(1.10 g, 1.0 mmol) was added a 3:1 mixture of 2-ethoxy-
ethanol and water (25 mL). The mixture was refluxed for
48 h. After cooling, the reaction was quenched by water,
and the mixture was filtered and washed with diethyl
N N

O
D

Ir

2

K2CO3, glycerol

N N

O
D

N N

O
D

Ir

3

16, 17, 18 ,and 19

N N

O O

O

C6H13 C6H13

C6H13
C6H13

N N

O

C6H13

C6H13

Ir

3

Ir

18
19

3
,

itic iridium complexes.

kem, c(Up)
film
nm (%)

s,d,
ls

sr,e,
ls

Eox
f(DEp).

mV
Eg

g,
eV

HOMOh,
eV

LUMOi,
eV

1580 3.64 6.11 2.47
1520 3.64 6.05 2.41
1420 3.64 5.95 2.31
1420 3.64 5.95 2.31

534 (15) 1.07 2.37 370 (76) 2.90 4.95 2.0
529 (16) 1.46 1.78 394 (63) 2.90 4.92 2.0

525 (30) 1.46 2.31 397 (76) 2.90 4.92 2.0
522 (17) 1.05 1.78 413 (93) 2.90 4.94 2.0
523 (33) 1.02 1.37 414

(124)
2.90 4.94 2.0

n coefficient.
r all compounds. Quantum yield was measured in toluene relative to fac-

asured in an integrating sphere.

70 mV vs. Ag/AgNO3) which was used as an internal reference. Conditions
NO3 reference electrode. Scan rate: 100 mV/s. Electrolyte: tetrabutylam-

rd [HOMO = 4.8 + (Eox � EFc)].
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Fig. 1. The absorption spectra and PL of 12–15 in CH2Cl2 solution.
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Fig. 2. The absorption spectra of 16–19 measured in CH2Cl2 solution and
the normalized PL spectra of 16–19 measured in toluene.
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ether to give l-chloro-bridged Ir(III) dimer. One equiv. of
l-chloro-bridged Ir(III) dimer was mixed with 2.5 equiv.
of K2CO3, 2.0 equiv. of 12, and glycerol (5.0 mL) in a flask.
The mixture was heated at 190 �C for 24 h. After cooling,
the reaction was quenched with water and the mixture
was extracted with dicholormethane. The combined ex-
tracts were then washed with brine, dried over MgSO4, fil-
tered, and dried under vacuum. The crude product was
isolated by column chromatography using a mixture of
CH2Cl2 and n-hexane (1:1 by volume) as the eluent.

16: Yellow solid. Yield = 56%.1H NMR (CDCl3, 400 MHz,
ppm): d 7.57–7.45 (m, 21H), 7.28–7.24 (m, 12H), 7.18 (d,
J = 8.0 Hz, 3H), 7.06–7.02 (m, 6H), 6.81 (t, J = 6.4 Hz, 3H),
6.72 (s, 3H), 6.60 (d, J = 8.4 Hz, 3H), 6.39 (d, J = 8.0 Hz.
3H), 6.21 (d, J = 8.4 Hz, 3H), 4.87 (d, J = 12.0 Hz, 3H,
OCH2), 4.79 (d, J = 12.0 Hz, 3H, OCH2), 1.90–1.86 (m, 12H,
CH2), 1.04–0.97 (m, 36H, CH2), 0.74 (t, J = 7.2 Hz, 18H,
CH3), 0.60–0.56 (m, 12H, CH2). MADLI-TOF: m/z 2087.5
(M+H)+. Anal. Calcd for C135H141N6O3Ir: C, 86.22; H, 7.72;
N, 2.23. Found: C, 85.97; H, 7.42; N, 2.20.

17: Yellow solid. Yield = 15%. 1H NMR (CDCl3, 400 MHz,
ppm): d 7.63–7.56 (m, 18H), 7.52 (t, J = 7.5 Hz, 9H), 7.41 (d,
J = 8.0 Hz, 3H), 7.30–7.26 (m, 30H), 7.00–6.94 (m, 6H), 6.79
(t, J = 7.2 Hz, 3H), 6.57–6.54 (m, 12H), 6.30 (s, 3H), 6.04 (s,
3H), 4.95 (s,12H, OCH2), 4.74 (d, J = 12.0 Hz, 3H, OCH2),
4.68 (d, J = 12.0 Hz, 3H, OCH2), 1.92–1.88 (m, 24H, CH2),
1.06–0.97 (m, 72H, CH2), 0.71–0.67 (m, 36H, CH3), 0.58–
0.53 (m, 24H, CH2). MADLI-TOF: m/z 3494.8 (M+H)+. Anal.
Calcd for C234H261N6O9Ir: C, 80.44; H, 7.53; N, 2.41. Found:
C, 80.21; H, 7.33; N, 2.25.

18: Yellow solid. Yield = 40%. 1H NMR (CDCl3, 400 MHz,
ppm): d 7.67–7.63 (m, 6H), 7.52–7.46 (m, 12H), 7.41 (d,
J = 7.6 Hz, 3H), 7.40–7.32 (m, 9H), 7.32–7.28 (m, 9H),
7.24–7.22 (m, 9H), 7.00 (t, J = 7.6 Hz, 3H), 6.92 (d,
J = 7.6 Hz, 3H), 6.75 (t, J = 7.6 Hz, 3H), 6.66 (d, J = 2.4 Hz,
3H), 6.53 (d, J = 8.4 Hz, 3H), 6.28 (d, J = 8.4 Hz, 3H), 6.22
(dd, J = 8.4 and 2.4 Hz, 3H), 4.77 (d, J = 12.0 Hz, 3H,
OCH2), 4.74 (d, J = 12.0 Hz, 3H, OCH2), 1.88–1.80 (m, 12H,
CH2), 1.10–1.02 (m, 36H, CH2), 0.72 (t, J = 7.2 Hz, 18H,
CH3), 0.66–0.63 (m, 12H, CH2). MADLI-TOF: m/z 2316.4
(M+H)+. Anal. Calcd for C153H153N6O3Ir: C, 79.34; H, 6.66;
N, 3.63. Found: C, 78.97; H, 6.33; N, 3.35.

19: Yellow solid. Yield = 10%. 1H NMR (CDCl3, 400 MHz,
ppm): d 7.74–7.69 (m, 12H), 7.65–7.60 (m, 12H), 7.57–7.50
(m, 21H), 7.45–7.42 (m, 15H), 7.36–7.28 (m, 21H), 6.98–
6.92 (m, 6H), 6.88–6.83 (m, 3H), 6.71–6.64 (m, 6H), 6.54–
6.45 (m, 15H), 4.95 (s,12H, OCH2), 4.74 (d, J = 12.0 Hz, 3H,
OCH2), 4.68 (d, J = 12.0 Hz, 3H, OCH2), 1.92–1.88 (m, 24H,
CH2), 1.06–0.97 (m, 72H, CH2), 0.71–0.67 (m, 36H, CH3),
0.58–0.53 (m, 24H, CH2). MADLI-TOF: m/z 3951.3 (M+H)+.
Anal. Calcd for C270H285N6O9Ir: C, 82.09; H, 7.27; N, 2.13.
Found: C, 81.71; H, 7.23; N, 2.25.
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Fig. 3. The variation of quantum yields for (G0)3Ir, and 16–19 in different
concentration in toluene.
4. Results and discussion

4.1. Syntheses

Bouveault’s synthesis [20] and palladium-catalyzed Su-
zuki reaction [21] were used to prepare two aldehydes,
9,9-dihexyl-9H-fluorene-2-carbaldehyde (1), and 4-(9,9-
dihexyl-9H-fluoren-2-yl)benzaldehyde (2) (Scheme 1).
Reduction of 1 and 2 with NaBH4 gave the benzyl alcohol
3 and 4 in �80% yield, which was then treated with N-bro-
mosuccinimide and triphenylphosphine to form the benzyl
bromides, 5 and 6 [4]. Reaction of compound 5 (or 6) with
3,5-dihydroxybenzyl alcohol provides compound 7 (or 8)
containing two fluorene branches. Similar to the synthesis



Fig. 4. AFM images from spin-casting films: blend film of CBP: 20 wt% 16 (a); 17 (b); 18 (c); 19 (d) and neat film of 16 (e); 17 (f); 18 (g); 19 (h).
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of 5 from 3, compounds 7 and 8 can be converted to 9 and
10, respectively. Compound 11, prepared from N-phenyl-o-
phenylenediamine and 4-hydroxybenzaldehyde, was then
allowed to react with 5, 6, 9, and 10, respectively, using
Williamson ether synthesis to form dendritic benzoimidaz-
ole ligands 12–15 in 30–90% yields. The preparation of tris-
cyclometalated iridium complexes 16–19 involved a two-
step synthesis (see Scheme 2): (1) reaction of IrCl3 � 3H2O
with dendritic ligands 12–15 to from a chloro-bridged di-
mer intermediate; (2) reaction of the dimer with additional
12–15 in glycerol at 190 �C. Only the facial (fac) isomer was
isolated for 16–19, as evidenced from the NMR spectra.

4.2. Optical properties

The photophysical data of compounds 12–19 are sum-
marized in Table 1. The absorption spectra and photolumi-
nescence (PL) spectra of compounds 12–15 and 16–19 are
shown in Figs. 1 and 2, respectively. Absorption bands at
�310 nm (e � 104–105 M�1 cm�1) are p–p* transition
characteristic of the benzoimidazolyl moiety, and those
at �275 nm (e � 104–105 M�1 cm�1) can be attributed to
p–p* the transition of the peripheral fluorene. Besides
the p–p* transition bands of the ligands, the dendritic irid-
ium complexes 16–19 also exhibit weak absorption bands
in the range of �350–450 nm due to metal-to-ligand
charge transfer transitions, 1MLCT and 3MLCT.
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The dendritic ligands 12–15 emit in the violet-purple
region (kem � 355 nm) in CH2Cl2. Because of non-conju-
gated nature between the iridium center and the dendron,
all dendritic iridium complexes emit green light both in
toluene solution and neat film state (kem = 510–529 nm),
similar to their non-dendronized congener, (G0)3Ir [7].
The solution PL quantum yields (0.55–0.74 in toluene) of
16–19 compared favorably with that (0.45 in toluene) of
the non-dendronized congener, (G0)3Ir [7], indicating that
the encapsulation indeed more effectively suppresses trip-
let–triplet annihilation of the emitting core. The phospho-
rescent lifetimes (1.02–1.46 ls) of these complexes fall
into the range of prototype non-dendronized tris-cyclo-
metalated iridium complexes [19]. Apparently, the incor-
poration of flexible alkyl group or ether linkage does not
lead to facile non-radiative decay pathways. The encapsu-
lation efficiency increases as the surface group becomes
bulkier (i.e., UPL (18) > UPL (16) and UPL (19) > UPL (17)),
or the generation of the dendron increases (i.e., UPL

(17) > UPL (16) and UPL (19) > UPL (18)). Similar to the
quantum yields of the solutions, the trend retains in the
film state. The studies of concentration quenching on
16–19 and non-encapsulated complex (G0)3Ir further wit-
ness the merit of encapsulation from the dendron, that is,
the solution quantum yield of (G0)3Ir decreases more rap-
idly than 16–19 as the concentration increases from
10�6 M to 5 � 10�4 M (see Fig 3). Compared to the solution
state in Table 1, there is a significant drop of PL quantum
yields in the solid film state (UPL = 0.15–0.33). This is con-
sistent with concentration quenching observed in the tol-
uene solution (vide supra). Similar behavior was also
reported in other phosphorescent dendrimers [5]. No
Table 2
EL data of DLEDs with different composition in the emitting layer.

Emitting-layer VON,

V
max. L (at
V),
cd/m2

max.
gext,

%

max.
gc,

cd/A

max.gp,

lm/W
J = 20 mA

L (at V) c

Blend film
20 wt% 16

(4.65 mmol)
4.0 14005

(16.0)
9.8 33.8 21.2 3534 (11

(14.4)
20 wt% 17

(2.77 mmol)
5.0 16229

(16.0)
13.6 45.8 20.6 6926 (8.7

(12.5)
40 wt% 17

(5.54 mmol)
5.5 6321 (20.0) 9.4 33.0 9.4 3766 (16

–
20 wt% 18

(4.20 mmol)
5.0 19217

(20.0)
8.28 27.9 13.48 3395 (12

(18.1)
20 wt% 19

(2.45 mmol)
6.0 13,876

(18.0)
9.0 31.1 15.0 4025 (11

(14.8)
40 wt% 19

(4.91 mmol)
8.0 5814 (20.0) 8.6 26.5 7.6 3073 (15

–

Neat film
16 3.0 4895 (10.0) 3.6 11.4 10.3 1735 (6.0

17 3.0 993 (10.5) 7.1 23.1 14.5 990 (10.3

18 3.0 5711 (11.5) 4.6 13.7 12.3 1964 (5.8

19 5.0 1235 (13.5) 5.0 16.6 9.5 1013 (10.
(15.8)

Von, turn-on voltage, at a brightness of 1 cd/m2; L, luminance; V, voltage; gext,
fwhm, full width at half-maximum, max., maximum.
emission from the peripheral fluorene was noticed, indi-
cating that energy transfer from the peripheral fluorene
to the iridium center may occur, or there exists inner filter
effect. We found that excitation at the 1MLCT band
(�410 nm) of 17 in the film state led to phosphorescent
emission of higher intensity by 2.0�2.5 times compared
to excitation at the peripheral fluorene (250–300 nm).
Therefore, the energy transfer from the dendron to the
iridium center is not likely to be the main cause of the in-
creased quantum yields in the larger dendrimers. This is in
contrast to FIrpic (iridium(III) bis[(4,6-difluoro-
phenyl)pyridinato-N,C2’]-3-hydroxypicolinate) derivatives
with N,N’-dicarbazolyl-3,5-benzene-based dendrons [22],
which were described to have efficient singlet�singlet
and triplet�triplet energy transfer from the dendron to
the iridium center.

4.3. Film morphology

Good thin film quality is prerequisite for good perfor-
mance of OLEDs. Therefore, AFM was used to examine
the morphology of the spin-casting films for these com-
plexes. All compounds can be fabricated as good-quality
films by spin-coating technique. Fig. 4 shows the AFM
images of the spin-coating films (45–70 nm thick), ob-
tained from iridium complexes 16–19, on plasma treated
indium tin oxide (ITO) substrates. The root mean square
(RMS) surface roughness of neat film in 16–19 was found
to be 0.489, 1.055, 1.287, and 0.667 nm, respectively. The
blend films of CBP with 20 wt% of 16–19 had slightly larger
RMS surface roughness at 1.175, 0.741, 2.264, and
3.121 nm, respectively.
/cm2; J = 100 mA/cm2 kem,max

(fwhm),
nm

CIE, x,y

d/m2 gext, % gc,

cd/A
gp,

lm/W

.6); 10,954 5.7; 3.2 19.5;
11.2

5.3; 2.4 516 (74) 0.29,
0.62

); 15,711 10.4; 4.7 35.1;
15.7

12.7;
3.9

514 (72) 0.27,
0.61

.2); 5.2;
–

18.4;
–

3.5;
–

520 (76) 0.30,
0.62

.5); 10,396 5.04;
3.10

17.0;
10.5

5.1; 2.4 520 (74) 0.31,
0.61

.5); 10,830 5.8; 3.2 15.0;
20.1

5.5; 2.3 514 (72) 0.28,
0.62

.8); 5.0;
–

31.1;
–

3.1;
–

514 (72) 0.28,
0.61

); 4375 (8.6) 2.7; 1.4 8.7; 4.4 4.5; 1.6 516 (76) 0.30,
0.58

); 502 (16.9) 1.5; 0.15 5.0; 0.5 1.5; 0.1 516 (74) 0.30,
0.60

); 4340 (8.2) 3.3;1.5 10.0; 4.4 5.5;1.7 516 (76) 0.30,
0.57

2); 1081 1.5; 0.33 5.1; 1.1 1.6;
0.22

512 (70) 0.26,
0.60

external quantum efficiency; gc, current efficiency; gp, power efficiency;
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4.4. Electrochemical studies

The electrochemical properties of the ligands (12–15)
and the complexes (16–19) were studied by cyclic voltam-
metric (CV) method, and the electrochemical data are sum-
marized in Table 1. All ligands show an irreversible
oxidation wave with an onset potential at 1.42–1.58 V vs.
Ag/AgNO3, which is characteristic of the peripheral fluo-
rene group. Besides the irreversible oxidation wave of the
ligands, a quasi-reversible one-electron oxidation wave
attributed to the oxidation of the iridium(III) was detected
in the range of �0.39–0.41 mV vs. Ag/AgNO3. The negligi-
ble influence of the dendrons on the oxidation potential
of the iridium center is likely due to non-conjugated nature
of the spacer between the dendron and the iridium center.
No reduction waves up to -2.0 V were detected in these
iridium dendrimers. The HOMO (highest occupied molecu-
lar orbital) energy levels of compounds 12–19 were calcu-
lated from cyclic voltammogram in comparison with
ferrocene (4.8 eV) [23]. The thus obtained HOMO levels,
(�6.0 eV for 12–15 and �4.95 eV for 16–19) in combina-
tion with the optical bandgaps which were derived from
the optical edges of absorption spectra, were used to calcu-
late the LUMO (lowest unoccupied molecular orbital) en-
ergy levels [24]. Both HOMO and LUMO data are
collected in Table 1.
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Fig. 7. EL spectra at a driving voltage of 12 V of DLEDs containing (a) 16–
19 doped with CBP, (b) 16–19 neat film.
4.5. Electroluminescent properties

Electroluminescent (EL) devices of bilayered configura-
tion, ITO/PEDOT:PSS/neat 16–19 or x wt% of dopant 16–19
in CBP (45–70 nm)/TPBI (40 nm)/LiF (1 nm)/Al (120 nm),
were fabricated via spin-coating technology (see Fig. 5).
Spin-coating technology was used for device fabrication
except for the vacuum deposition of TPBI (the electron-
transporting and hole-blocking layer). The LED devices
without the use of TPBI will not be discussed because the
efficiency dropped at least two orders in both cases. The
energy band structures of the devices are shown in Fig. 6,
and the performance data are presented in Table 2. The
EL spectra are shown in Fig. 7. All devices emitted green
light and the EL spectra were superimposed with the PL
spectra. The absence of emission from CBP suggests that
either energy transfer from CBP to the complexes is com-
plete or the trapping of electrons and holes by the com-
plexes is efficient.

Although neat films of good quality can be obtained by
spin-coating technique (vide supra), the devices using the
neat films of the complexes have efficiencies far from
ideal: the maximum external quantum efficiencies are
lower than 7.1%. The following four factors are probably
responsible for the low device efficiencies: (1) T–T annihi-
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lation due to the high concentration of the guest; (2) the
large energy gap between PEDOT:PSS and the HOMO level
of peripheral fluorenyl group which hampers the hole
injection into the emitting layer; (3) inefficient carrier
mobility of the dendrons; (4) quenching of phosphores-
cence via energy transfer from the iridium center to the
dendron due to small gap (�1000 cm�1) between the trip-
let energies of the two. Foe example, 15 ET (77 K, tolu-
ene) = 2.55 eV; 10, ET (77 K, toluene) = 2.53 eV; 16, ET

(77 K, toluene) = 2.34 eV. The current–voltage–brightness
(I–V–L) characteristic and the EQEs and current efficiency
vs. current density for the devices based on neat films of
16–19 are shown in Fig. 8. DLEDs based on 17 and 19 ex-
hibit much lower current density and brightness. Our
observations are consistent with previous report illustrat-
ing that the carrier mobility decreases as the dendrimer
generation increases [9]. The I–V–L characteristic and the
EQEs and current efficiency vs. current density of DLEDs
containing CBP doped with complexes 16–19 are shown
in Fig. 9. Among them, the best efficiencies were found to
be gext,max = 9.8%, 13.6%, 8.3%, and 9.0%, and gc,max = 33.8,
45.8, 27.9, and 31.1 cd/A for the devices with 4.65, 2.77,
4.20, and 2.45 mol% of 16, 17, 18, and 19, respectively.
The significant drop of device efficiencies at dopant con-
centrations above 40% for all the complexes is likely due
to T–T annihilation. The best device performance was
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Fig. 9. The electro-optical characteristic of DLEDs containing x wt% 16–19
in CBP: (a) brightness and current density as a function of voltage; (b)
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achieved at a lower dopant concentrations (mol%) for the
devices based on the second-generation dendrimers (17
and 19) compared to the devices based on the first-gener-
ation dendrimers (16 and 18), which may be attributed to
the inefficient carrier conductivity of the fluorene-contain-
ing dendrons. Inefficient carrier conductivity of the den-
dron is evident from the I–V plots (Fig. 10) of 16 (first
generation dendrimer) and 19 (second generation dendri-
mer) at different doping concentrations: the current de-
creases as the doping concentration increases at the same
driving voltage. Though the current density of 18-based
device was higher than that of 19-based device, 16- and
17-based devices were found to have comparable current
density, where the conductivity might be affected by the
film morphology. Nevertheless, the efficiency of the device
increases as the generation of the dendrimer increases, i.e.,
17 > 16 and 19 > 18. Arylamine-based dendrimers with
stilbene dendrons were also reported to have better device
efficiency and inferior carrier mobility as the generation
increases [9]. It was suggested that the increased spacing
of hopping sites in the bulkier dendrimers inhibited trans-
port of majority charge carriers and resulted in a reduction
of the mobility. The influence of the dendron on the device
efficiency may also be accounted by the same token in our
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case. It is interesting to note that neat film devices also be-
have similarly (see Fig. 11).

4.6. Hole mobility properties

Space-charge-limited current (SCLC) flow technique
was used to measure the mobility of charge carriers in
the films [25]. In spite of the ambipolar carrier-transport-
ing characteristic of CBP [26], no discernible currents were
detected for the blend film of CBP with the compounds
synthesized in electron-only devices, indicating that the
electron mobility was negligible in the film. This is consis-
tent with the poor performance of DLEDs without the pres-
ence of TPBI (vide supra). In comparison, from the hole-
only devices the hole mobilities can be determined pre-
cisely by fitting the dark current vs. voltage (J–V) curves
for single carrier devices to SCLC model [27–28]. The dark
current is given by J ¼ 9e0erlV2=8L3 [29], where e0er is the
permittivity of the dendrimer, l is the carrier mobility, and
L is the device thickness. From the capacitance–voltage
measurements we have obtained a relative dielectric con-
stant er of 0.65, 1.81, 1.30, 1.98 for the blend film of 20
wt% of 16, 17, 18, and 19 in CBP, respectively. Therefore,
the hole mobilities were calculated to be 1.85 � 10�7,
9.80 � 10�8, 4.76 � 10�8, and 2.43 � 10�8 cm2/Vs for the
blend films of 16, 17, 18 and 19, respectively. These obser-
vations are consistent with the lower current density mea-
sured for DLEDs based on larger dendrimers, i.e., device of
17 < device 16 and device 19 < device 18 (vide supra). The
lower hole mobility of the larger dendrimers (17 and 19)
is likely due to increased spacing of hopping sites [9].
The better efficiencies of the devices for the larger dendri-
mers may be stemmed from the increased waiting time of
charge carriers which will increase the probability of
recombination, similar to that reported for triarylamine-
cored distyrylbenzene-based dendrimers [9]. The device
based on the neat film has a lower efficiency than that
based on the CBP blend film, which may also be attributed
to the non-conductivity of the former, and the very narrow
exciton recombination region near the interface between
the neat film and TPBI. Compared with the iridium com-
plexes encapsulated with benzyl ether dendrons we re-
ported earlier [17], the hole mobilities of the dendrimers
in this study appear to be �one order lower. The hole
mobilities of the previous dendrimers were measured to
be 2.7 � 10�6, and 9.2 � 10�7 cm2/V s for the 20 wt% CBP
blend films of (G1)3Ir (first generation dendrimer) and
(G2)3Ir (second generation dendrimer), respectively. Possi-
bly the larger fluorene moiety increases spacing of hopping
sites and results in a reduction of the mobility (vide supra).
The somewhat lower device efficiencies in this study may
be due to the less balanced hole and electron mobilities
(the electron mobility of TPBI is �10�5 cm2/(V s) [30]).
5. Conclusions

In conclusion, we have synthesized a series of benzoim-
idazole-based dendritic complexes of iridium dendrimers
containing Fréchet-type dendrons with peripheral fluoenyl
surface groups. These iridium dendrimers emit green light
with high PL quantum yields, and can be spin-cast as films
of good quality. The electroluminescent devices fabricated
by the spin-coating technique have high-performance of
electro-optical properties. One of the devices with the
structure of ITO/PEDOT:PSS/CBP: 17 (20 wt%)/TPBI/LiF/Al
has a maximum EQE of 13.58% and a maximum current
efficiency of 45.7 cd/A. The high HOMO level of the periph-
eral fluoenyl surface group leads to a larger turn on volt-
age. EL devices based on the dendrimers of higher
generation have a lower current density because of the
slower carrier mobility of the higher generation dendri-
mer. However, EL devices from dendrimers of higher gen-
eration exhibit higher EQEs and current efficiencies.
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A number of semiconducting organic molecules capable of wet processing exhibit high
carrier mobility and current modulation. In this work, we synthesized photopatternable
p-conjugated star-shaped molecules and characterized their physical properties. The solu-
bility of the synthesized molecules is very good for solution processing. The synthesized
organic semiconducting multi-branched molecules are capable of photopatterning by vir-
tue of photopolymerization of the reactive pentadienyl end groups. The transistor devices
using these molecules provided a field-effect mobility of 1.3(±0.2) � 10�3–3.7(±0.5) �
10�3 cm2 V�1 s�1 as well as a high current on/off ratio (Ion/off > 103) and a low threshold
voltage. In the case of the photoreactive star-shaped conjugated molecule HP2P, it was
found that field-effect mobility was maintained even after the photocrosslinking process.
This result can be used in the design of photopatternable semiconductor molecules for
thin-film transistor electronic applications.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

There has been growing interest in p-conjugated sys-
tems over the last several years due to their unique semi-
conducting and electro-optical properties and because of
their potential applications in different electronic devices,
such as organic field-effect transistor devices (OFETs)
[1,2] and organic photovoltaic devices (OPVs) [3,4]. Among
the various types of soluble organic semiconducting mate-
rials, star-shaped crystalline molecules have been attrac-
tive for synthesis because of their strong potential
advantages. Compared with the linear organic conjugated
. All rights reserved.

x: +82 2 924 3141.
oi).
oligomers and polymers currently used in OFETs, these
molecules have a number of advantages including the abil-
ity to demonstrate multifunctionality in one molecule
[5,6]. The synthesis of p-conjugated star-shaped molecules
raises the possibility of creating thiophene derivatives that
are fully tethered to the aromatic core. Furthermore, the
solubility problem in conjugated linear oligothiophene is
resolved under dendritic architecture [7,8]. Recently, the
authors demonstrated some star-shaped molecules show-
ing good solubilities, film-forming properties, and reason-
ably high field-effect carrier mobilities [9].

The development of OFETs has generated a great deal of
interest in solution-processible organic semiconductors,
which can combine high charge transport mobility, stabil-
ity, and patternability [10]. However, the carrier mobility
of the linear thiophene-based liquid crystalline molecule

mailto:dhchoi8803@korea.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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was observed to decrease after the photocrosslinking
reaction due to the disruption of the preferred anisotropic
molecular packing. [10]. In this work, the authors report
the design of a new class of hole transporting semiconduc-
tor materials incorporating photoreactive end groups,
which can undergo a photopolymerization without a
photoinitiator. In this instance, the core of the molecule
is designed to have conjugative connecting properties,
which will be discussed later. The photopolymerizable
1,4-pentadien-3-yl group at the periphery was used be-
cause of its ability to undergo photopolymerization.
[11,12]. Ultraviolet (UV) radiation (k = 254–270 nm) at
room temperature is effective in inducing photopolymer-
ization, forming cross-links between the reactive units,
which results in the formation of insoluble 2-D or 3-D
polymer networks.

2. Experiment

2.1. Material

All commercially available starting reagents or reac-
tants were purchased from Aldrich or Acros Organics Co.
and used without further purification unless otherwise sta-
ted. All solvents used in this study were freshly dried under
the standard distillation method.

Compounds 4 [13], 9 [14], and 11 [9] were prepared
according to the procedures in the literature. Compounds
1 [15,16], 2 [16,17] were also synthesized using similar
methods that have been reported in the literature. Com-
pound 7 was prepared using the reaction between penta-
1,4-dien-3-ol and succinic anhydride in the presence of
4-dimethylaminopyridine and triethylamine in a quantita-
tive yield.

2.2. Synthesis

2.2.1. 50-((Tert-butyldimethylsilyloxy)methyl)-2,20-
bithiophene-5-carbaldehyde, 3

A solution of compound 2 (31.0 g, 100 mmol) in tetra-
hydrofuran (THF, 200 mL) was cooled to �78 �C in an ace-
tone/dry ice bath. N-Butyllithium (105 mmol, 42 mL,
2.5 M in hexane) was added through a syringe over
10 min. The temperature of the reaction mixture was
slowly raised to –30 �C and was maintained for 1 h. Next,
N,N-dimethylformamide (DMF, 9.0 mL, 120 mmol) was
added through a syringe over 5 min. The mixture was al-
lowed to stir at room temperature for 2 h and then was
quenched with an aqueous ammonium acetate solution.
The organic layer was separated and the aqueous phase
was extracted with ether. The combined organic layer
was condensed and the residue was purified with silica-
gel column chromatography using chloroform/hexane
(1/15 v/v) and then crystallized in methanol to afford
24.7 g of solid: yield 73%.

1H NMR (400 MHz, CDCl3): d(ppm) 9.85 (s, 1H), 7.65 (d,
J = 4.0 Hz, 1H), 7.21 (d, J = 4.0 Hz, 1H), 7.20 (d, J = 4.0 Hz,
1H), 6.86 (d, J = 4.0 Hz, 1H), 4.86 (s, 2H), 0.94 (s, 9H),
0.13(s, 6H).

Anal. Calcd for C16H22O2S2Si: C, 56.76; H, 6.55; found: C,
56.96; H, 6.52.
2.2.2. 1,2,4,5-Tetrakis((E)-2-(50-((tert-butyldimethylsilyloxy)
methyl)-2,20-bithiophen-5-yl)vinyl)benzene, 5

A solution of potassium tert-butoxide (2.6 g, 23 mmol)
in 50 mL of THF was added to a mixture of octaethyl ben-
zene-1,2,4,5-tetrayltetrakis(methylene) tetraphosphonate
(3.4 g, 5.0 mmol), 50-((tert-butyldimethylsilyloxy)methyl)-
2,20-bithiophene-5-carbaldehyde 3 (7.8 g, 23 mmol), and
50 mL of THF over 10 min under magnetic stirring. The
mixture was allowed to stir at room temperature over-
night. Then, ethanol (200 mL) was added to the reaction
mixture. The resultant precipitate was filtered and washed
with methanol and then purified with silica-gel column
chromatography using chloroform/hexane (1/2 v/v). After
that, it was crystallized in THF/methanol to afford 4.4 g
of red–yellow solid: yield 62%.

1H NMR (400 MHz, CDCl3): d(ppm) 7.65 (s, 2H), 7.18 (d,
J = 16.0 Hz, 4H), 7.13 (d, J = 16.0 Hz, 4H), 7.07 (d, J = 4.0 Hz,
4H), 7.05 (d, J = 4.0 Hz, 4H), 7.01 (d, J = 4.0 Hz, 4H), 6.82 (d,
J = 4.0 Hz, 4H), 4.86 (s, 8H), 0.95 (s, 36H), 0.13(s, 24H).

Anal. Calcd for C74H94O4S8Si4: C, 62.75; H, 6.69, found:
C, 62.61; H, 6.70.

2.2.3. (50,50 0,50 0 0,50 0 0 0-(1E,10E,10 0E,10 0 0E)-2,20,20 0,20 0 0-(Benzene-
1,2,4,5-tetrayl)tetrakis (ethene-2,1-diyl)tetrakis(2,20-
bithiophene-50,5-diyl))tetramethanol, 6

Compound 5 (2.83 g, 2.0 mmol) was dissolved in 50 mL
of THF. Dilute hydrochloric acid (6.0 mL, 0.75 N) was added
and the mixture was stirred at room temperature for 3 h.
Triethylamine (6.0 mmol) was added to neutralize the
acid; then, 100 mL of water was added slowly to precipi-
tate out the product. The product was collected by filtra-
tion, washed, and dried in vacuo to give a quantitative
yield.

Anal. Calcd for C50H38O4S8: C, 62.60; H, 3.99, found: C,
63.01; H, 4.14.

2.2.4. 10 0,10,1-(50,50 0,50 0 0-(1E,10E,10 0E)-2,20,20 0-(5-((E)-2-(50-((4-
((Z)-Hexa-1,4-dien-3-yloxy)-4-oxobutanoyloxy)methyl)-2,20-
bithiophen-5-yl)vinyl)benzene-1,2,4-triyl)tris(ethene-2,1-
diyl)tris(2,20-bithiophene-50,5-diyl))tris(methylene) 4-tri-
(penta-1,4-dien-3-yl) tributanedioate, 8 (HB4P)

To a solution of 6 (0.96 g, 1.0 mmol) and 7 (0.92 g,
5.0 mmol) in 50 mL of dichloromethane (DCM)/THF
(1:3), 4-(dimethyl-amino)pyridinium p-toluenesulfonate
(DPTS) (1.32 g, 4.5 mmol) was added; the mixture was
allowed to stir at room temperature under nitrogen
atmosphere for 15 min. N,N0-Dicyclohexylcarbodiimide
(DCC, 0.93 g, 4.5 mmol) was then added and the mixture
was allowed to stir at 40 �C for 5 days. The reaction mix-
ture was filtered and the filtrate was concentrated under
a reduced pressure. The crude product was then purified
by silica-gel column chromatography (eluent; ethyl ace-
tate/CHCl3 = 1:10 v/v) to afford 1.03 g of a red solid: yield
63%.

1H NMR (400 MHz, CDCl3): d(ppm) 7.62 (s, 2H), 7.18 (d,
J = 16.0 Hz, 4H), 7.13 (d, J = 16.0 Hz, 4H), 7.07 (d, J = 4.0 Hz,
4H), 7.05 (d, J = 4.0 Hz, 4H), 7.01 (d, J = 4.0 Hz, 4H), 6.99 (d,
J = 4.0 Hz, 4H), 5.82 (m, 8H), 5.72 (t, 4H), 5.27 (m, 16H),
5.25(s, 8H), 2.7 (s, 16H).

13C NMR (100 MHz, CDCl3): d(ppm) 172.16, 171.28,
142.42, 139.16, 136.99, 136.50, 135.07, 134.88, 129.47,
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127.90, 125.64, 124.74, 124.42, 123.67, 117.85, 75.71,
61.13, 29.49, 29.31.

Anal. Calcd for C86H78O16S8: C, 63.60; H, 4.84, found: C,
63.64; H, 4.78.

2.2.5. (50,50 0-(1E,10E)-2,20-(2,5-Dibromo-1,4-phenylene)-
bis(ethene-2,1-diyl)bis(2,20-bithiophene-50,5-diyl))bis-
(methylene)bis(oxy)bis(tert-butyldimethylsilane), 10

A solution of potassium tert-butoxide (0.78 g,
7.0 mmol) in 20 mL of THF was added to a mixture of
9 (1.6 g, 3.0 mmol) and 3 (2.37 g, 7.0 mmol), and 50 mL
of THF was added over 10 min under magnetic stirring.
The mixture was stirred at room temperature overnight.
The same work-up procedure was employed for prepar-
ing 5. The authors obtained 1.81 g (yield 67%) of a pure
red solid.

1H NMR (400 MHz, CDCl3): d(ppm) 7.80 (s, 2H), 7.14 (d,
J = 16.0 Hz, 2H), 7.09 (d, J = 16.0 Hz, 2H), 7.07 (d, J = 4.0 Hz,
4H), 7.05 (d, J = 4.0 Hz, 4H), 7.01 (d, J = 4.0 Hz, 4H), 6.82 (d,
J = 4.0 Hz, 4H), 4.85 (s, 4H), 0.95 (s, 18H), 0.13(s, 12H).

Anal. Calcd for C40H48Br2O2S4Si2: C, 53.08; H, 5.35,
found: C, 53.67; H, 5.31.

2.2.6. (50,50 0-(1E,10E)-2,20-(2,5-Bis((E)-2-(50-hexyl-2,20-
bithiophen-5-yl)vinyl)-1,4-phenylene)bis(ethene-2,1-diyl)-
bis(2,20-bithiophene-50,5-diyl))bis(methylene)bis(oxy)bis
(tert-butyldimethylsilane), 12

Compound 10 (0.9 g, 1.0 mmol), 11 (0.69 g, 2.5 mmol),
and tri-o-tolylphosphine (30 mg, 0.1 mmol) were dissolved
in 50 ml DMF and then tributylamine (0.6 mL, 2.5 mmol)
was added. After 10 min, Pd(OAc)2 (45 mg, 0.2 mmol)
was added and the mixture was stirred at 95 �C overnight.
Then, water (200 mL) was added to the reaction mixture.
The resultant precipitate was filtered and washed with
methanol. It was purified with silica-gel column chroma-
tography using chloroform/hexane (1/2 v/v) and then crys-
tallized in THF/methanol to afford 0.7 g of red solid: yield
54%.

1H NMR (400 MHz, CDCl3): d(ppm) 7.65 (s, 2H), 7.18 (d,
J = 16.0 Hz, 4H), 7.13 (d, J = 16.0 Hz, 4H), 7.07 (d, J = 4.0 Hz,
4H), 7.05 (d, J = 4.0 Hz, 4H), 7.01 (d, J = 4.0 Hz, 4H), 6.82 (d,
J = 4.0 Hz, 2H), 6.68 (d, J = 4.0 Hz, 2H), 4.86 (s, 4H), 2.80 (t,
4H), 1.69 (t, 4H), 1.34 (m, 12H), 0.95 (s, 18H), 0.90 (t, 6H),
0.13(s, 12H).

Anal. Calcd for C72H86O2S8Si2: C, 66.72; H, 6.69, found:
C, 67.06; H, 7.05.

2.2.7. (50,50 0-(1E,10E)-2,20-(2,5-Bis((E)-2-(50-hexyl-2,20-
bithiophen-5-yl)vinyl)-1,4-phenylene)bis(ethene-2,1-diyl)bis
(2,20-bithiophene-50,5-diyl))dimethanol, 13

Compound 12 (0.65 g, 0.5 mmol) was dissolved in
30 mL of THF. Dilute hydrochloric acid (3.0 mL, 0.75 N)
was added and the mixture was stirred at room tempera-
ture for 3 h. The same work-up procedure was employed
for preparing 6 to give a quantitative yield.

1H NMR (400 MHz, CDCl3): d(ppm) 7.65 (s, 2H), 7.18 (d,
J = 16.0 Hz, 4H), 7.13 (d, J = 16.0 Hz, 4H), 6.97–7.09 (m,
12H), 6.90 (d, J = 4.0 Hz, 2H), 6.68 (d, J = 4.0 Hz, 2H), 4.82
(s, 4H), 2.80 (t, 4H), 1.69 (t, 4H), 1.34 (m, 12H), 0.90 (t, 6H).

Anal. Calcd for C50H38O4S8: C, 67.50; H, 5.48, found: C,
66.55; H, 5.22.
2.2.8. 01,1-(50,50 0-(1E,10E)-2,20-(2,5-Bis((E)-2-(50-hexyl-2,20-
bithiophen-5-yl)vinyl)-1,4-phenylene)bis(ethene-2,1-diyl)-
bis(2,20-bithiophene-5’,5-diyl))bis(methylene) 4-di(penta-
1,4-dien-3-yl) dibutanedioate, 14 (HB2P)

DPTS (0.35 g, 1.2 mmol) was added to a solution of 13
(0.53 g, 0.5 mmol) and 7 (0.22 g, 1.2 mmol) in 40 mL of
DCM/THF (1:1); the mixture was allowed to stir at room
temperature under nitrogen atmosphere for 15 min. DCC
(0.25 g, 1.2 mmol) was then added and the mixture was
stirred at room temperature overnight. The same work-
up procedure was employed for preparing 8. The authors
obtained 0.64 g (yield 92%) of a pure red solid.

1H NMR (400 MHz, CDCl3): d(ppm) 7.61 (s, 2H), 7.17 (d,
J = 16.0 Hz, 4H), 7.11 (d, J = 16.0 Hz, 4H), 7.07 (d, J = 4.0 Hz,
4H), 7.05 (d, J = 4.0 Hz, 4H), 7.01 (d, J = 4.0 Hz, 4H), 6.98 (d,
J = 4.0 Hz, 4H), 6.68 (d, J = 4.0 Hz, 2H), 5.82 (m, 4H), 5.72 (t,
2H), 5.27 (m, 8H), 5.25(s, 4H), 2.80 (t, 4H), 2.7 (s, 8H). 1.69
(t, 4H), 1.34 (m, 12H), 0.90 (t, 6H).

13C NMR (100 MHz, CDCl3): d(ppm) 171.92, 171.04,
145.78, 142.30, 141.18, 138.99, 137.32, 136.67, 136.17,
134.84, 134.77, 134.69, 134.56, 129.22, 127.68, 127.57,
125.56, 124.91, 124.85, 124.49, 124.35, 124.26, 124.03,
123.66, 123.42, 75.48, 60.90, 31.58, 30.23, 29.27, 29.09,
28.78, 22.59, 14.1.

Anal. Calcd for C78H78O8S8: C, 66.92; H, 5.62, found: C,
66.53; H, 5.56.

2.3. Instrumental analysis

1H NMR spectra were recorded on a Varian Mercury
NMR 400 MHz spectrometer using deuterated chloroform
(Cambridge Isotope Laboratories, Inc.). Elemental analyses
were performed using an EA1112 elemental analyzer
(Thermo Electron Corp.). Thermal properties were studied
under a nitrogen atmosphere on a Mettler DSC 821e instru-
ment and a TGA50 (Heating rate of 5 �C/min under N2).
Fourier transform infrared (FT-IR) spectra were recorded
using a Perkin–Elmer 783 infrared spectrophotometer
(*sample on KBr window). The redox properties of the
star-shaped molecules were examined using cyclic voltam-
metry (Model: EA161 eDAQ). Thin films were coated on a
platinum plate using chloroform as a solvent. The electro-
lyte solution employed was 0.10 M tetrabutylammonium
hexafluorophosphate (Bu4NPF6) in a freshly dried MC.
The Ag/AgCl and Pt wire (0.5 mm in diameter) electrodes
were used as the reference and counter electrode, respec-
tively. The scan rate was 50 mV/s.

The X-ray diffraction (XRD) experiment was performed
at varying temperatures using the synchrotron radiation
(1.542 Å) of the 3C2 beam line at the Pohang Synchrotron
Laboratory, Pohang, Korea. The film samples were fabri-
cated by drop-casting on a silicon wafer, followed by dry-
ing at 70 �C under vacuum (solvent: chloroform, solution
concentration: 10 mg/mL). The measurements were ob-
tained in a scanning interval of 2h between 1� and 40�.

Atomic force microscopy (AFM, Digital Instruments
Multimode equipped with a nanoscope IIIa controller)
operating in tapping mode with a silicon cantilever was
used to characterize the surface morphologies of the sam-
ples. The film samples were fabricated by spin-coating
(1500 rpm) on silicon wafer followed by drying at 60 �C
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under vacuum (solvent: chloroform, solution concentra-
tion: 10 mg/mL).

Absorption spectra of the samples in a film and solution
state (chloroform, concentration 1 � 10�5 mol/L) were ob-
tained using a UV–vis spectrometer (HP 8453, photodiode
array type) in the wavelength range of 190–1100 nm. To
study absorption behavior, the films of the two molecules
were fabricated on quartz substrates: The solution
(1 wt%) of each molecule in chloroform (HB4P) and mono-
chlorobenzene (HB2P) was spin-coated onto the quartz
glass. The films were dried overnight under vacuum.

2.4. OFET fabrication

Bottom-contact OFET devices were fabricated using the
gold source and drain electrodes, which were thermally
evaporated using the conventional method. P-doped poly-
crystalline silicon was used as a gate electrode; its 300-nm
bare and surface-modified SiO2 layer was used as a gate
dielectric insulator. The deposition of a self-assembled
monolayer (SAM) with octyltrichlorosilane (OTS) on the
Scheme 1. Synthetic ro
SiO2 gate dielectric was performed according to the meth-
od in the literature [18].

The gold was deposited onto the untreated and OTS-
treated SiO2 surface via thermal evaporation. The cur-
rent–voltage (I–V) characteristics of the OTFTs were mea-
sured under vacuum below 10�2 Torr using a Keithley
237 SMU. A wire bonder (Kunche & Sona 4524) was used
for electrical contact from the Au electrodes to a chip car-
rier for the OTFTs. Field-effect mobility in cross-linked or-
ganic semiconducting films was measured by exposure to
the films under UV light (k = 254 nm, I = 40.64 mW/cm2)
for 5 min at room temperature.

3. Results and discussion

3.1. Synthesis

The authors report the easy, high-yield synthesis of new
photopolymerizable p-type thiophene-based star-shaped
semiconducting molecules. In Scheme 1, 5 was prepared
by the Horner–Emmons coupling of [1,2,4,5-tetra-(dieth-
ute of 8 (HB4P).
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oxy-phosphorylmethyl)-benzyl]-phosphonic acid diethyl
ester and 50-((tert-butyldimethylsilyloxy)methyl)-2,20-
bithiophene-5-carbaldehyde. After deprotecting TBDMS,
the esterification of 6 and 4-oxo-4-(penta-1,4-dien-3-
yloxy)butanoic acid 7 produces HB4P in a good yield
(63%). HB4P came to have four pentadienyl reactive groups
in each arm.

However, in Scheme 2, the Horner–Emmons coupling
of tetraethyl (2,5-dibromo-1,4-phenylene)bis(methy-
lene)diphosphonate and 50-((tert-butyldimethylsilyl-
oxy)methyl)-2,20-bithiophene-5-carbaldehyde produces
10. The Heck coupling reaction was then used to attach
5-hexyl-50-vinyl-2,20-bithiophene for the synthesis of 12.
The same method was employed for preparing HB2P.

The identity and purity of the synthetic materials were
confirmed by 1H NMR, 13C NMR, and elemental analysis.
They were found to have good self-film-forming properties
and to be well-soluble in various organic solvents such as
chloroform, dichloromethane, ethyl acetate, chloroben-
zene, and tetrahydrofuran.

Furthermore, computer calculations using the AM1 the-
oretical model incorporated into the Spartan program (‘06)
were performed to determine the minimum energy confor-
mations for HB4P and HB2P [19]. Such calculations have
been found reliable for the determination of geometrical
shapes in cruciform molecules. The optimized geometrical
structures of the two molecules are illustrated in Fig. 1. The
shapes of the molecules are expected to be quite similar.
HB4P is likely to have randomly oriented photoreactive
peripheral moieties. It is interesting to note why they have
a low degree of crystallization during cooling, which will
be discussed in Section 3.6. In particular, HB2P has two
hexyl peripheral groups with a zig-zag extended confor-
Scheme 2. Synthetic ro
mation, which can be interdigitated due to molecular
interaction.

3.2. Thermal analysis

When employing the photopolymerizable star-shaped
molecules for OFET applications, their thermal stabilities
and dynamic behaviors are emphasized for device fabrica-
tion. The thermal properties of the molecules were charac-
terized by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). DSC measurement was
performed at a heating (cooling) scan rate of 5 �C/min un-
der nitrogen with the highest temperature limited to be-
low the decomposition temperature (Fig. 2). HB4P and
HB2P displayed distinct melting temperatures at 76 �C
and 142 �C, respectively. HB4P and HB2P exhibited dis-
tinct isotropic-to-crystalline transitions at 58 �C and
116 �C during cooling cycles, respectively. On comparison
of the crystalline and melting points of HB4P, HB2P, and
1,2,4,5-tetrakis((E)-2-(50-hexyl-2,20-bithiophen-5-yl)vinyl)
benzene [9], the authors determined that the hexyl periph-
eral groups play a key role in increasing the crystallinity
due to the presence of 2-D lamella ordering.

3.3. Confirmation of photocrosslink

3.3.1. FT-IR spectroscopy
An FT-IR investigation was carried out to confirm that

photopolymerization had occurred between the diene
units. Fig. 3 shows FT-IR spectra of the HB4P and HB2P film
before and after UV exposure (k = 254 nm, I = 40.64 mW/
cm2). The characteristic absorption bands at 932, 993,
1150, 1640, and 1737 cm�1, which can be unambiguously
ute of 14 (HB2P).



Fig. 1. Optimized geometries of molecules. (A) HB4P and (B) HB2P.

Fig. 2. Thermal properties of HB4P and HB2P molecules.

Fig. 3. FT-IR spectra before and after UV expos
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assigned to the diene photoreactive groups, are labeled in
Fig. 3. Clear evidence for polymerization was demonstrated
by the disappearance of the stretching band of the C@C
bond at 1641 cm�1. The difference spectrum shows a dif-
ferential line shape at �1737 cm�1, corresponding to a
spectral shift of the C@O transition of the diene groups as
a result of cross-linking. This shift occurs because the tran-
sition is inductively coupled to the double bond, which
breaks during polymerization. The decrease in intensity
of the @CH wag transitions at 993 and 932 cm�1 further
verified cross-linking.

3.3.2. Solubility test
Approximate 100-nm-thick films of HB4P and HB2P

were spin-coated on the quartz glass and annealed at prop-
er temperatures. The films were exposed to UV light
(k = 254 nm, I = 40.64 mW/cm2) for 10 min. No photoiniti-
e of molecules. (A) HB4P and (B) HB2P.



Fig. 4. UV–vis absorption spectra of HB4P (A) and HB2P (B). (a) Solution, (b) pristine film, (c) annealed film, (d) annealed and UV exposure.
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ator was used. The exposed films were immersed into chlo-
roform for 60 s. The partially polymerized regions of the
film were washed away. The thickness decreased about
�10% after washing, indicating that only a small amount
of the material is removed. This confirms conclusively that
insoluble networks were formed in the film of our two
molecules predominantly. Furthermore, the patterning
processes were carried out using a photo mask. The
photo-patterned images of UV-crosslinked films after
washing unexposed parts were also showed as an inset
in Fig. 3.

3.4. Optical properties

The absorption spectra of the samples in chloroform
and thin films were obtained (Fig. 4). Similar absorption
maxima of HB4P and HB2P in solution state are located
at 415 and 416 nm, respectively. A drastic spectral change
is observed in the film states of these molecules, which is
attributed to a high degree of intermolecular interaction.
For instance, in the film state after annealing, the absorp-
tion spectrum is significantly red-shifted with vibronic
transitions; this shift may be due to the formation of an or-
dered structure with an intermolecular p-stacking. The dif-
ference between the HOMO–LUMO gaps in solution and
film states provides useful information for understanding
intermolecular interactions. The difference in the HOMO–
LUMO gaps results from the difference in the intramolecu-
lar conjugation through the core. The larger difference
(0.20 and 0.22 eV) in HB2P and HB4P imply a higher de-
Table 1
Optical absorption and cyclic voltametry analysis data of HB4P and HB2P.

Sample Adsorption Energy levels

Solution Film Solution

kcut off (nm)

kmax

(nm)
kcut off

(nm)
Before
UV

After
UV

HOMO
(ev)

LUMO
(ev)

D
(

HB4P 415 506 555 559 �5.21 �2.76 2
HB2P 416 507 552 556 �5.17 �2.72 2
gree of intermolecular interaction in the film states (Table
1).

3.5. Electrochemical analysis

Electrochemical characterization of these molecules
revealed that their oxidation is reversible, which is a
necessary condition for a stable FET active material.
The values of the ionization potential match well with
the work function of a gold electrode. Cyclic voltammo-
grams (CV) were recorded on a film sample and the
potentials were obtained relative to an internal ferrocene
reference (Fc/Fc+). These CV scans in the range of �2.0–
+2.0 V (vs Ag/AgCl) show quasi-reversible oxidation
peaks. Unfortunately, the reduction behaviors were irre-
versible; therefore, accurate estimation of HOMO and
LUMO energies was not possible. To determine the
LUMO levels, the oxidation potential in CV was combined
with the optical energy band gap ðEopt

g Þ resulting from
the absorption edge in the absorption spectrum. HOMO
and LUMO levels of the two molecules in solution state
and film state before and after UV exposure are shown
in Table 1. These levels indicate that the molecules be-
have as a p-type semiconductor.

3.6. X-ray diffraction analysis

To study the crystallinity and preferred orientations of
the star-shaped molecules, XRD was performed at varying
temperatures. The star-shaped molecular layers in HB2P
Film

Before UV After UV

Eg

ev)
HOMO
(ev)

LUMO
(ev)

DEg

(ev)
HOMO
(ev)

LUMO
(ev)

DEg

(ev)

.45 �5.14 �2.91 2.23 �5.23 �3.01 2.22

.45 �5.17 �2.92 2.25 �5.22 �2.99 2.23



Fig. 5. Temperature dependence of X-ray diffraction patterns of molecules. (A) HB4P and (B) HB2P.
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must be associated with the layered stacking properties
brought about by the terminal alkyl groups, which are al-
ready known to induce long-range lamella ordering. The
X-ray diffraction scans of HB4P and HB2P films annealed
at different temperatures reveal the temperature at which
the highest crystalline order is achieved (Fig. 5). In the film
samples, the preferred orientation is clearly indicated by
the high reflection intensity of the peaks at about 35 Å
((100) reflection) and the ambiguous presence of peaks
in the 3–5 Å ((010) reflection) region, as seen in the X-
ray diffractograms. The former spacing corresponds to
the edge-to-edge transverse packing of the peripheral arms
and the latter to a p–p stacked distance with a p-electron
cloud overlap. This result implies that most of the crystal-
lites in these molecules are preferentially oriented along
the (100)-axis in the plane. HB4P showed a smaller degree
of lamella ordering during cooling, while HB2P exhibited
comparable diffraction peaks during cooling. It implies that
the hexyl peripheral groups enhance the intermolecular
ordering to improve the crystallinity in HB2P.
Fig. 6. X-ray diffraction patterns of molecules. (A) HB4P a
In the case of HB4P, the layer distance before annealing
is approximately 35.64 Å (2.48�). However, after annealing,
the distance is reduced to 31.91 Å (2.77�). A possible expla-
nation could be related to the fact that during cooling,
some molecules are forced to adopt a slightly closer pack-
ing arrangement. In contrast, in the case of HB2P, the layer
distances before and after annealing remain constant. This
phenomenon could be explained by the role of hexyl group
of HB2P. Usually long alkyl peripheral groups can interact
between themselves by van der Waals interaction, which
induce highly packed crystalline structure even at room
temperature.

Aside from using the vacuum evaporation technique, it
is difficult to achieve high crystallinity for the films of or-
ganic molecules. However, in the solution-processed films
in this study, significantly high crystalline properties and
the preferential orientation of the ordered molecular do-
mains were found in the samples.

Fig. 6 showed X-ray diffraction patterns of HB4P and
HB2P before and after UV exposure. HB4P showed a large
nd (B) HB2P. (a) Before and (b) after UV exposure.
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decrease of lamella ordering after UV exposure. The layer
distance before UV exposure is approximately 35.64 Å
(2.48�). However, after exposure, the distance was reduced
to 31.12 Å (2.77�). The d-spacing decrements after poly-
merization occur as a result of conformation changes such
as changes in the tilt angle and the extent of their interdig-
itation, resulted in closer packing arrangement. The full
width at half maximum (FWHM) also increased from
0.15 Å before UV exposure to 0.42 Å after UV exposure. In
addition, the degree of crystallization was also decreased
after UV exposure. This phenomenon might be due to dis-
ruption of the molecular ordering significantly.

In the case of HB2P, with a higher packed crystalline
structure, the layer distance only slightly reduced from
35.08 Å (2.52�) before UV exposure to 32.74 Å (2.70�) after
UV exposure. FWHM also increased from 0.15 Å before UV
exposure to 0.31 Å after UV exposure. The degree of crys-
tallinity determined by integration of diffraction peak,
maintained constantly even after UV exposure. In compar-
ison with HB4P, HB2P showed a smaller decrease of lamel-
la ordering after UV crosslinking. It implies that the hexyl
peripheral groups enhance the intermolecular interaction
of the star-shaped conjugated structure, which can rela-
tively prevent disruption of molecular ordering during
the crosslinking.

3.7. Optical and atomic force microscopic study of molecules

By using a hot-stage optical microscope (Mettler Co.), the
crystalline shape of the molecules was observed at different
temperatures under crossed polarizers from room tempera-
ture to their melting points. Fig. 6 shows the crystalline
structures of HB4P and HB2P after inducing crystallization.
Under the same magnification (�200), the crystallites of
HB2P are significantly bigger than those of HB4P.

Further study of film morphology was obtained by AFM
(Fig. 7). The solutions of the molecules HB4P and HB2P
were spin-coated on a silicon wafer and annealed at their
crystalline points (58 �C and 116 �C, respectively). The
images of the molecules are quite similar; however, the
crystals of HB2P are significantly bigger than those of
HB4P due to the presence of intermolecular ordering.
Fig. 7. Optical micrographs of two mo
In HB2P, the crystallite size was observed to be larger
than that of HB4P, which is consistent with the optical
microscope results. The optical spectroscopy and AFM
micrographs results could provide indirect evidence of
the strong intermolecular interaction and preferred molec-
ular orientation of these molecules in the crystalline film,
particularly for HB2P. In addition to the long-range molec-
ular structural organization confirmed by the X-ray study,
the AFM micrographs display well-resolved surface struc-
tures on the dielectric layer.

3.8. Properties of OFET made from star-shaped molecules

Bottom-contact OFET devices were fabricated using
gold source and drain electrodes which were thermally
evaporated using the conventional method. A 400-nm-
thick film of the semiconductor was deposited by drop-
casting a 2 wt% solution of HB4P in chloroform or HB2P
in monochlorobenzene. To achieve optimal performance,
the OFET devices made of HB4P and HB2P were further an-
nealed at 65 �C and 115 �C, respectively, for 30 min. The
output characteristics showed very good saturation behav-
iors and clear saturation currents that were quadratic to
the gate bias (Figs. 8 and 9). The saturated field-effect
mobilities, lFET, can be calculated from the amplification
characteristics by using the classical equations describing
field-effect transistors [20]. The mobility values obtained
by measuring different devices are listed in Table 2
(Fig. 10).

The transistor devices of HB4P and HB2P after anneal-
ing provided a field-effect mobility of 1.3(±0.2) � 10�3–
3.7(±0.5) � 10�3 cm2 V�1 s�1 as well as a high current on/
off ratio and a low threshold voltage (Vth < �15 V). Com-
pared to HB4P, HB2P showed higher mobility. This mole-
cule exhibited a carrier mobility of
3.7(±0.5) � 10�3 cm2 V�1 s�1 for a 10-lm channel length
device, with the current on/off ratio higher than 103 and
a threshold voltage of �16 V. The best mobility obtained
was 6.0(±0.2) � 10�3 cm2 V�1 s�1; however, it is not repro-
ducible. When using the bare SiO2 gate insulator, the
mobilities were much lower than those with the OTS-trea-
ted SiO2 (Table 2).
lecules. (A) HB4P and (B) HB2P.



Fig. 8. AFM topographic images of two molecules. (A) HB4P and (B) HB2P.

Fig. 9. Output (left) and transfer (right) characteristics of the OFET made by the drop-casting of HB4P from chloroform solution, annealed at 65 �C for
30 min.

Table 2
Physical properties of the two molecules and device performance of the OFETs.

Sample Tc (�C) Tm (�C) kabs:
maxðnmÞ kem:

maxðnmÞ on Sio2 OTS treated Sio2 OTS treated Sio2/UV exposure

lmax (cm2 V�1 s�1) Ion/off lmax (cm2 V�1 s�1) Ion/off lmax (cm2 V�1 s�1) Ion/off

HB4P 58 76 415 528(570) 5.7(±05) � 10�4 >103 1.3(+0.2) � 10�3 >104 3.4(±0.5) � 10�4 >103

HB2P 116 142 416 518(557) 5.4(±0.5) � 10�4 >103 3.7(±0.5) � 10�3 >103 3.6(±0.5) � 10�3 >103

Fig. 10. Output (left) and transfer (right) characteristics of the OFET made by the drop-casting of HB2P from monochlorobenzene solution, annealed at
115 �C for 30 min.
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As mentioned above, HB2P showed a more compact
structure on the surface with bigger crystallites. It is
thought that the highly packed crystalline molecules on
the dielectric layer help the carrier transport by producing
good connection behavior. As observed in X-ray analysis, it
is assumed that the hexyl peripheral groups and lamella
ordering induce higher intermolecular interaction and pre-
ferred molecular orientation, leading to increased carrier
mobility.

In previous reports about photopolymerizable linear or-
ganic semiconductors, the reduction in charge transport
was observed. Field-effect mobility in cross-linked films
was reduced approximately 10-fold [10]. This phenome-
non was explained by suggesting a reduced degree of
molecular ordering induced by cross-linking. During the
formation of polymer main chains, some molecules are
forced to adopt a slightly closer packing arrangement ran-
domly, whereas others are ‘‘pulled away” to accommodate
these structural changes. As a result, there is a broader dis-
tribution of molecular axis angles with respect to the direc-
tor, and consequently, a lower degree of p-orbital overlap
between the adjacent aromatic cores.

However, in the case of the star-shaped conjugated
molecule HB2P, the field-effect mobility in cross-linked
films was well maintained. As discussed in Section 3.6, a
possible explanation could be related to the strong inter-
molecular interaction of the star-shaped conjugated struc-
ture, which could arrest the molecular axis under push–
pull force during the cross-linking and is accompanied by
a high degree of lamella ordering in two directions. Thus,
a star-shaped molecular structure seems to be a suitable
design for photopatternable semiconductor molecules in
practical electronic applications.

4. Conclusion

This work provides the first demonstration of working
field-effect transistor devices fabricated from novel, solu-
tion-processible, photopolymerizable, star-shaped conju-
gated molecules. These compounds have a good solubility
and application to soluble processing. The patterning pro-
cess was carried out by photopolymerization of the reac-
tive dienyl end groups, creating an insoluble network.
Dendritic molecules bearing pentadiene groups can be
photopolymerized without a photoinitiator, which can be-
have as a charge trap. The maximum field-effect mobility
of annealed HB2P was found to be approximately
3.7(±0.5) � 10�3 cm2 V�1 s�1 with a current on/off ratio
higher than 103. It was also found that HB2P exhibited
great persistency of field-effect mobility even after photo-
polymerization, which suggests that the patternable pro-
cess is feasible for the fabrication of OTFT array device
structures. This result can be applied to the design of
photoreactive semiconductor molecules for practical elec-
tronic applications. Although the measurement and the de-
vice fabrication were not fully optimized in this study, the
field-effect mobility showed promise for future studies.
Further studies to improve the charge mobility (l) and cur-
rent on/off ratio are now in progress.
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A novel ligand 9-(4-(4-chlorophenyl)phthalazin-1-yl)-9H-carbazole (HCPC) was designed
and prepared, and the corresponding tris-cyclometalated iridium(III) complex Ir(CPC)3

was readily synthesized by the reaction of the ligand with IrCl3 � 3H2O at 80 �C for 20 h.
A highly efficient organic light-emitting device using this complex as a dopant was
obtained. The device fabricated by solution process showed a maximum luminance of
2948 cd/m2 at a current density of 115.6 mA/cm2 and a maximum external quantum effi-
ciency of 20.2% at 0.18 mA/cm2.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction ph/el at a current density of 0.55 mA/cm2 was achieved by
Organic light-emitting diodes (OLEDs) have attracted
great attention in the past decades because of their poten-
tial advantages in full-color displays [1]. As phosphorescent
dopants in the emitting layers, heavy metal complexes,
such as iridium(III), platinum(II), osmium(II), and ruthe-
nium(II) complexes, can harvest both singlet and triplet
excitons for emission and hence lead to efficient OLEDs
with the internal quantum efficiency potentially as high
as 100% [2–5]. By reason of the theoretical limit from sim-
ple classical optics, the external quantum efficiency is con-
fined to �20% [6]. An external quantum efficiency of 19.2%
. All rights reserved.

2.
ang).
using tris(2-phenylpyridine) iridium(III) (Ir(ppy)3) as a
dopant [7]. Kang et al. reported the efficient OLEDs based
on Ir(2-(1-cyclohexenyl)pyridine)3 with a maximum exter-
nal quantum efficiency of 18.7% [8]. Most of reported highly
efficient OLEDs were achieved by vacuum deposition tech-
nique, and yet solution process owning low cost and conve-
nience advantages is expected to be important to OLEDs for
large-area displays [9]. A solution processed OLEDs with an
external quantum efficiency of 13.3% at 6.3 mA/cm2 has
been prepared by adopting a neutral osmium(II) complex
other than iridium complexes [10].

Recently, we have reported the red device using tris-
(1-(2,6-dimethylphenoxy)-4-(4-chlorophenyl)phthalazine)
iridium(III) as a dopant by solution process with internal
quantum efficiency of nearly 100% [11]. Mi et al. reported

mailto:wangbiao@mail.sysu.edu.cn
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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efficient and thermally stable OLEDs using tris(1,4-bi-
s(phenyl) phthalazine) iridium(III) [12]. Based on these
works, it is found that the ligands which have the structure
of an sp2-hybrid N-atom adjacent to the chelating N-atom,
such as phenylpyridazine and phenylphthalazine deriva-
tives [13], are beneficial for iridium(III) complexes due to
the shorter bonding length and the stronger bonding
strength between the chelating N-atom and Ir-atom,
compared with these analogues which have a C-atom in-
stead of the non-chelating N-atom. It is well known that
carbazole-based compounds have been widely used as the
host materials for OLEDs due to their high triplet energy
and good hole-transporting ability. In addition, there are
many reports about the integrations of carbazole modules
and iridium(III) complexes which possess the dual func-
tions of light emission and hole transportation [14–20].

In this article, we introduce carbazole unit into a phen-
ylphthalazine derivative to get a novel ligand 9-(4-(4-
chlorophenyl)phthalazin-1-yl)-9H-carbazole (HCPC). The
ligand can bond to the Ir-atom more strongly, which leads
to efficient mixing of the singlet and triplet excited states
[12], and the incorporation of carbazole unit is beneficial
to improve the charge balance in the electroluminescent
(EL) process and enhance thermal stability [21–25]. The
corresponding tris-cyclometalated iridium complex
Ir(CPC)3 is synthesized by the reaction of the ligand with
IrCl3 � 3H2O at 80 �C for 20 h, directly. The thermal, photo-
physical and electrochemical properties of the complex are
studied, and the performance of OLEDs fabricated by solu-
tion process is investigated.

2. Experimental

2.1. General information

The solvents were purified by routine procedures and
distilled under an atmosphere of dry nitrogen before use.
All reagents, unless otherwise specified, were purchased
from Aldrich and were used as received. The original com-
pound 1-chloro-4-(4-chlorophenyl)phthalazine was pre-
pared according to the procedure previously reported
[26]. 1H NMR spectra were recorded on a Varian Ino-
va500NB spectrometer using CDCl3 as solvent. Elemental
analyses of carbon, hydrogen, and nitrogen were per-
formed on a Vario EL microanalyzer. Thermal gravimetric
analysis (TGA) was performed under a flow of nitrogen at
a heating rate of 10 �C/min with a Perkin–Elmer Pyris Dia-
mond TG/DTA thermal analyzer. Differential scanning cal-
orimetry (DSC) was performed on a Netzsch DSC-200PC
instrument at a heating rate of 10 �C/min. Photolumines-
cence (PL) spectra were measured with a Shimadzu RF-
5301PC fluorescence spectrophotometer. Luminescence
lifetime was determined on an Edinburgh FL920 time-cor-
related pulsed single-photon-counting instrument. UV–vis
absorption spectra were recorded on a Shimadzu UV-2501
PC spectrophotometer. PL quantum yield was measured at
room temperature in an argon prepurged tetrahydrofuran
(THF) solution and compared with quinine sulfate in
1.0 N H2SO4 (UPL = 0.546) as a standard [27]. Electron ioni-
zation (EI) mass spectrum were recorded on a Shimadzu
GC–MS-QP2010 PLUS mass spectrometer, and electron
spray ionization (ESI) mass spectra on a Thermo LCQ DECA
XP mass spectrometer. Cyclic voltammetry (CV) was per-
formed with a Solartron SI 1287 voltammetric analyzer.
It was conducted at room temperature in a typical three-
electrode cell with a working electrode (Pt disk), a refer-
ence electrode (saturated calomel electrode), and a counter
electrode (Pt wire) under a nitrogen atmosphere at a
sweeping rate of 100 mV/s in a solution of 0.1 M tetra-n-
butylammounium hexafluorophosphate (Bu4NPF6) in
anhydrous CH2Cl2. Each oxidation potential was calibrated
with that of ferrocene.

2.2. Synthesis of 9-(4-(4-chlorophenyl)phthalazin-1-yl)-9H-
carbazole (HCPC)

A 60.5% suspension of sodium hydride (1.0 g, 25 mmol)
in paraffin oil was added slowly to a solution of carbazole
(4.18 g, 25 mmol) in anhydrous dimethylformamide
(70 mL) under nitrogen as a protective gas. After stirred
for 1 h at room temperature, this mixture was added drop-
wise to a solution of 1-chloro-4-(4-chlorophenyl)phthal-
azine (6.88 g, 25 mmol) in anhydrous dimethylformamide
(70 mL) with an ice bath. Then the mixture was stirred at
room temperature for 12 h. After reaction, the resulting
mixture was poured into water and extracted with chloro-
form. The extracts were combined, washed with brine,
dried over anhydrous magnesium sulfate, and filtered.
Then the solvent was evaporated. The product thus ob-
tained was purified by silica gel column chromatography
using chloroform as the eluent to give a yellow solid. Yield:
78%. mp: 191–193 �C. 1H NMR (CDCl3): d 8.22–8.18 (t, 3H),
7.96–7.92 (t, 1H), 7.88–7.84 (d, J = 8.6 Hz, 2H), 7.82–7.78 (t,
1H), 7.76–7.72 (d, 1H), 7.65–7.61 (d, J = 8.6 Hz, 2H), 7.4–
7.33 (m, 4H), 7.29–7.26 (d, 2H). EI-MS (m/z): 404 (100%),
405 (68%), 406 (43%), 407 (23%).

2.3. Synthesis of Ir(9-(4-(4-chlorophenyl)phthalazin-1-yl)-
9H-carbazole)3 [Ir(CPC)3]

9-(4-(4-Chlorophenyl)phthalazin-1-yl)-9H-carbazole
(0.408 g, 1.00 mmol) was dissolved in 2-ethoxyethanol
(12 mL) in a 25 mL round-bottom flask. Iridium trichloride
hydrate (0.1 g, 0.284 mmol) and water (4 ml) were then
added to the flask. The mixture was stirred under nitrogen
at 80 �C for 20 h and then cooled to room temperature. The
precipitate formed in the mixture was collected and
washed with methanol, ether and dried. The product thus
obtained was purified by silica gel column chromatogra-
phy using dichloromethane as the eluent to give a red so-
lid. Yield: 34%. 1H NMR (CDCl3): d 8.98–8.95 (d, J = 8.7 Hz,
1H), 8.30–8.27 (d, J = 8.7 Hz, 1H), 7.90–7.86 (t, 1H), 7.82–
7.78 (d, J = 7.5 Hz, 1H), 7.70–7.67 (d, J = 7.7 Hz, 1H), 7.53–
7.48 (t, 1H), 7.23–7.20 (d, J = 8.5 Hz, 1H), 7.20–7.19 (d,
J = 2.3 Hz, 1H), 7.13–7.09 (dd, J = 8.5, 2.3 Hz, 1H), 6.92–
6.88 (t, 1H), 6.65–6.60 (t, 1H), 6.55–6.52 (d, J = 8.2 Hz,
1H), 6.47–6.43 (t, 1H), 6.00–5.92 (m, 2H). ESI-MS (m/z):
[M++H] Calcd. for C78H46N9Cl3Ir 1404.26 (29%), 1405.23
(30%), 1406.25 (97%), 1407.25 (82%), 1408.21 (100%),
1409.21 (74%), 1410.20 (44%),1411.23 (22%). Found
1404.25 (33%), 1405.25 (30%), 1406.25 (100%), 1407.25
(82%), 1408.24(99%), 1409.25 (68%), 1410.25 (46%),
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1411.24 (24%). Anal. Calcd. For C78H45N9Cl3Ir: C, 66.59; H,
3.22; N, 8.96. Found: C, 66.21; H, 3.45; N, 8.81%.

2.4. OLED fabrication and measurements

The indium tin oxide (ITO) glass substrate was washed
in turn with a substrate-cleaning detergent, deionized
water, acetone, and ethanol for 15 min, under ultrasonic
condition, and finally treated with ozone for about
20 min. Poly(3,4-ethylenedioxythiophene) doped with
poly (styrene sulfonic acid) (PEDOT) (Baytron P4083, Bayer
AG) in water was spin-coated at a rate of 3000 rpm on the
ITO substrate and dried by baking in air at 120 �C for 10 h.
Then the solution of poly(vinylcarbazole) (PVK,
Mw = 81,800) (68 wt%) blended with 2-tert-butylphenyl-
5-biphenyl-1,3,4-oxadiazole (PBD) (30 wt%) and Ir(CPC)3

(2 wt%) in chloroform was spin-coated at a rate of
1300 rpm on top of the PEDOT layer. The assembly was
transferred into a deposition chamber with a base
pressure of 3 � 10�6 Torr, a film of 1,3,5-tris(N-phen-
ylbenzimidazol-2-yl)-benzene (TPBI) was evaporated onto
the polymer layer. Finally, the Ba and Al layers were evap-
orated. Current density–voltage–luminance data were col-
lected using a Keithley 236 source measurement unit and a
calibrated silicon photodiode. External quantum efficiency
was obtained by measuring the total light output in all
directions in an integrating sphere (IS080, Labsphere).
Luminance and luminous efficiency were measured by a
silicon photodiode and calibrated using a PR-705 photom-
eter (Photo Research).

3. Results and discussion

3.1. Synthesis and characterization

The synthetic procedures of the ligand and the complex
are shown in Scheme 1. The cyclometalating ligand HCPC
was prepared from 1-chloro-4-(4-chlorophenyl)phthal-
azine reacted with carbazole by an alkali of NaH in a polar
solvent. Cl-atom on phthalazine has been replaced by car-
bazole unit, but Cl-atom on benzene ring did not take part
in reaction due to low activity.

The complex Ir(CPC)3 was synthesized by a simple pro-
cedure. HCPC reacted with IrCl3 � 3H2O directly formed the
tris-cyclometalated iridium complex Ir(CPC)3 at 80 �C for
20 h. Generally, the synthesis of tris-cyclometalated irid-
ium(III) complexes is in need of Ir(III) organic complexes,
such as (C^N)2Ir(O^O), (C^N)2Ir(l-Cl)2Ir(C^N)2 or Ir(O^O)3

(C^N = cyclometalating ligand, O^O = b-diketonate anion),
Scheme 1. Synthes
reacted with excessive free cyclometalating ligand precur-
sors at high temperature [28]. We believe this special reac-
tion is relative to the strong bonding strength and the
small steric hindrance between the ligand and the centric
Ir-atom. Research on the mechanism of this reaction is cur-
rently underway. The complex was also characterized by
1H NMR spectroscopy. The spectra indicate the facial iso-
mer is formed, because three ligands surrounding the irid-
ium atom are magnetically equivalent [29].

3.2. Thermal, absorption, photophysical and electrochemical
properties

The thermal properties of the complex were character-
ized with TGA and DSC under a nitrogen stream. The TGA
data reveal that the 5% weight-reduction temperature of
Ir(CPC)3 is 444 �C. In comparison, the analogous complex
Ir(MPCPPZ)3 which contains 2,6-dimethylphenoxy group
instead of carbazole commences decomposition at 388 �C
[11]. So, the introduction of carbazole unit can observably
improve the thermal stability of the complex. The DSC
curve shows no crystallization and melting peaks, and it
is revealed that the complex is amorphous. The absorption
and photoluminescence spectra of Ir(CPC)3 in dichloro-
methane at room temperature are shown in Fig. 1. The
absorption spectra show broad bands from 270 to
600 nm, and the most intense bands between 270 and
330 nm are attributed to the spin allowed p–p* transitions
from the cyclometalating ligand. The absorption bands
around 350–470 nm can be assigned to the spin-allowed
metal-ligand charge transfer band (1MLCT). The absorption
features at the lowest energy (k > 470 nm) are attributed to
the formally spin-forbidden 3MLCT transition. Upon irradi-
ation with 400 nm light, the complex gives a strong photo-
luminescence in dichloromethane at 615 nm. The PL
quantum yield of Ir(CPC)3 in THF at room temperature is
0.46. The emission decay curve of Ir(CPC)3 in solid state
is shown in Fig. 2. The lifetime of Ir(CPC)3 shows double
exponentials as 0.182 and 0.837 ls, respectively. Because
long lifetime will give rise to the emission saturation and
elevate the triplet–triplet annihilation, the suitable lifetime
of Ir(III) complex (�0.1–3 ls) is beneficial to improve the
efficiency of OLEDs [30].

The electrochemical properties of Ir(CPC)3 were exam-
ined by cyclic voltammetry. The complex showed revers-
ible oxidation processes during the anodic scan in
dichloromethane solution, but no clear reduction peak
was observed. The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
is of Ir(CPC)3.



Fig. 1. UV–vis absorption (a) and photoluminescence (b) spectra of
Ir(CPC)3.

Fig. 2. Emission decay curve of Ir(CPC)3 in solid state. Fig. 4. Electroluminescence spectra of the device.

Fig. 5. Current density–voltage–luminance curves of the device.

Fig. 3. General structure for the device and molecular structures of the
relevant compounds.
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(LUMO) energy levels of Ir(CPC)3 are �5.35 eV and
�3.15 eV, estimated by using the oxidation potential and
UV–vis absorption spectrum edge. Because its HOMO level
is above that of the hosts (�5.8 eV for PVK, �6.2 eV for
PBD) and its LUMO level is below that of the hosts
(�2.2 eV for PVK, �2.6 eV for PBD), the complex can func-
tion as trap for both electrons and holes [31].

3.3. Electroluminescent properties

For studying EL properties of the complex, the OLEDs
using Ir(CPC)3 as a dopant was fabricated by solution pro-
cess with the following structure: ITO/PEDOT(45 nm)/
2 wt% Ir(CPC)3+ 68 wt% PVK+ 30 wt% PBD (80 nm)/
TPBI(30 nm)/Ba(4 nm)/Al(100 nm). PEDOT was used as a
hole-injecting material. PVK and PBD were selected as
the host material and the electron transport material,
respectively. TPBI acted as both a hole-blocker and an elec-
tron-transporter. Fig. 3 shows the general structure of the
device and the molecular structures of the compounds
used in the device.

The device has a maximum emission at 620 nm (Fig. 4),
and the fine vibronic structure of the EL spectra leads us to
conclude that EL emission originates from a mixed
3MLCT/3p–p* state [30]. The Commission Internationale
de L’Eclairage (CIE) coordinate is (0.65, 0.33) at a driving
voltage of 12 V. No emission from the PVK–PBD blend is
detected, which implies that the energy transfer from the
blend to Ir(CPC)3 is efficient under electrical excitation.

As shown in Fig. 5, the device gives a maximum
luminance of 2948 cd/m2 at a current density of



Fig. 6. External quantum efficiency vs. current density curve of the
device.
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115.6 mA/cm2. A maximum external quantum efficiency of
20.2% corresponding to a luminous efficiency of 11.3 cd/A is
obtained at a current density of 0.18 mA/cm2. To the best of
our knowledge, it is one of the highest reported efficiencies
for red-emission OLEDs. Such an outstanding performance
can be explained by the high PL quantum yield of Ir(CPC)3

(UPL = 0.46), which is higher than those of other known
high-performance iridium(III) complexes, such as Ir(ppy)3

(UPL = 0.40) and Ir(piq)3 (piq = 1-phenylisoquinolinato)
(UPL = 0.26) [7,30]. The rigid ligand can significantly reduce
the non-radiative transition. Moreover, the hole-transport-
ing carbazole unit in the complex can improve the charge-
balance properties in the EL process [21–23]. Compared to
other OLEDs fabricated by vacuum deposition, this solution
processed device has more advantages for large-area dis-
plays, such as low cost, simple preparation.

However, the efficiency roll-off, mostly due to triplet–
triplet annihilation of phosphor-bound excitons, is severe
at high current density as shown in Fig. 6. An external quan-
tum efficiency of 10.9% is obtained at a current density of
10.6 mA/cm2. When the current density increases to
92.7 mA/cm2, the external quantum efficiency is 5.7% with
a decrease of 47.7%. We believe this poor result arises from
unstable thin-film morphology probably induced by the
planar structure of the cyclometalating ligand, which tends
to cause aggregation of molecules at high current density
and then leads to excited-state intermolecular interactions.

4. Conclusions

In summary, we synthesized a new tris-cyclometalated
iridium(III) complex by the reaction of 9-(4-(4-chloro-
phenyl)phthalazin-1-yl)-9H-carbazole with IrCl3 � 3H2O at
80 �C for 20 h. The device using the complex at 2 wt% dop-
ing concentration exhibited excellent performance. A max-
imum external quantum efficiency of 20.2% corresponding
to a luminous efficiency of 11.3 cd/A at a current density of
0.18 mA/cm2 and a maximum luminance of 2948 cd/m2 at
115.6 mA/cm2 were obtained. The optimization to the de-
vice for suppressing efficiency roll-off at high current den-
sity is in progress.
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We have demonstrated the electroluminescent (EL) properties of 2-mercaptobenzothiazo-
late complexes of rare earth metals [Ln(mbt)3, Ln = Y, Sm, Eu, Gd, Tb, Dy, Tm] using simple
non-doped two-layer organic light emitting diode with the configuration of indium tin
oxide/N,N0-bis(3-methylphenyl)-N,N0-diphenylbenzidine/Ln(mbt)3/Yb. It was found that
2-mercaptobenzothiazolate complexes have highly efficient intra-energy transfer from
the singlet to the triplet state of the ligand, and then to the excited state of the central lan-
thanide ions. Thus Y(mbt)3 and Gd(mbt)3 exhibit the broad ligand-centered emission with
maximum near 600 nm and Dy(mbt)3, Tb(mbt)3 and Tm(mbt)3 complexes exhibit pure
sharp emission bands from the intra f–f transitions of lanthanide ions Tb3+: 5D4 ?

7F6

(492 nm), 5D4 ?
7F5 (547 nm), 5D4 ?

7F4 (589 nm), 5D4 ?
7F3 (624 nm); Dy3+: 4F9/2 ?

6H13/2 (575 nm) and Tm3+: 3H4–3H6 (795 yv).
� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The rare earth metals are unique elements which fasci-
nating luminescent properties lead to an outstanding role
in light conversion technologies [1]. In the past decade,
the main attention was focused on the application of lan-
thanide complexes as electroluminescent materials for or-
ganic light emitting diodes (OLED) [2,3]. One of the most
important problems in this field is a selection of suitable li-
gands which would provide high efficiency of emission of
the metal ions. Up to now the basic research are focused
on the lanthanide b-diketonate complexes and its ana-
logues which are limited in terms of practical applications
by their poor photo and electro stability [4,5]. Recently,
we have proposed the homoleptic 2-mercaptobenzothiazo-
. All rights reserved.

x: +7 831 4627487.
va).
late complexes of rare earth metals Ln(mbt)3 (Ln = Y, La, Sm,
Eu, Gd, Tb, Er, Tm) as a new class of luminescent materials
[6]. The 2-mercaptobenzothiazolate ligands in these com-
plexes are bonded to the metal atom in g2-fasion via nitro-
gen and terminal sulfur atoms forming the chelating
structure. These complexes exhibit at 77 K ligand-centered
bands of fluorescence (at 395 nm) and phosphorescence (at
550 nm) and weak emission of lanthanide ions (Eu or Tb).
Due to the phosphorescence – an emission from the lowest
excited electronic triplet state to the electronic singlet
ground state – these complexes can be formalized as the
triplet emitters. It is well known that the triplet emitters
based on metal–organic complexes have attracted signifi-
cant attention [7]. Nowadays many research groups have
focused on the development of efficient light emitting phos-
phorescent materials based on iridium, platinum, osmium,
and ruthenium complexes [7–12]. However, the little atten-
tion in this area has been given to the rare earth complexes,

mailto:marina@iomc.ras.ru
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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meanwhile the rare earth complexes are characterized by
highly efficient intra-energy conversion from the ligand sin-
glet to the triplet, and then to the excited state of the central
metal ion in the case of lanthanide [1]. The lanthanide ions
may be luminescent, either fluorescent (Pr3+, Nd3+, Ho3+,
Er3+, Yb3+) or phosphorescent (Sm3+, Eu3+, Gd3+, Tb3+, Dy3+,
Tm3+) or have no f–f transition (La3+ and Lu3+) [13]. So the
rare earth complexes may offer to give phosphorescent
materials with emission properties in OLED technology.

In this work, we describe the electroluminescent prop-
erties of 2-mercaptobenzothiazolate complexes of rare
earth metals and their utility in simple two-layer non-
doped OLED devices. The prepared devices consisted of
exclusively vacuum deposited layers using ITO glass as
the anode, N,N0-bis(3-methylphenyl)-N,N0-diphenylbenzi-
dine (TPD) as the hole-transporting layer, Ln(mbt)3 as the
electron-transport/emission layers and Yb as the cathode.

2. Experimental section

2.1. General

All manipulations were carried under vacuum using
standard Schlenk techniques. The lanthanide complexes
Ln[N(SiMe3)2]3 [14], [(Me3Si)2N]3Tb(l-Cl)Li(THF)3 [15]
and Ln(mbt)3 (Ln = Y, Gd, Sm, Eu, Tb, Er, Tm) [6] were syn-
thesized according to the published procedure. Commer-
cial 2-mercaptobenzothiazole (Aldrich) was used without
additional purification. IR spectra were obtained on a Per-
kin Elmer 577 spectrometer and recorded from 4000 to
450 cm�1 as a Nujol mull on KBr plates.
Table 1
The details of crystallographic, collection and refinement data for [Tb(mbt)3(THF)

[Tb(mbt)3(THF)2](THF)

Empirical formula C33H36N3O3S6Tb
Formula weight 873.93
Temperature (K) 100(2)
Wavelength (Å) 0.71073
Crystal system, space group Triclinic, P-1
Unit cell dimensions
a (Å) 9.8468(4)
b (Å) 10.8274(4)
c (Å) 16.2886(6)
a (�) 86.5250(10)
b (�) 89.6150(10)
c (�) 86.8510(10)
Volume (Å3) 1730.79(11)
Z, calculated density (Mg/m3) 2, 1.677
Absorption coefficient (mm�1) 2.444
F(000) 880
Crystal size (mm) 0.17 � 0.15 � 0.07
h range for data collection (�) 2.33–26.50
Limiting indices �12 6 h 6 11, �13 6 k 6 13
Reflections collected/unique [Rint] 10,736/7097 [0.0141]
Completeness to theta = 26.50 98.9%
Absorption correction Semi-empirical from equival
Max. and min. transmission 0.8475 and 0.6814
Refinement method full-matrix least-squares on
Data/restraints/parameters 7097/0/415
Goodness-of-fit on F2 1.026
Final R indices [I > 2r(I)] R1 = 0.0246, wR2 = 0.0582
R indices (all data) R1 = 0.0307, wR2 = 0.0599
Largest diff. peak and hole (eÅ�3) 1.171 and �0.782
2.2. Synthesis

2.2.1. Tris(benzothiazole-2-thialato-N,S)-dysprosium
[Dy(mbt)3]

The compound was prepared similarly to other
Ln(mbt)3 complexes [6]. To a solution of Dy[N(SiMe3)2]3

(283 mg, 0.44 mmol) in THF (5 ml) was added a solution
of 2-mercaptobenzothiazole (221 mg, 1.32 mmol) in THF
(10 ml). The reaction mixture was stirred for 45 min at
room temperature and the solvent was evaporated under
vacuum. The solid residue was washed with toluene and
the beige powder of Dy(mbt)3 was dried under vacuum.
Yield: 280 mg, 95%. C21DyH12N3S6 (661.25): calcd. C
38.14, H 1.83, Dy 24.58; found: C 38.11, H 1.87, Dy 24.52.
IR (Nujol, cm�1): 3050 (w), 1597 (w), 1446 (br), 1321
(m), 1247 (m), 1078 (s), 1035 (s), 1013 (s), 753 (s), 727
(w), 708 (br), 670 (m), 606 (w).

2.2.2. Tris(benzothiazole-2-thialato-N,S)-
bis(tetrahydrofuran)-terbium tetrahydrofuran solvate
[Tb(mbt)3(THF)2](THF)

To a solution of Tb[N(SiMe3)2]3 (156 mg, 0.24 mmol) in
THF (20 ml) was added a solution of 2-mercaptobenzothi-
azole (121 mg, 0.72 mmol) in THF (20 ml). The reaction
mixture was stirred for 15 min at 12 C and then was placed
in a freezer for 2 days. The beige crystals suitable for X-ray
analysis of [Tb(mbt)3(THF)2](THF) was separated by filtra-
tion, washed with toluene, and dried under vacuum. Yield:
78 mg, 37%. C33H36N3O3S6Tb (873.99): calcd. C 45.35, H
4.15, Tb 18.18; found: C 45.31, H 4.19, Tb 18.13. IR (Nujol,
cm�1): 3054 (w), 1597 (w), 1445 (br), 1321 (m), 1248 (m),
2](THF) and Tb(mbt)4Li(DME)3.

Tb(mbt)4Li(DME)3

C40H46LiN4O6S8Tb
1101.15
100(2)
0.71073
Tetragonal, P4(3)2(1)2

23.3235(4)
23.3235(4)
35.4438(7)
90
90
90
19280.9(6)
16, 1.517
1.861
8928
0.14 � 0.14 � 0.13
2.54–26.00

, �20 6 l 6 15 �28 6 h 6 28, �28 6 k 6 28, �43 6 l 6 43
167,220/18,835 [0.1954]
99.2%

ents Semi-empirical from equivalents
0.7940 and 0.7807

F2 full-matrix least-squares on F2

18,835/3/1009
0.974
R1 = 0.0564, wR2 = 0.1017
R1 = 0.0937, wR2 = 0.1121
2.011 and �0.563
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1080 (s), 1027 (s), 1012 (s), 860 (br), 751 (s), 727 (m), 706
(br), 670 (m), 606 (w).

2.2.3. Tris(1,2-dimethoxyethane-O,O0)-lithium-tetra(benzo-
thiazole-2-thialato-N,S)-terbium [Tb(mbt)4Li(DME)3]

Solution of 2-mercaptobenzothiazole (121 mg, 0.72
mmol) in 5 ml DME was added to a solution of [(Me3-

Si)2N]3Tb(l-Cl)Li(THF)3 (215 mg, 0.24 mmol) in 5 ml
DME. The reaction mixture was stirred for 45 min at room
temperature and then was placed in a freezer for 2 days.
The formed beige crystals were separated by decantation,
washed with toluene and dried in vacuum to give
140 mg (53%) of Tb(mbt)4Li(DME)3. C40H46LiN4O6S8Tb
(1101.23): calcd. C 43.63, H 4.21, Tb 14.43; found: C
43.61, H 4.19, Tb 14.46. IR (Nujol, cm�1): 3054 (w), 1597
(w), 1445 (br), 1321 (m), 1248 (m), 1080 (s), 1027 (s),
1012 (s), 998 (m), 751 (s), 727 (m), 706 (br), 670 (m),
606 (w).

2.3. X-ray crystallography study

The X-ray diffraction data were collected on a SMART
APEX diffractometer (graphite-monochromated, MoKa-
N

S
HS

THF
Ln

N

S
SLn[N(SiMe3)2]3   +  3

- 3HN(SiMe3)2 3

Ln = Y, Sm, Eu, Gd, Tb, Dy, Tm
radiation, u–x-scan technique, k = 0.71073 Å). The inten-
sity data were integrated by SAINT program [16]. SADABS
[17] was used to perform area-detector scaling and absorp-
tion corrections. The structures were solved by direct
methods and were refined on F2 using all reflections with
SHELXTL package [18]. All non-hydrogen atoms were re-
fined anisotropically. H-atoms in [Tb(mbt)3(THF)2](THF)
were found from Fourier synthesis and refined isotropi-
cally except for the H-atoms of THF molecules in the
Er-complex, which were placed in calculated positions
and refined in the ‘‘riding-model”. Details of crystallo-
graphic, collection and refinement data for [Tb(mbt)3-
N

S
HS

DME
Tb

N

S
S

4

[(Me3Si)2N]3Tb(µ-Cl)Li(THF)3   +  4 Li+(DME)3

-

Ln(mbt)3
TPD

Yb

ITO
glass

Fig. 1. Structure of the OLEDs.
(THF)2](THF) and Tb(mbt)4Li(DME)3 are shown in the Table
1.

2.4. Device fabrication

OLED devices were prepared in a vacuum system with
different evaporation chambers for different types of or-
ganic and metal layers (cluster-tool) [19]. The simple
non-doped two-layer devices ITO/TPD/Ln(mbt)3/Yb, con-
sisting of triphenyldiamine derivative (TPD) as a hole
transport layer, and 2-mercaptobenzothiazolate complex
of rare earth metal Ln(mbt)3 as an electron transport and
emission layer were fabricated (Fig. 1). A commercial ITO
on glass substrate with 100 X/sq. was used as anode mate-
rial (Merck Balzers) and commercial Yb metal (Sigma–Al-
drich) as cathode material. The constituent organic
(20 nm) and metal (150 nm) layers were deposited using
thermal vacuum evaporation (at a base pressure of approx-
imately 10�6 mbar) of commercial grade TPD and Yb metal,
freshly synthesized Ln(mbt)3 (Ln = Y, Gd, Sm, Eu, Dy, Tb, Er,
Tm). The active area of the devices was a circle with £

8 mm. The EL spectra and current–voltage luminescence
characteristics were measured with an Ocean Optics USB-
2000 fluorimeter and a computer controlled TEC-23 power
supply under ambient conditions.

3. Results and discussion

3.1. Synthesis and structure

The 2-mercaptobenzothiazolate lanthanide complexes
Ln(mbt)3 (Ln = Y, Sm, Eu, Gd, Tb, Dy, Tm) for investigation
of their electroluminescent properties were synthesized
from the corresponding Ln[N(SiMe3)2]3 and 2-mercapto-
benzothiazole, using a previously developed method [6].
For preparation of the terbium complex in crystalline
form suitable for X-ray investigation the modified method
was used: diluted THF solution of Tb[N(SiMe3)2]3 was
added slowly to a diluted solution of 2-mercaptobenzothi-
azole at reduced temperature. Another type of terbium 2-
mercaptobenzothiazolate has been obtained using the
ate-complex [(Me3Si)2N]3Tb(l-Cl)Li(THF)3 as the starting
reagent. Predictably the treatment of it with 2-mercapto-
benzothiazole in DME resulted in a formation of
Tb(mbt)4Li(DME)3 which was isolated from a reaction clear
solution in 53% yield as colorless crystals soluble in THF
and DME.



Fig. 2. Molecular structure of [Tb(mbt)3(THF)2](THF). Solvate THF molec-
ular is omitted for clarity.

Fig. 3. Molecular structure of Tb(mbt)4Li(DME)3. Li(DME)3 cation is
omitted for clarity.

Table 2
Selected bond lengths (Å) and angles (�) for Tb(mbt)3(THF)2.

[Tb(mbt)3(THF)2](THF) Tb(mbt)4Li(DME)3

A B

Distances
Tb(1)–O(2S) 2.382(1) – –
Tb(1)–O(1S) 2.451(1) – –
Tb(1)–N(1) 2.443(2) 2.506(4) 2.504(4)
Tb(1)–N(2) 2.501(2) 2.484(4) 2.470(4)
Tb(1)–N(3) 2.542(2) 2.482(5) 2.468(4)
Tb(1)–N(4) – 2.466(5) 2.464(4)
Tb(1)–S(1) 2.8850(5) 2.875(2) 2.875(1)
Tb(1)–S(3) 2.8319(5) 2.896(2) 2.892(1)
Tb(1)–S(5) 2.8390(5) 2.890(2) 2.850(1)
Tb(1)–S(7) – 2.860(2) 2.881(1)
S(1)–C(1) 1.703(2) 1.714(6) 1.692(6)
S(2)–C(2) 1.742(2) 1.742(6) 1.720(7)
S(2)–C(1) 1.754(2) 1.761(6) 1.761(6)
S(3)–C(8) 1.722(2) 1.695(6) 1.697(6)
S(4)–C(8) 1.740(2) 1.763(5) 1.697(6)
S(4)–C(9) 1.741(2) 1.744(2) 1.712(6)
S(5)–C(15) 1.710(2) 1.675(6) 1.685(5)
S(6)–C(16) 1.739(2) 1.709(7) 1.733(6)
S(6)–C(15) 1.756(2) 1.795(6) 1.765(6)
S(7)–C(22) – 1.695(6) 1.699(6)
S(8)–C(23) – 1.735(6) 1.678(6)
S(8)–C(22) – 1.783(6) 1.771(6)
N(1)–C(1) 1.324(3) 1.308(7) 1.310(7)
N(1)–C(7) 1.394(3) 1.402(7) 1.359(7)
N(2)–C(8) 1.320(3) 1.329(7) 1.318(7)
N(2)–C(14) 1.392(3) 1.390(7) 1.391(7)
N(3)–C(15) 1.312(3) 1.306(8) 1.330(7)
N(3)–C(21) 1.399(3) 1.380(7) 1.399(7)
N(4)–C(22) – 1.296(8) 1.318(7)
N(4)–C(28) – 1.438(7) 1.370(7)

Angles
N(1)Tb(1)S(1) 59.25(4) 58.67(11) 59.22(11)
N(2)Tb(1)S(3) 59.58(4) 58.66(11) 58.68(10)
N(3)Tb(1)S(5) 58.92(4) 58.90(12) 59.34(10)
N(4)Tb(1)S(7) – 58.96(12) 59.23(10)
N(1)C(1)S(1) 122.6(2) 122.4(4) 125.8(5)
N(2)C(8)S(3) 121.8(2) 122.7(4) 122.8(4)
N(3)C(15)S(5) 122.7(2) 126.3(4) 122.9(4)
N(4)C(22)S(7) – 123.7(4) 123.7(4)
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Molecular structures of the complexes are shown in
Figs. 2 and 3, selected structural parameters are listed in
Table 2.

X-ray single crystal structure analysis has revealed that
the [Tb(mbt)3(THF)2](THF) is isostructural to the previ-
ously reported [Eu(mbt)3(THF)2](THF) and [Er(mbt)3-
(THF)2](THF) [6]. The molecules of [Tb(mbt)3(THF)2](THF)
have distorted dodecahedral arrangement with the biden-
tate coordination mode of mbt ligands. The difference be-
tween Tb(1)–S(N) and Eu(1)–S(N) or Er(1)–S(N) distances
are close to the difference in their ionic radii of the metals
whereas the geometric parameters of mbt ligands in
the complexes are practically the same. Four-membered
metallocycle TbSCN is planar. The mercaptobenzo-
thiazolate Tb(mbt)4Li(DME)3 is ate-complex, containing
[Tb(mbt)4]� anion and LiðDMEÞþ3 counterion. In a crystal
there are two independent types of the molecules, which
negligibly differ to each other by geometry of the anionic
fragments. One of the types is presented in Fig. 3. Four
bidentate mbt ligands form a distorted Tb-centered
dodecahedron. Its structure and geometric parameters is
similar to that of [Nd(mbt)4] in the complex [K(15-
crown-5)2][Nd(mbt)4] [20] and virtually coincide with
those of respective fragment in [Tb(mbt)3(THF)2](THF). It
should be noted that solvent plays the important role in
formation, structure and properties of the complexes. To
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gain more insight into the problem we calculated the
shielding of central metal atom by ligand solid angle ap-
proach (G-parameter) [21]. The G -parameter in
[Tb(mbt)3(THF)2](THF) (88.6(2)%) noticeably exceeds the
analogous value in Tb(mbt)4 anion (83.7(2)%). In the mole-
cule of [Tb(mbt)3(THF)2](THF) only two THF ligands coor-
dinate the Tb cation whereas the third THF molecule
remains free in crystalline space. Each intersphere THF li-
gand shields 12–13% space at the Tb atom and conse-
quently there is no room in coordination sphere for the
third THF molecule. At the same time, the hypothetical
Tb(mbt)3 complex (free of coordinated THF) would have
too low value of G-parameter, 62.8(2)%. Thus the coordina-
tion of two THF molecules stabilizes [Tb(mbt)3-
(THF)2](THF) complex and influences on his structure.
The different situation is observed in Tb(mbt)4Li(DME)3.
The value of G-parameter of DME molecules in rare earth
complexes is 29.9(6)%. The additionally coordination of
DME should increase the shielding of central metal up to
113% that is impossible. Thus, despite the fact that DME
is a strongly coordinated solvent, there is insufficient room
about the Tb atom to accommodate the DME molecule. In
Fig. 4. EL spectra of the devices with different emitting layers ITO/TPD

Fig. 5. EL spectra of the devices with different emitting layers ITO/TPD/
other words, non-bonding ligand–ligand interactions in
coordination sphere of Tb prevent the intersphere solvata-
tion of the lanthanide atom.

3.2. EL properties

To follow up on the discovery of electroluminescent
properties of these complexes we fabricated the simple
non-doped two-layer OLEDs with the structures of ITO/
TPD/Ln(mbt)3/Yb. It should be noted that all these devices
do not reveal the emission according the fluorescence com-
ponent at 395 nm. Predictably as Y3+ have 4f0 electronic
configuration the device based on Y(mbt)3 exhibits the
broad peak centered at 600 nm (Fig. 4), which is contrib-
uted to phosphorescent emission at 550 nm. As it is shown
in Fig. 4, the gadolinium complex, due to the stability of the
half-filled 4f7 shell configuration in Gd3+ ion, demonstrates
the broad emission band centered at 640 nm. Note that the
device based on the complex with heavy and strong para-
magnetic gadolinium ion exhibit the higher luminance
than the device based on the complex with diamagnetic yt-
trium ion. In contrast, Dy(mbt)3, Tb(mbt)3 and Tm(mbt)3
/Gd(mbt)3/Yb (1), and ITO/TPD/Y(mbt)3/Yb (2) obtained at 12 V.

Dy(mbt)3/Yb (1), and ITO/TPD/Tm(mbt)3/Yb (2) obtained at 12 V.



Fig. 6. Current density as a function of operating voltage for OLED devices ITO/TPD/Tb(mbt)3/Yb (1), ITO/TPD/Eu(mbt)3/Yb (2), and ITO/TPD/Sm(mbt)3/Yb
(3).

Fig. 7. EL spectra of the devices with different emitting layers ITO/TPD/Tb(mbt)3/Yb (1), ITO/TPD/[Tb(mbt)3(THF)2](THF)/Yb (2), and ITO/TPD/
Tb(mbt)4Li(DME)3/Yb (3) obtained at 12 V.

Fig. 8. Luminance as a function of operating voltage for OLED devices ITO/TPD/Tb(mbt)3/Yb.
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complexes exhibit only sharp emission bands from the in-
tra f–f transitions of lanthanide ions Tb3+: 5D4 ? 7F6

(492 nm), 5D4 ? 7F5 (547 nm), 5D4 ? 7F4 (589 nm), 5D4 ?
7F3 (624 nm); Dy3+: 4F9/2 ? 6H13/2 (575 nm) and Tm3+:
3H4–3H6 (795 yv). (Figs. 5 and 7) Unfortunately, EL devices
based on Sm(mbt)3 or Eu(mbt)3 turned out the lumines-
cence though their current–voltage (I–V) characteristics
are quite similar to that of Tb(mbt)3 (Fig. 6).

Compared to the previous results [6] of the photolumi-
nescence of these complexes the EL spectra have a red shift
which can be attributed to the solvent influence (for PL) or
to the congregated molecular state (for EL). It is well
known that as a model system, the undoped OLEDs directly
based on the molecular properties of emitting material in
which both the singlet and triplet states are populated by
excitation. The fact that an emission from the singlet state
is not observed in EL spectra is resulted from the efficient
intersystem crossing from the singlet to the triplet excited
state for all of these complexes. For lack of emission from
the triplet to the ground state in the case of Tb, Dy, Tm,
Sm and Eu complexes suggests subsequent efficient cross-
ing from the triplet to the emissive and non-emissive intra
Fig. 10. Power efficiency vs. current density f

Fig. 9. Current efficiency vs. current density f
f levels of these lanthanide ions. Furthermore, the pure me-
tal-centered emission of Tb, Dy and Tm also confirms this
statement.

Comparing the luminescent characteristics of the EL
devices based on Tb(mbt)3, [Tb(mbt)3(THF)2](THF) and
[Tb(mbt)4][Li(DME)3] we have found that emission inten-
sity of the first complex is significantly higher than that
of two latter compounds (Fig. 7). One of plausible expla-
nation of it is decreased thermal stability of THF and Li
containing compounds, which partially decompose at
sublimation during the OLED device fabrication.
Moreover OLED device ITO/TPD/Tb(mbt)3/Yb displays sig-
nificant improvements in EL performance compared with
the devices based on another Ln(mbt)3 complexes. Fig. 8
presents the luminance–voltage (L–V) characteristic of
this device, Fig. 9 shows the current efficiency (in cd/A),
and Fig. 10 shows the power efficiency (in lm/W) vs.
the current density. It is found that even for the device
which is not yet optimized, the green emission appears
when the bias is above 7.7 V, and at 12 V the current
efficiency of 0.16 cd/A is achieved. Note that the effi-
ciency decreases slowly with an increase of the current
or OLED devices ITO/TPD/Tb(mbt)3/Yb.

or OLED devices ITO/TPD/Tb(mbt)3/Yb.



630 M.A. Katkova et al. / Organic Electronics 10 (2009) 623–630
density, suggesting that the device based on Tb(mbt)3

demonstrates the rather high stability in a current than
lanthanide b-diketonate complexes. This gives the ground
to consider 2-mercaptobenzothiazolate lanthanide com-
plexes as a promising material for design of efficient
OLED.

4. Conclusions

In summary, we report for the first time the EL proper-
ties of 2-mercaptobenzothiazolate complexes of rare earth
metals with the non-doped simple OLEDs of configuration
ITO/TPD/Ln(mbt)3/Yb. Depending on the nature of the rare
earth metal in the complexes, emission wavelengths span
from the broad visible spectrum considering the ligand-
centered phosphorescence to the sharp emission bands
from the intra f–f transitions of lanthanide ions. This sug-
gests that 2-mercaptobenzothiazolate complexes have
highly efficient intra-energy transfer from the singlet to
the triplet state of the ligand, and then to the excited state
of the central lanthanide ions, to give phosphorescent
materials with emission properties which may be tuned
specifically for optimum performance in OLED technology.

5. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic Data
Center, CCDC nos. 710983 and 710984 for
[Tb(mbt)3(THF)2](THF) and Tb(mbt)4Li(DME)3. This mate-
rial can be obtained upon request to CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK (www.ccdc.cam.ac.uk; email:
deposit@ccdc.cam.ac.uk).
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A new neutral state green polymer, poly (2,3-bis(4-tert-butylphenyl)-5,8-di(1H-pyrrol-2-
yl) quinoxaline) (PTBPPQ) was synthesized and its potential use as an electrochromic
material was investigated. Spectroelectrochemistry studies showed that polymer reveals
two distinct absorption bands as expected for a donor–acceptor type polymer, at 408
and 745 nm. In addition, polymer has excellent switching properties with satisfactory opti-
cal contrasts and very short switching times. Outstanding optical contrast in the NIR region
and stability make this polymer a great candidate for many applications. It should be noted
that PTBPPQ is one of the few examples of neutral state green polymeric materials with
superior switching properties. Hence, PTBPPQ can be used as a green polymeric material
for display technologies.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction as conducting polymers became great candidates for elec-
Conjugated polymers have attracted a great attention
after their discovery [1], since these materials can be used
as active layers in polymer light emitting diodes [2],
sensors [3], batteries [4], artificial noses and muscles [5],
transistors [6] and electrochromic devices [7]. Electrochro-
mism is defined as the reversible and visible change in the
transmittance and/or reflectance of a material caused by
an applied voltage [8,9]. First studies in the field of electro-
chromism were on inorganic materials such as tungsten
oxide (WO3) and iridium dioxide (IrO2) [10]. Inorganic
materials lack color tuning and require use of relatively
high voltages to operate devices. Organic compounds such
. All rights reserved.

x: +90 3122103200.
).
trochromic devices. As regards to the advantages of con-
ducting polymers; high optical contrasts [11], short
switching time [12,13], processability [14], fine tuning of
the band gap via structure modification [15], and more
importantly low applied voltages [16] are worth to
mention.

Due to the extended delocalization of p electrons along
the polymer backbone, an optical absorption band in the
visible region of the electromagnetic spectrum occurs.
The insertion of an anion or a cation occurs when the redox
processes generate charge carriers on the conjugated back-
bone [17]. One of the method of increasing stability of the
doping process is to incorporate donor–acceptor (D–A)
units into the polymer backbone. Moreover, D–A method
is also used for reducing the band gap energy [18–20].
While electron donor group raises the HOMO energy and
lowers the oxidation potential, electron acceptor group

mailto:toppare@metu.edu.tr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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lowers the energy of conduction band (LUMO) hence;
reduction occurs easily [21–23].

Several pyrrole derivatives were employed in the field
of electrochromism, such as; the use of modified pyrrole
[16], in situ synthesis of pyrrole [24–27], and use of pyrrole
in donor acceptor type polymers. Up to date there are few
studies where pyrrole has been used as the donor/acceptor
unit [28]. In our previous studies, quinoxaline derivatives
[29–31] were efficiently used as the acceptor unit. Ethyl-
enedioxythiophene (EDOT) and thiophene derivatives
were used as the donor units for those studies. Pyrrole
was rarely used as the donor unit with a quinoxaline
acceptor unit in D–A type polymers [32,33].

There are a number of electrochromic polymers reflect-
ing red and blue color in their neutral states [34,35]
whereas few studies have been reported related to poly-
mers reflecting green color [36–38]. In order to have red
or blue color in reduced state, the materials have to absorb
at only one dominant wavelength. On the contrary, for a
green color, there should exist at least two simultaneous
absorption bands in the red and blue regions of the visible
spectrum where these bands should be controlled with the
same applied potential.

Here we report the synthesis of a newly designed do-
nor–acceptor type polymer. The unique polymer bears pyr-
role as the donor unit. The polymer, namely 2,3-bis(4-tert-
butylphenyl)-5,8-di(1H-pyrrol-2-yl)quinoxaline, revealed
higher optical contrast in near IR region and faster switch-
ing time compare to 2,3-bis(4-tert-butylphenyl)-5,8-(2,3-
dihydrothieno[3,4-b][1,4]dioxin-7yl)quinoxaline (TBPEQ)
[30] and (2,3-bis(4-tert-butylphenyl)-5,8-bis(4-hexylthio-
phen-2-yl)quinoxaline) (HTQ) [31].
2. Experimental

2.1. Materials

All chemicals were purchased from Aldrich except
anhydrous tetrahydrofuran (THF) which was purchased
from Acros. 4,7-Dibromobenzo[1,2,5]thiadiazole [39], 3,6-
dibromo-1,2-phenylenediamine [40], benzoin [41], benzyl
[41], 1,2-bis(4-tert-butylphenyl)-2-hydroxyethanone [42],
1,2-bis(4-tert-butylphenyl)ethane-1,2-dione [42], 5,8-
dibromo-2,3-diphenylquinoxaline [43], tert-butyl pyrrole-
1-carboxylate [44], N-(tert-butoxycarbonyl)-2-(trimethyl-
stannyl)pyrrole [44] were synthesized according to
previously described methods. Electropolymerization was
performed with a Voltalab 50 potentiostat in a three-elec-
trode cell consisting of platinum wire or Indium Tin Oxide
(ITO) coated glass as the working electrodes, platinum wire
as the counter electrode, and an Ag wire as the pseudo ref-
erence electrode. Electrodeposition was performed from a
0.1 M solution of tetrabutylammonium perchlorate
(TBAPC) at a scan rate of 100 mV/s for 15 cycles. UV–Vis–
NIR spectra were recorded on a Varian Cary 5000 spectro-
photometer at a scan rate of 2000 nm/min. 1H and 13C NMR
spectra were recorded in CDCl3 on Bruker Spectrospin
Avance DPX-400 Spectrometer. Colorimetry measurements
were performed via Minolta CS-100 Spectrophotometer.
2.2. Monomer synthesis

2.2.1. 5,8-Bis[N-(tert-butoxycarbonyl)-2-pyrrolyl]2,3-bis(4-
tert-butylphenyl) quinoxaline

5,8-Dibromo-2,3-bis(4-tert-butylphenyl) quinoxaline
(550 mg, 1.0 mmol), and N-(tert-butoxycarbonyl)-2-(tribu-
tylstannyl)pyrrole (2.29 g, 5.0 mmol) were dissolved in
anhydrous THF (150 ml) and purged with argon for
30 min. Then, dichlorobis(triphenyl phosphine)-palla-
dium(II) (75 mg, 0.068 mmol) was added at room temper-
ature under argon atmosphere. The mixture was refluxed
for 3 days. Solvent was evaporated under vacuum and
the crude product was purified by column chromatography
on neutral alumina (eluent DCM:hexane, 2:1 v/v) to obtain
456 mg (63%) of 5,8-bis[N-(tert-butoxycarbonyl)-2-pyrrol-
yl]2,3-bis(4-tert-butylphenyl) quinoxaline. 1H NMR
(CDCl3, d): 0.9 (s, 18 H), 1.22 (s, 18 H), 6.26 (t, 2H,
J = 6.4 Hz), 6.32 (d, 2H, J = 7.0 Hz), 7.22 (d, 4 H, J = 8.8 Hz)
7.43 (d, 4 H, J = 8.4 Hz), 7.48 (q, 2 H, J = 3 Hz), 7.66 (s, 2
H). 13C NMR (CDCl3, d): 152.0, 151.2, 149.8, 139.0, 136.1,
133.3, 131.5, 129.7, 128.0, 125.1, 123.0, 115.0, 110.4,
83.0, 34.7, 31.2, 27.2.
2.2.2. 5,8-Bis [2-pyrrolyl] 2,3-bis(4-tert-butylphenyl)
quinoxaline (TBPPQ)

5,8-Bis [N-(tert-butoxycarbonyl)-2-pyrrolyl] 2,3-bis(4-
tert-butylphenyl) quinoxaline (350 mg, 0.48 mmol) was
dissolved in 60 ml methanol. About 120 mg Na, (5.2 mmol)
was added and the reaction mixture was heated under re-
flux for 24 h. The solvent was evaporated and the residue
was treated with water and extracted with dichlorometh-
ane. The organic extracts were dried over MgSO4, the sol-
vent was evaporated and the residue chromatographed
on a column with silica gel using hexane:DCM (2:1 v/v)
as eluent. In the second fraction 180 mg (72%) of product
TBPPQ isolated. 1H NMR (CDCl3, d): 1.31 (s, 18 H), 6.27
(m,2H), 6.82(m, 2H), 6.90 (m, 2H), 7.35 (d, 4 H,
J = 8.4 Hz), 7.41 (d, 4 H, J = 8.8 Hz), 8.00 (s, 2 H), 11.93 (s,
2 H). 13C NMR (CDCl3, d): 152.7, 151.4, 138.0, 136.4,
131.4, 129.7, 126.3, 125.8, 125.7, 119.7, 109.5, 107.7,
35.1, 31.6. MS: m/e 525 (M+). IR (drift) m: 1084, 1112,
1392, 1473, 1608, 2962, 3350 cm�1
3. Results and discussion

3.1. Monomer synthesis

The reagent 2,1,3-benzothiadiazole was brominated in
the presence of a HBr/Br2 mixture (95%) and reduced with
an excess amount of NaBH4 to give 3,6-dibromo-1,2-phen-
ylenediamine as pale yellow solid. The purified compound
was condensed with 1,2-bis(4-tert-butylphenyl)ethane-
1,2-dione in ethanol to afford 5,8-dibromoquinoxaline. In
oder to achieve N-(tertbutoxycarbonyl)-2-(tributylstan-
nyl)pyrrole (2), pyrrole was N-protected by using di-tert-
butyl dicarbonate (Boc)2O and reacted with tri-n-butyl-
stannyl chloride after lithiation at the 2 position. Deprotec-
tion of pyrrole substituents in (3) after coupling reaction
between (1) and (2) resulted in donor acceptor type mono-
mer TBPPQ (Scheme 1).



Scheme 1. Synthetic route of monomer.
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3.2. Electropolymerization

The potentiodynamic electropolymerization of mono-
mer on ITO was performed in a 0.1 M TBAPC and
1 � 10�2 M TBPPQ solution applying potentials between
0.0 V and +1.0 V at a scan rate of 100 mV/s via multiple
scan voltammetry. Due to the poor solubility of the mono-
mer in acetonitrile (ACN), a mixture of ACN and dichloro-
methane (DCM) (95/5, v/v) was chosen as the solvent.
The representative electrochemical growth revealing elec-
troactivity of monomer TBPPQ and formation of corre-
sponding insoluble polymer are given in Fig. 1.
Polymerization was repeated on a Pt (1 cm � 1 cm) elec-
Fig. 1. Repeated potential scan electropolymerization of TBPPQ (10�2 M)
at 100 mV/s in 0.1 M TBAPC in DCM/ACN (5/95, v/v) on ITO electrode vs
Ag wire after 40 cycles.
trode to obtain a 20 l thick free standing film for conduc-
tivity measurement (10�2 S/cm). The monomer oxidation
potential was observed at 0.54 V (0.27 V vs Fc/Fc+), which
is quite lower than the oxidation potentials of either of
pyrrole, TBPEQ and HTQ. This observation can be attrib-
uted to a more effective D–A match. After the first cycle,
an oxidation peak at 0.23 V and its reverse cathodic peak
at 0.13 V appeared. These values are also quite lower than
those for polypyrrole and PHTQ and comparable with
PTBPEQ. A direct relation between current response and
scan rate was observed for polymer film which proved that
the film was well adhered on the electrode surface and
electroactive (Fig. 2). The TBPPQ was coated on Pt wire
potentiodynamically over 40 cycles from a 0.01 M
monomer and 0.1 M TBAPC DCM/ACN (5/95, v/v) solution.
Fig. 2. Scan rate dependence of PTBPPQ film on Pt vs Ag wire in 0.1 M
TBAPC/ACN (a) 100, (b) 150, (c) 200, (d) 250, (e) 300 mV/s.



Fig. 3. Switching ability of PTBPPQ on ITO coated glass slide vs Ag wire in
0.1 M TPAPC/PC with a 200 mV/s scan rate at �0.5 V and +1.0 V.
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Anodic and cathodic peak currents revealed a linear rela-
tionship as a function of scan rate for polymer film, indicat-
ing that electrochemical processes are not diffusion limited
and reversible even at high scan rates [45,17].

The long-term switching stability is a severe require-
ment for electrochromic polymers due to their potential
uses in numerous commercial applications, especially
smart windows [46]. To investigate this characteristic,
PTBPPQ film was deposited on ITO electrode with repeated
scanning in TBAPC/DCM/ACN. The polymer film was
washed with ACN to remove unreacted monomer, later
cycled for 4000 times with a scan rate of 200 mV/s in
0.1 M TBAPC/propylenecarbonate (PC). The overall charge
involved in the electrochemical process was calculated.
Once the polymer electrochemical equilibration has been
reached after 400 cycles, PTBPPQ showed 13% decrease
upon cycling for 4000 times (Fig. 3).
Fig. 4. Spectroelectrochemistry of PTBPPQ film on ITO-coated glass slide in a
potentials (V) vs Ag wire: (a)�0.5, (b) �0.4, (c) �0.3, (d) �0.2, (e) �0.1, (f) 0.0, (g)
(q) 0.7, (r) 0.8, (s) 0.9, (t) 1.0, and (u) 1.1.
3.3. Spectroelectrochemistry

Spectroelectrochemical studies were performed in order
to monitor in situ optical changes upon doping. Spectral
changes were recorded by UV–Vis–NIR spectrophotometer
in a monomer free, 0.1 M TBAPC/ACN solution while vary-
ing the applied potential between �0.5 V and +1.1 V. Gen-
erally, donor acceptor type polymers show two distinct
absorption maxima due to high energy and low energy p–
p* transitions [47]. As a donor acceptor polymer, PTBPPQ
showed these absorption maxima due to the transitions
from pyrrole based valence band to its antibonding coun-
terpart as well as to the substituent localization narrow
conduction band [48]. In order to achieve green color these
absorption bands should be observed in the visible region
at around 400 nm and 700 nm. PTBPPQ showed p–p* tran-
sitions centered at 408 nm and 745 nm. As doping pro-
ceeds, formation of charge carriers leads to new
absorption bands at 1100 nm and 1480 nm while absorb-
tions for the neutral state are decreasing. This change rep-
resents the formation of polaron and bipolaron bands
respectively [49]. The band gap of the polymer is 1.25 eV
which was calculated from the onset of the second p–p*

transition. This value is in good agreement with values re-
ported for the polymers having the same acceptor unit,
with EDOT and 3-hexylthiophene as the donor units
(PTBPEQ: 1.18 eV and PHTQ: 1.75 eV) [30,31]. Spectroelect-
rochemical studies for the polymer film showed that the
color of the film changed from saturated green (Y:464,
x:0.301, y:0.401) to brownish green (Y:492, x:0.309,
y:0.358) during oxidation (Fig. 4). Coloration efficiency is
the ratio between the injected/ejected change per unit area
of the electrode and the change in the optical density at a
dominant wavelength. Coloration efficiency of the
PTBPPQ was found to be 85 cm2 C�1 at 100% full switch at
408 nm.
monomer free, 0.1 M TBAPC/ACN electrolyte–solvent couple at applied
0.1, (h) 0.15, (i) 0.2, (j) 0.25, (k) 0.3, (l) 0.35, (m) 0.4, (n) 0.45, (o) 0.5, (p) 0.6,



Fig. 5. Electrochromic switching, percent transmittance change moni-
tored at 1480 nm for PTBPPQ in 0.1 M TBAPC/ACN.
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3.4. Kinetic studies

In order to determine switching time and percent trans-
mittance change (DT%) of the polymer between neutral
and oxidized states, it was polymerized on ITO coated glass
slides. The polymer film was stepped between �0.5 V and
1.1 V with a switching interval of 5 s in 0.1 M TBAPC/ACN
while recording percent transmittance as a function of
time (Fig. 5). PTBPPQ film showed 21% optical contrast at
408 nm and a 12% optical contrast at 745 nm. In the NIR re-
gion it showed a remarkable contrast of 65% which con-
firmed that it can be used for near-IR applications. A
square-wave potential step method was used to calculate
switching time. The polymer achieved 95% of its optical
contrast in 0.6 s at 408 nm. At 745 nm, which corresponds
to the second p–p* transition, switching time recorded as
0.3 s. In the near-IR region (1480 nm), polymer film
showed a remarkably fast switching time of less than
0.2 s [50–52]. Kinetic studies for polymer film showed that
PTBPPQ has not only a comparable optical contrast, but
also faster switching times compare to its competitors,
PTBPEQ [30] and PHTQ [31].

4. Conclusion

A novel pyrrole substituted quinoxaline monomer was
synthesized via Stille coupling reaction. Monomer was
electrochemically polymerized to investigate its potential
use as a neutral state green electrochromic material. The
polymer revealed high optical contrast in NIR region with
excellent switching properties, and stability. PTBPPQ was
shown to be one of the few examples of neutral state green
polymeric materials in literature. Stability and very fast
switching times make this neutral state green polymer a
robust candidate for the completion of RGB color space.
Considering these advanced properties, many quinoxaline
derivatives can be utilized in the polymer backbone for
synthesis of new superior polymers to be used in electro-
chromic devices.
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The energy level alignment and chemical reaction at the interface between the hole injec-
tion and transport layers in an organic light-emitting diode (OLED) structure has been
studied using in-situ X-ray and ultraviolet photoelectron spectroscopy. The hole injection
barrier measured by the positions of the highest occupied molecular orbital (HOMO) for
N,N0-bis(1-naphthyl)-N,N0-diphenyl-1,10-biphenyl-4,40-diamine (NPB)/indium tin oxide
(ITO) was estimated 1.32 eV, while that with a thin WO3 layer inserted between the NPB
and ITO was significantly lowered to 0.46 eV. This barrier height reduction is followed
by a large work function change which is likely due to the formation of new interface
dipole. Upon annealing the WO3 interlayer at 350 �C, the reduction of hole injection barrier
height largely disappears. This is attributed to a chemical modification occurring in the
WO3 such as oxygen vacancy formation.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction Among them, tungsten trioxide (WO3) is lately drawing
OLEDs (organic light-emitting diodes) are display de-
vices composed of multiple organic layers that create light
by electron-hole recombination. The improvement of OLED
performance has been achieved by controlling the charge
carrier injection and transport passing through each layer.
The inorganic/organic interfacial contact in OLEDs is
important to charge injection and transport characteristics
since the choice of interlayer structure has a large influ-
ence on the electron/hole injection efficiency. For instance,
by adopting ultrathin metal oxides such as SiO2, WO3,
MoO3, and V2O5 layers between the anode and the hole
transport layer (HTL), the OLED performance could be lar-
gely enhanced [1–5].
. All rights reserved.

J.W. Kim).
), jeongwonk@kriss.
strong attention as a promising hole injection layer (HIL)
since it has a very high work function (�6.2 eV) and is
highly transparent in visible region [6]. The bulk structure
of WO3 has various phases at different temperatures. It is
monoclinic at temperatures from 17 �C to 330 �C, ortho-
rhombic from 330 �C to 740 �C, and tetragonal above
740 �C [7]. J. Meyer et al. reported that an OLED using the
WO3 layer exhibited a largely reduced operation voltage
and its power efficiency was improved by about twice
compared to the OLED without the WO3 layer [6]. In addi-
tion, Li et al. reported that after thermal annealing WO3

buffer layer at 450 �C, the structure of WO3 was changed
from amorphous to crystalline phase and consequently
WO3 further enhanced the device performance at the
WO3 thickness of 1.0 nm [8]. Also many other reports have
shown that the WO3 interlayer adopted as an HIL improved
the device efficiency [9,10]. However, the mechanism for

mailto:sehun-kim@kaist.ac.kr
mailto:jeongwonk@kriss. re.kr
mailto:jeongwonk@kriss. re.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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this improvement is not clearly understood yet at the film
interface level. Therefore the elucidation of the interfacial
electronic structures between anode and organic semicon-
ductor is necessary for understanding and further improv-
ing the device performance.

In this paper, we will show ultraviolet photoelectron
spectroscopy (UPS) studies of the N,N0-bis-(1-naphyl)-N,N0-
diphenyl-1,10-biphenyl-4,40-diamine (NPB)/indium tin
oxide (ITO) interface, and the structure of a thin WO3 layer
inserted between the NPB and ITO anode. We have studied
the change in the electronic structures and the energy level
alignment at each interface. Also, to investigate the
structural and chemical changes of WO3 upon the anneal-
ing, X-ray photoelectron spectroscopy (XPS) is applied.

2. Experimental

The part of OLED structures used here were NPB/WO3

on ITO substrate, in which the NPB, WO3, and ITO covered
glass substrate were used as HTL, HIL, and anode, respec-
tively. ITO coated glass had been cleaned by chemicals
and undergone a UV ozone treatment before insertion into
a chamber. After each deposition of a target film, the sam-
ple was transferred to an analysis chamber without expos-
ing to air. WO3 layers were prepared below 2.0 � 10�7 Torr
by thermal evaporation of WO3 powder (99.99% purity) in
a crucible wound with W filament for heating. NPB film
was also deposited similar way. The film thickness was
controlled by a quartz crystal microbalance. The typical
deposition rate was 0.1 A/s. To investigate the influence
of the WO3 structural change on the interface, the WO3

film was annealed in ultra high vacuum (UHV) at 350 �C
for 15 min (P = 2.0 � 10�8 Torr) and subsequently cooled
down to room temperature. The heating temperature was
measured by a thermocouple connected to the sample.
Fig. 1. UPS spectra as a function of NPB thickness on ITO substrates. (a) Second
graph: hole injection barrier height).
The experiments were performed in an UHV system
consisting of a sample preparation chamber and analysis
chamber. The UPS spectra were recorded on VG ESCALAB
220i system with a hemispherical electron energy analyzer
using a HeI (21.2 eV) gas discharge lamp. And the samples
were biased to �10 and �5 V for the measurement of sec-
ondary cutoff region and near Fermi level (EF, binding en-
ergy = 0), respectively. For XPS measurement, a Mg Ka
(1253.6 eV) radiation was used as the excitation source.
The XPS and UPS spectra were collected under normal
emission.

A fitting procedure was performed on the W 4f spectra
using an XPS curve fitting program. Each W 4f emission
peak was fit with a doublet of Voigt functions with a con-
stant branching ratio (0.75) and a spin-orbit splitting
(2.12 eV) between 4f7/2 and 4f5/2.

3. Results and discussion

Fig. 1 shows the UPS spectra of secondary cutoff for
work function measurement, valence band region, and
the zooming in near EF region, respectively as a function
of NPB thickness on ITO film. Upon the adsorption of
NPB, the film work function gradually decreases to
4.08 eV at the NPB thickness of 2 nm in Fig. 1a. The total
work function change measures 0.74 eV possibly due to
the formation of interface dipole between NPB and ITO
[11,12]. The NPB/ITO interface spectra in Fig. 1b clearly
show a series of characteristic peaks for the valence band
structure of NPB at 9.1, 7.0, and 4.0 eV as the NPB thickness
increases. Those peak positions are in good agreement
with the previous results for the molecular orbitals of the
NPB film [13–15]. In particular, the highest occupied
molecular orbital (HOMO) is mainly localized on the N-
nonbonding orbitals. As shown in the near EF region of
ary cutoff region, (b) valence band region and (c) near EF region (arrow in
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Fig. 1c, the HOMO level of NPB moves slightly to the high
binding energy side as the layer thickens. This movement
of the HOMO peak is not due to the charging of the NPB
films, since a time-dependent measurement of UPS spectra
does not show any change with irradiation time. Rather
than that, the initial shift of the HOMO position is related
to molecular orientation change and interface dipole for-
mation at submonolayer regime. This means there is no
serious misleading in determination of peak positions upto
this film thickness. The hole injection barrier height, esti-
mated by the difference between the onset of HOMO en-
ergy and the Fermi level (EF), is 1.32 eV at the 2 nm
thickness. This value is readily in the range of previously
reported results [1,5].

In the UPS spectra of WO3/ITO interface in Fig. 2b, the
increase of the WO3 layer thickness clearly shows new
emission features at 4.5 and 6.4 eV. These peaks are attrib-
uted to O 2p-derived band (4.5 eV) and O 2p-W 5d hybrid-
ized states (6.4 eV), respectively [16]. Another weak
feature near EF in Fig. 2c is attributed to W 5d band, which
is originated from imperfect stoichiometry of WO3 [16,17].
For WO3 layer thicker than 1.5 nm, the valence band region
does not show any peak changes or new emission features.
Since thicker WO3 films showed worse electrical perfor-
mance [8], we concluded that the saturated behaviour in
terms of UPS spectra at the WO3 thickness of 1.5 nm is a
good choice for the platform for the following NPB deposi-
tion. Moreover, the work function of the WO3 film already
reaches a high value of 6.26 eV at the thickness of 1.5 nm.
When NPB is deposited on the WO3/ITO layer, the second-
ary cutoff moves toward high binding energy by about
1.50 eV (Fig. 2a). The valence band spectra show different
binding energies for NPB at 8.4, 6.3, and 3.3 eV in Fig. 2b.
Fig. 2. UPS spectra of NPB/WO3/ITO interface. (a) Secondary cutoff region, (b) va
barrier heights).
The overall energy shift by 0.7 eV toward the low binding
energy side is observed in comparison with NPB/ITO case
in Fig. 1b. In case of MoO3, Lee et al. observed a gap state
at 0.15 eV for 0.1 and 0.3 nm of NPB on MoO3 in HOMO re-
gion [5]. But there is no such new emission peak in NPB/
WO3/ITO film in Fig. 2c. The most remarkable change is
the hole injection barrier height of NPB, which is largely
decreased to 0.46 eV by the insertion of WO3 layer
(Fig. 2c). The origin of this result will be discussed in
Fig. 6. In addition we could observe the barrier height of
0.24 eV at the WO3/ITO interface.

As mentioned before, the WO3 has various bulk phases
at different temperatures and its structure transformation
influences the electrical properties of an OLED film [8].
To investigate any change of interfacial electronic structure
of WO3 due to high temperature treatment, UHV annealing
was performed at 350 �C for 15 min after 1.5 nm of WO3

deposition on ITO. As shown in the Fig. 3a, the total shift
of the secondary cutoff position of NPB on the annealed
WO3 is 0.59 eV. Fig. 3b shows that the valence band spectra
of WO3 and NPB/WO3 become broadened and overall peaks
are largely attenuated by the annealing of WO3 film. On the
other hand, the very small peak close to the EF on WO3

gains intensity upon annealing. Since this peak is attrib-
uted to W 5d state [16,17], its intensity increase means
the partial reduction of W atoms. This change is consistent
with W 4f core level spectra, as discussed below. In addi-
tion, the hole injection barrier for the annealed WO3 is de-
creased to 0.06 eV in Fig. 3c. However, the energy
difference between the HOMO of NPB (2 nm) and the EF

is increased to 1.50 eV. In addition, other high binding
peaks are shifted back to 9.5, 7.4, and 4.4 eV in comparison
with those in Fig. 2b.
lence band region and (c) near EF region (arrows in graph: whole injection



Fig. 3. UPS spectra for WO3 films on ITO before and after annealing, and 2 nm of NPB on the annealed WO3. (a) Secondary cutoff region, (b) valence band
region and (c) near EF region (arrows in graph: hole injection barrier heights).
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To look into the reason for the above changes induced
by the WO3 interlayer, we carried out XPS experiments.
Fig. 4 shows the XPS core level spectra of W 4f for different
multilayer films. As prepared by thermal deposition in
Fig. 4a, the W 4f spectrum presents a sharp doublet peak
at 36.09 eV (4f7/2) and a broad 5p3/2 core level peak
approximately at 42 eV. These peak positions have been
assigned to the WO3 compound in W6+ chemical state
[16–20]. When NPB film is deposited on the WO3 layer,
the W 4f peak shape and position do not change at all,
Fig. 4. XPS core level spectra of W 4f peak and their peak fittings for (a)
WO3/ITO, (b) NPB/WO3/ITO, (c) annealed WO3/ITO, and (d) NPB/annealed
WO3/ITO interfaces.
but its intensity is slightly attenuated as shown in
Fig. 4b. After annealing the WO3 film under UHV, the W
4f peak becomes broad with a clear shoulder on the low
binding energy side in Fig. 4c. In similar way, the 5p3/2

peak area can be regarded negligible in fitting the spectra
hereafter. The W 4f peak is fitted by three different compo-
nents at the 4f7/2 binding energies of 35.98 (W1), 34.66
(W2), and 36.93 eV (W3). This spectral change and peak
decomposition upon the annealing are consistent with
the previous study where the WO3 film is annealed in
UHV at high temperatures or exposed to synchrotron beam
radiation [16,17]. The peak position for the W1 component
remains at the same position for the W6+ of the WO3 as be-
fore annealing. On the other hand, the new species W2
indicates reduced W atoms in WO3�x. This is also con-
firmed by the decrease of O 1s intensity after annealing
(not shown here). The third component W3 has been
attributed to the inhomogeneities in barrier height on the
surface [17,21]. The defect formation on the surface or at
the WO3/ITO interface leads to the charge localization, so
the barrier height inhomogeneities increase because the
photoelectrons become difficult to be emitted from the
surface. A common defect in WO3 film is oxygen vacancy,
which induces negative charge accumulation in order to
compensate the electronegative oxygen ion vacancy. Such
charge makes up a donor-like level below conduction band
minimum, which forms a EF at a different position. This is
why the W3 is located at the higher binding energy than
that for W6+.

Upon the deposition of NPB molecules even on the an-
nealed WO3, the W 4f does not show any change in
Fig. 4d. This and the above result in Fig. 4b mean that there
are no chemical reactions between NPB and WO3 layers
whether the WO3 film is annealed or not. These results
present that the existence of oxygen vacancies and conse-



Fig. 5. XPS core level spectra of N 1s for (a) NPB/ITO, (b) NPB/WO3/ITO, (c)
NPB/annealed WO3/ITO interfaces.
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quent formation of WO3�x component are not related with
chemical reaction between NPB and annealed WO3.

Specifically, due to the annealing-induced reduction
WO3�x species have relatively low electronegativity com-
pared with WO3 state, thus, the charge density is expected
to increase at the NPB. Therefore the reduction of tungsten
significantly causes the charge redistribution of the inter-
face dipole between NPB and annealed WO3 layer.

To further investigate how the annealed WO3 layer af-
fects the electronic structure of NPB, we performed XPS
measurement of N 1s core level. The N 1s core level peaks
for three different films with NPB layer are shown in Fig. 5.
The N 1s peak for NPB film on ITO surface is located at
399.89 eV in Fig. 5a. But its position on the WO3/ITO in
Fig. 5b is shifted to 399.09 eV without any change in peak
shape. When the NPB is deposited on annealed WO3 in
Fig. 6. Schematics of energy level alignment diagrams at the interfaces (a) NPB
from UPS.
Fig. 5c, the N 1s peak moves back to 400.14 eV by the shift
of 1.05 eV (Fig. 5b and c). This binding energy shift is al-
most same as the valence band energy shift of about
1.1 eV as already shown in Fig. 3b. These remarkable
changes demonstrate the rearrangement of electronic
charge between NPB and annealed WO3 due to the forma-
tion of new chemical states such as WO3�x.

From the above experimental results, the interfacial en-
ergy level diagrams are summarized in Fig. 6. The average
value for the work functions of ITO surfaces used here is
4.82 eV. In the energy level alignment diagram at the
NPB/ITO interface, the barrier height for the hole injection,
corresponding to the energy difference between the HOMO
of NPB and the EF of the ITO, is 1.32 eV in Fig. 6a. However,
the NPB/WO3/ITO interface shows a different vacuum level
(Evac) and a small hole injection barrier because the WO3

interlayer has a large work function (6.0–6.5 eV) in
Fig. 6b. When NPB is deposited on the WO3/ITO, the WO3

is suggested to draw charge from the NPB because the
NPB is relatively strong electron donor. Therefore there
forms an additional dipole layer between NPB and WO3

as well as WO3/ITO interface. Due to the large Evac shift,
the HOMO level of NPB also moves near to the EF level.
Therefore the hole injection barrier is remarkably reduced
to 0.46 eV by the insertion of WO3 layer between NPB and
ITO. This demonstration was supported by binding energy
shifts of valence band and N 1s core level, respectively, in
Figs. 2 and 5. In case of NPB/WO3/ITO interface, the total
up shift of HOMO level in Fig. 6a and b is 0.86 eV which
is comparable to the N 1s binding energy shift from NPB/
ITO to NPB/WO3/ITO interfaces in Fig. 5. From this energy
level alignment we can conclude that the thin WO3 layer
plays a strong role in reducing the total barrier height for
hole injection. Therefore this is the main reason for the
reduction of the operation voltage and high power effi-
ciency in the organic electroluminescence by WO3 inter-
layer [6].
/ITO, (b) NPB/WO3/ITO, and (c) NPB/WO3 (after annealing)/ITO interfaces
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In case of annealed WO3 film, the net barrier height for
hole injection is increased to 1.50 eV in Fig. 6c. As men-
tioned before, this result was due to the redistribution of
electron charge at the interface between annealed WO3

and NPB. The annealing of WO3 layer produces various
chemical states due to the oxygen vacancy formation. This
nonstoichiometric WO3�x formation upon annealing is
supported by the increased intensity of W 5d band in
Fig. 3c, and the appearance of W2 and W3 species in
Fig. 4c. On consequence, the work function of the WO3 sur-
face is reduced and the Evac level of NPB is shifted back to-
ward the EF level. By the modification of energy level at the
interface, the HOMO energy level of NPB is pulled down.
Therefore annealed WO3 would not improve the hole injec-
tion at the interfaces under the present scheme. The previ-
ous report argued that a high temperature annealing
(450 �C) in air brings out a better performance in OLED
characteristics [8]. The reason was explained by a positive
structural change, which was in favor of electrical conduc-
tion. However, its actual enhancement in L–I–V curves was
marginal probably due to a small change in work function
(0.27 eV). Thus, the device performance will be determined
by the various factors such as interface energy level align-
ment shown here and electrical conductivity of films.

An exact interpretation of structural change of ultrathin
(1.5 nm) WO3 film upon annealing is far from practical.
However, from previous literatures where thick films
(>100 nm) undergo marginal change in structure up to
400 �C annealing [17–19,22], one can assume that the
structural change is not severe, as a relatively low-temper-
ature annealing at 350 �C has been performed here. If a
strong structural change took place upon the 350 �C
annealing, the intensities of substrate In 3d and/or W 4f
core levels would change significantly. But such changes
were not observed in this experiment. Instead, relatively
low-temperature annealing at 350 �C in UHV brings out
stoichiometric change of the WO3 film and possibly mi-
cro-crystallization.

4. Conclusion

We have shown by photoelectron spectroscopy that
with a thin WO3 layer inserted between the NPB and ITO
films, the hole injection barrier height was significantly
lowered from 1.32 eV to 0.46 eV. This phenomenon is fol-
lowed by a large work function change which is likely
due to the formation of new interface dipole layer. This re-
sult explains well the reduction of the operation voltage
and enhancement in power efficiency observed in OLEDs
with WO3 interlayer. Upon UHV annealing of the WO3
interlayer at 350 �C, the hole injection barrier was largely
increased back to 1.50 eV. When the WO3 layer is an-
nealed, an oxygen vacancy is formed and various chemical
states of tungsten oxide are generated. Therefore, the stoi-
chiometry and defects inside the tungsten oxide film lar-
gely influence the energy level alignment at the NPB/
WO3 interface.
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We report on a new p-type organic semiconductor single crystal, 5,10,15-trimethyl-10,15-
dihydro-5H-diindolo[3,2-a:3’,2’-c]carbazole (N-trimethyltriindole). This molecule crystal-
lizes forming a highly ordered columnar structure in which stacked molecules are situated
at two alternating distances (3.53 Å and 3.68 Å) along the column as determined by single
crystal X-ray diffraction analysis. These short intermolecular distances between adjacent
units, make this system an ideal candidate for charge-transport processes along the stacks.

Relevant parameters for transport (i.e. internal reorganization energies, transfer integral)
have been estimated by DFT calculations at a 6-311G(d,p)/B3LYP level of theory. As a dou-
ble check for the transfer integral, the electronic band structure of a one-dimensional stack
of molecules has been computed. The electronic properties of this material have been stud-
ied both theoretically and experimentally. Its HOMO value is found to coincide with Au
work function (UAu = 5.1 eV), thus low barriers are expected for hole injection from gold
electrodes. The hole mobility of this material has been predicted theoretically considering
a hopping-type mechanism for the charge-transport and determined experimentally at the
space charge limited current (SCLC) regime of the current–voltage measurements. Both
theoretical and experimental values are in good agreement. The high hole mobility
(lmin = 0.4 cm2 V�1 s�1) of this material points towards its useful application in the organic
electronics arena. N-Trimethyltriindole single crystals constitute an essential model to
study transport properties of triindole-based materials and to design new derivatives with
improved electronic performance.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction advances achieved in this field have been connected to
The field of organic electronics has experienced in a few
years a rapid development moving from a basic research
level to the construction of molecule-based devices that
are already commercially viable [1]. These devices have
in common that their performance depend on how effi-
ciently the charge carriers are injected and transported in
the different organic active layers. Therefore, important
. All rights reserved.

).
the enhancement of the charge carrier mobility of the or-
ganic molecules. However the incorporation of organic
molecules in the electronic devices shows still serious sta-
bility and processability limitations. At this stage one of
the main needs is to find new stable organic semiconduct-
ing materials.

In the quest for new molecular conducting systems,
two-dimensional polycyclic aromatics (with extended p-
conjugated systems) are among the best candidates. This
type of molecules tend to form highly ordered structures
due to self-assembly facilitated by strong p–p-interac-
tions, paving the way for increased charge mobility in

mailto:bgl@icmm.csic.es
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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the bulk of the material as the result of a favorable inter-
molecular p-orbital overlap. In close relation with the
supramolecular order, the highest charge carrier mobility
is usually obtained in organic single crystals [2]. Further-
more, organic single crystals offer an excellent opportu-
nity to investigate structure-properties relationships and
to elucidate charge-transport mechanism in organic
materials [3]. In response to this need a large effort is
being made to find new classes of crystalline charge car-
rier transport organic materials, even if the realization of
devices based in single crystal implies important techno-
logical challenges [4].

In this context we became interested on the electron-
rich 10,15-dihydro-5H-diindolo[3,2-a:3’,2’-c]carbazole
(triindole, 1). This molecule can be formally considered
as an extended p-system in which three carbazole units
share an aromatic ring (Scheme 1). The particular relation
of this polycyclic aromatic system to the well known hole
transporter carbazole [5], together with its p-extended
structure render triindoles attractive candidates for organ-
ic electronics. Curiously, in contrast with its all carbon ana-
logue truxene [6,7] this platform has been very scarcely
studied in the context of molecular electronics [8]. We
have found that triindole-based discotic liquid crystals ex-
hibit high charge mobility values (l � 0.03 cm2 V�1 s�1) in
the mesophases since they combine its inherent donor
character with the supramolecular organization typical of
disc-like mesogens [9]. Additionally, we have recently re-
ported that it is possible to optimize the electronic as well
as the self assembly properties of this platform through
functionalization of its peripheral positions [10].

In this paper we describe the synthesis, crystal struc-
ture, and the electronic properties of N-trimethyltriindole
(2) (Scheme 1) a molecule that crystallizes forming a
highly ordered columnar structure, with short intermolec-
ular distances between adjacent units within the stacks
yielding a high hole mobility system. The electronic prop-
erties of this material have been studied both theoretically
and experimentally. Quantum mechanical calculations
have been performed to investigate the electronic
structure and to determine relevant parameters for
charge-transport such as internal reorganization energies
and hole transfer integral. The hole mobility of this mate-
rial has been predicted theoretically considering a hop-
ping-type mechanism for the charge-transport and
determined experimentally at the space charge limited
current (SCLC) regime of the current–voltage measure-
ments. Both theoretical and experimental values are in
good agreement.
1

NH
N
H

HN

Scheme
2. Results and discussion

2.1. Synthesis and molecular properties

The synthesis of N-methyltriindole (2) was straightfor-
ward by deprotonation of triindole (1) with n-BuLi and
trapping of the trianion with MeI. The thermal stability
of 2 has been determined by thermal gravimetric analysis
(TGA) and differential scanning calorimetry (DSC), this
material is thermally stable up to 400 �C (see Supplemen-
tary Material, Fig. S1). In order to estimate the value of
the HOMO level, the electron-donating nature and redox
stability of 2, cyclic voltammetry has been performed.
Compound 2 shows two reversible oxidation waves at
761 mV and 1370 mV vs. Ag/Ag+ in the accessible potential
window of the solvent (CH2Cl2) reflecting its oxidation to a
stable cation radical and subsequent generation of further
oxidized species. From the first oxidation process an
HOMO energy value of �5.11 eV can be estimated for 2.
This value matches very well with the work function of
gold (UAu = 5.1 eV) and therefore low barriers are expected
for hole injection (see Supplementary Material, Fig. S2).

The electronic properties of 2 have also been studied by
UV–vis absorption (Fig. 1). The absorption spectrum of a
10�5 M solution of 2 in CHCl3 shows the maximum absorp-
tion at 3.89 eV (319 nm) and the lowest transition at
3.35 eV (370 nm). From this lowest transition a HOMO–
LUMO energy gap 3.35 eV can be estimated [11].

In order to determine the effect of chemical oxidizing
agents on the molecular electronic levels of this molecule
(doping), the oxidation of 2 with trifluoroacetic acid
(TFA) has been monitored by UV–vis spectroscopy. TFA
has been extensively used as a one-electron oxidant to
generate radical cations [12], eventhough there is contro-
versy about how the oxidation actually occurs [13]. Thus,
addition of 10 equivalents of (TFA) to a 10�5 M CHCl3 solu-
tion of 2, increases the intensity of the 3.06 eV band (Fig. 1)
while the intensity of the bands corresponding to the neu-
tral species decreases. This absorption band is related to
oxidized molecules, whose gap between HOMO and LUMO
energy levels has therefore varied by about 0.3 eV. For con-
centrations of oxidant above 20 equivalents two new
bands can be distinguished around 3.17 and 1.72 eV corre-
sponding to further oxidized species.

2.2. Crystal structure

Long needle-like hexagonal colorless crystals of 2 suit-
able for single crystal X-ray analysis were obtained from
2

NMe
N
Me

MeN

1.
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Fig. 1. Evolution of the UV–vis absorption of 2 in CHCl3 as a function of TFA content. The spectrum in dashed line corresponds to a 5 � 10�4 M of TFA in
chloroform and is the origin of the steep optical density (O.D.) increase above 4 eV as the TFA content increases. The upper inset shows the second
derivatives of the neutral solution and two oxidized stages.
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slow evaporation of an CH2Cl2:acetone (3:1) solution. X-
ray analysis indicates that the triindole core is slightly
twisted, with the three peripheral rings bending (�8�)
out of the plane of the central aromatic ring (Fig. 2). The
Fig. 2. ORTEP repres
methyl groups are slightly out of the molecular plane in
an all-syn conformation [d (C5-C4-N1-C9): �18.5�].

Compound 2 crystallizes in R-3 space group, forming
stacks along the crystallographic c-axis (Fig. 3). Each stack
entation of 2.



Fig. 3. View of the unit cell along the c-axis of 2.
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is surrounded by six neighbouring stacks that interact only
through weak Van der Waals forces.

Within the stacks the molecules are oriented face-to-
face in an alternate arrangement, one molecule rotated
60� with respect to the next molecular unit, being the cen-
tral aromatic rings perfectly superimposable. Such a per-
fect cofacial arrangement between aromatics is rarely
observed since repulsive interactions involving approach-
ing p-electron clouds are generally minimized through
parallel displacement resulting normally in an offset stack
[14]. The triindole units are situated at two different dis-
tances that alternate along the column reflecting the steric
hindrance by the methyl groups. The centroid–centroid
distance of the central aromatic rings of two adjacent mol-
ecules are 3.53 Å (dS) and 3.68 Å (dL) respectively (Fig. 4).

The short intermolecular distances between adjacent
units observed experimentally by X-ray analysis, as well
as the easy reversible oxidation of N-trimethyltriindole
make this system an ideal candidate for charge-transport
studies along the stacks.
Fig. 4. Side view of the N-trimethyltriindole stacks disp
2.3. Electronic structure calculations

Quantum mechanical methods have been used to ana-
lyze the electronic structure, the equilibrium geometry
and the electronic density distribution of neutral and oxi-
dized (+1) molecules in order to determine important
parameters for charge-transport (internal reorganization
energies and hole transfer integral) and estimate the hole
mobility of this compound.

The electronic structure of a single N-trimethyltriindole
molecule 2 both in its neutral (M) and charged state (M+)
have been optimized by density functional calculations
(DFT) at a 6-311G(d,p)/B3LYP level of theory. The obtained
optimized molecular structure of 2 compares well with the
experimental structure derived form the X-ray data, the
largest difference between theory and experiment being
found in the dihedral angles that measure the deviation
of the methyl groups from the molecular plane [d (C5-
C4-N1-C9): �18.5� (exp.), �25.3� (calc.)]. This is probably
due to the lack of intermolecular steric effects (packing ef-
fects) in the geometry optimization of the isolated mole-
cule [15].

The energies of the HOMO and LUMO levels have been
derived from the DFT calculations of the neutral molecule
M. The HOMO level is found at �5.01 eV, in good agree-
ment with the value obtained from cyclic voltammetry
(�5.11 eV). In contrast the predicted HOMO–LUMO gap
(4.25 eV) results larger than the value obtained experimen-
tally by UV–vis spectroscopy (3.35 eV).

The Mulliken analysis of the electronic charge distribu-
tion of 2 is displayed in Fig. 5a. The largest negative net
charge (�0.55 e) is found at the N positions, while the larg-
est positive net charge (0.22 e) is found at the three C
atoms of the central benzene ring that are bonded to the
N atoms. Carbon atoms with partial positive and negative
charge alternate in the central aromatic ring, resulting in
a charge distribution that is probably responsible for the
perfect columnar arrangement observed in the solid state.
Thus a close inspection of the crystal packing shows that
the experimental configuration of the closest neighbouring
laying the two different intermolecular distances.



Fig. 5. (a) Mulliken population analysis of the electronic charge density at the atomic centers of M. The size of the circles is proportional to the calculated
net charge. Black solid circles represent negative charge while empty circles are associated to the positive charges. (b) Mulliken population analysis of the
spin density at the atomic centers of M+. The size of the circles is proportional to the calculated spin density.
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molecules (Fig. 4), results in the approach of atoms with
partial charges of opposite sign.

We have performed a Mulliken population analysis of
the spin density of the oxidized molecule M+ (Fig. 5b).
The largest spin density is located on one of the nitrogen
positions and on the C atom of the central aromatic ring
in para to the former nitrogen (approximately 0.26 e).
However extensive delocalization of the unpaired electron
density on all the atomic centers can be observed explain-
ing the stability of the cation radical as revealed from the
easy reversible oxidation of N-trimethyltriindole.

The geometry optimization of N-trimethyltriindole in
its cationic state, M+, shows a molecular distortion due to
the Jahn–Teller coupling between the electronic and vibra-
tional degrees of freedom. This coupling originates from
the fact that the HOMO of N-trimethyltriindole is a two-
fold degenerated electronic state that belongs to the irre-
ducible representation E of the C3 point group. The analysis
of the Jahn–Teller distortion shows that specific C–C and
C–N bonds in M+ become larger or smaller than in the neu-
tral state, M. Interestingly, enlargement of bonds in M+ cor-
relate with the presence of in-phase bonding amplitudes in
the HOMO of the neutral molecule M, while shortening of
bonds in M+ are related to the presence of nodal planes in
the HOMO of M. This behaviour is illustrated in Fig. 6,
where we compare one of the E components of the HOMO
for the neutral molecule M (Fig. 6a), with the Jahn–Teller
distortion of M+ (Fig. 6b) by presenting, for those bond dis-
tances with largest variation, the difference between the
equilibrium values found in M+ and M.

2.4. Hole mobility calculations

At room temperature, the hole mobility of organic semi-
conducting materials is often described by a hopping pro-
cess [16], where the transport mechanism between
neighbouring molecules can be formulated as a hole trans-
fer by the equation

MþMþ ! Mþ þM ð1Þ

where M and M+ play the role of electron donor and elec-
tron acceptor molecules, respectively.
The hole-transfer rate, kt, can be approximated by the
Marcus electron-transfer theory [17] with the equation

kt ¼
4p2

h
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4pKBT
p t2 exp � k

4KBT

� �
ð2Þ

where h and KB are Planck’s and Boltzmann’s constants, T is
the temperature, t is the electronic transfer integral be-
tween the donor and acceptor molecules, and k is the reor-
ganization energy for hole transfer between both
molecules. Therefore the transport process, is determined
by two important molecular parameters: the internal reor-
ganization energy (k) which needs to be small for an effi-
cient charge-transport and the intermolecular hole
transfer integral (t) which describes the strength of the
electronic coupling between adjacent molecules [16].

The reorganization energy for hole transfer, k, is the
sum of two contributions, k1 + k2, that are defined as

k1 ¼ E0ðMþÞ � E0ðMÞ ð3Þ
k2 ¼ E1ðMÞ � E1ðMþÞ ð4Þ

where E0(M+) and E0(M) represent the energies of the neu-
tral molecule at the cation geometry and at the optimal
ground-state geometry respectively. E1(M) and E1(M+) rep-
resent the energy of the charged state at the neutral geom-
etry and optimal cation geometry, respectively.

Using the DFT optimized molecular configurations for
M and M+ we found the values k1 = 123 meV and
k2 = 113 meV, giving an estimate for the k value for hole
transport in this molecule of 236 meV.

The hopping integral for intermolecular hole transfer, t,
can be estimated from the energy splitting between the
electronic level HOMO, eH, and the HOMO-1, eH�1, taken
from the closed-shell configuration of the neutral state of
a dimer M2 by the relation

t ¼ eH � eH�1

2
ð5Þ

The value of the transfer integral t depends strongly on
the molecular configuration of the dimer. As shown in
Fig. 4, in the crystal of N-trimethyltriindole two alternating
M2S and M2L dimer configurations can be observed. The
electronic structure of both N-trimethyltriindole dimers



Fig. 6. (a) Isosurface representation for the HOMO wavefunction of 2 in its neutral state M. Only one component of the two-fold degenerate E molecular
orbital is shown. The interval between contour lines is 25 � 10�8 Å�3/2. (b) Changes in the bond distances in pm (0.01 Å) found for the optimized structure
of N-trimethyltriindole in its cationic state, M+, with respect to the neutral state M. Only distances modified by more than 1 pm are shown. The Jahn–Teller
coupling is responsible for this structural change.
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has been studied by DFT in order to obtain the value of the
transfer integral for both configurations. However in a
crystal the charge mobility will be most likely controlled
by the smaller value of the transfer integral, corresponding
to the M2L configuration.

Fig. 7 shows the value of t as derived from the opti-
mized M2L configuration (solid line) vs the separation be-
tween the molecular units, as well as the results obtained
by using the experimental M2L dimer configuration found
in the crystal structure (dashed line). Both sets of results
show very similar behaviour. However the optimized
structure provides values for the transfer integral, t,
slightly smaller than the derived from the experimental di-
mer configuration. This is probably related to the larger
deviation from planarity found in the optimized structure
Fig. 7. Comparison of the evolution of the hole transfer integral, as a
function of the distance, calculated for the optimized structure of the
triindol dimer ML (solid line), the experimental structure of the dimer ML

(dashed line) and a one-dimensional stack of triindole units (dotted line).
when compared with the experimental one, due to the lack
of packing effects.

The transfer integral, t, depends on the geometrical
parameters and plays an important role in our theoretical
predictions. Therefore, we double checked the value of t
performing a band structure calculation for a stack of mol-
ecules forming a quasi-1D crystal (Fig. 4). From these cal-
culations the transfer integral has been obtained as half
of the bandwidth. Fig. 7 (dotted line) displays t vs. the dis-
tance dL. Taking into account the approximations involved
in the model, the agreement with our previous calculations
based on localized basis and a different prescription for ex-
change and correlation is remarkable.

The calculated values of t and k allows us to derive the
transfer rate of holes, kt, as a function of temperature from
the Marcus expression in Eq. (2). For the purpose of esti-
mating the hole-transfer rate we have taken the value of
t corresponding to the optimized dimer geometry at the
experimental intermolecular distance of 3.68 Å
(t = 34 meV).

By considering the expression for the diffusion coeffi-
cient associated to a one-dimensional jumping process.

D ¼ KBd2
L ð6Þ

the hole mobility, l, can then be obtained from the follow-
ing expression

l ¼ eD=kT ð7Þ

where e is the electron charge. At 300 K we obtain a trans-
fer rate, kt, of 4 � 1012 s�1 and a corresponding hole mobil-
ity of 0.21 cm2 V�1 s�1.

2.5. Electrical measurements

The electrical conductivity of N-trimethyltriindole crys-
tals was measured along the crystallographic c-axis, which
coincides with the longest direction of the needle-like sin-
gle crystals, in a two contact configuration by gluing a sin-
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gle crystal with silver paint to two gold electrodes (dis-
tance between electrodes 2 mm). A value of
r = 2 � 10�7 Ohm�1 cm�1 at 298 K has been obtained
(Fig. 8a).

Upon exposure to different oxidizing vapours, HNO3 or
trifluoroacetic acid (TFA), the conductivity increases sev-
eral orders of magnitude depending on the oxidation time
(Fig. 8b). External oxidation would remove electrons from
the HOMO level of N-trimethyltriindole increasing the hole
density (doping) explaining the observed variations of the
conductivity. Non-linearity in the I–V curves was detected
for heavily oxidized crystals. The observed complex I–V
behaviour, which could not be analysed straightforwardly
with the usual conduction mechanisms, is probably related
to deficiencies of the contacts regarding their stability and
the control of the oxidation effects on the interfaces. How-
ever an ohmic behaviour of the resistance is evidenced for
as grown crystals, as well as for lightly oxidized crystals,
for applied voltages up to 800 V.

Both as grown and oxidized crystals, show a tempera-
ture activated conductivity (90–500 K) indicating the pre-
dominance of a polaron hopping mechanism in this
system as invoked in the previously shown theoretical
calculations

Because of the relatively high conductivity of the crys-
tals, in order to measure the mobility, we needed to obtain
the high electric field regime and therefore to shrink the
distance between the electrodes. Also, to reduce possible
problems arising from silver paint contacts and from defi-
cient crystal–gold interfaces, several single crystals where
grown directly on a glass substrate with previously depos-
ited Cr/Au electrodes (distance between electrodes
200 lm). This configuration allowed us to measure the
high field I–V characteristics and to observe the space
charge limited current (SCLC) regime. The results for as
grown crystals are shown in Fig. 9. Trace (a) is the mea-
sured current which shows the ohmic behaviour at low
voltages (dashed line). This observation indicates that
non-linearities due to Schottky barriers at the interfaces
are negligible as a result of the good alignment of the work
function of the gold electrode with the HOMO level of the
0        250      500      750
0.00
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0.02

As grown

V/V

I/
µ
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Fig. 8. (a) I–V measurements at room temperature of as grown crystals and (b)
10 min.
N-trimethyltriindole. By subtracting this ohmic contribu-
tion from the measured current we obtain trace (b). The
I–V2 plot (inset) evidences the typical behaviour of the
space charge limited current (SCLC) regime where the
Mott–Gurney equation [18] applies:

J ¼ 9e0elV2

8L3 ð8Þ

J is the measured current density, e0 is the vacuum per-
mittivity, e is the relative dielectric constant of the mate-
rial (we have used the commonly estimated value for
organic materials of 3), l is the charge mobility, L is
the distance between the contact electrodes and V is
the applied voltage. In this configuration several crystals
are connecting the gold electrodes. Therefore, in order to
calculate the current density J, the section for conduction
has been estimated from the resistance in the linear re-
gime and the resistivity previously determined for an
isolated crystal.
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of crystals lightly oxidized upon exposure to HNO3 and TFA vapours for
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Although our measurements are performed on pure sin-
gle crystals, it is likely that shallow traps play a role, there-
fore the Mott–Gurney law is only expected to provide a
lower limit for the mobility (lmin). The linear fit on the I–
V2 curve, gives a value of lmin = 0.4 cm2 V�1 s�1, in reason-
able agreement with the value predicted by our calcula-
tions using the Marcus electron-transfer theory
(l = 0.21 cm2 V�1 s�1).

3. Conclusion

In summary, the positive synergy between molecular
structure (electron-rich, extended p-system) and bulk
arrangement (close packing, efficient intermolecular p-
orbital overlap) results in the construction of a novel high
hole mobility crystalline material.

The title molecule crystallizes forming a highly ordered
columnar structure, with short intermolecular distances
between adjacent units, favouring the charge-transport
along the stacks and resulting in the high measured mobil-
ity (0.4 cm2 V�1 s�1). The structure and electronic states, as
well as the relevant parameters governing the charge-
transport, as internal reorganization energies, transfer
integral and hole mobility, have been calculated. This the-
oretical analysis agrees well with our experiments and
supports the interpretation of our results.

This single crystalline material fulfils many conditions
for a good organic hole transport in the construction of de-
vices namely: (i) its HOMO value almost coincides with the
Au work function, (ii) its mobility is high, (iii) the conduc-
tivity can be increased by several orders of magnitude by
doping, and (iv) its energy gap lies above the visible range
which is necessary for combining it with optical active
materials in order not to absorb the visible excitation or
emission energies.

The interesting electrical properties obtained for this
material along with the synthetic versatility of this plat-
form make heptacyclic triindoles promising candidates in
the search for new tunable organic semiconductors. N-
Trimethyltriindole single crystals constitute an indispens-
able model to study transport properties of this new type
of compounds and in the design of new triindole deriva-
tives with optimal semiconductor properties.
4. Experimental section

4.1. Synthesis and characterization of 5,10,15-trimethyl-
10,15-dihydro-5H-diindolo[3,2-a:3’,2’-c]carbazole (2) [19]

To a stirred solution of 1 (170 mg, 0.5 mmol) in THF
(3 mL) at -80 �C was added n-BuLi (2.0 M pentane,
110 lL, 1.78 mmol). The reaction was stirred for 1 h
(�78 �C ? �10 �C). Then, methyl iodide (153 lL,
2.46 mmol) was added and the mixture was stirred for
1 h. The mixture was diluted with CH2Cl2 and washed with
water and with saturated aqueous NaCl solution, dried
(Na2SO4) and evaporated. The residue was triturated with
acetone to give 2 as a white solid (149 mg, 77 %):
mp > 230 �C; 1H NMR (300 MHz, CDCl3) d 8.44 (d,
J = 8.1 Hz, 3 H), 7.57 (d, J = 7.5 Hz, 3 H), 7.45 (t, J = 7.4 Hz,
3 H), 7.34 (t, J = 8.0 Hz, 3 H), 4.43 (s, 9 H); 13C NMR (CDCl3,
50 MHz) d 141.93, 139.06, 122.89, 122.79, 121.74, 119.62,
109.66, 102.55, 35.92; FAB-MS m/z (%) 387 (M+, 49), 307
(36), 154 (100). HR MS (FAB) calcd. for. C27H21N3

387.1735, found 387.1737.

4.2. Cyclic voltammetry measurements and determination of
the HOMO energy value

Cyclic voltammetric (CV) experiments were performed
on an Epsilon Electrochemical Analyzer in a three electrode
cell (Pt working electrode) at room temperature, under
nitrogen atmosphere. Electrochemical measurements were
performed in a millimolar CH2Cl2 solution of 2 containing
0.1 M of recrystallized supporting electrolyte tetra-n-
butylammonium hexafluorophosphate (TBAPF6). Poten-
tials were measured against Ag/AgCl as reference elec-
trode. A large area coiled Pt wire was used as a counter
electrode. The measurement was calibrated using a ferro-
cene/ferrocenium redox system as an internal standard
by adding a equimolar amount of ferrocene and then mea-
suring the complete voltamogram.

The HOMO energy value for 2 was calculated from the
first oxidation potential value with respect to ferrocene,
based on the value of �4.8 eV for Fc with respect to zero
vacuum level. This value is obtained from the calculated
value of �4.6 eV for the standard electrode potential (E�)
using a normal hydrogen electrode (NHE) [20] on the zero
vacuum level and the value of 0.2 V for Fc vs. NHE [21].

4.3. UV–vis spectrometry

UV–vis spectrometry analyses were performed in a Var-
ian-Cary 4000 spectrophotometer.

4.4. X-ray structure determinations

Colorless crystals of 2 showing well defined faces were
mounted on a Bruker Smart CCD diffractometer equipped
with a normal focus, 2.4 kW sealed-tube X-ray source
(MoKa radiation, k = 0.71067 Å) operating at 50 kV and
20 mA. Data were collected over a hemisphere of the reci-
procal space by a combination of three exposure sets. Each
exposure of 10 s covered 0.3� in x over the range
2� < h < 28�. The first 100 frames were recollected at the
end of the data collection to monitor crystal decay. The
intensities were corrected for Lorentz and polarization ef-
fects. The structures were solved by the Multan and Fou-
rier methods.

Crystal dimensions: 0.30 � 0.20 � 0.20 mm3, unit cell
dimensions a = 21.4897(11), c = 7.2102(5) Å, c = 120(0)�,
V = 2883.6(3) Å3, Z = 6, hexagonal, R-3 space group, q calcd.
1.339 Mg/m3. 2 was refined anisotropically R1(F) = 0.0912
for observed data (I > 2r(I)), R1(F) = 0.1185 for all data;
GOF(F2) = 1.11.

Most of the calculations were carried out with SMART
[22] software for data collection and reduction, and SHEL-
XTL [23] for structure solution and refinements of 2. CCDC
670066 contains the supplementary crystallographic data
for 2. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; (fax: +44 1223 336 033; or e-mail:
deposit@ccdc.cam.ac.uk).

4.5. Theoretical methods and computational details

The electronic structure of a single N-trimethyltriindole
molecule, both for its neutral (M) and charged (M+) states,
as well as the electronic structure of N-trimethyltriindole
dimers (M2) have been studied using the Gaussian pro-
gram package [24]. The ground state geometries have been
optimized by density functional theory (DFT) with the
B3LYP functional to approximate the exchange and corre-
lation energy [25] and the standard 6-311G(d,p) basis set
[26]. Optimization of the neutral molecule M has been per-
formed by applying constraints compatible with the C3

point group symmetry, while for the cationic state, M+,
no symmetry constraints were imposed. For dimer config-
urations, we have optimized the ground state geometry by
constraining the point symmetry of the dimer to the S6

group, which is the symmetry observed in the N-trim-
ethyltriindole crystal.

To compute the electronic band structure of a one-
dimensional stacking of N-trimethyltriindole monomers
density functional theory [27] was used within the gener-
alized-gradient approximation [28] with a plane-waves
basis set and norm-conserving pseudopotentials. Band
structure calculations for the quasi-1D crystal have been
performed using the CASTEP code [29]. Periodic boundary
conditions are used to fill the space by repeating a basic
unit cell. A kinetic energy cutoff of 30 Ry has been used
to define the number of plane-waves in the basis, and
the Brillouin zone has been sampled with four points
equally spaced along the C–X direction [30]. Norm-con-
serving pseudopotentials have been chosen because their
good performance to describe molecules and materials
made with N, C and H atoms.

A rhombohedral unit cell is constructed including 102
atoms representing two molecules separated by ds and ori-
ented face-to-face as previously described. On the plane of
the dimer the unit cell is defined by fixed length vectors
(a = b = 25 A, 60�), while in the perpendicular direction
we optimize the distance between unit cells (c = dS + dL,
90�). All atoms, and the c distance, are allowed to relax un-
til forces and stresses are below 0.2 eV/A and 0.3 GPa
respectively. The symmetry group P-3 (C3 l-1) has been
imposed throughout the optimization. The resulting geom-
etry is comparable to the experimental one, predicting a
slightly shorter inner distance between molecules
(dS = 3.51 A, 0.5% off from the experimental value) and a
larger value on the outer side (dL = 3.86 A, 5% off). In this
cell, lateral interactions between long threads for mole-
cules are negligible.

4.6. Electrical measurements

DC electrical conductivity was measured along the crys-
tallographic c-axis which coincides with the long edge of
the needle-like single crystals using a Keithley 2410
1100 V sourcemeter for current measurements and power
supply. The typical cross section of the crystals is
0.1 � 0.1 mm2 and their length is up to 10 mm.

To perform resistance measurements in wide tempera-
ture ranges, it was necessary to maintain only one end of
the crystal glued to the sample holder of the cryostat.
The other end was only attached to the Pt wire. First at-
tempts to measure the resistance gluing both ends to the
sample holder result in the breaking of the crystal due to
the different expansion coefficients of both materials.
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A novel tripodal compound, tris[2-(7-diethylamino-coumarin-3-carboxamide)ethyl]amine
(tren-C), and a model compound, N-butyl-7-(diethylamino)-coumarin-3-carboxamide,
were synthesized and characterized by elemental analysis, infrared and 1H NMR spectra.
The structure of the model compound was characterized by single crystal X-ray crystallog-
raphy. The electroluminescence devices of ITO/2-TNATA (5 nm)/NPB (40 nm)/CBP: tren-C
or model compound (wt%, 30 nm)/Bu-PBD (30 nm)/LiF (1 nm)/Al (100 nm) were fabricated
and characterized. The EL spectra of the devices comprising vacuum vapour-deposited
films using tren-C as a dopant are similar to the PL spectrum of tren-C in chloroform solu-
tions. At the concentration of 0.5 wt% tren-C, a blue-emitting OLED with an emission peak
at 464 nm, a maximum external quantum efficiency (EQE) of 1.39% and a maximum lumi-
nous efficiency of 2 cd/A at the current density of 20 mA/cm2, and a maximum luminance
of 1450 cd/m2 at 12 V are achieved.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction cence quantum yield and other photophysical properties
Coumarins are an important class of naturally occurring
and synthetic compounds, which have been extensively
investigated for electronic and photonic applications [1–
6], such as fluorescence probe, charge-transfer agents, solar
energy collectors, and nonlinear optical properties due to
their high emission yield, excellent photo-stability, ex-
tended spectral range, good solubility and their relative
ease of synthesis. As emitting materials, their fluorescent
wavelength and the fluorescence quantum yield strongly
depend on the nature, the position of the substituent and
also on the rigidity of the molecule [7–10]. Moreover, for
each derivative the fluorescence wavelength, the fluores-
. All rights reserved.

x: +86 931 4938756.
exhibit strong solvent effect. Since Tang et al. [11] first used
3-(2-benzothiazolyl)-7-diehylaminocoumarin (coumarin
6) as an electroluminescent (EL) material successfully, cou-
marin dyes have attracted much interest owing to their po-
tential application in organic light-emitting diodes (OLEDs).
However, coumarin dyes are easily suffered from self-
quenching in solid state due to interaction and aggregation
with its neighboring compounds. As a result, they were al-
ways used as guest that doped in host materials with opti-
mized transport and luminescent properties in organic
electroluminescence field [11–15]. This guest–host doped
emitter system can not only obtain rather high-efficiency,
but also enhance the device operational stability by trans-
ferring the electrogenerated exciton to the highly emissive
and stable dopant site thus minimizing its possibility for
nonradiative decay [16]. Prior work on guest–host doped

mailto:ytz823@hotmail.com
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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emitter systems, most of them were involved with the
green fluorescent dopants such as coumarin 6, coumarin
545 and coumarin 545T. Apart from the commercial cou-
marin dyes directly using as highly fluorescent dopants,
many efforts have been devoted to explore new EL materi-
als [17–23]. To add steric spacers to minimize dye–dye
interaction at high dopant concentration, Chen and
coworkers rigidized the alkylamino donor moiety via cycli-
zation to the julolidine ring to develop new coumarin 545
analogues (C-545P, C-545 TB) and fabricated efficient green
OLEDs [17,21]. Swanson and coworkers [18] incorporated
diphenylamine replacing diethylamine in 7-position of
coumarin ring to obtained coumarin 6 and coumarin 7 ana-
logues (C-6S and C-7S), which efficiency and stability are
superior to their commercial dialkylamino analogues. Su-
zuki and coworkers [22] reported a new coumarin red dop-
ant and bright red OLEDs (max. luminance, 5600 cd/m2),
though the efficiency of the device was not shown. Fujiwara
et al. [20] prepared a series of symmetrical biscoumarin
blue dyes, in which the same coumarin chromophorics
were combined through aromatic ring bridges, to overcome
the stability of the blue dyes at the vacuum deposition in
the EL device production process, and they investigated
the EL devices using these blue dyes as a dopant. Zhang
et al. [23] reported the photoluminescent and electrolumi-
nescent properties of a new amide-type coumarin deriva-
tive, this compound in solution state and in PVK matrix
exhibited blue emission, and the doped double-layer device
displayed brighter pure blue emission with the low turn-on
voltage at 6.3 V and high external quantum efficiency of
0.8%. Compared with green coumarin dyes, there were
few OLEDs using red and blue coumarin dyes as guest–host
doped emitter.

Recently, we have synthesized a new tripodal compound
in which three fluorophores, 7-diethylamino-coumarin
moiety, were incorporated into tris(2-aminoetheyl)amine
(tren) to form tris[2-(7-diethylamino-coumarin-3-carbox-
amide)ethyl]amine (tren-C) (Scheme 1). The strategies for
designing the tripodal compounds with coumarin fluoro-
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Scheme 1. Synthetic r
phores are: To attach three coumarin fluorophores onto
the terminal amido groups of tren is expected to separate
the coumarin fluorophores each other, keeping the optical
properties of the molecule identical to the pristine couma-
rin fluorophore. Another reason is to increase the spatial ex-
tent of the molecule and reduce the interactions such as
aggregation and dye self-quenching between the numerous
terminal groups. To verify the conception, in the present pa-
per N-butyl-7-(diethylamino)-coumarin-3-carboxamide as
the model compound was synthesized and the performance
of the electroluminescent devices doped with the com-
pound and tren-C was compared.

2. Experimental details

2.1. Materials and methods

4-(N,N0-diethylamino) salicylaldehyde from Zhejiang
Huadee Dyestuff Chemical Co., Ltd. (China) was recrystal-
lized from ethanol. Tris(2-aminoetheyl)amine (tren) was
purchased from Fluka. Thionyl chloride was freshly distilled
prior to use. Butylamine was bought from Shanghai No. 3
Chemical Reagent Factory (Chain). 4,40-bis(9-carbazolyl)
biphenyl (CBP), 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-
1,3,4-oxadiazole (Bu-PBD), 4,40,40 0-tris-N-naphthyl-N-
phenylamino-triphenylamine (2-TNATA) and N,N0-bis-
(naphthyl)-N,N0-diphenyl-1,10-biphenyl-4,40-diamine (NPB)
were purchased from Electro-Light Technology Corp.,
Beijing. The other solvents were analytical grade reagents.

IR spectra (400–4000 cm�1) were measured on a Shi-
madzu IRPrestige-21 FT-IR spectrophotometer. 1H NMR
spectra were obtained on Unity Varian-500 MHz. UV–vis
absorption and photoluminescent spectra were recorded
on a Shimadzu UV-2550 spectrometer and on a Perkin–
Elmer LS-55 spectrometer, respectively. The cyclic voltam-
mogram was performed on a Model CHI660 Electrochemi-
cal Analyzer (CH instruments, Austin, TX). The
electroluminescent spectra were measured on a Hitachi
MPF-4 spectrometer.
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2.3. Synthesis and characterization of tris[2-(7-diethylamino-
coumarin-3-carboxamide)ethyl]-amine (tren-C)

The synthetic route was shown in Scheme 1. The inter-
mediates, ethyl 7-(diethylamino)-coumarin-3-carboxylate
and 7-(diethylamino)-coumarin-3-carboxylic acid, were
obtained as previously described [24].

7-(Diethylamino)-coumarin-3-carboxylic acid (6 g,
0.023 mol) was dissolved in 50 ml of dichloromethane,
and then thionyl chloride (10 ml) was droped stepwise un-
der ice bath. The mixture was refluxed for 10 h. The result-
ing solution was evaporated to dryness under reduced
pressure and the residue was dispersed in dry toluene
(20 ml). After elimination of the solvent under reduced
pressure, and the process was repeated twice. The residue
was dried under vacuum.

7-(Diethylamino)-coumarin-3-carbonyl chloride (1.4 g,
5 mmol) was dissolved in anhydrous pyridine (10 ml)
and added with stirring to a solution of tris(2-amino-
ethyl)amine (0.2 g, 1.36 mmol) in anhydrous pyridine
(10 ml). After 5 h at room temperature, the resulting mix-
ture was poured into 100 ml water and extracted with
chloroform (3 � 50 ml). The organic phase was washed
with water (2 � 50 ml) and dried over anhydrous MgSO4.
After filtering, the filtrate was evaporated to dryness un-
der reduced pressure. The crude was purified by chroma-
tography on silica gel using chloroform/methanol (1:24,
v/v) as the eluent to give a white powder (0.52 g,
42.7%). mp. 116–118 �C. IR: 3348 (N–H), 2970, 2930,
2870, 2816 (C–H, aliphatic), 1701 (C@O, lactone), 1635
(C@O, amide), 1620, 1585, 1512 cm�1; 1H NMR (CDCl3,
TMS): 8.97 (s, 3H, 4-H), 8.62 (s, 3H, NH), 7.38 (d, 3H, 5-
H), 6.60 (d, 3H, 6-H), 6.42 (s, 3H, 8-H), 3.58 (d, 6H,
CONH–CH2), 3.44–3.39 (m, 12H, 7-N–CH2), 2.88 (t, 6H,
N–CH2), 1.23 (t, 18H, CH3).
N

N

NN

2-TNATA
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N N

O

PBD

NN

CBP

ON O
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Fig. 1. The molecular structures of mater
2.4. Synthesis and characterization of N-butyl-7-
(diethylamino)-coumarin-3-carboxamide

The model compound, N-butyl-7-(diethylamino)-cou-
marin-3-carboxamide, was obtained from 7-(diethyl-
amino)-coumarin-3-carbonyl chloride and butylamine
following a procedure similar to that described for tren-
C. The crude was purified by chromatography on silica
gel using ethyl acetate/petroleum(1:5, v/v). Yield: 60.5%
m.p. 107–109 �C. IR (KBr pellet, cm�1): 3336 (N–H), 3043
(aryl–CH), 2969, 2929, 2866 (alkyl–CH), 1697 (C@O, lac-
tone), 1644 (C@O, amide), 1617, 1582, 1525, 1509, 1377,
1133. 1H NMR (CDCl3, d, ppm): 8.77 (s, 1H, NH), 8.71 (s,
1H, 4-H), 7.42 (d, 1H, 5-H), 6.65 (d, 1H, 6-H), 6.51 (s, 1H,
8-H), 3.48–3.41 (m, 2H, CONH–CH2), 3.48–3.41 (m, 4H, 7-
N–CH2), 1.60 (m, 2H, CH2), 1.42 (m, 2H, CH2), 1.24 (m,
6H, CH3), 0.95 (t, 3H, CH3). Anal. Calc. for C18H24N2O3 (%):
C, 68.33; H, 7.65; N, 8.85. Found: C, 68.40; H, 7.61; N, 8.79.

2.5. Crystallography

Suitable single crystal of the model compound was ob-
tained from methanol solution. The diffraction data were
collected with a Bruker Smart Apex CCD area detector
using a graphite monochromated Mo Ka radiation
(k = 0.71073 Å) at 20 �C. The structure was solved by using
the program SHELXL and Fourier difference techniques,
and refined by full-matrix least-squares method on F2. All
hydrogen atoms were added theoretically.

2.6. OLEDs fabrication

The multilayer OLEDs were fabricated by vacuum-depo-
sition method. ITO-coated glass with a sheet resistance
Rh � 20 X/h was cut into 3 cm � 3 cm plates and etched
und

ials and the structure of EL device.



Fig. 3. Three-dimensional packing diagram of the model compound, H
atoms are omitted for clarity.
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in dilute hydrochloric acid for 20 min. Then the ITO sub-
strates were routinely cleaned by ultrasonic treatment in
solvents and then cleaned by exposure to an UV-ozone
ambient. All organic layers were sequentially deposited
without breaking vacuum (2 � 10�4 Pa). Thermal deposi-
tion rates for organic materials, LiF and Al were �2, �1
and 10 Å/s, respectively. The active area of the devices
was 12 mm2. The EL spectra and Commission Internatio-
nale de 1’Eclairage (CIE) coordinates were measured on a
Hitachi MPF-4 fluorescence spectrometer. The character-
ization of brightness–current–voltage (B–I–V) were mea-
sured with a 3645 DC power supply combined with a
1980A spot photometer and were recorded simulta-
neously. All measurements were done in the air at room
temperature without any encapsulation.

The molecular structures of the materials and the struc-
ture of devices used in this work are shown in Fig. 1. Tren-
C: CBP and Model compound: CBP were employed as the
emitters, 2-TNATA, NPB, and PBD were used as hole injec-
tion, hole transport and electron transport materials,
respectively. LiF was used as the electron-injection layer.

3. Results and discussion

3.1. Synthesis

Preparation of the compound tren-C was performed in
four steps from 4-(diethylamino)-2-hydroxybenzaldehyde
by means of Knoevenagel condensation with diethyl mal-
onate as the key step (Scheme 1). The hydrolysis of ethyl
7-(diethylamino)-coumarin-3-carboxylate was easily
realized by alkaline hydrolysis followed by acidification
to afford 7-(diethylamino)-coumarin-3-carboxylic acid.
Subsequent treatment with thionyl chloride led to the
intermediate 7-(diethylamino)-coumarin-3-carbonyl chlo-
ride that then reacted with tris(2-aminoethyl)amine (tren)
to afford the final compound tren-C in 42.7% yield.
7-(diethylamino)-coumarin-3-carbonyl chloride reacted
with butylamine to give the model compound, N-butyl-7-
(diethylamino)-coumarin-3-carboxamide in 60.5% yield.

When 7-diethylamino-coumarin-3-carboxamide was
incorporated into the tris(2-aminoethyl)amine (tren), a tri-
podal compound was obtained which shows a three-
dimensional space. Three coumarin fluorophores were at-
tached to an apical N atom through the isolating chains
Fig. 2. Crystal structure of t
and formed a cage cavity. The molecular design concept
of this work was to realize the absence of significant inter-
actions between the three coumarin fluorophore groups in
the tripod tren-C and compel them to emit simultaneously.
Moreover, it will reduce the interactions such as crystalli-
zation and aggregation of the molecules due to the three-
dimensional space to prevent the dye self-quenching. In
addition, the tripod tren-C has a flexible structure charac-
teristic, therefore the host molecule can enter into the cage
cavity of the guest tren-C when forming emitting layer. It
can avoid the occurrence of phase segregation.

3.2. X-ray crystal structure of the model compound

The crystal structure and packing diagram of the model
compound are given in Figs. 2 and 3, respectively. Crystal
data: C18H24N2O3, M = 316.39, monoclinic, crystal dimen-
sions 0.37 � 0.22 � 0.07 mm, space group C2/c, a = 22.603
(6) Å, b = 9.002 (4) Å, c = 18.276 (5) Å, b = 109.532 (7),
k = 0.71073 Å, T = 187(2) K, U = 3505 (2) Å3, Z = 8,
Dc = 1.199 g cm�3, l = 0.082 mm�1. Reflections (8691)
measured, 3083 unique (Rint = 0.0392), 211 refined param-
eters, transmission factors 0.9942 and 0.9705. The final
discrepancy factors were R1 = 0.1037, wR2 = 0.2715, good-
he model compound.
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ness-of-fit S = 1.054 on F2, largest difference peak and hole
0.392 and �0.271 eÅ�3. CCDC reference number 716852.

There is an intermolecular p–p stacking between the
model compound molecules in crystal lattice as shown in
Fig. 3. The interplanar distance is approximately 3.468 Å, it
is the rather short p–p interaction and possibly plays a role
in the radiationless quenching of the fluorescent emission.

3.3. UV–vis absorption and photoluminescence spectra

Fig. 4 shows UV–vis absorption and photoluminescent
spectra of tren-C in the solution of dichloromethane and
solid state. It is clear that tren-C exhibits two observable
peaks at ca. 257 and 415 nm in the absorption spectrum.
The absorption bands of tren-C were blue-shifted obvi-
ously compared to that of its precursor, 7-diethylamino-
coumarin-3-carboxylic acid (DCCA), which exhibits two
peaks in the absorption spectrum at 261 and 432 nm
[24], but a similarity in absorption spectral shape between
tren-C and DCCA is observed. The similarity can be attrib-
uted to the commonality of the center core (i.e., 7-diethyl-
amino-coumarin-3-carbonyl). From the molecular
structures of tren-C and DCCA, it can be seen that they
have the same electron-donor groups (diethylamino
group) at 7-position and different electron-acceptor groups
(imide for tren-C and carboxyl for DCCA) at the 3-position.
Clearly, the efficiency of electron-acceptance of the latter is
slightly higher. Furthermore, contrasted with the absorp-
tion spectrum of 7-diethylamino-coumarin which exhibits
two peaks at 256 and 376 nm [25], the longer wavelength
band of tren-C is red-shifted to 415 nm due to the fluoro-
phores bearing an electron-acceptance group in 3-position,
but the absorption spectral shapes of them are markedly
alike in dichloromethane solution, which displayed a
rather weak band at shorter wavelength followed by a in-
tense band at longer wavelength. From above comparison,
it was clearly indicated that three fluorophores in tren-C
are independent units and no interactions each other.

In addition, the absorption band at 415 nm corresponds
to the lowest unoccupied molecular orbital level of tren-C,
and it has a significant influence on the characteristic
emission spectra, so the PL spectra of tren-C was selected
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Fig. 4. UV–vis absorption and photoluminescent spectra of tren-C in the
solution of chloroform (1.0 � 10�5 mol/l) and solid states.
at 415 nm as the excitation wavelength. The maximum
optical absorption edge of tren-C is at ca. 450 nm, the opti-
cal bandgap energy (Eg) is calculated to be 2.78 eV.

Tren-C has different PL spectra in the solid state and in
the solution of dichloromethane (1 � 10�5 mol/l) (Fig. 4).
Tren-C exhibits bright green emission with the peak at
519 nm in the solid state, whereas the photoluminescence
of tren-C in dichloromethane has blue emission with the
peak at 464 nm, and it was found that the PL spectrum in
the solid state is much broader than that in dichlorometh-
ane solution and the full width at halfmaximum (fwhm)
are 65 nm for the former and 40 nm for the latter, respec-
tively. The results are suggested that the compound in the
solid state has more intermolecular interaction than that in
solution situation, and thus may lead to change of the
emission band.

Fig. 5 shows the photoluminescent behaviors of tren-C
doped in poly(methyl methacrylate) (PMMA). Mixed sys-
tems of tren-C with PMMA were prepared by dissolving
the compound with a certain weight ratios into acetone.
The samples for spectroscopy were fabricated by spin-
coating the acetone solutions onto clean quartz sub-
strates. It was illustrated that the emission spectral fea-
tures of the compound in the tren-C/PMMA systems
change with the weight ratios of the compound and
PMMA. It is noticed that the emission located at 463 nm
increases gradually with increasing the weight ratio and
reaches a maximum at about concentration of 0.5 wt%
the compound. When the concentration was higher than
0.5 wt%, the fluorescence emission was decreasing, and
the emission band was broadening and bathochromically
shifted. Noteworthily, when the concentration exceeded
2 wt%, an additional emission band appeared at around
520 nm, which corresponds to the emission in the solid
state. Moreover, as the concentration exceeded 10 wt%,
we can find that the emission band at 463 nm disap-
peared and the emission band at 520 nm reserved. The re-
sults show that the fluorescence intensity is intensively
quenched by concentration of the compound, so it was
found that a self-quenching was occurred. On the other
hand, the shape of emission spectra is intensively affected
by the intermolecular interaction, thus may lead to
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Fig. 5. The PL spectra of the thin film of tren in the tren-C/PMMA system
(CPMMA = 10 mg/ml, kex = 416 nm).
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Fig. 8. The energy-level diagram of the blue-emitting device.
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change of the emission band with increasing the weight
ratios.

Fig. 6 shows the UV–vis absorption spectrum and PL
spectra of the model compound in the solution of dichloro-
methane (1 � 10�5 mol/l�1) and in thin film. It is clear that
the model compound exhibits two observable bands at
about 257 and 415 nm, which is similar to that of tren-C.
The PL spectra of the compound in thin film with the emis-
sion peak at 451 nm is identical with that in the solution of
dichloromethane, but the former is much broader than the
latter.

3.4. Electrochemical properties and OLED performance

The electrical property of tren-C was first investigated
using the cyclic voltammetry (CV), from which the highest
occupied molecular orbital (HOMO) level of tren-C was
determined. The HOMO level is related to the hole injec-
tion/transporting property of tren-C. Tren-C was dissolved
in dichloromethane with tetra-n-butylammonium tetra-
fluoroborate (0.1 mol/l) as the electrolyte. A platinum
working electrode and a saturated Ag/AgCl reference elec-
trode were used. Ferrocene was used for potential calibra-
tion. Fig. 7 shows the cyclic voltammogram of tren-C and
ferrocene reference material. The oxidation onset at
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Fig. 7. Cyclic voltammograms of the ferrocene (dotted line) and tren-C
(solid line) (scan rate: 10 mV/s, solvent: dichloromethane).
0.70 V was clearly observed in the CV curve of tren-C. In
the CV cure of ferrocene, the oxidation peak and the reduc-
tive peak were observed at 0.55 and 0.25 V, respectively,
then the E1/2 (Fc/Fc+) is 0.40 V. From the oxidation onset
of tren-C, the HOMO of tren-C is determined to be
�5.10 eV regarding the energy level of ferrocene/ferroce-
nium as �4.80 eV [26]. Then the LUMO of tren-C is calcu-
lated to be �2.32 eV.

The device with the configuration of ITO/2-TNATA
(5 nm)/NPB (40 nm)/CBP: tren-C (x wt%, 30 nm)/PBD
spectrum of tren-C in dichloromethane.
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Table 1
EL performances of the tren-C doped devices.

Entry (wt%) Maximum efficiency (cd/A) Efficiency at 20 mA/cm2 Maximum external quantum efficiency (EQE) CIEx,y

0.25 3.32 @ 0.20 mA/cm2 1.89 2.81% (0.132, 0.124)
0.5 3.85 @ 0.10 mA/cm2 1.89 2.85% (0.134, 0.161)
1.0 2.71 @ 0.63 mA/cm2 1.99 1.56% (0.149, 0.225)
2.0 2.65 @ 0.23 mA/cm2 1.75 1.25% (0.193, 0.295)
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CBP: Model compound (1.5 wt%, 30 nm)/PBD (30 nm)/LiF (1 nm)/Al
(100 nm) at different applied voltages.
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(30 nm)/LiF (1 nm)/Al (100 nm) and the corresponding
HOMO-LUMO energy levels are depicted in Fig. 8. From
the energy diagram, the strong hole traping can be ex-
pected due to the lower HOMO level of tren-C than that
of CBP. On the other hand, little variation in LUMO level be-
tween tren-C and CBP allows electron easier to inject into
tren-C. Moreover, it is clear that NPB and PBD can act as
substantial electron-blocking and hole-blocking layers,
respectively. As a result, effective electron-hole pairs con-
finement in the emission layer can be expected.

Fig. 9 shows the EL spectra of the device with tren-C
doped at concentrations of 0.25, 0.5, 1 and 2 wt%. All de-
vices exhibit blue emissions with the maximum peaks at
ca. 464 nm. The EL spectra are identical to the PL spetrum
of tren-C in dichloromethane solution. Such results indi-
cate that these emissions take place from the tren-C mole-
cules. As shown in Fig. 9, it can be seen that the EL spectral
width broadens gradually with tren-C dopant concentra-
tions in CBP host increase, this suggests that there is slight
interaction between tren-C molecules as increase of the
dopant concentration.

Fig. 10 shows the luminance–current density–voltage
characteristics of the devices for various concentrations
of tren-C molecules. It can be seen that the increasing
doped concentrations suppressing the luminance and cur-
rent density of the devices, indicating that strong charge
trapping occurred in present device structures. Table 1
summarized the performances of the devices with various
tren-C doping concentrations in CBP host. The 0.5 wt%
tren-C doped device has maximum efficiency of 2 cd/A at
20 mA/cm2, which has a blue color with a CIEx,y of (0.134,
0.161). From the results, it is indicated that there is an opti-
mal doping concentration of tren-C.
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Fig. 11. Current efficiency–current density characteristics of the doped
devices with various dopant concentration.
It is obvious that the optimal tren-C concentration in
the CBP host is 0.5 wt%, and the 0.5 wt% tren-C doped de-
vice showed maximum luminance was 1450 cd/m2 at
12 V. Fig. 11 shows the relationship between current effi-
ciency and the current density in the devices with various
tren-C doping concentrations. It is shown that all doped
devices have higher efficiencies at low current densities,
and then the efficiencies fall off fleetly at higher current
densities. The above finding indicates that the electron
hole recombination may not be effective under high cur-
rent density, revealing that the present host, CBP, might
not be an optimal host material. The present device perfor-
mance could be further improved by substituting other
host candidates.
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To compare the performance of the devices doped with
tren-C, the devices with the model compound doped at
concentrations of 0.5 and 1.5 wt% were fabricated. Fig. 12
shows the EL spectra of the device with concentration of
1.5 wt% the model compound at different driving voltages.
The EL spectrum is almost identical to the PL spectrum of
the model compound thin film, a bright blue emission at
451 nm was observed. The representative current–lumi-
nance–voltage characteristics of the device doped the
model compound with different concentrations are de-
picted in Fig. 13. The devices show a turn-on voltage about
10 V. At the doped concentration of 1.5 wt%, the luminance
reaches as high as 270 cd/m2 at 17 V. The 1.5 wt% model
compound doped device has a maximum efficiency of
0.8 cd/A at 20 mA/cm2, which has a blue color with a CIEx,y

of (0.141, 0.084) (Fig. 14).
From above results, we can find that the performance of

the tren-C doped devices is be superior to that of the model
compound doped devices.

In conclusion, we designed and prepared a new tripodal
compound, tris[2-(7-diethylamino-coumarin-3-carboxam-
ide)ethyl]amine (tren-C), which exhibits different colors
emission in a solid states and solutions. The doped devices
fabricated from tren-C doped in CBP show the blue emis-
sions with the maximum peaks at ca. 464 nm and have
the EL spectra identical to the PL spectrum of tren-C in
dichloromethane. The ITO/2-TNATA (5 nm)/NPB (40 nm)/
CBP: tren-C (0.5 wt%, 30 nm)/PBD (30 nm)/LiF (1 nm)/Al
(100 nm) device displayed the pure brighter blue emission,
a maximum external quantum efficiency (EQE) of 1.39%, a
maximum luminous efficiency of 2 cd/A at the current den-
sity of 20 mA/cm2, and maximum luminance of 1450 cd/m2.
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a b s t r a c t

The high temperature limit of hole mobility (l1) in N,N0-diphenyl-N,N0-bis(1-naph-
thyl)(1,10-biphenyl)-4,40diamine (NPB) has been studied by time-of-flight technique. The
effect of dopants on l1 was also investigated. It was found that the l1 is independent
of the nature of dopants. The common l1 can be applied to estimate the full temperature
dependence of zero-field mobility (l0), if l0 at one temperature is known. We demonstrate
this concept by predicting the room temperature l0 of NPB-doped with copper phthalocy-
anine (CuPc). The mobility prediction of CuPc-doped-NPB was then verified by the classic
work of Hoesterey and Letson [D.C. Hoesterey, G.M. Letson, J. Phys. Chem. Solids 24 (1963)
1609].

� 2009 Elsevier B.V. All rights reserved.
1. Introduction best parameter to describe the intrinsic transport proper-
Charge carrier transport behaviors in organic semicon-
ductors have been intensively studied by both industry
and academia for many years [1,2]. The interests in study-
ing organic materials are driven by their applications in
optoelectronic devices including e.g. organic light emitting
diodes, thin film transistors and photovoltaic cells [3–5].
To date, carrier mobility measurement has emerged to be
a key technique for the characterization of organic material
[6]. In addition, the measurement of mobility provides a
means of examining carrier transport inside organic semi-
conductors. Generally, measuring the room temperature
carrier mobility (lRT) is the first step to characterize trans-
port behaviors of an organic material. However, lRT can be
easily affected by dopants (intrinsic or extrinsic) and de-
fects inside the material. Therefore, lRT is clearly not the
. All rights reserved.

x: +852 3411 5813.
ties of the organic materials.
Below, we demonstrate that the high temperature limit

of carrier mobility (l1) is a better parameter for quantify-
ing the charge transport properties of an organic material
because it is less sensitive to the presence of dopants and
defects. Previous reports suggested that l1 can be utilized
to estimate transport parameters such as the average inter-
site distance (a), the localization length (L) with the rela-
tion [7,8]:

l1 ¼
ea2v0

r
expð�2a=LÞ ð1Þ

In Eq. (1), e is the electron charge, v0 is the attempt-to-
escape frequency. But the value of v0, which is ranged
between 10�12 and 10�14 s�1, is a big uncertainty. The
practical use of l1 is still not very evident.

In this study, we measure l1 of N,N0-diphenyl-N,N0-
bis(1-naphthyl)(1,10-biphenyl)-4,40diamine (NPB) by
time-of-flight (TOF) technique. NPB is widely used in

mailto:skso@hkbu.edu.hk
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel
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OLEDs as a hole transporter. It possesses trap-free hole-
transporting property, excellent film forming ability, and
chemically stability [9]. Hence, the research on the intrin-
sic hole-transporting properties of NPB is of clear impor-
tance. The effect of dopants on l1 of NPB will be
examined. Furthermore, knowledge of l1 allows us to esti-
mate the full temperature dependence of zero-field mobil-
ity (l0), if l0 at one temperature is known. We
demonstrate this concept by doping NPB with copper
phthalocyanine (CuPc).
Table 1
Hole transport parameters of pristine and doped-NPB. The chemical structures of t
columns, respectively.

Sample Chemical structure of
host/dopant

LUMO/
HOMO[eV][10–15]

lh at F = 0
[cm2/Vs]

NPB

N NN N

�2.5/�5.5 6.6 � 10�4

NPB:ADNa �2.6/�5.8 6.1 � 10�4

NPB:tBu-
PBDb

O
NN �2.5/�6.1 4.7 � 10�4

NPB:BCPc

N N
CH3CH3

�3.0/�6.5 6.2 � 10�4

NPB:DCM1d

N
CH3

CH3

OCH3

NC CN �3.1/�5.3 1.0 � 10�4

NPB:DCM2e

OCH3

NC CN

N

�3.1/�5.3 1.5 � 10�4

NPB:CuPcf

N

N
N

N

N
N

N

N

Cu

�3.5/�5.2 –

a ADN: 9, 10-di(2-naphthyl) anthracene.
b tBu-PBD: 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole.
c BCP: 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline.
d DCM1: 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryle)-4H-pyr
e DCM2: 4-dicyanomethylene-2-methyl-6-[2-(2,3,6,7-tetra-hydro-1H,5H-benz
f CuPc: copper phthalocyanine.
2. Experimental

All TOF samples had a structure of indium-tin-oxide
(ITO)/undoped-NPB or doped-NPB(7–10 lm)/CuPc(100
nm)/Al(15 nm). Table 1, second column, shows the chemi-
cal structures of the host (NPB) and the dopants. All doped
samples are represented with the notation NPB:X, where X
is the name of the dopant. The full names of all dopants are
spelt out in Table 1. Doping was achieved by thermal co-
evaporation of the two materials (i.e. NPB and dopant) on
he host/dopants, and their energy levels are shown in the second and third

.29 MV/cm and RT l0 at RT [cm2/
Vs]

l1 [cm2/
Vs]

r [meV] R

3.0 � 10�4 1.7 � 10�2 75 1.3

2.9 � 10�4 1.5 � 10�2 74 1.4

1.5 � 10�4 1.2 � 10�2 74 1.6

2.3 � 10�4 1.4 � 10�2 77 0.7

1.4 � 10�5 1.5 � 10�2 100 1.8

1.5 � 10�5 1.5 � 10�2 98 1.6

4.2 � 10�7

[fitted]
– 121

[fitted]
–

an.
o[ij] quinolizin-8-yl)vinyl]-4H-pyran.



Fig. 1a. Typical time-of-flight transients for (i) Pristine NPB, (ii) NPB:DCM1 (iii) NPB:DCM2 (iv) NPB:ADN and (v) NPB:tBu-PBD (vi) NPB:BCP under an
applied field of 0.14 MV/cm at room temperature. In (ii) and (iii), the insets show the log–log plots. The film thicknesses L are also shown.

Fig. 1b. Hole mobilities of NPB and doped-NPB at room temperature.
Solid lines are the best linear fits to the data.
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ITO under a pressure of about 10�6 Torr. The coating rate
for NPB and the dopants were fixed at 9.85 and 0.15 Å/s,
respectively. So, the doping concentration was fixed at
1.5% by volume. Three of the dopants, ADN, tBu-PBD, and
BCP were chosen to act as hole scatterers in NPB because
they possess low-lying highest occupied molecular orbitals
(HOMO) relative to the HOMO of NPB (Table 1, third
column) [10–13]. The other three dopants, DCM1, DCM2,
and CuPc were chosen as hole traps in NPB because they
have high-lying HOMO relative to NPB [14,15]. During hole
mobility measurement, the sample was reverse-biased. A
nitrogen pulsed laser (k = 337.1 nm) was irradiated on
the semi-transparent Al/organic interface to generate elec-
tron-hole pairs. Since CuPc has strong absorption at
337.1 nm, over 90% of the incident photons were absorbed
by the CuPc layer [16]. A dc power supply was used to pro-
vide the bias voltage for hole detection. Free holes are
drifted towards the negatively biased anode.

3. Results and discussion

Fig. 1a shows the representative TOF hole transients for
pristine NPB and doped-NPB at room temperature and an
applied electric field strength (F) of 0.14 MV/cm. The hole
transit time (s) can be determined at the instant at which
the plateau drops abruptly in the TOF signal. Pristine NPB
exhibits non-dispersive hole transport with a very well-de-
fined plateau region. Similarly, when NPB is doped with
scatterers (i.e. ADN, tBu-PBD, and BCP), the plateau region
is still evident for the extraction of s. When NPB is doped
with traps (i.e. DCM1/2), the plateau region in the TOF
signal is less evident. However, s can be defined from the
inserted log–log plots of Fig. 1a(ii) and (iii). For CuPc-
doped-NPB, the TOF signals were very dispersive. s Cannot
be determined at room temperature. This observation will
be discussed later. Once the transit time is determined, the
hole mobilities can be evaluated by lh = L2/(V � s) where L
is the thickness of the sample and V is the applied voltage
[6]. Fig. 1b shows the hole mobilities for doped and pristine
NPB at room temperature. A plot of l(F,T) vs

ffiffiffi
F
p

generally
yields a straight line. Extrapolation of this line to F = 0
results in l0. Table 1, fifth column summarizes all l0 at
room temperature. Subsequently, the experiment was re-



Fig. 2. The zero-field mobilities l0 vs (1000/T)2 for NPB (j) and doped-
NPB. For a doped sample, the data are labeled with the name of the
dopant. Solid lines are best linear fits to the data sets. l1 can be extracted
from the y-intercept of these plots. For NPB:CuPc, only one data point
labeled with the filled star symbol (w) can be determined from TOF
signals at 389 K. The open star symbol (q) is the extrapolated l0 of
NPB:CuPc at room temperature (290 K).

Fig. 3. Hole mobilities of NPB:CuPc at 389 K. Typical TOF transients of (a)
NPB:CuPc at room temperature (RT), (b) NPB:CuPc at 389 K under an
applied field of 0.2 MV/cm.
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peated at different temperatures to investigate the depen-
dence of l0 on T. Fig. 2 shows the temperature dependenc-
es of l0 for pristine and doped-NPB. The temperature
dependent mobility data were then analyzed by the Gauss-
ian disorder model (GDM) [17]. The essence of the GDM
can be embodied in the following equation for the carrier
mobility:

lðF; TÞ ¼ l1 exp � 2r
3kT

� �2
" #

exp C
r
kT

� �2
� R2

� �
F

1
2

	 


ð2Þ

In Eq. (2), l1 is the high temperature limit of carrier
mobility, r is the energetic disorder, R is the positional dis-
order, T is the absolute temperature, k is the Boltzmann
constant, F is the applied electric field, and C is a fitting
constant. Generally, lnðl0Þ � � 1

T2 as predicted by Eq. (2).
For a particular sample, l1 and r can be extracted from
the y-intercept and the slope of this plot, respectively (Ta-
ble 1, sixth and seventh columns). For pristine NPB, the ex-
tracted l1 and r were about 1.7 � 10�2 cm2/Vs and
75 meV, respectively. From Fig. 1b, we see that charge scat-
terers (i.e. ADN, tBu-PBD, BCP) have little effects on hole
mobilities or l0 in NPB. As a result, the temperature depen-
dent l0 for undoped-NPB and NPB-doped with charge scat-
terers have almost overlapping data. In contrast, charge
traps (i.e. DCM1, DCM2, CuPc) severely hinder hole mobil-
ities in NPB. The reduction of l0 is more than one order
down for NPB:DCM1 or NPB:DCM2 compared to the pris-
tine case at room temperature (Table 1, fifth column). Irre-
spective of the nature of the dopant, we note that all
samples appear to have a common y-intercept, i.e. l1,

from Fig. 2 (Table 1, sixth column). The mean value of
l1 = 1.5 ± 0.3 � 10�2 cm2/Vs remain almost the same as
the pristine case. This suggests that l1 is independent of
the nature of dopants. At T ?1, it is expected that charge
carriers gain sufficient thermal energy to overcome all
energetic barriers which are formed by the dopant mole-
cules. Hence, the l1 should not be affected by the presence
of dopant molecules.

Below, we employ this common l1 to estimate the full
temperature dependence of l0 for NPB:CuPc. When CuPc
was doped into NPB, the mobile holes are severely trapped
by CuPc molecule. This explains why the TOF transient for
NPB:CuPc was very dispersive as shown in Fig. 3a. Subse-
quently, the temperature of the sample was increased.
Non-dispersive signals with well-defined plateau regions
were observed at T = 389 K. An example is shown in
Fig. 3b. Fig. 3 shows lh (T = 389 K) of NPB:CuPc at different
electric fields. l0 (T = 389 K) can be extracted from the y-
intercept of this plot. This data point is shown with a ‘‘star”
symbol (w) in Fig. 2. The full temperature dependence of
l0, however, still cannot be obtained experimentally. To
obtain a full temperature dependence of l0, we fit a
straight line to l1 and l0 (T = 389 K) as shown in the
dashed line in Fig. 2. With this fitted line, we can extrapo-
late the value of l0 at room temperature to be
4.2 � 10�7 cm2/Vs (open ‘‘star” symbol, q in Fig. 2). The
energetic disorder, r can also be evaluated from the slope
of the fitting line ¼ � 4r2

9ð1000Þ2k2

� �
, and the value is about

121 meV. These extrapolations concur with the expecta-
tions that lh should be strongly reduced when deep traps
(trap depth �300 meV for CuPc-doped into NPB) are intro-
duced into NPB. The overlap between the HOMO of CuPc
molecules and the upper part of the density of state of
NPB would broaden the hopping transport manifold and
lead to an increase in the energetic disorder [18]. The
overall hole transport properties of NPB are summarized
in Table 1.
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The mobility extrapolation of NPB:CuPc can be cross-
examined by the classic work of Hoesterey and Letson
(H&L) which was originally developed for organic crystals
[19]. The formalism is based on discrete trap energy and
devoid of the effects of disorder. They proposed that in
the presence of traps, the mobility is given by:

ltrapðcÞ ¼ ltrap-freef�1 ¼ ltrap-free 1þ c exp
Et

kT

� �� ��1

ð3Þ

where f is a trapping factor reflecting the transit time spent
by a carrier in traps, ltrap-free is the trap-free mobility, c is
the doping concentration, k is the Boltzmann constant,
and Et is the trap depth, i.e. the energy level difference be-
tween host and trap [18]. The validity of Eq. (3) has been
demonstrated in small organic molecules [20,21]. Besides
affecting the mobility, the presence of traps also affect
the energetic disorder. From the well-known GDM and
Eq. (3), the effective energetic disorder parameter (reff),
which is the width of the cumulative density of states
(DOS) in the presence of traps, can be described by [22]:

reff

r

� �2
¼ 1þ 3kT

2r

� �2

lnðcÞ þ Et

kT

� �
for c exp

Et

kT

� �� �
P 1

ð4Þ

where r is the intrinsic energetic disorder (i.e. the width of
the intrinsic DOS in the absence of traps). Below, we em-
ploy Eqs. (3) and (4) to cross-examine the transport param-
eters extrapolated from Fig. 2 for NPB:CuPc.

For NPB:CuPc, substituting the known values of
c � 0.015, Et � (5.5–5.2)eV = 0.3 eV, ltrap-free (l0 of NPB)
�3 � 10�4 cm2/Vs, and r (NPB) �75 meV into Eqs. (3)
and (4). It yields a ltrap of 1.2 � 10�7 cm2/Vs (l0 of
NPB:CuPc) and a reff (NPB:CuPc) of 129 meV at room tem-
perature. The computed results from the work of H&L only
deviate with our mobility extrapolation (4.2 � 10�7 cm2/
Vs) within half an order and agree to our energetic disorder
extrapolation (121 meV). Exact agreement is not expected
between the computed results [by Eqs. (3) and (4)] and our
extrapolated results in Fig. 2 as there is an uncertainty in Et

of at least �0.1 eV due to uncertainties in the HOMO values
of NPB and CuPc. However, this agreement shows that l1
can be used to estimate the full temperature dependence
of l0.

4. Conclusion

In conclusion, when dopants were introduced into NPB,
the measured mobilities were reduced compared to the
intrinsic values, especially for the cases of trapping. How-
ever, the values of the l1 remain nearly the same as the
pristine case. This indicates that l1 is indeed an intrinsic
property of organic semiconductor, irrespective of the nat-
ure of dopants. The application of the common l1 for
mobility extrapolation was demonstrated from the case
of NPB:CuPc. The results generally agree to the classic work
of Hoesterey and Letson.
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Two novel p-phenylenediamine-substituted fluorenes have been designed and synthe-
sized. Their applications as hole injection materials in organic electroluminescent devices
were investigated. These materials show a high glass transition temperature and a good
hole-transporting ability. It has been demonstrated that the 2,3,5,6-tetrafluoro-7,7,8,8-tet-
racyanoquinodimethane (F4-TCNQ) doped p-phenylene-diamine-substituted fluorenes, in
which F4-TCNQ acts as p-type dopant, are highly conducting with a good hole-transporting
property. The organic light emitting devices (OLEDs) utilizing these F4-TCNQ-doped mate-
rials as a hole injection layer were fabricated and investigated. The pure Alq3-based OLED
device shows a current efficiency of 5.2 cd/A at the current density of 20 mA/cm2 and the
operation lifetime is 1500 h with driving voltage increasing only about 0.7 mV/h. The
device performance and stability of this hole injection material meet the benchmarks for
the commercial requirements for OLED materials.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction to prepare a thin-film for photovoltaic cells (OPV) and pho-
Organic semiconductors have been intensively studied
as active materials in various electronic and optoelectronic
devices because of the low cost, ability to tune the func-
tional/material properties by means of chemical structural
modifications, ease of fabrication, and feasibility for flexi-
ble devices [1]. In addition, the high absorptivity in the vis-
ible range of organic semiconductors offers the possibility
. All rights reserved.
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Nanjing University of
todetectors [2]. Hence, in the past decade, these materials
have been intensively studied as alternative active materi-
als in various electronic and optoelectronic devices. Re-
cently, enormous progresses have been made in tailoring
properties of organic semiconductors through chemical
structure modification [3]. Organic semiconductors are
generally in the form of undoped amorphous state when
used as carrier transporters in thin-film optoelectronic de-
vices. However, the inherent low charge mobility of organ-
ic semiconductors resulting from the hopping transport in
disordered organic thin-films often gives rise to a high
operating voltage. For example, the hole mobility in amor-
phous organic thin-films is in the range of 10�3–
10�5 cm2 v�1 s�1, which is about 1000 times lower than
that of the amorphous Si thin-film. To improve the
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conductivity of organic semiconductors, doping concepts
have been adopted from their inorganic counterparts. Sim-
ilar to the conventional doping in inorganic semiconduc-
tors, the basic concept of doping in organic
semiconductor is to add a strong electron-donor or elec-
tron-acceptor which either transfer an electron to the low-
est unoccupied molecular orbital (LUMO) of a host
molecule to produce a free electron (n-type doping) or re-
move an electron from the highest occupied molecular
orbital (HOMO) of a host molecule to generate a free hole
(p-type doping) [4]. In this concept, by matching the
LUMO/HOMO of the dopant to the HOMO/LUMO of the or-
ganic semiconductor, the Fermi level of the organic semi-
conductor can be successfully shifted towards the
transport states, and hence, the organic devices will be
beneficial from reducing ohmic losses, lowering carrier
injection barriers and increasing the built-in potential of
Schottky- or p–n-junctions [5]. The organic optoelectronic
device with a hole transporting layer (HTL) doped with
p-type dopant such as 2,3,5,6-tetrafluoro-7,7,8,8-tetracya-
noquinodimethane (F4-TCNQ), and an electron transport-
ing layer (ETL) doped with n-type dopant such as alkali
metal atoms are widely reported, and the device structure
is known as p–i–n [6]. Currently, p–i–n organic light emit-
ting devices (OLED) [7] and p–i–n OPV [8] are two of the
hot topics in the organic optoelectronic devices due to
the improved ohmic contact and electrical conductivity
in the devices. For instance, a very low-operation-voltage
multilayered OLED with high efficiency has been achieved
by combining a thick F4-TCNQ doped 4,40,400-tris(N,N-
diphenylamino)-triphenylamine (TDATA) as a HTL with a
thin undoped buffer layer [9]. This OLED exhibits a turn-
on voltage of 2.5 V at a luminance of 1 cd/m2 and an oper-
ating voltage of 3.4 V at a luminance of 100 cd/m2 for pure
tris-(8-hydroxyquinoline) aluminum (Alq3) device without
dopant emitter. Most recently, a p–i–n white OLED reached
a high efficiency of 23.3 lm/W [10]; and a p–i–n red phos-
phorescent OLED obtained an external quantum efficiency
of 12.4% with extremely high lifetime of about 1 � 107 h
[11]. Among the p-doped hole transporting systems, F4-
TCNQ is the-state-of-art dopant, and most of the host
materials for p-doping are based on the wide bandgap
amorphous hole transporting materials with triphenyl-
amine unit, such as 4,40,400-tris-N-naphthyl-N-phenylami-
no-triphenylamine (TNATA), N,N,N0, N0-tetrakis-(4-
methoxyphenyl)benzidine (MeO-TPD) [7a], 4,40,400-tris(3-
methylphenyl-phenyl-amino)triphenylamine (m-MTDA-
TA) [7b]. Low bandgap metal phthalocyanines can also be
efficiently doped with F4-TCNQ. However, phthalocya-
nines are not well suited for OLEDs due to their small en-
ergy gap between HOMO and LUMO levels of
phthalocyanines, which leads to re-absorption and elec-
tron injection from the emitting layer to the HTL [12].
Other type of materials that can be doped with F4-TCNQ
are very rarely reported. In the practical point of view, de-
vice stability is an important issue that governs the key
factor to realize the success of commercialization. In order
to achieve the practically targeted stability, organic semi-
conductors with high thermal stability are necessary to
be developed. Fluorene derivatives have been received
considerable attention as potential candidates for the ac-
tive materials in OLED due to their good chemical stability
and high luminescence over the past decade [13]. By
attaching appropriate functional substituent, fluorene
derivatives can act as a HTL [14], or an ETL [15], or a
deep-blue emitting material (EM) [16] in OLEDs. To the
best of our knowledge, there is no report on the applica-
tions of fluorene derivatives as a p-doping host in OLEDs.
In this contribution, we have designed and synthesized
two new p-phenylenediamine-substituted fluorenes for
the hole injection application. It is anticipated that these
materials show a high glass transition temperature (Tg)
and a good hole transport ability because of the highly
thermally stable nature of fluorene and phenylenediamine
moieties as well as the good hole transporting property of
phenylenediamine functional group. We have demon-
strated that controlled p-type doping system using F4-
TCNQ as a dopant can be extended to materials with a flu-
orene core which was found to be efficient and stable in
application of OLED devices. It has been shown that high
conductivities can be achieved through doping with F4-
TCNQ in these two derivatives. On the other hand, for good
device performance, the ionization potential of the host
also plays an important role. The lower the ionization po-
tential of the host, the better is the performance. The best
Alq3-based OLED device using such a host material doped
with F4-TCNQ as a hole injection layer (HIL) shows an effi-
ciency of 5.2 cd/A and operation lifetime of 1500 h at
20 mA/cm2, with the driving voltage increasing about
0.7 mV/h. This material with the best performance can be
used to replace the currently employed triphenylamine
based HIL materials.
2. Results and discussion

2.1. Synthesis and characterization

Scheme 1 shows the synthetic route utilized to prepare
p-phenylenediamine-substituted fluorenes, 4a and 4b. 2,7-
dibromofluorene derivatives 1a and 1b were prepared
according to the literature procedures [16a]. Double ami-
nation of 2,7-dibromofluorene derivatives 1a and 1b with
two equivalent of diphenylamine in the presence of
Pd(OAc)2:2P(o-tolyl)3 as a catalyst afforded the corre-
sponding diamination product 2a and 2b in 72% and 68%
yield, respectively. Bromination of diphenylamino end-
capped fluorene derivatives 2a and 2b with NBS in chloro-
form yielded tetrabromo-substituted intermediates 3a and
3b in excellent yields. Palladium catalyzed amination of 3a
and 3b with diphenylamine afforded the desired p-phenyl-
enediamine-substituted fluorene derivatives in good
yields. All the newly synthesized hole injection materials
were fully characterized with 1H NMR, 13C NMR, MALD-
TOF HRMS, and elemental analysis and found to be in good
agreement with their structures. The detail procedures are
shown in experimental section. These fluorene derivatives
were purified by the flash column chromatography and de-
gassed under vacuum before used for deposition.

Table 1 summarizes the physical properties measured
by the corresponding techniques. As determined by differ-
ential scanning calorimeter and thermal gravimetric ana-
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Scheme 1. Synthesis of p-phenylenediamine-substituted fluorene derivatives 4a and 4b.

Table 1
Summaries of physical measurements of 4a and 4b.

Absorption band/nma Eoxd
1=2/Vb Ered

p /Vb HOMO/eVc LUMO eVd Tg/�Ce Tdec /�Cf

4a 309/354/394 0.39, 0.52, 0.86 �1.00 �5.07 �2.16 126 521
4b 314/348/400 0.48, 0.58, 0.89 �1.27 �5.16 �2.34 146 590

a Measured in CHCl3.
b Eoxd

1=2 (or Ered
p ) vs. SCE estimated by CV method using platinum disc electrode as a working electrode, platinum wire as a counter electrode, and SCE as a

reference electrode with an agar salt bridge connecting to the oligomer solution and ferrocene was used as an external standard, E1/2 (Fc/Fc+) = 0.50 V vs.
SCE).

c Determined by ultraviolet photoemission spectroscopy using Surface Analyzer model AC-2.
d LUMO = HOMO � Optical Bandgap.
e Determined by differential scanning calorimeter with a heating rate of 10 �C min�1 under N2.
f Determined by thermal gravimetric analyzer with a heating rate of 10 �C min�1 under N2.
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lyzer with a heating rate of 10 �C min�1 under N2, both flu-
orene derivatives possess a high glass transition tempera-
ture (Tg), > 125 �C and thermal decomposition
temperature (Tdec), >520 �C, respectively. Such high Tg val-
ues are superior to most of the commonly used hole trans-
porting materials (i.e. Tg of 4,40,400-tris(N-(2-naphthyl)-N-
(phenylamino)triphenylamine (2T-NATA) = 110 �C) [17]. It
is well-known that the higher the Tg of a material, the bet-
ter is the morphological stability of an organic thin-film.
Hence, high morphological stability is anticipated using
these materials as a hole transporting material in an OLED
application.

Cyclic voltammetry (CV) was carried out in a three-elec-
trode cell set-up with 0.1 M of Bu4NPF6 as a supporting
electrolyte in CH2Cl2 to examine the electrochemical prop-
erties of these molecules. All the potentials reported are
referenced to Fc/Fc+ standard and the results are tabulated
in Table 1. These fluorene derivatives exhibit a low first
reversible one-electron anodic redox wave corresponding
to phenylenediamine oxidation with Eoxd1

1=2 at 0.39–0.48 V
and followed by a reversible one-electron and two-elec-
tron anodic redox waves with Eoxd2

1=2 at 0.52–0.58 V and
Eoxd3

1=2 at 0.86–0.89 V, respectively. Such a facile first electro-
chemical oxidation of phenylenediamine moiety suggests a
very low first ionization potential of the materials which
was confirmed by the estimated HOMO level around
�5.1 eV as determined by ultraviolet photoemission spec-
troscopy. The low HOMO level make them feasible to be re-
moved an electron to generate a free hole upon doped with
a strong electron-acceptor. On the other hand, these fluo-
rene derivatives also exhibit an irreversible cathodic wave
with Ered1

1=2 at �1.00 to �1.27 eV, which corresponds to the
formation of the radical anion on the fluorene/fluorone
core.
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2.2. Charge-transfer complex of 4 and F4-TCNQ

Due to the strong electron-donating nature of 4 and the
strong electron-accepting property of F4-TCNQ, 4 and F4-
TCNQ can interact to form a charge-transfer (CT) complex
via partial electron transfer upon mixing with which free
carriers would be generated as depicted in Fig. 1. There
are two possible reaction routes for one-electron transfer
between electron-donor 4 and electron-acceptor F4-TCNQ,
as shown in Fig. 1. Assuming that there is only one route
dominates the one-electron transfer process, the reaction
between 4 (represented as D) and F4-TCNQ (represented
as A) can be written as [18]:

Dþ A �
K

Dþ þ A� E1A � E1D ð1Þ

where, E1A and E1D are the first reduction potential of the
electron-acceptor and the first oxidation potential of the
electron-donor, respectively. Thus the equilibrium con-
stant (K) for electron transfer can be given:
X
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NN
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F
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Fig. 1. Possible reaction mechanism for electron
log K ¼ log½½D
þ�½A��
½D�½A� � ¼

E1A � E1D

0:059
ð2Þ

Using E1D of 0.39 and 0.48 V for 4a and 4b from Table 1,
respectively and E1A of 0.568 V for F4-TCNQ [19], the reac-
tion constants of K4a-F4-TCNQ and K4b-F4-TCNQ obtained were
103.02 and 101.49, respectively. With such large positive val-
ues, the corresponding reactions for one-electron transfer
between 4 and F4-TCNQ are likely to occur. The occurrence
of such electron transfer reactions are also reflected in the
UV–Vis absorption spectra as shown in Fig. 2. Upon addition
of F4-TCNQ, new bands/peaks at longer wavelengths appear
in the solution mixture as compared to the spectra of their
pure solutions. In the 4a and 4b absorption spectra, there
are no absorption above 700 nm, while the mixture of F4-
TCNQ with 4a and 4b show additional strong absorption
peaks around 760 and 870 nm, which are attributed to the
absorption of anion radical of F4-TCNQ [20]. Concomitantly,
the absorption intensity of F4-TCNQ decreases dramatically
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in the solution mixture. This illustrates that the charge
transfer (CT) complex is formed between 4a (and 4b) and
F4-TCNQ which also implies that these materials doped
with F4-TCNQ would form a good p-type system. In addi-
tion, the charge transfer band of F4-TCNQ doped 4a system
was about 10 times higher than that of F4-TCNQ doped 4b
system, suggesting a more efficient charge transfer between
F4-TCNQ and 4a than F4-TCNQ and 4b. This may explain the
better hole conduction in the 4a doped with F4-TCNQ thin-
film shown in the next section.

2.3. p-Type doping properties in thin-films

From a chemical point of view, in amorphous thin-films,
the p-type doping of a hole transporting molecules D by
electron-acceptor molecules A is determined by a mass ac-
tion law (In this case, D concentration is much higher than
A concentration):

Dþ D̂A�Dþ ½D̂þA���Dþ þ D̂A� ð3Þ

Here, D is a random matrix molecule and D̂ is the matrix
molecule adjacent to the electron-acceptor, which is sup-
posed to give the electron to the acceptor in the initial
charge transfer step, this is exactly the reaction shown in
Fig. 1 and Eq. (1). Thus, the intermediate state ½D̂þA�� is a
local charge transfer state, where the charges may be
bound by different interactions and form a kind of com-
plex. The final state is assumed to be unbound, i.e. the ma-
trix molecule that carries the positive charge is so far away
from the ionized acceptor that it does not feel the Coulomb
interaction. In such a situation, the positive charge can
move by hopping and the density of Dþ can be associated
with the hole density p. If a very strong electron-acceptor
is used and the initial charge transfer (first step of reaction
(3)) is complete, the hole density will be governed by the
second step of reaction (3). The problem of the generation
of free carriers is not only about the Coulomb attraction be-
tween two molecules with opposite charge. It is about the
difference in the total energy between the following two
states: (a) a matrix with a certain density of charged accep-
tors with holes bound to the acceptors and (b) the same
matrix with mobile holes. Here, all kind of structural relax-
ation and quantum chemical reorganization processes
have to be considered [21]. In our case, it could be thought
or assumed that the F4-TCNQ acceptors could react with
the host molecules in a great extent or even completely be-
cause of the energetically favorable reaction and the small
electron-acceptor concentration. Therefore, the free hole
density in the doping system shall be only controlled by
the dissociation of the intermediate state ½D̂þA��. In other
words, besides the high tendency for electron transfer from
electron-donor to electron-acceptor, another important
factor that influences the conductivity of the doped system
is the status of the intermediate ½D̂þA��: the easier the dis-
sociation, the higher conductivity is the doped system.

In order to study the hole transporting properties of 4a
and 4b without or with doping, we fabricated hole-
only devices with the structure of ITO/4a and 4b with 0%
or 1.5% F4-TCNQ (60 nm)/NPB (10 nm)/Al (where NPB =
N,N0-bis-(1-naphthyl)-N,N0-dipheny-1,10- biphenyl-4,40-
diamine). N,N0-bis-(1-naphthyl)-N,N0-dipheny-1,10-biphe-
nyl-4,40-diamine). For comparison, the 2T-NATA hole-only
devices with and without F4-TCNQ were fabricated simul-
taneously. The I–V measurements were carried out on
these devices and the results are shown in Fig. 3. It is
clearly indicated that the F4-TCNQ doped films of 4a, 4b
and 2T-NATA exhibit significantly higher current as com-
pared to their undoped counterparts, demonstrating high
conductivity in the doped films. In the F4-TCNQ doped sys-
tems, 4a-based film shows a greater improvement in con-
ductivity with about 2–3 orders of magnitude increase in
hole current with respect to the undoped film. It is impor-
tant to note that the current densities of F4-TCNQ doped
4a, 4b, and 2T-NATA hole-only devices at 3 V are 135, 6.6
and 51.8 mA/cm2, respectively. These findings are consis-
tent with the HOMO data determined which indicate that
the HOMO level of 4a is lower than that of 4b and 2T-
NATA, as shown in Table 1. In addition, the absorption
spectra in the doping system indicate that the degree of
charge transfer in 4a/F4-TCNQ system is higher than that
of 4b/F4-TCNQ system due to the lower HOMO of 4a.
Therefore, F4-TCNQ doped 4a film showed higher hole con-
ductivity than those of F4-TCNQ doped 4b and 2T-NATA
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films. As a result, 4a is anticipated to be a better candidate
for the p-type doping host material than 2T-NATA.

2.4. Application in OLED devices

Encapsulated OLED devices with a sheet desiccant in-
side a glass cover were fabricated using F4-TCNQ doped
4a and 4b as a HIL. The device structure is ITO/4a or
4b:1.5% F4-TCNQ (150 nm)/NPB (10 nm)/Alq3 (60 nm)/LiF
(1 nm)/Al. The performance of the devices was tested and
the I–V–B characteristics are shown in Table 2 and Fig. 4.
The operation lifetimes were measured at a constant cur-
rent of 20 mA/cm2. The lifetime was recorded after a 10-
h burn-in. For comparison, the OLED using 2T-NATA doped
with F4-TCNQ as a HIL was also fabricated and tested un-
der the same conditions. The results are summarized in Ta-
ble 2.

Due to the doping of HIL, a high luminance is achieved
at low voltage which results in a high power efficiency
even though a comparatively thick HTL (160 nm in thick-
ness) is used. For the 4a-based device, the turn-on voltage,
defined as the bias at a brightness of 1 cd/m2, is only 2.7 V.
At 20 mA/cm2, the device driving voltage is 6.0 V and cur-
rent efficiency is 5.2 cd/A as compared to the commonly
used 2T-NATA doped with F4-TCNQ as a HIL, the driving
voltage is 6.7 V with a current efficiency of 4.5 cd/A at
the same current density. These results indicate that 4a
is a superior material for the HIL in OLED. For 4b-based de-
vice, it shows a slightly higher driving voltage which
agrees with its relatively inferior hole transporting proper-
ties in F4-TCNQ doped thin-film and a shorter lifetime.
Fig. 5 shows the stability curve of 4a-based device to its
half brightness. As shown in the figure that such an OLED
device has an operation lifetime of 1500 h at 20 mA/cm2,
and the driving voltage increasing is about 0.7 mV/h. This
result demonstrates that our material 4a is a very useful
and stable p-type dopant host for the use of OLEDs and
has a great potential for practical applications.
3. Experimental

3.1. Synthesis

2a. A mixture of 2,7-dibromo-9,9-bis(n-butyl)fluorene,
1a (4.36 g, 10.0 mmol), diphenylamine (3.72 g, 22.0 mmol),
palladium(II) acetate (0.11 g, 0.5 mmol), tri-(o-tolyl)phos-
phine (0.30 g, 1.0 mmol) and sodium tert-butoxide
(2.88 g, 30.0 mmol) in dry toluene (50 mL) was stirred un-
der a nitrogen atmosphere at 110 �C for 24 h. After cooling
to room temperature, the reaction mixture was poured
into a saturated aqueous solution of ammonium chloride
and extracted with dichloromethane (3 � 60 mL). The
combined organic extract was washed with water and
dried over anhydrous Na2SO4. Evaporation of volatiles gave
a brown solid, which was separated by silica gel column
chromatography using petroleum ether/dichloromethane
as a gradient eluent affording 2a in 72% yield (4.4 g) as a
white solid. 1H NMR (400 MHz, CDCl3, d) 7.47 (d, J =
8.0 Hz, 2H), 7.22–7.25 (m, 8H), 7.07–7.13 (m, 10H), 6.97–
7.01 (m, 6H), 1.73–1.77 (m, 4H), 1.02–1.10 (m, 4H), 0.72
(t, J = 7.6 Hz, 6H), 0.64–0.67 (m, 4H). 13C NMR (100 MHz,
CDCl3, d) 152.0, 148.0, 146.4, 136.2, 129.1, 123.7, 123.6,
122.3, 119.7, 119.4, 54.9, 39.7, 26.1, 22.9, 13.9. MS (MAL-
DI-TOF) m/z 612.8 (M+).

2b. The synthetic procedure for 2a was followed using
2,7-dibromofluorenone, 1b (3.38 g, 10.0 mmol), Ph2NH
(3.72 g, 22.0 mmol), t-BuONa (2.88 g, 30.0 mmol), Pd(OAc)2
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Table 2
Summaries of OLED Performance.

Devicea HIL Turn On/Vb V20/V CE20/cd/Ac Lifetime20/hd

I 2T-NATA 2.7 6.7 4.5 1600
II 4a 2.7 6.0 5.2 1500
III 4b 3.1 7.6 3.4 1100

a Device I: ITO/2T-NATA:1.5%F4-TCNQ(150 nm)/NPB(10 nm)/Alq3(60 nm)/LiF(1 nm)/Al. Device II: ITO/4a:1.5%F4-TCNQ(150 nm)/NPB(10 nm)/
Alq3(60 nm)/LiF(1 nm)/Al. Device III: ITO/4b:1.5%F4-TCNQ(150 nm)/NPB(10 nm)/Alq3(60 nm)/LiF(1 nm)/Al.

b Turn on is the voltage to show 1 cd/m2 luminance.
c CE20 refers to the current efficiency under 20 mA/cm.
d Lifetime20 presents the lifetime at constant driven-current of 20 mA cm.
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(0.11 g, 0.5 mmol), P(o-tolyl)3, (0.30 g, 1.0 mmol) and dry
toluene (50 mL). The product was purified by silica gel col-
umn chromatography using petroleum ether/dichloro-
methane as a gradient eluent affording 3.48 g (68%) of 2b
as a dark red solid. 1H NMR (400 MHz, CDCl3, d) 7.24 (d,
J = 2.0 Hz, 2H), 7.14–7.19 (m, 10H), 6.94–7.04 (m, 14H).
13C NMR (100 MHz, CDCl3, d) 193.3, 148.1, 147.0, 137.9,
135.7, 129.4, 128.5, 124.5, 123.4, 120.3, 119.3. HRMS
(MALDI-TOF) Calc. for C37H26N2O: 514.2040. Found:
514.2041.

3a. A mixture of 2a (4.28 g, 7.0 mmol) and NBS (5.0 g,
28.0 mmol) in 50 mL of CHCl3 were stirred at room tem-
perature for 4 h. Evaporation of solvent under vacuum re-
sulted in a yellow solid that was adsorbed on silica gel
and purified by flash column chromatography using
dichloromethane/petroleum ether mixture as eluent
affording 3a in 97% yield (6.30 g) as a white solid. 1H
NMR (400 MHz, CDCl3, d) 7.49 (d, J = 8.0 Hz, 2H), 7.34 (d,
J = 8.8 Hz, 8H), 7.02 (d, J = 2.0 Hz, 2H), 6.97 (m, 10H),
1.75–1.79 (m, 4H), 1.02–1.10 (m, 4H), 0.72 (t, J = 7.2 Hz,
6H), 0.61–0.69 (m, 4H). 13C NMR (100 MHz, CDCl3, d)
152.3, 146.6, 145.6, 136.6, 132.2, 125.1, 123.6, 120.1,
119.3, 115.2, 55.0, 39.6, 26.1, 22.9, 14.0. MS (MALDI-TOF)
m/z 928.1 (M+).

3b. The above procedure for 3a was followed using 2b
(3.4 g, 6.6 mmol) and NBS (4.71 g, 26.5 mmol). The crude
product was purified by silica gel flash column chromatog-
raphy using dichloromethane/petroleum ether mixture as
eluent affording 3b in 92% yield (5.04 g) as a dark purple
solid. 1H NMR (400 MHz, CDCl3, d) 7.37 (d, J = 8.8 Hz, 8H),
7.28–7.30 (m, 4H), 7.11 (dd, J = 2.0, 8.0 Hz, 4H), 6.94 (d,
J = 8.8 Hz, 8H). 13C NMR (100 MHz, CDCl3, d) 192.7, 147.4,
145.6, 138.6, 135.8, 132.6, 129.0, 125.8, 120.8, 119.6,
116.4. MS (MALDI-TOF) m/z 829.9 (M+).

4a. A dried 250 mL two-necked flask containing the
solution of 3a (4.64 g, 5.0 mmol), Ph2NH (4.06 g,
24.0 mmol), t-BuONa (2.88 g, 30.0 mmol), Pd(dba)2

(116 mg, 0.2 mmol), tri-tert-butylphosphine (40 mg,
0.2 mmol) and 70 mL of dry toluene was heated at 90 �C
overnight with good stirring under N2. After cooling to
room temperature, the purple-blue mixture was poured
into a saturated aqueous solution of ammonium chloride
and extracted twice with toluene. The combined organic
layers were washed with brine, dried over anhydrous mag-
nesium sulfate and evaporated under vacuum. The residue
was rapidly eluted through silica gel column using toluene/
hexane (4:1) to give crude product, which was further
purified by crystallization from EtOAc/EtOH affording
5.44 g (85% yield) of 4a as a light-yellow solid. 1H NMR
(400 MHz, C6D6, d) 7.35–7.38 (m, 4H), 7.21 (dd, J = 1.6,
8.0 Hz, 2H), 7.12–7.16 (m, 24H), 7.00–7.08 (m, 24H), 6.83
(t, J = 7.6 Hz, 8H), 1.70–1.73 (m, 4H), 0.94–1.07 (m, 4H),
0.84–0.91 (m, 4H), 0.63 (t, J = 7.6 Hz, 6H) 13C NMR
(100 MHz, C6D6, d) 152.5, 148.4, 147.1, 143.7, 143.0,
136.5, 129.5, 125.9, 125.0, 124.2, 123.7, 122.7, 120.4,
119.4, 55.2, 40.0, 26.5, 23.2, 14.1. HRMS (MALDI-TOF) calc.
for C93H80N6: 1281.6471. Found: 1281.6514, Anal. Calc. for
C93H80N6: C 87.15, H 6.29, N 6.56. Found: C 87.30, H 6.19, N
6.40.

4b. The general amination procedure was followed
using 3b (2.1 g, 2.53 mmol), Ph2NH (2.06 g, 12.2 mmol),
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Pd(dba)2 (58.7 mg, 0.1 mmol), P(t-Bu)3 (20.2 mg,
0.1 mmol), t-BuONa (1.46 g, 15.2 mmol) and toluene. The
crude product was purified by silica gel flash column chro-
matography (toluene/hexane) and then by crystallization
from THF/CH3OH affording 2.03 g (68% yield) of 4b as a
red solid. 1H NMR (400 MHz, C6D6, d) 7.68 (d, J = 2.0 Hz,
2H), 7.09–7.13 (m, 18H), 7.02–7.06 (m, 16H), 6.93–6.98
(m, 16H), 6.89 (d, J = 8.0 Hz, 2H), 6.83 (t, J = 7.2 Hz, 8H).
13C NMR (100 MHz, C6D6, d) 192.7, 148.6, 148.2, 144.0,
142.2, 137.9, 136.4, 129.6, 127.6, 125.9, 125.5, 124.5,
123.0, 120.6, 118.6. HRMS (MALDI-TOF) calc. for
C85H62N6O: 1182.4980; Found: 1182.4988. Anal. Calc. for
C85H62N6O: C 86.27, H 5.28, N 7.10; found: C 86.14, H
5.17, N 7.02.

3.2. Device fabrication

OLED and hole-only devices were fabricated using a
vacuum thermal evaporation chamber with a base pres-
sure of 1 � 10�6 Torr. All the materials were deposited in
one pump-down. Two shadow masks were used to define
the deposition areas for organic and metal cathode, respec-
tively. The I–V characteristics of hole-only devices were
measured with a computer-controlled DC power supply
at room temperature in open air. OLED devices were
encapsulated with sheet desiccant under dry N2 atmo-
sphere before measurements. The luminance of OLEDs
was measured with PR650 spectrophotometer and a KETH-
LEY 236 source meter. The lifetime of OLED device was re-
corded by a homemade lifetime measurement system at
constant current mode. The ionization potential (or
HOMO) of a thin-film was measured by ultraviolet photo-
emission spectroscopy using Surface Analyzer model AC-2.

4. Conclusions

In summary, we have designed and synthesized two
new p-phenylenediamine-substituted fluorenes, 4a and
4b which possess a high glass transition temperature and
a good hole transport ability. The p-type doping properties
of these materials were studied using F4-TCNQ as a p-type
dopant in hole-only device. Furthermore, the mechanism
in the doping system was discussed and some insights
were highlighted. The OLED device with a HIL utilizing
4a/4b doped with F4-TCNQ were fabricated and character-
ized. The pure Alq3-based device using 4a doped with F4-
TCNQ as a HIL shows an operation lifetime of 1500 h at
20 mA/cm2, and the driving voltage increasing about
0.7 mV/h. These results suggest that 4a is a useful and sta-
ble hole injection material for OLEDs which shows a great
potential for practical applications.
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enhancing processability and increasing the quantum effi-
ciency. The bulky functional alkyl groups are expected to
reduce aggregation of the perylene derivatives as is the
case in conjugated polymers [12]. The successful synthesis
of the 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene mole-
cule reported here is a practical implementation of the
aforementioned theories resulting in a product with im-
proved solubility and reduced aggregation.

The two-photon-absorption (TPA) properties of deriva-
tives of perylene have been scarcely investigated [13–16]
and yet are extremely useful for potential applications in
two-photon-pumped frequency up conversion lasers [14],
TPA optical limiters [17], three-dimensional optical stor-
age, three-dimensional photo polymerisation, photody-
namic therapy, micro fabrication and microlithography
[18–23]. The synthesis of new nonlinear optical (NLO)
materials is fundamental in the development of optoelec-
tronic technologies [24]. The open-aperture Z-scan is a
convenient and quick experimental method for analysis
of nonlinear optical properties of materials [25] and has
been successfully applied in this paper.

Herein is presented the synthesis, characterisation and
optical limiting properties of the novel 3,4,9,10-tetra-(12-
alkoxycarbonyl)-perylene. The parent molecule was
chosen as 3,4,9,10-perylene-tetracarboxylic-dianhydride
(PTCDA) an archetypal molecule whose basic properties
have been studied for more than a decade [26]. In addition,
in this paper, we demonstrate the useful nonlinear optical
property of this dye.

2. Experimental

2.1. Synthesis

A 95% yield of 3,4,9,10-tetra-(12-alkoxycarbonyl)-pery-
lene was produced by refluxing 1 g of PTCDA in a 5:1
1-iodododecane (CH3(CH2)11I) and 1-dodecanol
(CH3(CH2)11OH) mix over 5 g of potassium carbonate
(K2CO3) at 110 �C for 7 days (see Scheme 1). The product
was dissolved in chloroform and the K2CO3 filtered out.
The chloroform was extracted, followed by a filtration
yielding a golden yellow product which was dried in a
vacuum oven at 60 �C. The compound was characterised
by1HNMR, 13CNMR, FTIR, mass spectroscopy and chemical
analysis to confirm the product. The sharp 1HNMR peaks
obtained are indicative of very high material purity.

1H NMR (400 MHz, CDCl3): d 0.89 (t, 12H, CH3), 1.44(m,
72H, 9(CH2)), 1.50 (m, 8H, O–C–CH2), 4.33(t, 8H, O–C–CH2),
8.05(d, 4H, CH), 8.30(d, 4H, CH). 13C NMR (100 MHz,
CDCl3) 14.2, 22.7, 26.0, 28.6, 29.3, 29.5, 29.6, 29.7, 31.9,
66.6, 121.4, 128.9, 1129.1, 130.4, 133.1, 168.5. FTIR (NaCl):
t = 2954.0, 2919.4, 2850.3, 1731.9, 1719.6, 1584.5, 1471.9,
O

O O

O

O O
CH3(CH2)11I /CH3(CH2)11OH

K2CO3/110 °C /1-week
+

Scheme 1. Chemical reaction for the synthesis of 3,4,9,1
1292.2, 1279.5, 1173.5, 747.2 cm�1. MS 1100. Anal. Calc.
for C72H108O8: C 78.50%, H 9.88%, (M, 1100) Found:
77.54.0%, 9.81%, (M+, 1100)].

2.2. Characterisation

The 1HNMR spectra were recorded on a Bruker Avance
III 400 spectrometer with a proton resonance of
400.23 MHz. 13CNMR were recorded on a Bruker Avance
III 400 spectrometer with a C resonance of 100.65 MHz,
tip angle of 30�, an acquisition time of 0.5 s and a relaxa-
tion delay of 1 s. Tetramethoxysilane (TMS) was used as
the internal reference with deuterated chloroform (CDCl3)
as the NMR solvent. A Micromass LCT Orthogonal Acceler-
ation TOF Electrospray mass spectrometer was used to
determine the molecular weight of the compound. The
FTIR spectra were taken on a Nicolet NEXUS FTIR spec-
trometer in the transmission mode. UV–Vis absorption
was recorded on a CARY 6000i UV–Vis–NIR spectropho-
tometer. The fluorescence was carried out on a PerkinEl-
mer LS55 Luminescence Spectrometer. Thermal responses
were studied using PerkinElmer Thermo gravimetric Ana-
lyser Pyris TGA and PerkinElmer Pyris Diamond DSC. Struc-
tural studies were carried out on a Nanoscope 111a AFM
machine, a Hitachi S-4300 Field Emission microscope oper-
ating in high vacuum mode for HRSEM images and a Jeol
2100 Transmission Electron Microscope.

2.3. Nonlinear optical measurement

The Z-scan technique is a well-known method applica-
ble to study the nonlinear optical properties of materials,
including nonlinear absorption, scattering or refraction
[25]. A standard open-aperture Z-scan system [24,27]
was used to measure the nonlinear extinction (NLE) coeffi-
cients, as well as the optical limiting properties of 3,4,9,10-
tetra-(12-alkoxycarbonyl)-perylene at 1 g cm�3 chloro-
form solution concentration. The experiment was per-
formed using 6 ns pulses from a Q-switched Nd:YAG
laser. The laser, operating at its second harmonic,
532 nm, with a pulse repetition rate of 10 Hz, was spatially
filtered to remove higher-order modes, and tightly focused
with a 9 cm focal length lens. In order to enhance NLO re-
sponse, all samples were tested in 1 cm quartz cells
[27,28].

3. Experimental results and discussion

3.1. Solubility

The Hildebrand solubility parameter is chosen as a mea-
sure of solubility since its solvent spectrum includes the
O

O
O

O
O

O

O
O

0-tetra-(12-alkoxycarbonyl)-perylene from PTCDA.
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Fig. 1. Normalized absorption and fluorescence spectra of 3,4,9,10-tetra-
(12-alkoxycarbonyl)-perylene in chloroform.
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complete solvent range and most solubility scales can be
easily related to it. The Hildebrand solubility parameter,
d, of a material is given by the square root of the cohesive
energy density as in Eq. (1) [29,30].

d ¼ p DE
V

� �
ð1Þ

The cohesive energy density is the energy DE needed to
remove a molecule from its nearest neighbours per unit
volume V of the moved molecule. The enthalpy of mixing
of a solution, DHmix, can then be calculated from Eq. (2),

DHmix ¼ Vmixðd1 � d2ÞU1U2 ð2Þ

where Vmix is the total volume of is mixing, d1 is the Hilde-
brand solubility parameter of the solvent, d2 is the Hilde-
brand solubility parameter of the solute, U1 and U2 are
the respective solvent and solute volume fractions [30]. A
good solution is formed at zero enthalpy of mixing and this
occurs when the solute and solvent Hildebrand solubility
parameters are the same, hence the chemistry adage ‘‘Like
dissolves like”.

At room temperature, the parent molecule in the synthe-
sis PTCDA, was found to be best soluble in NMP,
d ¼ 23:1 ðMPaÞ1=2 and weak or partially soluble in both pyr-
idine d ¼ 21:7 ðMPaÞ1=2 and DMSO d ¼ 26:4 ðMPaÞ1=2 [31].
These results suggest a Hildebrand solubility parameter
for PTCDA as ð23� 2Þ ðMPaÞ1=2. PTCDA is therefore best sol-
uble in polar aprotic solvents. Previous studies have shown
that PTCDA is insoluble or poorly soluble in organic solvents
[32]. The solvents which minimize the enthalpy of mixing
for PTCDA are generally harsh and toxic therefore not pre-
ferred for use in device fabrication due to the inherently
low solubility, the production of PTCDA based devices is
mostly by thermal evaporation with extremely high ex-
penses. The synthesis of 3,4,9,10-tetra-(12-alkoxycarbon-
yl)-perylene from PTCDA adds 12-C chain alkyl groups to
the peri-positions of the perylene core making it easily sol-
uble at room temperature in most common organic sol-
vents like chloroform d = 18.7 (MPa)1/2, dichloromethane
d = 20.2 (MPa)1/2, tetrahydrafuran d = 18.5 (MPa)1/2 and tol-
uene d = 18.3 (MPa)1/2 [31]. This improvement in solubility
makes device fabrication in solution possible by such meth-
ods as spin coating, dipping and/or casting which are less
expensive relative to thermo sublimation. The soluble prod-
uct can also be easily blended with polymers in such cases as
the production of optoelectronic devices where bulky het-
erojunctions are made from intimate mixtures of donors
and acceptors, as is the case in organic photovoltaic cells,
so reducing the chance of exciton recombination. The
improvement in solubility can be attributed to the introduc-
tion of the alkoxycarbonyl groups which reduce the interac-
tion between the perylene rings.

3.2. Linear optical properties

Dilute solutions of 3,4,9,10-tetra-(12-alkoxycarbonyl)-
perylene have an intense yellowish-green colour and show
a bright emission when exposed to ordinary light.

Fig. 1 shows the normalized absorption and fluores-
cence spectra of 3,4,9,10-tetra-(12-alkoxycarbonyl)-pery-
lene in chloroform. The spectra are strongly structured
with peak wavelengths for absorption and fluorescence at
472 and 489 nm, respectively, resulting in a narrow Sto-
kes’s shift of 17 nm. A second absorption peak occurs at
444 nm with a shoulder occurring at 417 nm. This struc-
ture is similar to the perylene ring progression of p–p*

S0–S1 or S1–S0 transitions [7]. The fluorescence spectrum
is a close mirror image of the absorption spectra but with
different relative intensities. Previous studies on similar
materials of the form 3,4,9,10-tetra-(n-alkoxycarbonyl)-
perylene where 2 6 n 6 10 showed similar spectra con-
firming that the perylene core has a greater influence on
the absorption and emission rather than the alkyl chain
length [7,33,34]. In fact, this observation is consistent inde-
pendent of the position of substitution in all perylene
derivatives, be it peri-, bay- or at the N-atom in perylene
imides [3,33]. The absorption and emission peaks remain
the same independent of solvent, as is the case for relative
peak intensities, but the actual intensities decrease in the
order dichloromethane, chloroform, toluene and tetrahyd-
rafuran. The peak integrals for absorption increased line-
arly with wavelength and were proportional to the
concentration. The energy difference between peaks is
0.16 eV, about the same (0.15 eV) as that of the benzene
ring stretch oscillation of perylene [35]. This suggests that
the dilute series absorbances are controlled by monomeric
absorption. No shift in the peak wavelengths was observed
for concentration dependent UV–Vis in the individual sol-
vents. The photoluminescence excitation spectra resem-
bled the absorption spectra in solution.

Fig. 2 shows the normalized absorption and fluores-
cence of a spin cast film of the compound from a chloro-
form solution. Both spectra are very broad, unstructured
and bathochromically shifted compared to the spectra of
the monomeric solution. This red shift and broadening
are due to fluorescence emanating from excimers owing
to the different energetic environments [36]. For absorp-
tion, the trend is attributed to additional interactions be-
tween individual molecules and their surroundings, much
stronger in the solid phase than in monomeric solution.
Evidence of aggregation in thin films of perylene deriva-
tives usually occurs in the form of an additional absorption
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peak around 570 nm [37]. The absence of this absorption
peak in the case of 3,4,9,10-tetra-(12-alkoxycarbonyl)-per-
ylene is possibly due to lack of dimmers or higher aggre-
gates as a result of steric hindrance by the bulky alkyl
chains. For the emission spectra, there is no corresponding
band in the absorption spectra thus the mirror symmetry
exhibited in solution is lost. The formation of excimers in
thin films is highly likely as the distance between adjacent
molecules is much shorter than in solution.

The optical band gap was determined by applying the
Tauc relation [38,39], given in Eq. (3), to the optical absorp-
tion edge of the thin film of 3,4,9,10-tetra-(12-alkoxycar-
bonyl)-perylene,

Ahv ¼ ðhv� EgÞn ð3Þ

where A is the absorbance, Eg is the band gap correspond-
ing to a specific absorption in the thin film, hv is the photon
energy and n has the values 1/2, 2, 3/2, and 3, respectively
for allowed direct, allowed indirect, and forbidden indirect
transitions materials. An extrapolation of absorbance to
zero on the straight line section of the plot of absorbance
squared versus photon energy (Fig. 3.), was used to deter-
mine the optical band gap as 3.81 eV. The exciton energy,
Eex, 2.63 eV, determined from EexðeVÞ ¼ 1240=kmax, gives
1.2 eV as the exciton binding energy for the 3,4,9,10-tet-
ra-(12-alkoxycarbonyl)-perylene. This suggests Frenkel
type excitons and consequently a small dielectric constant
for the material conclusive also from the dielectric con-
stants of the solvents in which it readily dissolves. This re-
sult is consistent with previous findings on the exciton
binding energies of small molecule or oligomeric organic
semiconductors [40].

The results of a concentration dependence fluorescence
study are shown in Fig. 4 on a logarithmic scale. An initial
study using a 10 mm � 10 mm cuvette revealed a devia-
tion from linearity at high concentrations. This would nor-
mally be attributed to some complex processes like
aggregation or some equivalent effect. Rickard et al. have
shown that the deviation is due to the inner filter effect
and re-absorption [41]. The inner filter effect is attributed
to the instrument, where light absorbed by the cuvette’s
edge will fluoresce but the detector is not able to detect
the fluorescence. Re-absorption occurs where the fluores-
cence emission and absorption spectra overlap as shown
in the region just below 500 nm in Fig. 1. The use of a smal-
ler path length cuvette reduces the two effects and more so
re-absorption. A second study using a 2 mm � 2 mm mi-
cro-cuvette showed linearity over the whole range of con-
centrations and so suggesting absence of or reduced
aggregation or equivalent effects.

3.3. Thermal responses

Fig. 5 shows the TGA and its first derivative (DTGA)
curves for 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene
performed in an air environment at a scan rate of 10 �C/
min. The 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene is
thermally stable up to 300 �C in air which is very good
for normal everyday operations. The onset of the weight
loss begins around 300 �C and is completed at 557 �C with
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100% weight loss. This trend is similar to that of perylene,
the aromatic core for 3,4,9,10-tetra-(12-alkoxycarbonyl)-
perylene. The first and second endothermic peaks at 300
and 450 �C, respectively can therefore be attributed to
the destruction of the perylene core, the third endothermic
peak at 521 �C corresponds to of any remaining organics. In
some perylene imides, the alkyl group on the diimide
nitrogen is lost between 416 and 513 �C [3,42].

The melting point for 3,4,9,10-tetra-(12-alkoxycarbon-
yl)-perylene was determined using DSC to be at 80 �C
(Fig. 6). This is much lower than that of the parent mole-
cules PTCDA which is above 200 �C. Introduction of alkyl
chains to the aromatic perylene core lowers the melting
temperature independent of the position to which the
chain is added [3,7]. The low melting point implies that
boiling water can be used to achieve melting. The liquid
crystalline phase is absent in the DSC trace, normally pres-
ent in similar 3,4,9,10-tetra-(n-alkoxycarbonyl)-perylenes
for 2 6 n 6 9. Previous studies [7] have shown that these
3,4,9,10-tetra-(n-alkoxycarbonyl) perylenes form liquid
crystals for n = 2 to n = 9 with the n = 10 showing no liquid
crystalline phase just like the n = 12 being reported here.
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Fig. 6. A DSC trace of 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene.
This gives partial support for the reduced aggregation
behavior. The molecular volume is much smaller for short-
er C-chains than for longer ones, thus the higher molecular
volume due to long chains is unfavorable for stacking.

3.4. Morphology

Dilution series of 3,4,9,10-tetra-(12-alkoxycarbonyl)
perylene in chloroform were spin cast and drop cast onto
glass, ITO and Si(111) substrates for structural studies
using scanning electron microscopy (SEM) and contact
mode atomic force microscopy (AFM). As shown in Fig. 7,
the AFM micrographs of spin cast solutions on respective
substrates indicate clusters less than 7 nm in height. Com-
pared to drop cast samples, the clusters in the spin cast
films are less coalescent whereas extended coalescence is
observed in drop cast films. This trend was also confirmed
by SEM (Fig. 8).

In drop cast films, the coalescence increases with con-
centration as does the height of the clusters. Two possibil-
ities are pertinent to the formation of clusters, they are
either formed dynamically during film formation or they
already exist in solution. Further studies are currently
underway to investigate this trend. Transmission electron
microscopy (TEM) studies have revealed nanoparticles less
than 100 nm in diameter as source of the clusters (Fig. 9).

3.5. Optical limiting

The NLE coefficient, beff, for the 3,4,9,10-tetra-(12-alk-
oxycarbonyl)-perylene solution in chloroform was mea-
sured by the open aperture Z-scan method at 532 nm.
The incident laser pulsed energy used in the Z-scan mea-
surement was altered from 0.10 to 0.32 mJ. The corre-
sponding on-focus beam intensity varied from 0.68 to
1.91 GW cm�2. All Z-scans performed in this experiment
Fig. 7. An AFM micrograph of 3,4,9,10-tetra-(12-alkoxycarbonyl)-pery-
lene spin cast from a chloroform solution at 4500 rpm for 30s onto a Si
wafer.
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tetra-(12-alkoxycarbonyl)-perylene.

Fig. 8. An SEM micrograph of 3,4,9,10-tetra-(12-alkoxycarbonyl)-pery-
lene spin cast from a chloroform solution at 4500 rpm for 30 s onto a Si
wafer.

Fig. 9. A TEM micrograph of 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene
drop cast from a chloroform solution onto a silicon nitride TEM grid.

Table 1
Summary of typical NLO results for 3,4,9,10-tetra-(12-alkoxycarbonyl)-
perylene.

Conc.
[mg/mL]

Transmission
[%]

a0

[cm�1]
beff

[cm W�1]
Im{v(3)}
[esu]

1 95.6 0.045 (3.0 ± 0.6)e�10 (11 ± 2)e�14
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showed a reduction in the transmission about the focus of
the lens, indicating the optical limiting property.

As evident in the Z-scan signature shown in Fig. 10, the
depth of reduction changes along with the variation of the
on-focus intensity. The beff were deduced from the Z-scan
data by curve fitting theory based on an intensity depen-
dent extinction coefficient [25]. The linear and NLO results
for the 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene solu-
tion are summarized in Table 1.

The nonlinear transmission has an apparent discontinu-
ity, corresponding to the limiting threshold. The transmis-
sion keeps roughly constant when the energy fluence is
below the threshold. When the incident fluence exceeds
the threshold, the transmission reduces significantly. The
optical limiting trace of the 3,4,9,10-tetra-(12-alkoxycar-
bonyl)-perylene solutions is analogous to that of SWNT
dispersions, resulting from the thermally-induced nonlin-
ear scattering [27,28]. Therefore, it is believable that the
optical limiting for the 3,4,9,10-tetra-(12-alkoxycarbon-
yl)-perylene solutions is largely due to the nonlinear scat-
tering, as is implied by both the evident limiting threshold
and the strong scattering signal observed at 532 nm whose
response is shown in Fig. 11.

Referring to the nonlinear scattering mechanism of
SWNT dispersions [27,28,43,44], the scattering centres in
the perylene solutions may arise from the formation of
the solvent bubbles and/or the vapor bubbles, resulting
from the sublimation of the nanoparticles by the aggrega-
tion of the 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene
molecules (see Fig. 9). Nevertheless, we cannot rule out
the contribution of TPA to the optical limiting response,
but the contribution should be very restricted since (1)
the wavelength of the incident beam 532 nm is far away
from the TPA resonant wavelength of the perylene solu-
tions [15,17] and (2) the nanosecond incident pulses are
inferior for the TPA-induced optical limiting [45,46]. In
addition, the excited state absorption, such as reverse sat-
urable absorption or saturable absorption could have influ-
ence on the nonlinear responses of the perylene solutions.
However, such nonlinear absorption effects can be sup-
pressed when nonlinear scattering becomes significant
since the increased scattering cross section results in the
reduced absorption cross section [47,48]. Although, the
optical limiting efficiency of the 3,4,9,10-tetra-(12-alkoxy-
carbonyl)-perylene solutions is lower to the present laser
source, it is expected that the perylene solutions would
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be effective to attenuate the laser beam with shorter pico-
second or femtosecond pulses and suitable wavelength in
the near infrared [9,45].

3.6. Chemical Stability

The reproducibility of all results from fresh samples to
samples aged up to 24 months in all experiments described
in this paper are evidence of the chemical stability of the
3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene.

4. Conclusions

The 3,4,9,10-tetra-(12-alkoxycarbonyl)-perylene dye
offers both chemical and thermal stability, strongly ab-
sorbs and fluoresces in the blue section of the UV–Vis
range with the added benefits that it can be processed in
solution and its bulky alkyl chains hamper aggregation.
In addition, the molecule is optically limiting with a high
absorption cross section. The solubilisation exhibited by
the molecule is due to the alkyl chains and makes the mol-
ecule desirable for polymer blending or film casting thus
reducing the cost of device fabrication. These results have
opened a window for ongoing investigations regarding a
wide variety of possible optoelectronic applications.

Acknowledgements

The authors wish to acknowledge financial support
from Science Foundation Ireland (SFI). J.W. thanks the Irish
Research Council for Science, Engineering and Technology
(IRCSET) for his postdoctoral research fellowship.

References

[1] M.M. Shi, H.Z. Chen, J.Z. Sun, J. Ye, M. Wang, Chemical
Communications 14 (2003) 1710.

[2] L. Schmidt-Mende, A. Fechtenkotter, K. Müllen, E. Moons, R.H. Friend,
J.D. MacKenzie, Science 293 (2001) 1119.

[3] X. Zhang, Y. Wu, J. Li, F. Li, M. Li, Dyes and Pigments 76 (2008) 810.
[4] U. Haas, C. Thalacker, J. Adams, J. Furhmann, S. Reithmüller, U.

Beginn, U. Ziener, M. Möller, R. Dobrawa, F. Würthner, Journal of
Materials Chemistry 13 (2003) 767.
[5] Y. Ma, C. Wang, Y. Zhao, Y. Yu, C. Han, X. Qui, Z. Shi, Supramolecular
Chemistry 19 (3) (2007) 141.

[6] C.M. Aguirre, S. Auvray, S. Pigeon, R. Izquiedro, P. Desjardins, R.
Matel, Applied Physics Letters 88 (2006) 183104-1.

[7] S. Benning, H.S. Kitzerow, H. Bock, M.F. Archard, Liquid Crystals 27
(2000) 901.

[8] P. Schouwink, G. Gadret, R.F. Mahrt, Chemical Physics Letters 341
(2001) 213.

[9] A. Herrmann, K. Müllen, Chemistry Letters 35 (9) (2006) 978.
[10] J.L. Bredas, J.P. Calbert, D.A. Filho, J. Cornil, Proceedings of the

National Academy of Sciences 99 (9) (2002) 5804.
[11] T. Hassheider, S.A. Benning, H.S. Kitzerow, M.F. Archard, H. Bock,

Angewandte Chemie International Edition 40 (11) (2001) 2060.
[12] C.L. Gettinger, A.J. Heeger, J.M. Drake, D.J. Pine, Journal of Physical

Chemistry 101 (1994) 1673.
[13] L. De Boni, C.J.L. Constantino, L. Misoguti, R.F. Aroca, S.C. Zilio, C.R.

Mendonca, Chemical Physics Letters 371 (2003) 744.
[14] B. Gao, C. Lu, J. Xu, F. Meng, Y. Cui, H. Tian, Chemistry Letters 35 (12)

(2006) 1416.
[15] D.S. Correa, S.L. Olivieara, L. Misoguti, S.C. Zilio, R.F. Aroca, C.J.L.

Constantino, C.R. Mendonca, Journal of Physical Chemistry (2006)
6433.

[16] K.D. Belfield, M.V. Bondar, F.E. Hernandez, O.V. Przhosnka, Journal of
Physical Chemistry C 112 (2008) 5618.

[17] S.L. Oliveira, D.S. Correa, L. Misoguti, C.J.L. Constantino, R.F. Aroca,
S.C. Zilio, C.R. Mendonca, Advanced Materials 17 (2005) 1890.

[18] D.A. Parthenopolous, P.M. Rentzepis, Science 245 (1989) 843.
[19] W. Denk, J.H. Strickler, W.W. Webb, Science 248 (1990) 73.
[20] R.H. Kohler, J. Cao, W.R. Zipfel, W.W. Webb, M.R. Hanson, Science

276 (1997) 2039.
[21] S. Kawata, H. Sun, T. Tanaka, K. Takada, Nature 412 (2001) 697.
[22] K.D. Belfield, X. Ren, E.W. Van Stryland, D.J. Hagan, V. Dubikovsky,

E.J. Mesiak, Journal of the American Chemical Society 122 (2000)
1217.

[23] K.D. Belfield, K.J. Schafer, Y. Liu, J. Liu, X. Ren, E.W. Van Stryland,
Journal of Physical Organic Chemistry 13 (2000) 837.

[24] S.M. O’Flaherty, S.V. Hold, M.J. Cook, T. Torres, Y. Chen, M. Hanack,
W.J. Blau, Advanced Materials 15 (2003) 9.

[25] M. Sheik-Bahae, A.A. Said, T.H. Wei, D.J. Hagan, E.W. Van Stryland,
IEEE Journal of Quantum Electronics QE-26 (1990) 760.

[26] S. Heutz, A.J. Ferguson, G. Rumbles, T.S. Jones, Organic Electronics 3
(2002) 119.

[27] J. Wang, W.J. Blau, Journal of Physical Chemistry C 112 (2008) 298.
[28] J. Wang, W.J. Blau, Applied Physics B: Laser and Optics 91 (2008) 521.
[29] J.H. Hildebrand, J.S. Prausnitz, R.L. Scott, Regular and Related

Solution: The Solubility of Gases, Liquids and Solids, Van Nostrand
Reinhold Company, New York, USA, 1970 (Chapter 6, App. 5).

[30] S.F. Sun, Physical Chemistry of Macromolecules: Basic Principles and
Issues, John Wiley and Sons Inc., New York, USA, 1994 (Chapter 4).

[31] A.F.M. Barton, Handbook of Solubility Parameters and Other
Cohesive Parameters, CRC Press, Boca Raton, Florida, USA, 1983.

[32] W. Huang, D.Y. Yan, Q.H. Lu, Y. Huang, European Polymer Journal 39
(6) (2003) 1099.

[33] D. Markovitsi, H. Ringsdorf, Molecular Crystals and Liquid Crystals
293 (1997) 123.

[34] H. Langals, Helvetica Chimica Acta 88 (2005) 1309.
[35] K. Arkers, R. Aroca, A.M. Hor, R. Loufty, Journal of Physical Chemistry

91 (1987) 2954.
[36] B. Stevens, M.I. Ban, Trans. Faraday Society 60 (1964) 1515.
[37] C. Kohl, T. Weil, J. Qu, K. Mullen, Chemistry – A European Journal 10

(2004) 5297.
[38] J. Tauc, R. Grigorovici, A. Vancu, Physica Status Solidi 15 (1966) 627.
[39] I. Seguy, P. Jolinat, P. Destreul, J. Farence, R. Many, H. Bock, J. Ip, T.P.

Nguyen, Journal of Applied Physics 89 (2001) 5442.
[40] M. Knupfer, Journal of Applied Physics A 77 (2003) 623.
[41] D. Rickard, S. Giordani, W.J. Blau, J.N. Coleman, Journal of

Luminescence 128 (2008) 31.
[42] W. Shin, H. Jeong, M.K. Kim, S. Jin, M.R. Kim, J.K. Lee, J.W. Lee, Y. Gal,

Journal of Materials Chemistry 16 (2006) 384.
[43] L. Vivien, P. Lançon, D. Riehl, F. Hache, E. Anglaret, Carbon 40 (2002)

1789.
[44] Y. Chen, Y. Lin, Y. Liu, J. Doyle, N. He, X.D. Zhuang, J.R. Bai, W.J. Blau,

Journal of Nanoscience and Nanotechnology 7 (2007) 168.
[45] L.W. Tutt, T.F. Boggess, Progress in Quantum Electronics 17 (1993) 299.
[46] J. Wang, W.J. Blau, Journal of Optics A: Pure and Applied Optics 11

(2009) 024001.
[47] J. Wang, W.J. Blau, Chemical Physics Letters 465 (2008) 265.
[48] I.M. Belousova, N.G. Mironova, M.S. Yur’ev, Optics and Spectroscopy

94 (2003) 86.



682 K.S. Yook et al. / Organic Electronics 10 (2009) 681–685
phosphorescent materials have to be adopted in the WOL-
EDs to improve the efficiency and to realize pure white
emission.

In this work, a deep blue phosphorescent emitting
material, tris((3,5-difluoro-4-cyanophenyl)pyridine) irid-
ium (FCNIr), was used as a blue emitter in WOLEDs. A pure
white emission with a color coordinate of (0.29, 0.31) and a
high current efficiency of 28 cd/A was demonstrated by
using the deep blue phosphorescent dopant and red/green
phosphorescent materials.

2. Experimental

A device configuration of indium tin oxide(ITO,
150 nm)/poly-3,4-ethylenedioxythiophene:polystyrene-
sulfonate(PEDOT:PSS, 60 nm)/N,N0-di(1-naphthyl)-N,N0-
diphenylbenzidine(NPB, 30 nm)/N,N0-dicarbazolyl-3,5-
benzene(mCP, 10 nm)/mCP :FCNIr(x nm, 15% doping)/
4,40,400-tris(N-carbazolyl)triphenylamine(TCTA):1,3,5-tris-
(N-phenylbenzimidazole-2-yl)benzene(TAZ):iridium(III)
tris(2-phenylpyridine)(Ir(ppy)3):iridium(III) bis(2-phenyl-
quinoline) acetylacetonate(Ir(pq)2acac)(30-x nm)/4,7-di-
phenyl-1,10-phenanthroline(Bphen, 20 nm)/LiF(1 nm)/
Al(200 nm) was used to fabricate all phosphorescent
pure white color WOLEDs. The doping concentration of
Ir(ppy)3 and Ir(pq)2acac was 10% and 0.7%. The relative
ratios of TCTA and TAZ in red:green emitting layers were
75:25 and the thickness of the blue emitting layer (x)
was varied as 10, 15, 20 nm. Three devices were named
as device I, device II and device III respectively. In addi-
tion, device IV with TCTA between the NPB and mCP
hole transport layer was also fabricated. Chemical struc-
tures and device structures of WOLEDs fabricated in this
work are shown in Fig. 1. TCTA, TAZ, mCP, Bpehn and
NPB were supplied from Dongyang Creditech Co. after
purification by sublimation and FCNIr was synthesized
according to the procedure reported in our previous
ITO

PEDOT:PSS

NPB

mCP

mCP:FCNIr(20 nm)
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Bphen

LiF/Al

TCTA:TAZ:Ir(ppy)3:Ir(pq)2acac
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Fig. 1. Chemical structures of materials and device
work [12]. Ir(ppy)3 and Ir(pq)2acac were products of Gra-
cel Display Co. and they were sublimed twice. Electrolu-
minescence (EL) characteristics and EL spectra of
WOLEDs were measured with Keithley 2400 source mea-
surement unit and CS 1000 spectroradiometer. Voltage
sweep method was used to measure current density–
voltage–luminance characteristics of the WOLEDs. Data
were collected at an interval of 0.5 V. The EL spectra
and luminance were obtained after calibration of the
spectroradiometer and EL spectra were normalized to
compare relative intensity of the red, green and blue
emissions.

3. Results and discussion

A pure white device for display application should have
red, green and blue peaks and a WOLED with red, green
and blue three colors was fabricated. A deep blue emitting
material is strongly required to achieve pure white color in
WOLEDs. However, there have been few materials avail-
able to get pure blue emission [11]. One of the deep blue
materials which can be used in WOLEDs is FCNIr [11,12].
The material can emit deep blue color because of wide
bandgap of FCNIr. The strong electron withdrawing F and
CN substituents in the phenyl unit of the FCNIr lowers
the highest occupied molecular orbital (HOMO) of the
material, leading to a wide triplet bandgap of 2.8 eV for
deep blue emission. A quantum efficiency of 9% with a col-
or coordinate of (0.15, 0.16) was obtained [11]. Therefore,
it is suitable as a deep blue emitter in the WOLEDs to get
pure white emission. A stack structure of blue/red:green
was used to realize three color peaks in the WOLEDs. A
mixed host of TCTA:TAZ was used as a host in the red:-
green emitting layer and common Ir(ppy)3 and Ir(pq)2acac
were used as dopant materials. The red/green layer was
stacked on the mCP blue emitting layer to balance holes
and electrons in the light-emitting layer.
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Fig. 2 shows current density–voltage–luminance curves
of the blue and red/green devices. The blue device had an
optimized device configuration of ITO/N,N0-diphenyl-
N,N0-bis-[4-(phenyl-m-tolyl-amino)-phenyl]-biphenyl-
4,40-diamine(DNTPD, 60 nm)/NPB(20 nm)/mCP(10 nm)/
mCP:FCNIr(30 nm)/Bphen(20 nm)/LiF(1 nm)/Al(100 nm)
and the red/green device had a device structure of ITO/
PEDOT:PSS(60 nm)/NPB(20 nm)/TCTA(10 nm)/TCTA:TAZ:Ir
(ppy)3:Ir(pq)2acac(30 nm)/Bphen(20 nm)/LiF(1 nm)/Al(100
nm). High current density and luminance were observed in
the red:green device, while the blue device showed lower
current density and luminance than the blue device. The
low current density of the blue device is due to poor elec-
tron injection from electron transport layer to the mCP
emitting layer as can be seen in the energy level diagram
of the in Fig. 3. In addition, the use of DNTPD with rela-
tively low conductivity compared with PEDOT:PSS is also
responsible for the low current density. In the case of red:-
green device with a mixed host structure, hole and electron
injection are favored as reported in our early work [13].
The deep blue device showed a quantum efficiency of 9%
[11], while the red/green device showed a quantum effi-
ciency of 13% in the optimized device structure.

Fig. 4 shows current density–voltage–luminance curves
of the three peak WOLEDs. The thickness of the whole
emitting layer was fixed at 30 nm and the thickness of
the blue emitting layer was controlled from 10 to 20 nm.
The current density of the WOLEDs was greatly dependent
on the thickness of the blue and red:green emitting layers.
The device III with 10 nm thick blue emitting layer showed
the highest current density, while the device I with 20 nm
thick blue emitting layer showed the lowest current den-
sity. As the thickness of the blue emitting layer increased,
the current density was decreased. The low current density
in the device with thick blue emitting layer is due to low
electron mobility of the mCP layer. Electron transport in
the FCNIr doped mCP layer is limited because of electron
trapping by the FCNIr dopant. There is a LUMO level differ-
ence of 0.4 eV between the mCP and the FCNIr (Fig. 3),
resulting in significant electron trapping by the FCNIr as
reported previously [11]. In addition, the low mobility of
the mCP host is also responsible for the low current density
in the WOLED with thick blue emitting layer [14]. Com-
pared with the FCNIr doped mCP layer, the red:green
doped TCTA:TAZ layer is advantageous in terms of hole
and electron transport. Relative composition of the TCTA
and TAZ in the mixed host was 75:25 and the mixed host
can form a percolation path for holes and electrons [15].
As the hole transport through TCTA and electron transport
through TAZ are efficient at the host composition, high cur-
rent density was obtained in the device III. In addition, de-
vice IV with TCTA interlayer exhibited higher current
density than device II without TCTA interlayer due to
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facilitated hole injection. The HOMO level gap between the
NPB and mCP is 0.6 eV and the insertion of the TCTA can
reduce the energy barrier, enhancing the hole density in
the emitting layer.

The luminance of the WOLEDs also followed the same
tendency as the current density. As the luminance of
OLEDs depends on the current density and the recombina-
tion efficiency in the device [16], the device with the thick
red:green emitting layer showed higher luminance than
other devices. The highest luminance was obtained in the
device IV due to high current density and high recombina-
tion efficiency which will be shown in Fig. 5. The driving
voltage at 1000 cd/m2 was 5.3 V in the device IV.

The quantum efficiency and the current efficiency of the
WOLEDs were plotted against luminance in Fig. 5. The de-
vice III showed high quantum efficiency, while the device II
and the device I showed rather low quantum efficiency
values. The high quantum efficiency in the device III can
be explained by the relative contribution of the blue emis-
sion to the red/green emission. As can be seen in the elec-
troluminescence spectra of the WOLEDs in Fig. 6, the red/
green intensity was increased in the device with thick
red/green emitting layer. The quantum efficiency of the
blue single layer device was 9% and the quantum efficiency
of red/green single layer device was 14%. Therefore, the in-
crease of the red/green intensity resulted in the improve-
ment of the quantum efficiency. Current efficiency of the
WOLEDs was also high in the WOLED with thick red/green
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emitting layer. The current efficiency of the device III was
25 cd/A with a color coordinate of (0.35, 0.34) and the cur-
rent efficiency of the device II was 21 cd/A with a color
coordinate of (0.30, 0.30). The combination of the high effi-
ciency deep blue device and red/green mixed host device
improved the current efficiency of the pure white WOLEDs.
The efficiency of the WOLEDs was further enhanced by
using the TCTA inserted hole transport layer and a high
current efficiency of 28 cd/A with a color coordinate of
(0.29, 0.31) was obtained in the device IV. The TCTA layer
improved the hole injection and the charge balance was
enhanced, leading to better efficiency. The efficiency value
is better than any other current efficiency value reported in
the pure white WOLEDs. The power efficiency was also im-
proved by the TCTA layer and a high power efficiency
18.1 lm/W was obtained in the white device IV.

Fig. 6 shows the electroluminescence (EL) spectra of
three WOLEDs fabricated in this work. Sharp emission
peaks from the red, green and blue phosphorescent emit-
ters are observed from the WOLEDs even though relative
intensity of the peaks depended on the device structure.
The blue emission was strong in the device I with 20 nm
thick blue layer and red/green emission was strong in the
device III with 10 nm thick blue layer. The thickness of
the emitting layer affected the relative intensity of blue
and red/green emission.

The EL spectra of the WOLEDs were monitored accord-
ing to the luminance and the EL spectra are shown in Fig. 7.
The spectrum change of the device IV with TCTA interlayer
was plotted representatively. The luminance of the device
IV was changed from 100 to 5000 cd/m2. There was little
change of emission spectrum within the luminance range
investigated and the color coordinate of (0.29, 0.31) was
changed into (0.30, 0.33) at high luminance. The shift of
the color coordinate was less than 0.02 from 100 to
5000 cd/m2. Similar results were obtained in other devices.
The good color stability of the WOLEDs may be due to hole
blocking properties of TAZ and electron blocking properties
of mCP. The charge blocking properties of the host materi-
als may limit the charge leakage and exciton diffusion at
high luminance.

4. Conclusions

In summary, a high efficiency pure white WOLED was
developed by using a deep blue phosphorescent emitting
material. A high efficiency of 28 cd/A and a pure white col-
or coordinate of (0.29, 0.31) were obtained from the all
phosphorescent pure white WOLED. The combination of
mCP and TCTA:TAZ mixed host was effective to improve
the efficiency of the WOLEDs.
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[12,13], FIr6-based PHOLEDs show deeper blue emissions
than FIrpic-based devices, and therefore are more advanta-
geous for lighting and display applications. However, the
higher triplet energy (T1) of FIr6 than that of FIrpic
(2.72 eV vs. 2.62 eV) [11] makes it even more challenging
to efficiently generate and confine excitons on the phos-
phor molecules. Also note that the deeper blue emission
of FIr6-based devices leads to an approximately 20% lower
photopic sensitivity by the human eyes compared to that
of FIrpic devices.

Recently we have shown that external quantum effi-
ciencies (gEQE) up to 18% can be achieved in FIr6-based
PHOLEDs by using the hole transport material of 1,1-bis-
(di-4-tolylaminophenyl)cyclohexane (TAPC, T1 = 2.87 eV)
[14]. Furthermore, we employed a dual-emissive-layer
(D-EML) structure using p-bis(triphenylsilyly)benzene
(UGH2) and N,N0-dicarbazolyl-3,5-benzene (mCP) as the
host materials for FIr6 in the two adjacent emissive layers
to maximize the exciton formation on FIr6 molecules, and
applied the p-i-n device structure with highly conductive
charge injection/transport layers to lower the device oper-
ating voltage. As a result, a high power efficiency of
gP = 25 lm/W at a luminance of L = 100 cd/m2 was demon-
strated, which was only slightly reduced to gP = 20 lm/W at
L = 1000 cd/m2 [15].

Here, we compare performance of FIr6-based D-EML
PHOLEDs with three different electron transport materials,
bathocuproine (BCP), 4,7-diphenyl-1,10-phenanthroline
(BPhen), and tris[3-(3-pyridyl)mesityl]borane (3TPYMB)
[16–19], and study the effect of doping alkaline metals
(Li and Cs) [20] into these charge transport materials. We
show that gEQE = 20% and maximum gP = 36 lm/W can be
achieved in devices with 3TPYMB as the electron transport
material and 3TPYMB:Cs as the electron injection layer.
The high efficiencies are attributed to the high triplet en-
ergy of 3TPYMB, T1 = 2.95 eV [19], compared to 2.5 eV for
BCP and BPhen [16,17], as well as the increased conductiv-
ities due to alkaline doping.
2. Experimental

Glass substrates precoated with an indium tin oxide
(ITO) anode (sheet resistance �20 X/h) were degreased
in detergent and de-ionized water, and cleaned with ultra-
sonic baths of acetone and isopropanol consecutively for
15 min each. The substrates were then exposed to an ultra-
violet-ozone ambient for 15 min immediately before being
loaded into a high-vacuum thermal evaporation system
(background pressure �3 � 10�7 Torr), where all the or-
ganic and metal layers were deposited successively with-
out breaking the vacuum.

The schematic energy level diagram of the D-EML p-i-n
deep-blue PHOLEDs [15] and the molecular structures of
FIr6 and the three electron transport materials are shown
in Fig. 1 (energy levels are taken from the literature)
[11,13,21,22]. The D-EML structure composed of 4 wt%
FIr6 doped mCP (7 nm thick) and 25 wt% FIr6 doped
UGH2 (15 nm thick) layers was used to maximize the exci-
ton generation within the broadened charge recombina-
tion zone [15]. TAPC serves as the hole transporting/
electron blocking layer (HTL), whereas an undoped layer
of BCP, BPhen, or 3TPYMB was used as the electron trans-
porting/hole blocking layer (ETL). The thicknesses of both
HTL and ETL were x nm with x varying from 5 to 20. A
(40-x) nm thick N, N0-diphenyl-N,N0-bis(3-methylphenyl)-
[1,10-biphenyl]-4,40-diamine (MeO-TPD) layer doped with
2 mol% tetrafluoro-tetracyanoquinodimethane (F4-TCNQ)
was used as the p-type hole injection layer (HIL) [21],
whereas Li or Cs was doped into the ETL material to serve
as the n-type electron injection layer (EIL), whose thick-
ness was also (40-x) nm. As a comparison, ‘‘conventional”,
i.e. non-p-i-n type, devices were also fabricated, which did
not contain the p- and n-doped charge injection layers. The
thicknesses of HTL and ETL in the conventional devices
were both 40 nm.

For the alkaline doping of the electron transport mate-
rials, lithium metal was used as the Li source, whereas ce-
sium carbonate (Cs2CO3), which decomposes during
thermal evaporation to generate cesium atoms
(2Cs2CO3 ? 4Cs + O2" + 2CO2") [23], was used as the Cs
source. The cathode consisting of a 0.5 nm thick layer of
LiF followed by a 50 nm thick Al was deposited through
an in situ shadow mask, forming active device area of
4 mm2. 3TPYMB, mCP, UGH2, and FIr6 were purchased
from Luminescence Technology Corp., and used as ob-
tained without further purification.

Luminance (L)–current density (J)–voltage (V) measure-
ments were carried out in ambient using an Agilent 4155C
semiconductor parameter analyzer and a calibrated New-
port silicon detector. The luminance was calibrated using
a Konica Minolta LS-100 luminance meter assuming Lam-
bertian emission pattern. Electroluminescence (EL) spectra
were taken using an Ocean Optics HR4000 high-resolution
spectrometer. The luminous, power, and external quantum
efficiencies (gL, gP, and gEQE, respectively) were derived
based on the recommended methods [24]. The conductiv-
ities of nominally undoped or alkaline doped electron
transport materials were obtained from the ohmic regions
of the J–V characteristics of 100 nm thick films sandwiched
between two Al electrodes.
3. Results and discussions

3.1. Conventional devices with different ETLs

Fig. 2 shows the comparison of gEQE of three conven-
tional devices with different ETLs. The layer thicknesses
and ETL materials for these devices are summarized in Ta-
ble 1. A maximum gEQE = 14% is achieved at a current den-
sity of J < 10�2 mA/cm2 in device A with BCP as the ETL,
compared to the maximum of gEQE = 16% in device B with
a BPhen ETL, which is obtained at J � 0.1 mA/cm2. In device
C which uses 3TPYMB as the ETL, gEQE is substantially high-
er than in the other two devices, and reaches a maximum
of 20%. This is the highest gEQE ever reported for deep-blue
PHOLEDs without any particular light extraction enhance-
ment mechanism. As the light extraction efficiency in these
planar-type OLEDs is generally believed to be 20% [2,25]
(although there have been recent evidences that it could
be slightly higher [10]), this suggests that the internal



Fig. 1. Schematic energy level diagram of the dual-emissive-layer (D-EML) p-i-n phosphorescent organic light-emitting devices (PHOLEDs) and molecular
structures of the deep-blue phosphor (FIr6) and the three different electron transporting materials used (BCP, BPhen, and 3TPYMB).
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quantum efficiency (gIQE) could be very close to 100% in de-
vice C.

Among the most important properties for an ETL in a
PHOLED are the electron mobility (le), the energy levels
of the highest occupied and lowest unoccupied molecular
orbitals (HOMO and LUMO, respectively), and the triplet
energy. The electron mobility affects the charge balance
in the device, hence the location of the charge recombina-
tion zone. The HOMO and LUMO energies affect the hole
blocking and electron injection properties, respectively, at
the ETL/EML interface, whereas the triplet energy of the
ETL significantly impacts the exciton confinement within
the EML. As BCP and BPhen have similar HOMO/LUMO
(6.5/3.0 eV) [18] and T1 (2.5 eV) [16,17], the higher gEQE

of device B compared to that of device A should be attrib-
uted to the more balanced charge injection due to the
Fig. 2. External quantum efficiencies (gEQE) of conventional deep-blue
PHOLEDs with different electron transporting materials: BCP (device A),
BPhen (device B), and 3TPYMB (device C). (Inset) Electroluminescent (EL)
spectra of these three devices.
higher le of BPhen than that of BCP (�10�4 cm2/V s vs.
�10�6 cm2/V s) [18,26] (the hole mobility of the TAPC
HTL is �10�2 cm2/V s) [27]. However, charge balance can-
not be used to explain the higher gEQE in device C com-
pared with device B, as the electron mobility of 3TPYMB
(le � 10�5 cm2/V s) [19] is approximately one order of
magnitude lower than that of BPhen. The different efficien-
cies of these two devices should therefore be attributed to
the much higher T1 = 2.95 eV of 3TPYMB [19] enabling bet-
ter confinement of triplet exciton in the EML, although the
0.3 eV lower HOMO of 3TPYMB (6.8 eV) [19] than that of
BCP/BPhen (6.5 eV) also results in more effective hole
blocking at the EML/ETL interface. The electrolumines-
cence (EL) spectra of these three devices as shown in the
inset of Fig. 2 (measured at 1 mA/cm2) are very similar.
The minor differences in the relative intensities of the mul-
tiple vibronic peaks are possibly due to the different opti-
cal properties of the three ETLs as well as the slightly
different position of the recombination zone. The peak
luminous efficiency (gL) of device C reached 36 cd/A, com-
Table 1
List of thicknesses and materials of charge injection and transport layers of
dual-emissive-layer (D-EML) OLEDs. The general device structure is ITO/
HIL/HTL/D-EML/ETL/EIL/LiF/Al, where HIL = hole injection layer, HTL = hole
transport layer, ETL = electron transport layer, and EIL = electron injection
layer. The D-EML consists of mCP:4 wt%FIr6 (7 nm) and UGH2:25 wt%FIr6
(15 nm) for all devices.

Device HILa HTLb ETL EIL

A – 40 nm 40 nm, BCP –
B – 40 nm 40 nm, BPhen –
C – 40 nm 40 nm, 3TPYMB –
D 20 nm 20 nm 20 nm, BPhen 20 nm, BPhen:Li
E 30 nm 10 nm 10 nm, BPhen 30 nm, BPhen:Li
F 30 nm 10 nm 10 nm, BPhen 30 nm, BPhen:Cs
G 20 nm 20 nm 40 nm, 3TPYMB –
H 20 nm 20 nm 20 nm, 3TPYMB 20 nm, 3TPYMB:Li
I 30 nm 10 nm 10 nm, 3TPYMB 30 nm, 3TPYMB:Cs

a MeO-TPD:F4-TCNQ (2 mol%).
b TAPC.



Table 2
Comparison of the turn-on voltage (VT, defined as the drive voltage at 0.1 cd/m2), drive voltage at 100 cd/m2 (V100), external quantum efficiency (gEQE),
luminous efficiency (gL), power efficiency (gP), and CIE coordinates of various devices. See Table 1 for detailed device structures.

Device ETL/dopant VT, V100 (V) gEQE (%) (at peak) gL (cd/A) (at peak) gP (lm/W) (at peak, 100 cd/m2) CIE (x, y) (at 1 mA/cm2)

B BPhen/none 3.4, 4.5 16 ± 1 30 ± 2 25, 21 ± 2 (0.19, 0.27)
D BPhen/Li 3.2, 4.3 17 ± 1 35 ± 2 25, 25 ± 2 (0.16, 0.28)
F BPhen/Cs 3.1, 3.7 17 ± 1 35 ± 2 29, 28 ± 2 (0.18, 0.30)
C 3TPYMB/none 3.7, 4.7 20 ± 1 36 ± 2 30, 23 ± 2 (0.15, 0.25)
H 3TPYMB/Li 3.3, 4.4 20 ± 1 41 ± 2 32, 28 ± 2 (0.16, 0.27)
I 3TPYMB/Cs 3.0, 3.8 20 ± 1 41 ± 2 36, 32 ± 2 (0.16, 0.28)
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pared to 26 and 30 cd/A for the BCP and BPhen based de-
vices, respectively, even though device C showed the high-
est deep-blue color purity with CIE coordinates of (0.15,
0.25) (also see Table 2 for various device characteristics
of devices B and C).

3.2. p-i-n devices with BPhen ETL/EIL

We have shown previously [15] that the operating
voltages of the deep-blue D-EML PHOLEDs can be signifi-
cantly reduced by employing the p-i-n device structure
[20] that incorporates highly conductive p- and n- doped
charge injection layers to reduce the total resistance of
the organic layers and enhance charge injection from the
electrodes. In that work [15], we used BPhen doped with
Li as the n-type EIL and a thin, nominally undoped BPhen
layer was sandwiched between the doped BPhen layer
and the EMLs as the ETL. Here we further studied the ef-
fect of different ETLs and different alkaline (Li or Cs) dop-
ing in the EIL on performance of the p-i-n deep-blue
PHOLEDs. For devices with BPhen:Li as the EIL, as shown
in Fig. 3a, when the layer thickness of the undoped BPhen
ETL as well as the TAPC HTL is reduced from 20 nm (de-
vice D) to 10 nm (device E), the current at a given voltage
(V > 4 V) is improved by approximately an order of magni-
tude. However, as shown in Fig. 3b, gL is drastically re-
duced from 35 cd/A (device D) to 11 cd/A (device E).
When Cs is used instead of Li as the dopant in BPhen, with
a 10 nm thick undoped BPhen layer, the PHOLED (device
F) has slightly higher current injection than device E as
Fig. 3. Device characteristics of three p-i-n devices (D, E, and F) using BPhen as th
(V) characteristics, and (b) luminous (gL, open symbols) and power (gP, filled sym
D and E, whereas BPhen:Cs is used for device F. The undoped BPhen layer thick
shown in Fig. 3a. This could be attributed to the difference
in the electrical conductivity of the doped EILs. As sum-
marized in Table 3, the conductivity of BPhen:Cs (with a
weight ratio of 15:1, corresponding to a molar ratio of
1:0.2) is measured to be r = (6 ± 2) � 10�6 S/cm, approxi-
mately doubling that of BPhen:Li (with the same weight
ratio), although both are approximately four orders of
magnitude higher than that of undoped BPhen. More
importantly, however, device F has essentially the same
gL as device D as shown in Fig. 3b, although a further
reduction of the undoped BPhen layer thickness to 5 nm
also leads to a substantial reduction in gL (data not shown
here). The efficiency drop for very thin ETLs can be attrib-
uted to the diffusion of the alkaline dopants from the EIL
to the EBL/EML interface or even into the EML where they
act as luminescence quenching centers for excitons in the
EML. The results here also suggest that Cs has a lower dif-
fusivity than Li, consistent with the apparent difference in
their atomic sizes [20]. While device F has almost identi-
cal gL as device D, the thinner undoped HTL/ETL in device
F (10 nm vs. 20 nm) leads to a reduction of device operat-
ing voltage, therefore an increase in gP by approximately
15%, from a maximum of 25 lm/W [15] to 29 lm/W (also
see the comparison of device parameters summarized in
Table 2). The EL spectra of Li and Cs doped p-i-n PHOLEDs
are slightly different, and the CIE coordinates are shifted
from (0.16, 0.28) for device D to (0.18, 0.30) for device F,
possibly due to the different optical properties of BPhen:Li
and BPhen:Cs and/or shift of recombination zone toward
HTL with a higher conductivity of BPhen:Cs [28].
e electron transporting/injection material: (a) Current density (J)–voltage
bols) efficiencies. BPhen:Li is used as the electron injection layer in devices
ness is 20 nm for device D, and 10 nm for devices E and F.



Table 3
Conductivities of pure and alkaline doped BPhen and 3TPYMB films.

ETL Dopant Weight ratio of ETL:dopant Molar ratio of ETL:dopant Conductivity (S/cm)

BPhen None – – (4 ± 1) � 10�10

Li 15:1 1:1 (3 ± 1) � 10�6

Cs 15:1 1:0.2 (6 ± 2) � 10�6

3TPYMB None – – (2 ± 1) � 10�13

Li 15:1 1:1.8 (2 ± 1) � 10�6

Cs 15:1 1:0.3 (4 ± 2) � 10�6
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3.3. p-i-n devices with 3TPYMB ETL/EIL

We also measured the electrical conductivities of un-
doped and alkaline doped 3TPYMB films. As listed in Table
3, while the conductivity of pure 3TPYMB, r = 2 � 10�13

S/cm, is much lower than that of pure BPhen
(r = 4 � 10�10 S/cm), the conductivities of Li or Cs doped
3TPYMB (with the same weight ratio of ETL:dopant = 15:1)
are very similar to those of doped BPhen films, on the order
of 10�6 S/cm. Although we have not carried out a complete
study of the doping concentration dependence, it appears
that Cs doped 3TPYMB films can also achieve approxi-
mately twice higher conductivities than the Li-doped films.

To understand the effect of alkaline doped 3TPYMB EILs
on device efficiencies, we fabricated two p-i-n devices with
Li (device H) or Cs (device I) doped 3TPYMB EIL as well as a
p-i-i device with a 40 nm thick undoped 3TPYMB ETL but
no EIL (device G). Similar to BPhen based devices, a
20 nm thick undoped 3TPYMB ETL is used for Li-doped
EIL (device H), which is reduced to 10 nm in device I with
Cs doping. It is apparent from Fig. 4a that device I has the
best charge injection due to the high conductivity of
3TPYMB:Cs and the very thin undoped ETL layer. The
external quantum efficiencies of these three devices, how-
ever, are nearly identical with maximum gEQE = 20%, as
shown in Fig. 4b. This suggests that the apparent difference
in charge balance for these three devices does not affect
exciton generation/recombination appreciably. This, in
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with a 40 nm thick undoped 3TPYMB ETL, whereas the other two are p-i-n devi
detailed device structures. The total power and external quantum efficiencies o
surface were also shown (labeled as ‘‘I-lens”).
fact, is consistent with the superior exciton confinement/
charge blocking provided by the TAPC and 3TPYMB charge
transport layers. The large HOMO level offset (DE � 0.7 eV)
between FIr6 and 3TPYMB provides sufficient confinement
of holes in the EML so that those holes injected into the
EML will ultimately recombine with electrons injected
from the ETL. In addition, the high triplet energy of
3TPYMB ensures negligible loss of excitons created in the
EML regardless whether the position of the recombination
zone, which is determined by charge balance, is close to
the EML/ETL interface or not. The power efficiencies of
these three 3TPYMB-based devices, however, do show
appreciable differences due to the differences in device
operating voltages. The peak gP for device G, H, and I are
29, 32, and 36 lm/W, respectively. Device I especially has
a very low turn-on voltage of 3.0 V, and needs a bias
of 3.8 and 4.3 V to achieve a luminance of 100 and
1000 cd/m2, respectively. The CIE coordinates of these
three devices remain at approximately (0.16, 0.28).

Note that typically for a planar-type OLED, only about
20% of the overall emission can escape the device in the for-
ward viewing directions, while the rest is trapped in the
glass substrate and in the ITO and organic layers as wave-
guiding modes [2,25]. While there have been active re-
search in enhancing the light extraction efficiencies in
OLEDs [4,29], here we simply attached a near-hemispheri-
cal lens (BK-7 plano-convex lens, diameter 25.4 mm and
height 9.5 mm) to the glass substrate of device I using
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ces with Li (device H) or Cs (device I) doped 3TPYMB EIL. See Table 1 for
f device I with a near-hemispherical lens attached to the light-emitting
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refractive index matching gel (n = 1.517). As shown in
Fig. 4b, attaching the macrolens to device I (labeled as I-
lens) leads a maximum gEQE = (34 ± 2)%, or approximately
70% enhanced compared to the device without the macro-
lens, which is in general agreement with previous reports
[30]. The power efficiency of device I with the lens attached
reaches a maximum of gP = (61 ± 4) lm/W at L � 10 cd/m2,
slightly reducing to (57 ± 3) lm/W at L = 100 cd/m2 and
(44 ± 2) lm/W at L = 1000 cd/m2. With more complicated
optical designs to achieving 2.3 times enhancement in light
extraction [29], power efficiencies up to 80 lm/W could be
achieved in the FIr6-based deep-blue PHOLEDs.

4. Conclusions

We have shown that the efficiencies of FIr6-based deep-
blue PHOLEDs significantly depend on the properties of the
electron transport and injection materials. A maximum
gEQE = 20% was achieved using an ETL of 3TPYMB, substan-
tially higher than those of similar devices with BCP or BPhen
as the ETL, respectively. This is attributed to the nearly per-
fect charge and exciton confinement provided by the
3TPYMB as the ETL and the counterpart HTL of TAPC. We
also showed that alkaline doping (Li and Cs) in the 3TPYMB
ETL can effectively increase its conductivity by several or-
ders of magnitude, similar to the effect in the more widely
studied BPhen ETL. Incorporation of such doped layers in
p-i-n devices led to significantly improved charge injection
and lower device drive voltage. As a result, peak power effi-
ciency of 36 lm/W and a turn-on voltage of only 3.0 V were
achieved for these deep-blue PHOLEDs with CIE coordinates
of (0.16, 0.28). The efficiencies were further improved to the
maxima of gEQE = 34% and gP = 61 lm/W by attaching a near-
hemispherical lens to the light-emitting surface of the glass
substrate, and gP has the potential to be further improved to
up to 80 lm/W by using more complicated optical designs to
enhance the light extraction.
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present to prevent the excess water from ALD process to
penetrate into PVP which (ii) being highly hygroscopic
can be loaded with significant amount of water which
can then be released into P3HT.

To solve this problem, here we propose an enhanced
sealing architecture by adding a stopping layer against
water penetration under the PVP/Al2O3 stack. The addi-
tional layer has to satisfy the following requirements: it
has to be compact and non polar, in order to avoid water
diffusion, and it has to be integrated in the existing pro-
cess, without destroying the previously deposited layer
(P3HT) and without being destroyed by the deposition of
the subsequent layers.

To address these constraints we adopt a PVP-based
cross-linkable layer. Such material has been previously
used as gate insulator for all-organic field effect transistors
by Facchetti and coworkers [15]. They showed that cross-
linked PVP is insoluble in common organic solvents and
it has better insulating properties than normal PVP, sug-
gesting that the cross-linked polymer is more compact
and pin-hole free.
Gate insulator

Drain

Gate

SourceP3HT

X-linked PVP
PVP

Al2O3

Fig. 1. Cross section of the device capped with the three-layer structure.
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Fig. 2. Trend of the mobility and ION/IOFF ratio during the process (channel
length 18 lm). The first three points are measured in vacuum, the last
point in ambient atmosphere. The effect of the process on the mobility is
marginal and the final value is close to the value measured in the
uncapped devices (as deposited). On the contrary, the ION/IOFF ratio drops
after the deposition of the cross-linked PVP before improving after the
ALD growth and it finally stabilizes around 104. Note that the ION/IOFF ratio
has been calculated as the ratio between the current driven at VG = �30 V
and the current at VG = 0 V.
2. Experimental details

Devices are based on a bottom contact structure using
highly p-doped Si as common gate electrode and 130 nm
of thermally grown SiO2 as gate insulator. Platinum source
and drain contacts have been realized by means of a stan-
dard photolithographic process on the oxide surface
(Microfab, Bremen). Devices with channel lengths ranging
from 3 to 18 lm have been used (channel width 15 mm).
The oxide surface has been carefully cleaned with chloro-
form and acetone and then plasma polished for 10 min.
Immediately after the cleaning process, the SiO2 surface
has been functionalized by exposure to dimethyl-dichlo-
rosilane vapors, in order to maximize the mobility and re-
duce the hysteresis [16]. Solution of Regio-Regular poly-(3-
hexyltiophene) (MW = 33 kDa) in toluene (5 mg ml�1) was
filtered through a 0.45 lm pore size PTFE membrane and
finally spin coated at 4000 rpm on the substrate, achieving
a thickness of about 30 nm. Samples were then cured at
110 �C for 20 min in high vacuum (p = 10�5 mbar) in order
to remove any trace of solvents.

According to the process reported in [15] the cross-
linked layer was obtained as follows: a solution of PVP
(MW = 11 kD) in anhydrous tetrahydrofuran (THF)
(4 mg ml�1) was mixed with 1,6-bis(trichlorosilyl)-hexane
(9 ll ml�1 in anhydrous THF) in a 1:1 by volume solution.
The blend was then spun (5000 rpm) on the P3HT film.
Even though THF is not a very good solvent for P3HT, in or-
der to minimize its interaction with the P3HT film, we put
in rotation the spin coater before dropping the THF-based
solution. When P3HT films were compact and smooth, they
withstood this step without experiencing any sizeable
dissolution.

A thermal curing treatment was finally performed
(110–120 �C, 20 min in high vacuum). At this stage
the cross-linking agent reacts with OH groups on the PVP
so that PVP chains are r-bonded to a siloxane network
[15].
Glassware for solutions containing the cross-linking
agent have been derivatized by exposure to dimethyl-
dichlorosilane vapors prior to use, since 1,6-bis(trichlorosi-
lyl)-hexane is quite moisture sensitive.

As OH groups are consumed during the cross-linking
process, the final layer is apolar, and therefore can act as
water stopping layer, and is insoluble and therefore can
easily sustain the subsequent deposition of PVP from ethyl
acetate (MW = 20 KDa, solution 1 mg/ml spun at 6000
rpm). Solvents, dimethyl-dichlorosilane, PVP, 1,6-bis(tri-
chlorosilyl)-hexane (Aldrich) were used as received with-
out further purification.

Finally, the capping structure was completed by the
deposition of Al2O3 by ALD according to the experimental
details reported in our previous paper [14].

To summarize, the capping layer is now composed of
three thin films: (i) cross-linked PVP, which is deposited
directly on the P3HT and acts as water stopping layer;
(ii) PVP which provides the AOH groups to act as TMA
stopping layer; (iii) atomic layer deposited Al2O3 which is
the actual capping layer (Fig. 1).
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3. Results and discussion

We monitored the electrical characteristics of the de-
vices step by step throughout the whole capping process,
in order to evaluate the impact of each single stage on
the performance of the devices. In high vacuum the un-
capped devices showed mobilities between 0.5 � 10�2

and 0.8 � 10�2 cm2/Vs with on/off ratio close to 106. After
the deposition and the cross-linking of PVP, the ION/IOFF ra-
tio drops between 102 and 103 while the mobility is less af-
fected (Fig. 2). The reduction of the ION/IOFF ratio is
probably due to residual unreacted AOH groups on PVP
chains. The subsequent deposition of PVP does not modify
the mobility or the on/off ratio.

Finally the sample is capped by Al2O3. From now on, all
electrical measurements are performed in ambient air.
While the mobility decreases slightly, the on/off ratio
reaches values around 104, with an improvement of more
than one order of magnitude with respect to the previous
stage (Fig. 2). It is likely that during the ALD growth, some
TMA molecules reach the cross-linked PVP layer, reacting
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transfer characteristics curves of the same device.
and consuming the residual AOH groups responsible for
the P3HT doping.

We realized, capped and tested a total of 33 devices on
different substrates in the same ALD run. We found that for
all the tested devices the mobility was marginally affected
by the capping process. Regarding the ION/IOFF ratio, a cer-
tain dispersion was observed, ranging from less than 102

to 104, with a majority of devices (55%) in the range 102–
103. From now on, we focus on the best performing sam-
ples with on/off ratio greater than 103, which represent
about the 30% of the devices tested.

Fig. 3 compares transfer characteristics (right) and
external characteristics (left) measured in air in samples
capped with PVP + Al2O3 and capped with cross-linked-
PVP + PVP + Al2O3. In order to better compare the off cur-
rent in the two structures, transfer characteristics are
shown in a logarithmic scale. It is clear that the off current
is reduced by about two orders of magnitude in the ‘‘three-
layers” structure, if compared to the PVP + Al2O3 structure.
This demonstrates that the cross-linked layer is really
effective as barrier against water diffusion.
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By comparing the external characteristics we realize
that the saturation of the drain current is improved in
the sample with the cross-linked PVP with respect to the
sample capped with PVP/Al2O3. This is due to the reduced
doping which improves the channel pinch-off at the drain
side.

Finally, we tested the performances of the capped de-
vices over some months, in order to prove the robustness
and the long term stability of the capping layer. Graph in
Fig. 4 (left) shows the trend of the mobility and ION/IOFF ra-
tio measured in ambient atmosphere as a function of time.
After almost two months from the deposition the ION/IOFF

ratio is still very high in the range of 104, comparable to
the value measured just after the ALD growth. In the fol-
lowing 60 days the on/off ratio diminishes but maintains
a value larger than 103. The mobility does not change sig-
nificantly over the whole period that we monitored,
remaining between 0.6 � 10�2 and 0.8 � 10�2 cm2/Vs.

Fig. 4 (right) shows the evolution of transfer character-
istics measured on the same device (L = 18 lm) in ambient
atmosphere. The curves measured in the device just after
the ALD growth (0 days) and after 50 days are practically
coincident, while after 120 days a marginal increase of
the off current can be noticed.

4. Conclusions

To conclude, we have developed a three-layers struc-
ture for the effective encapsulation of P3HT based TFT.
The structure is comprised of an ALD deposited Al2O3 layer,
and of two spin-cast films acting as stopping layers for
Al2O3 precursors: PVP against TMA and cross-linked PVP
against water. With respect to our previous two-layer
structure [14], this latter layer provides a dramatic
improvement of the ION/IOFF ratio, which reaches values be-
tween 103 and 104 in ambient atmosphere. Encapsulated
devices have shown ambient stability in excess of a few
months.
Acknowledgements

The authors are grateful to G. Tallarida and M. Alia
(MDM CNR-INFM, Italy) for collaboration in devices reali-
zation, to S. Masci for careful bonding of devices and to P.
Trigilio for collaboration in devices characterization. The
financial support of Project ‘‘Proteo” (Fondazione Cariplo)
is also gratefully acknowledged.

References

[1] S. Hoshino, M. Yoshida, S. Uemura, T. Kodzasa, N. Takada, T. Kamata,
K. Yase, Journal of Applied Physics 95 (2004) 5088.

[2] D. Li, E.J. Borkent, R. Nortrup, H. Moon, H. Katz, Z. Bao, Applied
Physics Letters 86 (2005) 042105.

[3] C.R. Kagan, A. Afzali, T.O. Graham, Applied Physics Letters 86 (2005)
193505.

[4] B.S. Ong, Y. Wu, Y. Li, P. Liu, H. Pan, Chemistry – A European Journal
14 (2008) 4766.

[5] S.H. Han, J.H. Kim, J. Jang, S.M. Cho, M.H. Oh, S.H. Lee, D.J. Choo,
Applied Physics Letters 88 (2006) 073519.

[6] H. Jung, T. Lim, Y. Choi, M. Yi, J. Won, S. Pyo, Applied Physics Letters
92 (2008) 163504.

[7] T. Sekitani, T. Someya, Japanese Journal of Applied Physics 46 (2007)
4300.

[8] S. Koul, Y. Vygranenko, F. Li, A. Sazonov, A. Nathan, Material Research
Society Symposium Proceedings 871E (2005) 19.4.1.

[9] H. Jeon, K. Shin, C. Yang, C.E. Park, S.-H.K. Park, Applied Physics
Letters 93 (2008) 163304.

[10] S.-H.K. Park, J. Oh, C. Hwang, J. Lee, Y.S. Yang, H.Y. Chu,
Electrochemical and Solid-State Letters 8 (2005) H21.

[11] W. Kim, W. Koo, S. Jo, C. Kim, H. Baik, J. Lee, S. Im, Applied Surface
Science 252 (2005) 1332.

[12] S. Meyer, S. Sellner, F. Schreiber, H. Dosch, G. Ulbricht, M. Fischer, B.
Gompf, J. Pflaum, Material Research Society Symposium Proceedings
(2007) 965 E.

[13] S. Sellner, A. Gerlach, F. Schreiber, M. Kelsch, N. Kasper, H. Dosch, S.
Meyer, J. Pflaum, M. Fischer, B. Gompf, Advanced Materials 16 (2004)
1750.

[14] S. Ferrari, L. Fumagalli, D. Natali, F. Perissinotti, E. Peron, M.
Sampietro, Organic Electronics 8 (2007) 407.

[15] M.-H. Yoon, H. Yan, A. Facchetti, T.J. Marks, Journal of the American
Chemical Society 127 (2005) 10388.

[16] J. Veres, S. Ogier, G. Lloyd, D. De Leeuw, Chemistry of Materials 16
(2004) 4543.



Fig. 1. The design of controlled solution process system.

J. Chen et al. / Organic Electronics 10 (2009) 696–703 697
pentacene [7], rubrene [8], and pentacene [9–11]. Headrick
et al. with a four-channel transistor configuration and hol-
low-pen deposition method, measured the hole mobility of
polycrystalline TIPS pentacene films along the hollow-pen
writing direction and its vertical direction [7]. On the other
hand, by using transient photoconductivity technique,
Ostroverkhova et al. studied TIPS pentacene single crystals,
and estimated the mobility anisotropy of a–b plane to be
3.5 ± 0.6 [12].

In this work, besides suggesting a maximum anisotropic
ratio of 10 in solution-processed TIPS pentacene thin films,
which was supported by Headrick’s work [7], our results
demonstrated a unique example of systematic study on
charge-transport anisotropy in single-crystal textured TIPS
pentacene films by using direct mobility measurement.
Furthermore, information about the molecular alignments
in crystalline TIPS pentacene thin films was collected from
electron and polarized light microscopy, which revealed
frequent twinning across the ð120Þ planes that are the lat-
eral facets for single crystalline domains in the TIPS penta-
cene films. The [210] direction is close to one of the two p–
p stacking directions in TIPS pentacene unit cell, and was
identified as an excellent pathway for hole transport in
solution-processed TIPS pentacene thin films.

Most importantly, we exhibited the potential of con-
trolled solution deposition in fabricating single-crystal tex-
tured TIPS pentacene films with adjustable morphologies,
which may be transferable to the studies of other solu-
tion-processible organic molecular semiconductors. The
controlled solution deposition system (Fig. 1) allowed us
to study in detail the effect of grain size [4], thermal crack-
ing [13], and crystal orientation (this work) on the charge
transport of TIPS pentacene thin films.

2. Experimental

2.1. Materials

6,13 bis(triisopropylsilylethynyl) pentacene (TIPS
pentacene) was in the form of dark-blue needle-shaped
crystals, prepared through a one-step reaction from 6,13
pentacenequinone [5].
2.2. X-ray diffraction

X-ray diffraction of TIPS pentacene films on the silicon
wafer was performed with a Rigaku Miniflex and a Brukers
D8. Both one-dimension (2 h vs. intensity) and two-dimen-
sion diffraction results (diffraction pattern) were obtained
and compared with simulated data from Cerius,2 which is a
molecular modeling platform commercially available from
Accelrys.

2.3. Polarized light microscopy

A Nikon OptiPhot2-POL polarized optical microscope,
equipped with Spot RT Color 2.2.1 CCD camera (Diagnostic
Instruments, Inc.), was used for taking polarized optical
micrographs of solution-processed TIPS pentacene thin
films.

2.4. TEM

TEM and selected area electron diffraction (SAED)
experiments were conducted on a Philips CM12, working
at 120 kV. Electron diffraction pattern were obtained with
spot size 6 or 7, and compared with simulations from Ceri-
us2 (intensity factor 10, and accelerating voltage 120 kV).

2.5. Transistor fabrication and characterization

TIPS pentacene thin films were fabricated in the con-
trolled solution-process chamber (Fig. 1). The silicon wa-
fers used in this study were heavily arsenide-doped and
the insulator layer was thermally grown silicon dioxide
of 200 nm thickness. About 100 nm-thick gold electrodes
(source and drain) were thermally evaporated through a
laser-machined shadow mask. Transistor characteristics
were measured with a Keithley 4200 or HP 4145 semicon-
ductor parameter analyzer and an Alessi-3200 probe sta-
tion. Transistor characterization was conducted at room
temperature in dark. Both transfer (Id–Vg) and output (Id–
Vd) characteristics were tested five times for each transis-
tor. The Id–Vd curves were obtained upon sweeping gate
voltage Vg from �40 to 0 V, and then varying the source–
drain voltage from �40 to 0 V. The Id–Vg curves were col-
lected with the gate voltage increase from �60 to 20 V at
a constant Vd of �40 V. Saturation mobility was then ex-
tracted from the slope of the transfer curve Vg�(Id)1/2,
according to the equation Id = lWCi (Vg�VT)2/2L, where W
and L are channel width and length respectively, Ci the spe-
cific capacitance in the insulator layer, VT the threshold
voltage, and l the saturation mobility. W and L were about
300 and 25 lm.
3. Results and discussion

In the controlled solution deposition system, [4] tem-
perature control of the deposition chamber was achieved
with a hot stage and surface thermometer. Nitrogen gas
was released from a compressed gas cylinder through a
flow meter (Key Instruments), which monitored and regu-
lated the nitrogen gas flow (0–0.5 l/min). The nitrogen gas
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flowed in and out of the system through syringe needles, to
provide an oxygen-free environment, and to vary the sol-
vent evaporation rate in a systematic manner. Droplets of
TIPS pentacene solutions (0.1–1 wt% in bromobenzene or
toluene) were placed on a pre-cleaned [13] Si substrate
(2000 Å thermally oxidized SiO2) inside the deposition
chamber, and allowed to dry in minutes or hours depend-
ing on the nitrogen flushing rate and deposition
temperature.

The acene planes in TIPS pentacene are known to take
an ‘‘edge-on” orientation in thin films on glass and amor-
phous carbon substrates [5,14,15]. X-ray diffraction of TIPS
pentacene films on glass yielded a sharp (001) peak at
1.683 nm [5]. Here we studied the molecular orientation
of TIPS pentacene films fabricated with the controlled
deposition chamber on an oxidized Si wafer. In both 1-D
and 2-D out-of-plane X-ray diffraction, strong reflections
of lattice spacing (001), (002), and (003) were visible
(Fig. 2). These results and further in-plane X-ray diffrac-
tions suggested that, in the thin films fabricated with the
controlled solution deposition chamber, the TIPS penta-
cene molecules arranged with the same ‘‘edge-on” orienta-
tion on SiO2 substrates. In other words, the TIPS pentacene
films on oxidized Si wafers fabricated with the controlled
solution process had [001] projection as the top view,
identical to the case with amorphous carbon substrates
in TEM and electron diffraction experiments [14,15]. TEM
experiments revealed that in these solution-processed
films, the long axis of the needle-shaped TIPS pentacene
grains was parallel to [210], and the short axis was close
to ½120� [14,15].

At relatively low nitrogen flushing rates (0–0.04 l/min)
and proper temperatures (from room temperature to
90 �C), TIPS pentacene thin films with well ordered tex-
tures could be fabricated over relatively large areas (up
to several square millimeters) (Fig. 3a), using the con-
trolled solution deposition system [4]. If the deposition
temperature was close enough (�90 �C) to the previously
reported solid-to-solid structural phase transition temper-
ature (124 �C), [14] numerous crystallographic facets along
(120) would uniformly appear in single crystalline TIPS
pentacene domains (Fig. 3b). Similar (120) facets were fre-
quently observed under bright-field TEM in TIPS pentacene
Fig. 2. Two- and one-dimensional out-of-plane X-ray diffraction results of TIPS p
thin films briefly annealed above the phase transition tem-
perature (124 �C) (Fig. 3c and d). More importantly, these
(120) facets provided unambiguous evidences of frequent
twinning between the large grains (with typical grain
widths WG of microns to hundred microns) of the solu-
tion-processed TIPS pentacene films (Fig. 3b–d). Fig. 3e is
a simplified crystal modeling top view of these solution-
processed TIPS pentacene films, showing the different
characteristic crystallographic planes and axes.

It is necessary to point out that deposition conditions
for generating (120) facets (i.e. 90–130 �C) only served
the purpose to understand the molecular orientations in
TIPS pentacene thin films. Deposition temperatures for
the active layer of actual devices were significantly lower
(10–50 �C), in order to avoid the effect of thermal faceting
or cracking, which has been shown to reduce the effective
mobility by up to several times [13].

A top-contact thin film transistor configuration was
used throughout this study (Fig. 4a). TIPS pentacene films
were solution-cast from 0.1 to 1 wt% bromobenzene or tol-
uene solution with the controlled solution process system
[4] at relatively low temperatures (10–50 �C) and very low
(0–0.04 l/min) nitrogen flushing rates. Generally five trans-
fer and output characteristics measurements were per-
formed on each transistor, which had standard deviations
of 5–20% of the average mobility.

Fig. 4b shows an optical image of an actual device lay-
out in top view. On top of the Si wafer, the crystalline TIPS
pentacene films had a central nucleus (Fig. 4b); the needle-
shaped grains stretched out in different directions and
meet the later-deposited gold source–drain channel array
at various h angles (Fig. 4c). Here the angle between
[210] (the long axis of TIPS pentacene grains) and the
channel direction was defined as h (Fig. 4c). The fabricated
TIPS pentacene films in Fig. 4 had thicknesses of �150 nm
according to atomic force microscopy experiments. Repre-
sentative transfer (Fig. 4d) and output (Fig. 4e) characteris-
tics of these TIPS pentacene thin film transistors are shown
as a function of the h angle, demonstrating a strong orien-
tation-dependence of effective mobility. Noticeably, non-
linear Ids–Vds responses at low Vds region were mainly
observed in devices with low h angle (e.g. h = 20� in
Fig. 4e). This may be explained by the facts that channel
entacene films fabricated with the controlled deposition chamber in Fig. 1.



Fig. 3. (a) At very low nitrogen flushing rates (0–0.04 l/min) and proper temperatures (room temperature to 90 �C), TIPS pentacene thin films with well
ordered texture could be fabricated over a relatively large area (up to several millimeter by several millimeter) by using the controlled solution deposition
system [4]. (b) If the deposition temperature was close enough (�90 �C) to the previously reported solid-to-solid structural phase transition temperature
(124 �C), [14] numerous crystallographic facets along (120) could be uniformly seen in a single crystalline TIPS pentacene domain. (c, d) Similar (120)
facets were frequently observed under bright-field TEM in TIPS pentacene thin films briefly annealed above the solid-to-solid structural phase transition
temperature (124 �C). These (120) facets provided unambiguous evidences of frequent twinning along [210] in large grain (grain width WG of microns to
hundred microns) solution-processed TIPS pentacene films. (e) A simplified crystal modeling top view of the solution-processed TIPS pentacene films shows
different crystallographic planes and axes.
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resistance is made up of contact and channel resistance;
contact resistance is relatively constant for devices in this
work as they have similar grain width, while channel resis-
tance is orientation-dependent and will sharply decrease
as the h angle decreases. In addition, we found that thresh-
old voltage and on/off ratio did not change dramatically as
a function of crystal orientation. In Fig. 4d, as the h angle
increased, the threshold voltages increased by only a cou-
ple of volts (from 0.2 to about –2 V), and the on/off ratios
decreased slightly (from 106 to 105.5).

Several sets of these h angle dependent mobilities were
obtained, which showed similar anisotropic trends to the
10-transistor data set presented in Fig. 5a, on the top right
quadrant (0–90�) of a 360� pole figure. The other three
quadrants of the pole figure (90–360�) were symmetrically
plotted with the experimental fit of the data in the first



Fig. 4. (a) A not-to-scale schematic of the top-contact thin film transistor configuration used in this study. (b) An optical image of an actual device layout in
top view. On top of the Si/SiO2 wafer, TIPS pentacene films had a central nucleus. (c) Needle-shaped grains stretched out to different directions and the
later-deposited gold source–drain channel array met the grains at various h angles. Here the angle between [210] (long axis of TIPS pentacene grains) and
channel direction was defined as h. (d, e) Typical transfer and output characteristics of TIPS pentacene thin films as a function of crystal orientation.
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quadrant, due to the film symmetry. As the h angle in-
creased, the effective hole mobility decreased by up to
ten-fold (from 0.04 to 0.004 cm2/V s in Fig. 5a).
It has been argued theoretically that TIPS pentacene
crystals should be essentially two-dimensional in their
band structures due to the p–p stacking along both the



Fig. 5. (a) The experimental results of the h angle dependent charge carrier mobility were presented on the top right quarter (0–90�) of the 360� pole figure.
The other three quarters of the pole figure (90–360�) were symmetrically plotted with the experimental fit of the data in the first quarter, based on the film
symmetry. TIPS pentacene molecules were over-magnified and simplified as plates (underneath source/drain electrodes) in the device cartoons to show the
relative positions of twin boundaries and regular grain boundaries. (b, c) Because of a combination of good p–p stacking and low boundary density, [210] is
the best charge carrier pathway in large grain solution-processed TIPS pentacene thin films. The needle-grain-textured TIPS pentacene films with frequent
twinning across [210] (b) were plotted against the relative positions of important crystallographic planes and axes (b and c).
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‘‘a” and ‘‘b” directions (Fig. 5b and c) [16,17]. However, the
frequent twinning across the ð120Þ lateral facets and grain
boundaries (Fig. 3b–e) in a typical solution-processed TIPS
pentacene thin film significantly limited the charge trans-
port along the ½120� direction, which was the short axis
of the needle-shaped TIPS pentacene grains and close to
the [010] axis (Figs. 3 and 5). In contrast, the [210] direc-
tion (the long axis of the needle-shaped TIPS pentacene
grains) is close to the [100] axis. Because of a combination
of good p–p stacking and low boundary density, the [210]
direction was found to be the best charge carrier pathway
in these solution-processed TIPS pentacene thin films
(Fig. 5b and c).

Occasionally single grain TIPS pentacene crystals (with
grain widths WG > 25 lm, or the channel length) occupied
the whole channel (300 lm by 25 lm), with [210] axis
perpendicular to the channel direction. This was actually
very similar to the case with h close to 90� in Fig. 4c, but
without grain boundaries in channel. These ‘‘single-crys-
tal” transistors with h � 90� were found to have large
mobilities, nearly equivalent to those with h = 0–10�. This
agreed well with the two-dimensional p–p stacking crystal
structure of TIPS pentacene (Fig. 5c), and confirmed that
the strong anisotropic (10:1) charge-transport behavior
of solution-processed TIPS pentacene films is essentially
due to their grain geometry and boundary distribution.

Most importantly, the controlled solution deposition
system (Fig. 1) was shown to yield relatively uniform,
adjustable morphologies of single-crystal textured TIPS
pentacene films. With the controllable nitrogen flow and
chamber temperature, fine tuning of the resultant film
morphology becomes possible, which can potentially lead
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to both enhanced performance reproducibility and better
understanding of the structure–property relationships
in small-molecule solution-processible organic semicon-
ductors.

From the micrograph in Fig. 3, some crystallographic
discontinuities or additional defects beyond the regular
and twin boundaries were visible, possibly representing
internal fractures and cleavage planes, or perhaps merged
boundary facets generated during crystal growth. There-
fore, the crystal orientation-dependent mobility illustrated
in Fig. 5 may actually represent combined influences of
these extra structural complexities as well as the more
obviously conceived crystal structure anisotropy and grain
boundaries. Precise determination of the actual impact of
these extra structural complexities on charge-transport is
beyond the scope of this paper and has been partially ad-
dressed elsewhere [13]. In addition, micrographs in Figs.
3 and 4 occasionally demonstrated tiny circular particles
on top of, or inside the crystallographically well defined
grains. Some of these particles were previously reported
as a second layer (or islands) of TIPS pentacene crystals
on top of the bottom films [7]. However, we cannot rule
out the possibilities of impurity inclusions and heteroge-
neous nucleation, which may be resulted from the slow
crystallization process. Since the TIPS pentacene transis-
tors with systematically varied crystal orientations are
likely to suffer from this effect equally, we do not expect
the overgrown TIPS pentacene crystals or slight film irreg-
ularities to significantly interfere with the trend of aniso-
tropic charge transport illustrated in Fig. 5.

It needs to be pointed out that some of the structural
analysis in this work, such as crystallographic planes and
directions of grain boundaries and cracks, were presented
previously in the context of TIPS pentacene films with sim-
ilar crystal orientation angles (h � 30�) but systematically
varied grain widths (1.5–33 lm) [4]. However, according
to our knowledge, the correlation of charge-transport
mobility and TIPS pentacene grain boundaries have not
been reported as a function of crystal orientation in films
with uniform grain widths, and this is the key focus of
the current work (with grain width WG of �10 lm). In
addition, although the controlled solution deposition
method was already used previously [4] to generate TIPS
pentacene films with systematically varied grain sizes, this
paper is aimed to reveal the optimal deposition conditions
for fabricating films with large grains but different crystal
orientations (h = 0–90�). For example, the gas flushing rates
used in Ref. [4] were varied between 0 and 0.5 l/min, while
the films studied in this work were fabricated with a very
slow nitrogen flow speed (<0.04 l/min). Through the tem-
perature control in this work, the TIPS pentacene twin
boundaries were conveniently identified in large grain TIPS
pentacene crystalline films with optical microscopy and
associated with charge-transport anisotropy, which was
not achieved in Ref. [4].

Compared to the mobility anisotropy measurements in
Ref. [7], the key advantages of this work are three-fold.
(1) The measurements in Ref. [7] were performed on films
deposited with a hollow-pen, which generated grain sizes
with large variations, while the films tested in this work
were fabricated with a controlled solution casting method
that yielded a consistent grain width of about 10 lm. Grain
sizes of TIPS pentacene grains have a large effect on charge-
transport, [4] and the effect of grain size should be removed
in order to precisely determine the charge-transport
anisotropy. (2) The channel length and width in this work
(25 and 300 lm) were significantly smaller than those in
Ref. [7] (75 and 1000 lm). The reduced channel area signif-
icantly minimized the effect of crystal orientation variation
within the same transistor channel. In other words, the esti-
mation of crystal orientation angle in this work was much
more accurate. (3) With the controlled solution deposition,
it is now possible to generate the data set in Fig. 5 with as
many as 10 different crystal orientation angles, while the
four-channel electrode array in Ref. [7] only provided
mobility comparison between two orientations (hollow-
pen writing pathway and its vertical direction).

We notice that the mobilities achieved in this work
were considerably smaller than those reported previously
[18]. The measured hole mobilities of TIPS pentacene crys-
tals are strongly dependent on the impurity level, substrate
treatment, deposition methods, and other factors. The fo-
cus of this work is on the crystal orientation-dependent
charge transport, instead of achieving the highest mobility
possible. Some of the requirements for generating TIPS
pentacene grains with uniform grain widths but different
orientations may be even contradictory to the ones for
achieving the highest mobility. For example, no surface
treatment was performed on the silicon dioxide substrate
in this study. A very slow crystallization is beneficial for
crystal orientation study, but may lead to higher impurity
levels. In this work, no efforts were made to maximize the
measured mobility values, which could be the reason for
the relatively low mobilities observed.
4. Conclusions

In summary, a controlled solution process system with
variable deposition temperatures and nitrogen gas flow
rates was used to fabricate active layers of TIPS pentacene
thin film transistors with relatively large grains
(WG � 10 lm) and different crystal orientations. Acene
planes of TIPS pentacene crystals took an ‘‘edge-on” orien-
tation on the oxidized Si wafer substrates, and one of the
p–p stacking directions was close to [210] – the long axis
of the needle-shaped TIPS pentacene grains. Frequent
twinning across the ð120Þ planes was evidenced by both
optical and transmission electron microscopy. A maximum
charge-transport anisotropic ratio of 10 was measured
upon systematically changing the h angle (i.e. the angle be-
tween [210] and the source–drain direction). Our results
also demonstrate the possibilities of controlled solution
deposition in fabricating single-crystal textured TIPS
pentacene films with uniform and adjustable morpholo-
gies, which may be applicable to the studies of other solu-
tion-processible organic molecular semiconductors.
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Chart 1. The structures of 1, 2 and 3.

Fig. 1. Cyclic voltammogram of 1.0 � 10�3 M 1 in 0.1 M TBAH/DCM at
100 mV/s.

Fig. 2. Electropolymerization of 1.0 � 10�3 M 1 in 0.1 M TBAH/DCM at
100 mV/s by potential scanning to give P1.
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(red–green–blue, RGB) has remained elusive. The problem
was that the green polymeric electrochromics should have
at least two absorption bands (blue and red) in their neu-
tral state and these bands should also deplete simulta-
neously during oxidation [24] and it has been difficult to
control both absorption bands by the application of a volt-
age pulse. Fortunately, a real advance on polymeric elec-
trochromics came in the year 2004 by the work of Wudl
and Sonmez et al. which brought all the problem to a close
by designing hybrid materials in which electron rich (do-
nor) and electron poor (acceptor) units were combined
[24,25]. Nevertheless, the examples of neutral state green
polymeric materials have still been very rare [26–30] and
the newer ones are welcome.

During the course of a programme aimed at the synthe-
sis and applications of novel photo- and electro-active
materials [31–33], we have recently reported that the
donor–acceptor systems which were based on thiophene
and/or EDOT units as donor parts and 2,1,3-benzoselen-
adiazole as acceptor part, respectively, provided neutral
state green polymeric electrochromic material [34]. In this
paper, we wish to report the synthesis and properties of a
novel and highly stable neutral state green polymeric
electrochromic material which is based on 5,8-bis(2,3-
dihydrothieno[3,4-b][1,4]dioxin-5-yl)-2,3-di(1H-pyrrol-2-yl)
quinoxaline, 1 [35–37] (Chart 1). Although the synthesis of
1 was previously reported by Anzenbacher et al., to our best
knowledge, no attention has been paid to the electrochro-
mic properties of its polymer P1. P1 has an ambipolar char-
acter (n- and p-doping process) and it exhibits a green color
in the neutral state and a highly transmissive blue color in
the oxidized state, which is a quite important feature for
RGB applications. Furthermore, the optical, electronic and
electrochromic properties of P1 were discussed in compar-
ison with the precedent analogues P4–P6 [27,28].

2. Results and discussion

2.1. Electropolymerization

In order to elaborate the redox behavior of 1, cyclic
voltammetry studies were carried out in 0.1 M tetrabutyl-
ammonium hexafluorophosphate (TBAH)/dichloromethane
(DCM) solution. As depicted in Fig. 1, 1 showed an irrevers-
ible peak (Eox

m;a = 0.85 V vs Ag/AgCl) during anodic scan. On
the other hand, during the cathodic scan, a reversible reduc-
tion peak with a half peak potential (Ered

1=2) of�1.39 V (vs Ag/
AgCl) was observed for stable radical anion formation.

For 1, new reversible redox couples and concomitant
increase in the current intensities were observed during
the repetitive anodic potential scan in 0.1 M TBAH/DCM
solution when it was clipped at 0.95 V (Fig. 2). This clearly
indicated the formation of an electroactive polymer film on
the electrode surface. After electrodeposition, we were
delighted to note that the as-prepared polymer was green
in the neutral state.

However, at this stage it was tempting to think that the
polymerization of 1 might proceed in two different ways,
since two different heterocyclic rings (EDOT and pyrrole)
which generally exhibited distinct oxidation potentials
were available for oxidative polymerization. In order to
reveal that the polymerization preceded exclusively
through the EDOT units, two similar systems were taken
into account: 2 [35–37] where the oxidative polymeriza-
tion through pyrrole rings was precluded by the presence
of chlorine atoms, and 3 [35–37], where the oxidative poly-
merization, if possible yet, is only feasible through pyrrole
rings, since EDOT units were eliminated from the structure.

It was reported that 2 could give the corresponding
conducting material electrochemically through EDOT units
[35–37]. On the other hand, it was noted that 3 did not
polymerize alone to yield a polymer film [35–37]. Undoubt-



Scheme 1. Electrochemical polymerization of 1 to give P1.

Fig. 3. Cyclic voltammograms of n- and p-doped P1 film in 0.1 M TBAH/
ACN at a scan rate of (a) 50, (b) 75, (c) 100, (d) 125, (e) 150, (f) 175, (g)
200, (h) 225 and (i) 250 mV/s.
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edly, these results suggested that the electrochemical poly-
merization of 1 proceeded through EDOT units to give P1
(Scheme 1).

The redox behavior of the polymer film was investi-
gated in monomer-free electrolyte solution containing
0.1 M TBAH/DCM. P1 has an ambipolar (n- and p-doping
Fig. 4. Relationship of anodic and cathodic current peaks as a function o
process) character and it exhibited single and well-defined
reversible redox couples during p-doping at Eox

1=2 = 0.10 V
(Fig. 3). The peak currents were linearly proportional to
the scan rates which indicated a non-diffusional redox pro-
cess and well-adhered electroactive polymer film (Fig. 4).
The n- and p-doping processes take place much easier for
P1 when compared to P4 (Table 1).

On the other hand, P1 also exhibited a true n-doping
behavior which mainly took place in the acceptor (quinox-
aline) parts of the polymer chain (Fig. 3). The polymer film
has a stable and well-defined reversible n-doping process
with a half peak potential (Ered

p;1=2) of �1.34 V and the peak
currents were intensified linearly as a function of scan rate
indicating that redox couple was non-diffusion-controlled.

It is noteworthy to mention that n- and p-doping pro-
cesses with the same material make it an excellent candi-
date for battery, supercapacitor and light-emitting diode
applications [8]. Of special interest, the characteristic fea-
ture of electrochemical capacitors is the shape of cyclic
voltammogram which should ideally be a rectangle with
wide potential window. In order to probe the utility of
P1 film as a capacitor, it was cycled as a function of scan
rate. As illustrated in Fig. 5, the flat current response was
observed even after high scan rates, indicating a fast charge
(doping)/discharge (dedoping) process. It was also noted
that the polymer film exhibited perfect stability under
multiple cycle between 0.0 and 1.0 V at a scan rate of
200 mV/s since no appreciable changes in the shape of
the voltamogram was observed after a thousand of scans
(Fig. 6). The stability upon switching or cycling is also cru-
cially important feature for such materials to be amenable
for practical and commercial applications. The stability of
polymer film was recorded between neutral and oxidized
states by potential scanning at a scan rate of 200 mV/s.
After thousand of cycles, no appreciable change was ob-
served in the redox response of P1 which unambiguously
showed that it is highly robust and/or stable (Fig. 6).
These intriguing features pave the way of utilizing P1 in
f scan rate for (a) p- and (b) n-doped P1 film in 0.1 M TBAH/ACN.



Table 1
The structures and properties of quinoxaline based polymers P1, P4–P6.

Polymers Eox
m /V Eox

p;1=2/V Ered
p;1=2/V kmax/nm Eg/eVa

NN

HNNH

S S

O O O O

n

P1

0.85 0.1 �1.34 334 1.25
427
746

NN
S S

O O O O

n

P4[27]

[27] 0.73* 0.2* �1.45* 410 1.40
660

NN
S S

O O O O

n

SS

P5[27]

[27] 0.85* �0.03* �1.41* 405 1.20
780

NN
S S

O O O O

n

P6[28]

[28] 1.01* 0.17* �1.35* 448 1.01
732

a Estimated with respect to optical data.
* Estimated from the corresponding references.
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supercapacitors as either cathode or anode electrode mate-
rial with broad potential window.

2.2. Electrochemistry

The electro-optical properties of the polymer film were
investigated using the changes in electronic absorption
spectra under a voltage pulse. Before p-doping process,
the polymer film was initially neutralized at �0.5 V. It is
noteworthy that P1 is unique since it has shown three
well-defined absorption maxima at 334 nm (3.60 eV),
427 nm (2.90 eV) and 746 nm (1.66 eV) in the neutral state
(Fig. 7), and all the other analogues, P4–P6 have shown
only two absorption bands (see Table 1). The deep valleys
(at 353 and 507 nm) among the three absorption bands of
P1 control the hue and brightness of the green color [24].
Estimated differences in transmittance of the bands (at
334, 427 and 746 nm) with respect to these deep valleys
were found to be 2.7%, 14.2%, 25% for 353 nm and 16.2%,
27.8%, 38.6% for 507 nm. These values are quite enough
to get the green color with various hue.

Although three sets of band gap (Eg) values can be cal-
culated from the onset of the low energy end of three p–
p* transition bands (at 334, 427 and 746 nm) for green
P1 as 3.58, 2.54 and 1.25 eV, respectively, it is evident that
Eg is 1.25 eV which was also supported by either cyclic
(1.20 eV) or differential pulse voltammetry (1.17 eV)
(Fig. 8a–c). It is also reasonable to assume that the Eg of
P1 from the optical study is 1.25 eV which is quite lower
than that of P4 and in well-agreement with the all other
analogues (Table 1).

Upon oxidation, the polymer film exhibited a color
change from green to transparent sky blue. It is of worth
noting that the color change from green to sky blue is a
quite significant trait in electrochromic devices and/or
displays along with the green color of the neutral state.



Fig. 5. (a) Capacitance effect of P1 film by cyclic voltammetry at a scan rates of (a) 50, (b) 75, (c) 100, (d) 125, (e) 150, (f) 175, (g) 200, (h) 225 and (i)
250 mV/s. (b) Relationship of anodic (d) and cathodic (s) current peaks as a function of scan rate for P1 film in 0.1 M TBAH/ACN.

Fig. 6. Stability of P1 film by cyclic voltammetry at a scan rates of
200 mV/s in 0.1 M TBAH/ACN between 0.0 and 1.0 V.

Fig. 7. Electronic absorption spectra of P1 (11 mC/cm2) on ITO in 0.1 M
TBAH/ACN at various applied potentials between �0.5 and 1.0 V.
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At low doping levels, the intensities of the three p–p*

transition bands of P1 decreased simultaneously and a
new absorption band around 1080 nm started to inten-
sify due to the polaron formation in Fig. 7. Upon further
oxidation, the absorption band at 334 nm reached the
minimum intensity and the bands at 427 and 746 nm
diminished completely. The percentage transmittance
changes (D%T) between the neutral (at �0.5 V) and oxi-
dized states (at 1.0 V) were found to be 7.3% for
334 nm, 36.4% for 427 nm, 19.2% for 746 nm and 49.9%
for 1080 nm.

The promising true n-doping behavior of P1 film was
also confirmed by the changes in the electronic absorption
spectra during reduction (Fig. 9). When the polymer film
was reduced, its color changed from green to gray-purple
(Fig. 10) and the three p–p* transition bands began to
decrease simultaneously and new absorption bands
started to intensify at 345, 496, 541 and 984 nm with a
concomitant appearance of four isosbestic points (377,
457, 618 and 922 nm). This indicated that only two phases
did coexist during the process (n-doping).

P1 film was found to be one of the most promising poly-
mers bearing three absorption bands and durable n- and
p-doping processes. Furthermore, the robustness and the
stability of the system suggest that P1 is an excellent can-
didate for electrochromic devices and optical displays. The
transmittance changes (optical contrast) was measured as
a function of switching time of 10, 5, 2 and 1 s via square–
wave potential methods between�0.5 and 1.0 V. As shown
in Fig. 11, the variation changes in the optical contrast at
334, 427 and 746 nm are 1.7%, 3.8% and 0.1%, respectively,
as the switching time is increased from 10 to 1 s. This



Fig. 8. (a) Cyclic voltammetry, (b) differential pulse voltammetry, and (c)
electronic absorption spectrum of P1 at �0.5 V (at neutral state) in 0.1 M
TBAH/ACN.

Fig. 9. Electronic absorption spectra of P1 (11 mC/cm2) on ITO in 0.1 M
TBAH/ACN at various applied potentials between �1.00 and �1.90 V.

Fig. 10. Electronic absorption spectra and the color of P1 on ITO in 0.1 M
TBAH/ACN at �0.5 V (at neutral state), �1.9 V (at reduced state) and 1.0 V
(at oxidized state).
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result clearly indicates that P1 gave response in a
very short time with no appreciable change in the optical
contrast values, when it was switched for p-doping
process.
3. Conclusion

In summary, a new and highly stable neutral state
green polymeric electrochromic based on quinoxaline
(acceptor) and EDOT (donor) units, P1, was synthesized
electrochemically and the intriguing features were de-
scribed. P1 is green in the neutral state and it exhibits
three well-defined absorption bands. Furthermore, P1
has a narrow band gap (1.17 eV). The n- and p-doping
processes suggest that P1 is one of the promising neutral
state green polymers and it can be used in supercapaci-
tors as either cathode or anode electrode material. Apart
from the stability and the robustness of the polymer
film, P1 shows multi-electrochromic behavior; gray-pur-
ple in the reduced form and highly transmissive blue col-
or in the oxidized state. Further work along these lines is
currently underway in our laboratories and the results
will be reported in due time.



Fig. 11. Chronoabsorptometry experiments for P1 on ITO in 0.1 M TBAH/
ACN while the polymer was switched between �0.5 and 1.0 V with a
switching time order of 10, 5, 2 and 1 s.
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4. Experimental

4.1. General

All chemicals were purchased from Aldrich Chemical.
0.1 M tetrabutylammonium hexafluorophosphate (TBAH)
dissolved in freshly distilled dichloromethane (DCM) and
acetonitrile (ACN) was used as electrolyte solution. A plati-
num disk (0.02 cm2) and a platinum wire were used as work-
ing and counter electrodes, respectively, as well as Ag/AgCl
in 3 M NaCl(aq) solution as a reference. Repetitive cycling
or constant potential electrolysis was used to obtain the
polymer films. Electro-optical properties were investigated
by using an indium–tin oxide (ITO, Delta Tech. 8–12 X,
0.7 cm � 5 cm) electrode as well as a platinum wire as coun-
ter electrode and a Ag wire as a pseudo-reference electrode
(calibrated externally using 5 mM solution of ferrocene/fer-
rocenium couple). In order to equilibrate the redox behavior
of the polymer film and to obtain repeated results, the
coated polymer films were switched between their neutral
and oxidized states several times before electroanalytical
and optical studies. Electroanalytical measurements were
performed using a Gamry PCI4/300 potentiostat–galvano-
stat. The electro-optical spectra were monitored on a Hew-
lett–Packard8453A diode array spectrometer. Photographs
of the polymer films were taken by using a Canon (Power-
Shot A75) digital camera. 5,8-bis(2,3-dihydrothieno[3,
4-b][1,4]dioxin-5-yl)-2,3-di(1H-pyrrol-2-yl)quinoxaline (1)
was synthesized according to the literature [35–37].
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Fig. 1. Schematic illustrating the structure and the operation principle of
a non-volatile bistable MIS memory device with a molecular-based
proton storage element consisting of a proton-conducting polymeric layer
(PCL) and a proton-trapping polymeric layer (PTL) bi-layer stacked
structure.
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panels, and various cheap mass products, notably elec-
tronic paper and radio-frequency identification (RFID) tags
[9–12]. The most mature memory cell structure for use in
digital integrated circuit (IC) applications consists of a
single field-effect-transistor (FET) that includes a binary
information storage element and acts as a memory-cell
addressing switch. The data sensing mode of single-FET
memory structures renders them robust against read cur-
rent distortions to the storage mechanism; an important
advantage over their two-terminal contenders (i.e. cross-
point resistive memories where parasitic leakage currents
in a passive array can affect the reading process) [13,14].
In memory transistors, the storage element is incorporated
in between the channel and the gate electrode. It can be
placed in two readily discernible physical states that mod-
ulate the channel conductivity enabling data to be read
electrically by sensing the current level of the transistor.
Various storage elements based on: (1) charge injection
and trapping in inorganic dielectrics [15], organic dielec-
trics [16] or nanoparticles [17], (2) ferroelectric polariza-
tion of dielectrics [18] as well as (3) proton motion and
trapping in dielectrics [19] have been investigated as alter-
natives to the conventional polysilicon floating-gate of the
transistor based Flash memories. In the case of high-den-
sity Si-based ICs, an aggressive reduction of the physical
thickness of the gate dielectric storage element is required
for scaling the size of the FET memory cell beyond 20 nm.
On the other hand, single-FET memory structures with
large feature sizes and thick storage elements compatible
with organic electronic processing may be further
exploited in emerging large-area low-performance logic
circuit applications on flexible substrates.

In this direction, we recently proposed a simple approach
for producing proton storage elements that can be reliably
incorporated into the gate dielectric of inorganic and/or or-
ganic transistors [20]. Basically, a proton memory device
utilizes the motion of protons within the gate dielectric of
a Metal–Insulator–Semiconductor (MIS) transistor, and pre-
sents the benefit to be programmed at much lower voltages
than charge-trapping memory devices, thus offering a bet-
ter alternative for low-power consumption [21,22]. Our ap-
proach is based on solution-processed polymeric materials
and enables the manipulation of the storage element prop-
erties simply via formulation or/and chemical synthesis.
Realization of non-volatile memory devices is achieved
using a stacked structure consisted of a proton-conducting
polymeric layer (PCL) based on a tungsten heteropolyacid
and poly(methyl methacrylate) (PMMA), and a proton-trap-
ping polymeric layer (PTL) based on PMMA containing
amine proton trapping sites, as depicted in Fig. 1 in the case
of a MIS-type capacitor. Application of a positive voltage to
the gate electrode with the substrate connected to ground
(‘‘Write” operation) allows for the dissociation of neutral
(n) sites of the PCL into anions (�) and protons (+), motion
and trapping of protons in the PTL. This induces a negative
flat-band voltage shift of the capacitor C–V characteristics
(Fig. 1). A subsequent negative voltage moves back the
trapped protons leading to the reformation of neutral sites
within the PCL (‘‘Erase” operation).

The concept of using a PCL/PTL stack for the realization
of non-volatile proton memory devices is quite simple and
many materials are possible candidates. The materials’
selection is primarily guided by requirements of memory
performance and process integration compatibility that
strongly depend on the physicochemical properties of the
candidate materials. In the present paper, we provide a
more detailed analysis of the relationship between the
material properties and electrical performance of the
PCL/PTL stack reported in our previous communication
[20]. Particular emphasis is placed on the thermal process-
ing conditions and their optimization to avoid undesirable
phenomena like reactions within the PCL and inter-mixing
of the PCL and PTL. Moreover, based on a combination of
UV spectroscopy studies and transient current experi-
ments, a comprehensive picture about the protons in-
volved in the memory effect and their motion through
the PCL is presented. Finally, the write characteristics and
scalability prospects of molecular proton memory devices
are examined in terms of the physical properties of generic
PCL/PTL bi-layer stacked structures.

2. Experimental

The PCL consists of a PMMA film containing molecules
of 12-tungstophosphoric acid (H3PW12O40; here referred
as HPW), whereas the PTL is a PMMA film with embedded
2-aminoanthracene (AA) molecules. Details on materials’
preparation are reported in [20]. UV–vis spectra were ac-
quired on a Perkin–Elmer Lambda 40 spectrophotometer.
Fourier transform infrared spectroscopy (FTIR) transmit-
tance spectra were collected on a Bruker, Tensor 27 spec-
trometer using 128 scans at 4 cm�1 resolution. The
thicknesses of the polymeric layers were measured using
an Ambios Technology XP-2 profilometer.

The devices examined consist of MIS structures with a
PCL fabricated by spin coating of a HPW/PMMA solution
onto an n-type silicon substrate pre-coated with a
3.5 nm-thick SiO2 layer. The thickness of the PCL is about
270 nm. The gate electrode (9 � 10�4 cm2 area) is made
of aluminum deposited by e-beam evaporation and de-
fined by conventional optical lithography and metal etch-
ing. Further details on device structure and fabrication
can be found in [20]. Proton motion in the HPW/PMMA
layer was investigated by monitoring the time evolution
of the gate current for various gate voltages. All measure-
ments were carried out using a HP4140B pA meter/DC
voltage source under ambient conditions in a light-free
probe station.
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3. Results and discussion

3.1. Material characterization

The thermal processing conditions of the HPW/PMMA
film (PCL) may have a significant negative impact on the
material chemical stability and subsequently on the proton
motion, if the strong Brønsted acid used (HPW), partici-
pates in undesirable acid catalysed or redox [23] reactions
with the polymer matrix promoted by temperature. In or-
der to investigate possible reactions of the HPW molecules
with the PMMA matrix, especially under thermal treat-
ment, the HPW/PMMA films were monitored by means of
FTIR spectroscopy. As depicted in Fig. 2, where the effect
of thermal treatment temperature on the HPW/PMMA
films at a fixed time (5 min) is presented, no significant
changes in HPW and PMMA peak widths and positions
were observed for T 6 120 �C indicating that up to that
temperature no reaction between HPW and PMMA takes
place inside the film (at least not to the extent that could
be detectable with the FTIR spectrometer). In contrast,
for T P 130 �C substantial changes can be detected in the
PMMA-related-FTIR peaks. These data point out possible
formation of glutaric anhydride through the acid-catalyzed
hydrolysis of PMMA by HPW in presence of water (derived
from the atmosphere) and the subsequent dehydration of
the poly(methacrylic acid) formed [24,25]. The changes in
FTIR peaks that support the hypothesis of the anhydride
formation are the following: (a) decrease of the broad
OAH absorption peak at �3500 cm�1; (b) decrease of the
carbonyl peak at 1732 cm�1 characteristic of PMMA, and
simultaneous appearance of twin carbonyl peaks at 1802
and 1761 cm�1 characteristics of the anhydride; (c)
appearance of the CAOAC peak at 1020 cm�1. On the other
hand, the FTIR peaks of the [PW12O40]3� anion attributed to
(a) the asymmetric stretching of the PAOa bond
(1081 cm�1), (b) the asymmetric stretching of the WAOd

bond (981 cm�1), (c) the asymmetric stretching of the
WAObAW bridge (898 cm�1) and (d) the asymmetric
stretching of the WAOcAW bridge (820 cm�1) where Oa–d

are different oxygen atoms of the HPW structure [26–30],
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Fig. 2. FTIR spectra showing the effect of the thermal treatment temper-
ature on the HPW/PMMA film. The duration of all thermal treatments was
5 min. Solution: HPW/PMMA 5/5% (w/w).
are not affected by this reaction, indicating therefore, that
only the protons of the HPW molecules participate in the
aforementioned reaction with PMMA whereas the anions
of the HPW molecules remain unaffected.

Continuing in this direction, the effect of the thermal
treatment duration on the HPW/PMMA film composition
was also studied by FTIR spectroscopy at 120 �C. As shown
in Fig. 3, for up to 60 min duration of the thermal treatment
no significant change in the FTIR peaks was detected. Two
small shoulders appear first at 1021 and 1802 cm�1, which
can be barely observed for the 60 min thermal treatment,
indicating that such a reaction would evolve for higher
annealing times as it is indeed observed in Fig. 3. As a result,
it was concluded that the thermal treatment at 120 �C of
the HPW/PMMA film should not be extended for longer
than 60 min, in order to avoid undesirable PMMA reactions
and thus alteration of the device performance.

On the other hand, the possible undesirable intermixing
of the two layers (PCL and PTL) had to be addressed, since
the same solvent is used for both layers. It is well known
that the thermally treated PMMA films dissolve very
slowly in organic solvents, due to the reduction of the film
free volume during the treatment and the better packing of
the polymer chains. For that reason, PMMA is used as a po-
sitive resist, where the unexposed film areas dissolve much
more slowly than the exposed regions in selected solvents
[31]. In order to investigate whether undesirable intermix-
ing occurs under the conditions of our experiments, we
monitored possible changes in intensity of the characteris-
tic HPW peak at 266 nm induced by the coating of a PMMA
layer on top of the HPW/PMMA layer (Fig. 4). In this study
the lower layer (HPW/PMMA) was first treated thermally
at 120 �C for a duration ranging from 10 to 60 min (taking
into account the results of the previous FTIR analysis). As
shown in Fig. 4, after a thermal treatment at 120 �C for
60 min of the HPW/PMMA layer the subsequent coating
of the PMMA layer on top of it causes only a minor (�5%)
decrease in HPW concentration. Such a decrease could be
attributed to the dissolution of the HPW molecules located
near the surface of the HPW/PMMA layer. In contrast, for
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Fig. 3. FTIR spectra showing the effect of the duration of the 120 �C
thermal treatment on the HPW/PMMA film. Solution: HPW/PMMA 5/5%
(w/w).



Fig. 4. UV spectra showing the change of the characteristic HPW peak at 266 nm of the HPW/PMMA layer induced by the coating of a PMMA layer on top of
it. The lower layer (HPW/PMMA) was treated thermally at 120 �C for two different durations: 10 and 60 min. The upper layer (PMMA) was treated thermally
at 120 �C for 5 min in both cases. Solutions: PMMA 5% (w/w) and HPW/PMMA 5/5% (w/w).
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thermal treatments of the HPW/PMMA layer at 120 �C for
10 and 30 min 33% and 29% decrease in HPW concentra-
tion was observed respectively (data for the 10 min case
are presented in Fig. 4), indicating solvent penetration to
the bottom layer and intermixing of the two layers. Conse-
quently, the thermal treatment selected for the HPW/
PMMA film was 120 �C for 60 min as it fulfilled both
requirements to prevent reactions between HPW and
PMMA and to avoid intermixing in the bi-layer structures.
The above thermal treatment was also applied to the other
films (AA/PMMA and PMMA) used in this study in order to
have comparable PMMA packing in all the films.

The concentration of the HPW molecules within the
HPW/PMMA layer annealed at 120 �C for 60 min was
determined by applying the Lambert–Beer law (A = e c l)
to the characteristic HPW peak at 266 nm. In a typical
experiment using the absorbance of this 266 nm peak
(A266 = 0.5303), a film thickness, l, of 346 nm (measured
by profilometry), and the molar absorptivity of HPW at
266 nm obtained from literature (e266 = 4.85 � 104

M�1 cm�1; [32–34]), the HPW concentration in the film is
found to be equal to 0.316 mol l�1 (1.903 � 1020 mole-
cules cm�3). Given that the size of the HPW molecules is
approximately 1 nm, the above HPW concentration value
corresponds to an average distance between the molecules
of ca. 1 nm, for a close packing arrangement of HPW mol-
ecules within the PMMA matrix. The mass density of the
HPW-embedded matrix, q, can be expressed as: q = (nHPW

MHPW/NA) [(cm + 1)/cm]. Here, nHPW is the concentration of
the HPW molecules within the HPW/PMMA layer, NA is
the Avogadro number, MHPW = 2880.17 g/mol the molecu-
lar weight of HPW and cm = mHPW/mmatrix the relative mass
concentration of HPW molecules and matrix material.
Thus, for the PCL layer under investigation (i.e., an HPW-
embedded PMMA matrix with equal weights of HPW and
PMMA, cm = 1), the extracted HPW concentration of
nHPW = 1.903 � 1020 molecules cm�3 is found to corre-
spond to an HPW/PMMA mass density q of about
1.82 g cm�3 (to be compared with the given mass density
of PMMA matrix qPMMA = 1.19 g cm�3 at 25 �C [35]). Final-
ly, regarding the protons inside the film, in the general case
of an HPW-embedded PMMA matrix, the number of disso-
ciated protons per HPW molecule, which are expected to
attach to the PMMA basic sites, i.e. the ester oxygens
[36], is expected to range between zero (case of no dissoci-
ation) and three (case of complete dissociation). In our
case, the dissociation of HPW in low basicity solvents or
matrices (as PMMA) is expected to be one proton per
HPW molecule [37].

3.2. Electrical characterization

Fig. 5 shows typical transient gate current vs time (I–t)
characteristics of the MIS device. For clarity, the applied
gate voltage (VG) during current measurements is also indi-
cated. A constant VG (ranging from 1 to 5 V) was applied
(bias on) for 10 min to the gate electrode and then abruptly
switched off (bias off). The time dependence of the induced
polarization (t 6 600 s) and depolarization (t > 600 s) cur-
rents is plotted in Fig. 5a and b, respectively (note that
the recorded polarization and depolarization currents have
opposite directions).

For the 1 V VG regime (Fig. 5a), the current decays with
time and vanishes after about 250 s, while for higher VG

values it reaches a quasi steady state that expresses a
non-ohmic leakage current IL of 0.4, 1.8, 4 and 7 pA for
the 2, 3, 4, and 5 V regimes, respectively (see inset of
Fig. 5a). Based on our previous capacitance–voltage inves-
tigations [20], we attribute the observed polarization cur-
rent decays to the mobile protons of the HPW/PMMA
layer, which migrate and accumulate toward the lower
edge of this layer under application of positive VG. The
counter anions stay in a region close to the upper edge of
HPW/PMMA layer forming a symmetric charge distribu-
tion around the center of the HPW/PMMA layer. In princi-
ple, for ion-blocking electrodes, one expects the
contribution from ionic current after a potential step to
vanish after sufficiently long times (i.e., when the total
number of ions that contributes to the current, for a given
polarization, is close to the electrodes). The low leakage
current levels, IL, detected for VG P 2 V (Fig. 5a) seems
most likely to be due to electrons that flow from the Si sub-
strate to the Al gate electrode. Such an electron flow would
involve tunnelling through the thin oxide barrier and hop-
ping between localized states in the HPW/PMMA layer and
therefore, could result in non-linear IL�VG characteristics
in agreement with our observations (inset of Fig. 5a). It is
pointed out that IL must be considered in any estimation



Fig. 5. Polarization (a) and depolarization (b) transient currents after the displayed bias steps. The inset (a) shows the displayed leakage current IL as a
function of the applied bias, and the inset (b) plots the depolarization currents in logarithmic time scale.

Fig. 6. Migrated protonic charge, Q, calculated by direct integration of the
polarization (bias on; after the subtraction of the leakage current) and the
depolarization currents (bias off). The inset shows the extracted ratio of
the number proton density np and the maximum proton density np

max vs
applied gate voltage VG.
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of the migrated protonic charge, Q, by direct integration of
the polarization current. In our case (Fig. 5a), the leakage
current is subtracted from the total measured current be-
fore integration [38]: Q ¼

R tsteady
0 ½IðtÞ � IL�dt. Q calculations

allow extraction of the number density of proton carriers,
np, that contribute to the current (np = Q/qV, with q the
absolute electronic charge and V the volume of the HPW/
PMMA layer).

Further information on the transport behaviour of pro-
tons can be gained by examining the depolarization cur-
rent curves presented in Fig. 5b. After the gate voltage is
cut off at t = 600 s, the protons that were accumulated
close to the lower edge of HPW/PMMA layer will move
back toward the counter anions restoring thus, the equilib-
rium state of the unbiased device. Plotting the depolariza-
tion current in a logarithmic time scale (inset in Fig. 5b), an
almost polarized-independent characteristic time for the
return to equilibrium (ca. 300 s) is found, for VG P 2 V.
Such behaviour can be exploited for long-refresh volatile
memory applications [20]. During depolarization, it is
believed that the migration of protons is governed by the
proton concentration gradient in the HPW/PMMA layer
initially established during the polarization regime.
Regardless of the exact nature of proton transfer mecha-
nism, the total amount of proton’s charge that accumulates
close to the lower edge of the HPW/PMMA layer should
also contribute to the depolarization current, in the ab-
sence of any permanent trapping of the migrated proton.
In this case, an equal magnitude of the integrated current
for each polarization/depolarization experiment should
take place (i.e., area of I(t)�IL curves in Fig. 5a = area of
the corresponding I(t) curves in Fig. 5b), in agreement with
our integrated current vs VG results depicted in Fig. 6. The
resulting proton density, np, normalized to the maximum
estimated value, np

max, is shown in the inset of Fig. 6. np
max

is the value expected if each HPW molecule gives one mo-
bile proton (i.e., np

max = HPW concentration within PMMA,
ca. 1.9 � 1020 cm�3, see Section 3.1). As depicted, the num-
ber of migrated protons in the sample gradually increases
with VG and exhibits a trend to saturation (np � 3.8 � 1017

protons/cm3 for VG = 5 V). The latter result indicates that
only 2 protons per 1000 HPW molecules contribute to
the current under full polarization conditions (saturation
regime) and thereby, reveals that the main part of the dis-
sociated protons is mainly immobile.

The polarization I�t curves can also be used to obtain
information about proton conductivity (rdc) and mobility
(l) and therefore, to estimate the number of protons (np)
that contribute to the current according to: rdc ¼ npql. In
the case of VG = 1 V where no leakage current flows across
the sample, the extracted rdc and l values are 5.0 �
10�13 S cm�1 and 2.8 � 10�10 cm2 V�1 s�1, respectively
[20]. We find that about 1.1 � 1016 cm�3 protons/cm3 con-
tribute to the current under 1 V polarization. This np value
is comparable to that previously extracted by the integrated
current method at VG = 1 V (np � 7.4 � 1016 protons/cm3,
see inset of Fig. 6).

3.3. Write characteristics and scalability prospects of
molecular proton memories

This section treats the performance of a generic molec-
ular proton memory. In particular, it examines the write



Fig. 8. Write time estimations for complete polarization as a function of
the applied write electric field for: (a) different proton mobilities and
constant thickness of the PCL; (b) different PCL thicknesses and constant
proton mobility.
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characteristics of the device depicted in Fig. 1 from a mate-
rial perspective of its bi-layer storage element (i.e. PCL/
PTL). The memory window, the write time and the write
voltage of this type of memory device are successively dis-
cussed in terms of PCL/PTL material features such as the
proton mobility and the mobile proton concentration in
the PCL as well as the PCL and PTL thicknesses.

3.3.1. Memory window
By neglecting the finite size of protons and counter ions,

we can express the symmetric effective proton and anion
charges per unit area that develop under complete polari-
zation close to the lower and upper edges of the PCL as:
Qproton = |Qanion| = npqd, with d being the thickness of the
PCL. Hence, in the case of the MIS device, the maximum
magnitude of the induced negative flat band voltage shift,
DVFB (�), due to the accumulation of protons at the lower
edge of the PCL can be expressed as:

DVFB ¼ �
npqd2

ei
ð1Þ

where ei is the dielectric constant of the PCL. In Fig. 7, the
resulting |DVFB (�)| is plotted as a function of the thickness
of the PCL with the mobile proton number density, np, as a
parameter and an assumed effective relative dielectric con-
stant of 3.9 [20]. By increasing the mobile proton density
the thickness of the PCL must decrease in order to maintain
a constant memory window. For np values of 0.1, 0.5, 1 and
5 � 1017 cm�3, the estimated thickness of the PCL for a
constant memory window of about 3.5 V is close to 270,
120, 85 and 40 nm, respectively.

3.3.2. Write time
By assuming in the case of an initial uniform charge dis-

tribution that the protons have moved a distance d/2 on
average before reaching a PCL layer edge, the magnitude
of the write time can be estimated according to [20]:

s ¼ d
2El

ð2Þ

where E is the ‘‘write” electric field. Fig. 8a depicts write
time estimations as a function of the applied electric field
Fig. 7. Flat band voltage estimations for complete polarization as a
function of the HPW/PMMA thickness for different densities of mobile
protons.
for different mobility values and constant thickness of
the PCL. In the case of 50 nm PCL thickness, the experimen-
tally extracted l value of 2.8 � 10�10 cm2 V�1 s�1 for the
HPW/PMMA layer (dashed curve) affords write times of
around 10 ms at a write electric field as low as 1 MV/cm.
Shorter write times are attainable by decreasing further
the thickness of the PCL layer (Fig. 8b); in such a case,
attention should be drawn to maintain a detectable mem-
ory window, as the latter is proportional to the thickness of
the PCL for a given effective protonic charge per unit area,
Qproton. For the case of 1 ms write time, Fig. 9 connects the
write electric field and the resulting memory window with
the physical properties of the PCL (i.e., the proton mobility,
l, the proton number density, np, and the layer thickness,
d). A PCL with material features: l = 10�8 cm2 V�1 s�1,
np = 1016 cm�3 and a thickness of about 200 nm can induce
a memory window of 2 V under application of a write
electric field of �1 MV/cm for 1 ms, Fig. 9a and b. By
decreasing the proton mobility (case of Fig. 9c and d), the
thickness (d) and the proton number density (np) must
decrease and increase, respectively (d to �30 nm and np

to �5 � 1017 cm�3), in order to maintain the write charac-
teristics of the device (i.e., a write time of 1 ms, a write
electric field in the 1 MV/cm regime, and a memory win-
dow of 2 V).



Fig. 9. Write electric field vs memory window estimations for complete polarization under 1 ms write time, for different physical properties of the PCL (i.e.,
proton mobility, proton density and thickness).

Fig. 10. Write voltage vs memory window estimations in the limit dPTL << dPCL, for complete polarization under 1 ms write time, for different physical
properties of the PCL.
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3.3.3. Write voltage
Ignoring the work function difference between the

semiconductor substrate and the metal gate electrode, the
write voltage, Vw, can be expressed as: Vw = E dtotal, where
dtotal represents the total physical thickness of the PCL/
PTL stack (i.e., dtotal = dPTL + dPCL). In the limit dPTL << dPCL

(e.g., in the case of a PTL made by a small number of mono-
layer containing basic sites), Vw can be approximated under
complete polarization (i.e., full write) through a combina-
tion of the previous relations of the memory window (DVFB)
and write time (s), i.e. Eqs. (1) and (2), such as:

Vw ¼
eiDVFB

2npqls
¼ d2

2ls
ð3Þ
In Fig. 10, in an analogous way to Fig. 9, the overall
write characteristics of the device (i.e., the write voltage
and the resulting memory window) for 1 ms pulsed time
are plotted as a function of the physical properties of the
PCL. A PCL with l = 10�7 cm2 V�1 s�1, np = 1016 cm�3 and
dPCL �245 nm leads to a memory window of about 2.8 V
under an applied write voltage of 3 V for 1 ms (Fig. 10a
and b). As depicted in Fig. 10c and d, for lower proton
mobility (10�8 cm2 V�1 s�1) the layer thickness has to de-
crease to �75 nm, while the proton density must increase
to 1017 cm�3, in order to maintain the write characteristics
of the memory device (i.e. Vw/s = 3 V/1 ms, DVFB = 2.8 V).
Note that, an intermediate decrease (increase) of the thick-
ness (proton density) of the PCL to 110 nm (5 � 1016 cm�3)
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requires a twofold increase of the write voltage, i.e. from 3
to 6 V, to conserve a memory window of 2.8 V for a write
time of 1 ms.

It should be here emphasized that the write voltage sca-
lability of a proton memory device with equal PCL and PTL
thicknesses can be approximated under complete polariza-
tion (i.e., full write), and for proton trapping in a region
close to PTL/PCL interface, through the relation:

Vw ¼
eiDVFB

npqls
¼ d2

4ls
ð4Þ

In such a case the thickness d corresponds to the total
PCL and PTL thicknesses. For example, a PCL with l =
10�7 cm2 V�1 s�1, np = 2 � 1016 cm�3 and dPCL = 175 nm on
the top of a PTL of equal thickness (175 nm) leads to a
memory window of about 2.8 V under an applied write
voltage of 3 V for 1 ms. From the above discussion it is
clear that a proton memory device using a PCL with appro-
priate proton mobility (l) and density (np) does not require
an aggressive scaling in PCL and PTL thicknesses for low-
voltage operation.
4. Conclusions

Physicochemical and transient current experiments
have been conducted on stacked bilayer structures con-
sisted of a proton conducting layer (PCL) and a proton trap-
ping layer (PTL) for the development of molecular proton
memory. FTIR investigation of the effect of the thermal
processing parameters (temperature and duration) on the
HPW/PMMA layer (PCL) resulted in the successful preven-
tion of two undesirable phenomena: (a) the reaction be-
tween HPW and PMMA matrix inside the PCL, and (b)
the intermixing of the PCL and PTL layers. By means of
UV spectroscopy, the concentration of the HPW molecules
within the HPW/PMMA layer is estimated to approxi-
mately 1.9 � 1020 HPW molecules cm�3. Transient current
measurements on MIS devices allowed the determination
of the concentration of mobile protons within the HPW/
PMMA layer as well as an estimation of the proton mobil-
ity. The extracted proton density of �3.8 � 1017 protons/
cm3 under full polarization conditions corresponds to only
2 mobile protons per �1000 HPW molecules, indicating
that the main part of the dissociated protons which are at-
tached to polymer basic sites is mainly immobile. Finally,
the analysis of a generic molecular proton memory
revealed that several material features of the PCL/PTL bi-
layer stacked structure should affect the write characteris-
tics of this type of memory device. Our calculations point
out the dependence of the device memory window, write
time and write voltage on the proton mobility, the mobile
proton concentration and the PCL and PTL thicknesses.
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Fig. 1. (a) Illuminated J–V characteristics of inverted ZnO NP/C60-SAM/
P3HT:PCBM bulk heterojunction solar cells fabricated on glass/ITO by
spraycoating Ag-NPs (from 20–100 coats) or evaporating Ag as the anode
electrode. (b) Plot of log(J)–V characteristics of inverted ZnO NP/C60-SAM/
P3HT:PCBM bulk heterojunction solar cells fabricated on glass/ITO by
spraycoating Ag-NPs (from 20–100 coats) or evaporating Ag as the anode
electrode. (c) Illuminated J–V characteristics of devices fabricated on
flexible ITO substrates by spraycoating Ag-NPs and evaporating Ag as the
anode electrode. Inset: photograph of flexible inverted spraycoated
electrode solar cell.
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to passivate inorganic surface traps as well as mediate for-
ward charge transfer to reduce back recombination at the
interface leading to much improved fill factors and photo-
current densities [8]. These improvements have lead to
efficiencies as high as 4.9% while maintaining good ambi-
ent device stability. This is important because the encapsu-
lation process can be potentially performed under ambient
conditions which will lead to reduced fabrication costs.
However, the devices in our previous studies have been
based on vacuum deposited Ag as anode which is not as
ideal in terms of simplicity for large area, roll-to-roll
processing.

In this letter, we investigate the possibility of utilizing a
spraycoating process for the deposition of Ag-NPs as the
anode electrode in inverted solar cells. These spraycoated
Ag electrodes show good performance and similar ambient
device stability when compared to the ones fabricated
using the conventional vacuum deposition process. De-
vices were also fabricated onto flexible ITO substrates to
demonstrate the feasibility of making flexible solar cells
closer to the ideal large area, roll-to-roll processing.

To fabricate the inverted solar cells, ITO-coated glass
substrates (15 X/h) and ITO-coated plastic substrates
(60 X/h) (Bayview Optics) were cleaned with detergent,
de-ionized water, acetone, and isopropyl alcohol. A thin
layer of ZnO nanoparticles (�50 nm), synthesized using
the method described by Beek et al. [9], was spin-coated
onto ITO-coated glass. The C60-SAM was then deposited
as previously reported [7]. Afterward, a chrolobenzene
(CB) solution of poly(3-hexylthiophene) (P3HT) (Rieke
Metals) and [6,6]-phenyl C61-butyric acid methyl ester
(PCBM) (American Dye Source) (60 mg/ml) with a weight
ratio of (1:0.6) was spin-coated onto the ZnO modified
layer to achieve a thickness of (�210 nm) and annealed
at 160 �C for 10 min in an argon glovebox. After annealing,
PEDOT:PSS was spin-coated multiple times and annealed
for 10 min at 120 �C in air between subsequent spincoating
steps onto the active layer to achieve a thickness of
�150 nm. The silver electrode was vacuum deposited
(100 nm) at a pressure of 1 � 10�6 torr or spraycoated on
top of PEDOT:PSS to complete the device. For the sprayco-
ating, a solution of Ag-NPs (NanoMas: contents of 25% Ag-
NPs, 25–60% dodecane, 0–50% cyclohexane, 0–20% terpin-
eol) was diluted in 1:40 (v:v) in hexane. An airbrush spray-
coater is used to spray the dilute solution onto a masked
device (7 mm) at a distance of 6 cm with a spray pressure
of 15 psi using N2 as the gas. This is repeated until the de-
sired number of coats is achieved. Spraycoating the Ag-NPs
leads to extremely rough films which make measuring the
exact thickness difficult, but the film thickness as mea-
sured by a profilometer is in the range of �1–2 lm. The de-
vices coated with the Ag-NPs electrode were then annealed
at 120 �C for 5 min in air as suggested by NanoMas to pro-
mote the nanoparticle interconnectivity. The unencapsu-
lated solar cells were tested under ambient conditions
using a Keithley 2400 SMU and an Oriel Xenon lamp
(450 W) with an AM1.5 filter. A mask was used to define
the device illumination area to minimize photocurrent
generation from the edge of the electrodes [10,11]. The
light intensity was calibrated to 100 mW/cm2 using a cali-
brated silicon solar cell with a KG5 filter which has been
previously standardized at the National Renewable Energy
Laboratory.

The spraycoating technique has been previously dem-
onstrated by others for the deposition of the active layers
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[12,13] as well as PEDOT:PSS-based electrodes [14] in
polymer solar cells. The spraycoating process has many
variables that can be controlled including the solution vis-
cosity, spray pressure, the spray distance from sample,
spray time and number of spray coats which can affect
the formation of the final coating of the film. In this study,
most of these variables are held constant except for the
number of coating layers. The number of coats (from 20
to 100) of the Ag-NPs was systematically studied to ex-
plore the effect on device performance.

The illuminated J–V characteristics of the devices fabri-
cated by different number of coating layers of Ag-NPs are
compared to vacuum deposition of Ag in Fig 1a and b. With
a coating of 20, the diode characteristics are poor, but are
improved as the number of coatings increase. Table 1 sum-
marizes the average device performance of these spray-
coated electrodes to the ones prepared by vacuum
Table 1
Average device performance of inverted ZnO NP/C60-SAM/P3HT:PCBM bulk heter
either vacuum deposition of Ag or spraycoating of Ag-NPs as the anode electrode. A
deposited Ag and different spraycoated Ag-NPs electrodes.

Electrode deposition Voc (V) Jsc (mA/cm2) FF (

Vacuum 0.61 9.34 62.2
Vacuum (plastic) 0.61 8.31 34.3
Spraycoat (20 coats) 0.61 7.71 44.5
Spraycoat (40 coats) 0.61 8.19 54.2
Spraycoat (60 coats) 0.61 8.16 56.6
Spraycoat (80 coats) 0.61 8.24 58.1
Spraycoat (100 coats) 0.61 8.26 59.6
Spraycoat (100 coats) (plastic) 0.60 6.90 34.0

Fig. 2. (a) Photograph of polymer solar cells using an Ag spraycoated electrod
substrates. SEM images of (b) spraycoated Ag-NPs (20 coats) after annealing at 1
for 5 min; (d) 100 nm evaporated Ag. Scale bar: 200 nm.
deposition. Devices with a coating of 20 show a low short
circuit current (Jsc), fill factor (FF), and power conversion
efficiency (PCE) of 7.71 mA/cm2, 44.5%, and 2.10%, respec-
tively. The photocurrent increases with increasing coating
layers but saturates to �8.3 mA/cm2 at 100 coats. How-
ever, the FF dramatically improves from 44.5% with a coat-
ing of 20–54.2% with a coating of 40 and further improves
to 59.6% with a coating of 100. This leads to an average PCE
of �3.00% by spraying 100 coats of the Ag-NPs. The device
series resistance of the different number of coats was esti-
mated at 1.5 V showing a resistance of 26.1 X cm2 with 20
coats. Increasing the number of coats show lowering of the
device series resistance eventually saturating around
�7 X cm2 with 100 coats. This resistance is still higher
than the evaporated Ag which had a resistance of
�5 X cm2. Overall, the vacuum deposited Ag devices had
higher performances in Jsc, FF, and PCE of 9.34 mA/cm2,
ojunction solar cells fabricated on glass/ITO and plastic/ITO substrates by
verage was obtained from multiple device tests. Sheet resistance of vacuum

%) PCE (%) Rs (X cm2) Ag sheet resistance (X/h)

3.55 5.0 0.51
1.73 42.0 –
2.10 26.1 –
2.70 13.3 7.55
2.79 9.7 3.47
2.92 7.2 1.84
3.00 7.0 0.71
1.40 51.6 –

e with 100 coats (left) and Ag evaporated electrode (right) on ITO/glass
20 �C for 5 min; (c) spraycoated Ag-NPs (100 coats) after annealing 120 �C



Fig. 3. UV–Vis transmission spectrum of spraycoated Ag-NPs electrodes
from 20 to 100 coats compared to a 100 nm Ag evaporated electrode on
glass substrates.
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62.2% and 3.55%, respectively. Fig 2a shows two devices,
one of which is fabricated using the spraycoating tech-
nique (100 coats) and the other is by vacuum deposition
(100 nm). The spraycoated electrode with 100 coats shows
similar device series resistance and fill factor compared to
the evaporated electrode, however a 0.55% lower PCE
mainly from the lower Jsc in the spraycoated electrode de-
vices is unaccounted for.

To understand the reason for this difference in effi-
ciency the spraycoated and evaporated electrodes were
characterized by measuring the sheet resistance using
the four-point probe technique, transmission by UV–Vis
spectroscopy and surface morphology by scanning electron
microscopy (SEM). Table 1 shows the sheet resistance of
the Ag electrodes as measured by four-point probe. A sheet
resistance was not able to be measured on the electrode
with 20 coats which is attributed to the poor nanoparticle
interconnectivity in forming a film as can be seen in the
SEM image in Fig 2b. As a note, even the devices fabricated
using 20 coats had poor stability and performance de-
graded rapidly after multiple I–V scans. Increasing to 40
coats a sheet resistance of 7.55 X/h was obtained and
the performance of devices after multiple I–V scans was
stable. Further increasing the coating to 100 lead to a sheet
resistance of 0.71 X/h which is comparable to the evapo-
rated electrode (0.51 X/h). This reduced sheet resistance
is the main reason for the improvement in device fill factor
in the spraycoated electrode devices. The minimized sheet
resistance improves the device series resistance in both the
100 coats and evaporated Ag film which leads to similar fill
factors. However, this does not explain the reason for the
difference in photocurrent density between the 100 spray
coat and Ag evaporated electrode. The transmission spec-
trum measured by UV–Vis of the spraycoated and evapo-
rated electrodes are shown in Fig 3. At the P3HT
absorbance peak (�550 nm), the spraycoated electrode
with 20 coats has a transparency of �45%. Increasing the
number of coats to 80 and 100 reduces the transmission
to �12% and �9%, respectively which is still much higher
than the transparency of evaporated Ag film (�1%). Fig 2c
and d shows the SEM images of the Ag-NPs film by spray-
coating 20 coats, 100 coats and the Ag evaporated film. The
100 coat film shows a much denser aggregation and inter-
connection of the Ag-NPs compared to the 20 coat film
which explains the reduced sheet resistance. However,
even the 100 coat film show many voids which is the rea-
son for the higher transparency and higher sheet resistance
compared to the Ag evaporated film which does not have
these voids. One potential reason for the difference in pho-
tocurrent is the higher transmission in the 100 coat films
compared to the Ag evaporated films which reduces the
potential for light to be reflected back into the active layer
from the electrode to increase absorption.

The spraycoating procedure was used to fabricate solar
cells on flexible plastic ITO substrates which were com-
pared to evaporated Ag electrodes. The illuminated J–V
characteristics are shown in Fig 1c. Devices with the spray-
coated electrode on the plastic substrate show a lower Jsc,
FF and PCE of 6.90 mA/cm2, 34.0% and 1.40%, respectively
compared to the evaporated electrode which had a Jsc, FF
and PCE of 8.31 mA/cm2, 34.3% and 1.73%, respectively.
The lower performance especially in fill factor compared
to the ITO/glass substrates is due to the lower transparency
of the flexible ITO substrate as well as the higher sheet
resistance [15]. The unencapsulated devices stored in
ambient for 21 days also show that the device with Ag-
NPs electrodes have similar stability as previously reported
with the Ag evaporated electrodes [6].

In conclusion, the performance of inverted solar cells
using spraycoated Ag-NPs has been systematically studied
showing that the number of coating layers can affect its fi-
nal device performance. With higher number of coating
layers, a better nanoparticle interconnectivity and mor-
phology is achieved which reduces the sheet resistance
and transparency of the Ag electrode leading to improved
fill factor and device performances of �3.00%. This effi-
ciency is lower than the evaporated Ag film which is attrib-
uted to the higher transmission of light due to a rougher
and less dense Ag-NPs film which leads to a reduction of
photocurrent. Furthermore, spraycoating of the Ag elec-
trode onto flexible ITO substrates devices shows a perfor-
mance of �1.40%. The ability to use a non-vacuum
technique to deposit the electrode in polymer solar cells
is important for large area, flexible, roll-to-roll production
of low-cost solar cells.
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Great efforts have been made to address this problem by
optimizing thin-film morphology to improve the charge
transport and suppress recombination [12–15]. Moreover,
the bulk heterojunction structure based on organic small-
molecule dyes could be formed through donor–acceptor
(D–A) co-deposition [16–19]. However, the carrier recom-
bination rate in such type of mixed layer remains at a very
high level [20].

In this paper, a multistepped (MS) structure of a device
made from a CuPc:C60 heterojunction materials system is
introduced. Through simultaneous dynamic alteration of
the relative deposition rates of the two kinds of materials,
the C60 content in the device ascends from the anode to the
cathode, while that of CuPc descends from the anode to the
cathode, which seems similar to the graded junction solar
cell design for inorganic solar cells [22–24]. However, in
organic solar cells, only Sullivan et al. [17], Drees et al.
[13], and Koeppe et al. [5] have made similar structures
by other methods. Sullivan et al. produced a five-layered
device based on the CuPc/C60 materials system where the
CuPc:C60 composition varies from purely donor to purely
acceptor via three mixed layers of increasing acceptor con-
centration, which are 25%, 50%, and 75% [17]. Drees et al.
propelled the interdiffusion of an initial MEH-PPV/C60 bi-
layer by simple heat treatment to obtain a bulk heterojunc-
tion with a concentration gradient of donor and acceptor
[13]. Koeppe et al. used a pyrollidinofullerene compound
with chelating pyridyl groups (PyF) that can interact with
the Zn atom in the Zn-phthalocyanine (ZnPc) molecule in
the bilayer solar cell, which may also induce a similar
molecular architecture [5]. These devices all exhibit good
photovoltaic performance, but its causes were discussed
Fig. 1. Absorption spectra of CuPc/C60 bilayer, MS100 layer, and 1:1 homogeneou
devices investigated. A is the bilayer heterojunction device (standard device); B
from the aspect of mixed film morphology only. Based on
this concept, we envisioned MS device as a different ap-
proach to obtain a high photovoltaic performance. Thus,
the effect of different sizes of concentration gradients of
donor and acceptor on the solar cell performance is further
discussed. Also, the optimization mechanism based on the
theory of excitonic solar cells [6] is investigated to better
understand the potential advantages of both bilayer het-
erojunction cell and homogeneously mixed cell in this
structure.

Several devices with three different structures were de-
signed for comparison (Fig. 1 inset). These are as follows:

� A: ITO/CuPc (30 nm)/C60 (30 nm)/TPBI (6 nm)/Al (80
nm);

� B: ITO/CuPc:C60 (MS, 60 nm)/TPBI (6 nm)/Al (80 nm);
and

� C: ITO/CuPc:C60 (1:1,60 nm)/TPBI (6 nm)/Al (80 nm).

Among them, A is the bilayer heterojunction device
(standard device), B is the MS device, and C is the 1:1 homo-
geneously mixed device. The CuPc:C60 (1:1) homoge-
neously mixed device is chosen owing to the fact that the
total CuPc content is the same as that of C60 in the MS lay-
ers, and could thus be used to compare with these MS
devices as the extreme case without the gradient. The
2,2,2-(1,3,5-benzenetriyl)tris-[1-phenyl-1H-benzimid-
azole] (TPBI) layer in each device acts as an exciton blocking
layer.

Glass/indium tin oxide (ITO) substrate with a sheet
resistance of 20 X/sq was cleaned in an ultrasonic bath using
detergent water, de-ionized water, acetone, and ethanol in
sly mixed layer deposited on quartz substrates. Inset: schematic of the PV
is the MS device; and C is the 1:1 homogeneously mixed device.
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turn for 15 min. Afterwards, it was treated in an ultravio-
let-ozone chamber (UVO) then coated with layers of
30 nm CuPc, 30 nm C60, and 6 nm TPBI through thermal
evaporation in a high-vacuum chamber especially de-
signed for organic materials. In circumstances where the
vacuum conditions are not broken, the substrate was
moved into the vacuum chamber particularly for metals
to be coated with an 80 nm Al layer. This eventually be-
comes the standard device. The MS layers could be pro-
duced through dynamic alteration of the relative
deposition rates of the two kinds of materials evaporated
simultaneously. The thicknesses of the MS films were all
controlled at 60 nm and there were a total of 10 steps in
the MS system. Take MS100 for example, in which the CuPc
concentration was gradually decreased from 100% in the
first step to 0 in the last step. The preparation process is
detailed as follows. First, the initial deposition rates of
CuPc and C60 were respectively controlled at 0.5 Å/s and
0 Å/s. In the former 30 nm, every time the deposition layer
thickness increased by 6 nm, the deposition rate of C60 in-
creased by 0.1 Å/s, whereas that of CuPc maintained the
initial value. When the rates of these two reached 1:1 (both
0.5 Å/s), the layer thickness was just 30 nm. In the latter
30 nm, the deposition rate of C60 was kept at 0.5 Å/s,
whereas that of CuPc was gradually decreased from
0.5 Å/s to 0 Å/s by the same alteration speed maintained
by C60 before. Other MS layers were all similarly prepared
following these steps in addition to the different relative
deposition rates in order to make different concentrations.
We believed that the rate changes between steps were so
Fig. 2. Stepped distributions of CuPc and C60 concentration in (a) three kinds of
acceptor; (b) a series of MS layers with the same symmetries but different sizes o
denotes the apparent effective CS interfacial area in the film. When two substan
substance of less content. In this paper, we use the material content to stand for it
less C60 and the latter half contains less CuPc, thus the apparent effective CS int
small that the concentration gradients in the MS system
approached that of a diffusive method. The active area of
the cell was 2 � 2 mm = 0.04 cm2, and the J–V curve of
the cell was measured on a computer-controlled Keithley
2000 current meter. The solar simulator YSS-50A (Yamash-
ita DESO) was at a light intensity of 100 mW/cm2

(AM1.5G). The measuring processes used in this study
were performed under vacuum conditions at room
temperature.

Three kinds of MS devices were fabricated similar to the
structure of the cell B shown in the inset of Fig. 1. Fig. 2a
shows the detailed stepped distributions of CuPc and C60

in their photoactive layers. Since all their CuPc concentra-
tion decreased from 100% in the first step to 0 in the last
step and the major difference lies in the position of the step
when the CuPc concentration reached 50%, they are exhib-
ited as MS100 a/b/c, respectively. As shown in Fig. 2a, the
distributions of concentration gradients in the bulk of the
MS100 b/c layers are asymmetrical while that of the
MS100 a is symmetrical around the center of the layer.
Their characteristics are summarized in Table 1. We ob-
serve that all their Voc displays the same value. However,
the short-circuit current (Jsc) and fill factor (FF) of the
MS100 a device are both the highest among the three. It
is suggested that the centrosymmetrical distributions of
concentration gradients in the MS100 a film might help
the balance of hole and electron transport on both sides.
Later, we will lay emphasis on an MS system of this kind.

Fig. 1 shows the absorption spectrogram of the photoac-
tive layers of the standard device, the MS100 device, and
MS layers with different symmetries of concentration gradients of donor–
f concentration gradients and 1:1 homogeneously mixed film. The shadow
ces blend, the apparent interfacial area depends on the surface area of the
s approximate surface area. Of all these MS layers, the former half contains
erfacial area is as shown in the shadow.



Table 1
Photocurrent–voltage characteristics of organic thin-film PV devices
investigated under 100 mW/cm2 AM1.5G illumination. Each cell has the
common parts, that is, ITO as the anode contact and TPBI (6 nm)/Al (80 nm)
as the cathode.

Device Voc (V) Jsc (mA/cm2) FF gP (%)

A CuPc/C60 0.50 3.95 0.60 1.19
B MS100a 0.52 9.17 0.45 2.15

MS86 0.49 9.26 0.42 1.94
MS73 0.46 10.25 0.40 1.88
MS67 0.45 9.90 0.40 1.78

C CuPc:C60 (1:1) 0.40 8.78 0.41 1.44
D MS100b 0.52 7.82 0.37 1.51

MS100c 0.52 8.05 0.44 1.84

a MS100 a.
b MS100 b.
c MS100 c.
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the 1:1 homogeneously mixed device. The pure CuPc film
has two peaks centered at wavelengths of 620 and
695 nm; the longer wavelength peak is dominant in the
gas phase or dilute solution, and the shorter wavelength
feature results from molecular aggregation [21]. We ob-
serve that the absorbance of the MS100 layer within the
absorption wave band of aggregation CuPc is slightly lower
than that of the CuPc/C60 bilayer even though their photo-
active materials content are the same. This suggests that
the MS100 structure could also inhibit molecular aggrega-
tion as a homogeneously mixed structure does, which may
lead to reduced carrier transport in the film [19]. However,
compared with the standard device (3.95 mA/cm2), the Jsc

of both the MS100 device and the 1:1 homogeneously
mixed device has increased tremendously (Table 1). We
suggest that the structural advantages of the MS device
Fig. 3. J–V curves of the devices with the photoactive layers in Fig. 2b under 100
concentration gradients.
over the standard device lie in the D–A interpenetrating
networks morphology and increased charge-separation
(CS) interface area, which seems similar to the mixed de-
vice. Actually, as evident in Fig. 2b, the apparent effective
CS interfacial area in the MS100 layer seems smaller than
that of 1:1 homogeneously mixed film. However, the Jsc

of the MS100 device reaches 9.17 mA/cm2, which is even
higher than the aforementioned device (8.78 mA/cm2).
Thus, aside from the increased CS interfacial area, there
must be other plausible reasons behind the increase in Jsc

of the MS100 device. Moreover, we observe a minimal in-
crease in the Voc of the MS100 device and a decrease in
the Voc of CuPc:C60 (1:1) homogeneously mixed device as
compared with the standard device. It seems that the
MS100 structure takes the advantages of both a bilayer
heterojunction cell (limited by exciton dissociation) and a
homogeneously mixed cell (limited by carrier transport).

To understand the effect of concentration gradients of
donor and acceptor on the device performance, we pre-
pared a series of four MS devices similar to the MS100 de-
vice with different sizes of concentration gradients, where
CuPc concentration gradually decreased from 100%, 86%,
73%, and 67% in the first step to 0, 14%, 27%, and 33% in
the last step, respectively, as indicated in Fig. 2b (MS100/
86/73/67, respectively). Thus, according to the sizes of con-
centration gradients: MS100 > MS86 > MS73 > MS67 > 1:1
mixed layer. Fig. 3 shows the current density–voltage (J–
V) characteristics as a function of the sizes of concentration
gradients. Interestingly, Voc increases as the gradient in-
creases, despite the fact that the electrodes and photoac-
tive materials of these devices are the same. Although
there are no direct experimental data that could explain
such result, the features of exciton solar cells proposed
mW/cm2 AM1.5G illumination. Inset: Voc vs. Jsc as a function of the sizes of
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by Gregg [6] are adopted. Generally speaking, the Voc of a
solar cell is a function of both the built-in electrical poten-
tial energy differences (Øbi) and the photoinduced chemi-
cal potential energy differences (rlhv) across the cell [6].
According to the expression for the chemical potential en-
ergy gradient rlhv ¼ kT=nðxÞrnðxÞ, where n(x) is the con-
centration of charge carriers, and k and T are Boltzmann’s
constant and absolute temperature, respectively, the MS
device may introduce an extra rlhv because the concen-
tration gradient of donor and acceptor may form a decreas-
ing gradient of ‘‘excitons queue” from the center of the
photoactive layer to each side. Moreover, the higher con-
centration gradient of charge carriers (proportional to
rlhv) may produce a higher value of rlhv, which could
enhance the Voc as well. Therefore, the increase in Voc can
be attributed to the increase in rlhv.

Introducing a concentration gradient will also contrib-
ute to the improved photogenerated charge carrier trans-
port and a higher gradient may result in a higher Jsc [22–
24] because Øbi and rlhv are equivalent forces that drive
the current flow of all electronic devices [6]. On the other
hand, as shown in Fig. 2b, when the concentration gradient
is higher, the apparent effective CS interfacial area seems
smaller, which may lead to fewer photogenerated charges
and hence a lower Jsc. Based on these two factors, the Jsc

displays a different trend from Voc as shown in Fig. 3. At
the extreme case with zero gradient, as the CuPc:C60

(1:1) homogeneously mixed device, the Voc and the Jsc are
both the lowest. As the gradient is increased, probably ow-
ing to the more favorable effect of improved photogenerat-
ed charge carrier transport, the Jsc increases at MS67, and
then peaks at MS73. A further increase of the gradient
leads to a fall in current, probably due to the smaller CS
interfacial area and fewer photogenerated charges. How-
ever, the FF follows a similar trend to the Voc. This may re-
sult from the reduced resistances across the devices,
consistent with improved charge transport due to the in-
creased gradients. Consequently, the MS100 device exhib-
its the best performance, with gp = 2.15% at 1 sun.

According to the expression for the rlhv, when the
temperature, pressure, and the concentration of charge
carriers are identified, the chemical potential has the only
determined value [6]. In the present devices, although the
MS100 structure induced a larger rlhv, the Voc is still a se-
vere limitation probably due to a smaller Øbi at the CuPc/
C60 interface. We note that the highest occupied molecular
orbital (HOMO) level of H2Pc (5.24 eV) [25] is slightly lar-
ger than that of CuPc (5.05 eV) [26]. If CuPc was replaced
with H2Pc, which may exhibit a similar rlhv due to the
similar concentration gradient of charge carriers in the de-
vice but a larger Øbi due to the larger HOMO, the Voc is ex-
pected to enhance in addition to Jsc. Indeed, by using H2Pc,
we observe an increase in the Voc from 0.52 to 0.54 V as
well as the enhancement of Jsc (9.98 mA/cm2). Compared
with the standard H2Pc/C60 bilayer device, both Jsc and Voc

have been improved simultaneously and the resulting gp

reaches 2.42%. Our results give further space for changing
the rlhv or Øbi to improve the efficiency of the MS100
structure.

In sum, we have produced an MS device by dynamic
alteration of the relative deposition rates of CuPc and C60.
Its Voc still maintains a high value even though its Jsc is
more than twice that of the conventional bilayer device.
The multidirectional experiments conducted in this study
indicate that the improved photovoltaic performance is
possibly due to a highrlhv produced by the concentration
gradient of donor and acceptor in addition to a large CS
interface in the photoactive layer. Finally, the gp has been
increased from 1.19% of the simple CuPc/C60 bilayer device
to 2.15% of the MS100 device with the largest gradient. By
replacing CuPc with H2Pc, which can produce a larger Øbi

when interacted with C60, both Jsc and Voc have been im-
proved simultaneously and the gp reaches 2.42%. These re-
sults highlight the potential of a co-deposition technique
and well-defined structures, wherein through the careful
design of co-deposition methods, solar cells improvement
based on small molecules could be further achieved.
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surrounding the channel width effect has been carried out
in field effect transistors based on metal oxide silicon [10],
poly-crystalline silicon [11], or hydrogenated amorphous
silicon [12] and thus the channel width effects on the
OTFT’s performance are not well known at the present
time.

This work focuses on the three issues as follows: (1)
thin film study of 6,13-bis(triisopropyl-silylethynyl)-
pentacene (TIPS-pentacene) with semiconducting polymer
binder (poly-triarylamine, PTAA) in order to impose a func-
tion as forming a good interfacial contact between the or-
ganic semiconductor (OSC) and the source/drain
electrodes; (2) employing two kinds of metals, one with
a low work function (Ag) and the other with a high work
function (Au), in order to compare the function of metal-
lurgy for low cost devices; and (3) a structural study of
the channel dimension in order to optimize the device
parameters effectively and to obtain good performance of
the device characteristics.

2. Experimental

Fig. 1c shows a schematic diagram of the OTFT structure
where an insulator layer of silicon dioxide (SiO2) is ther-
mally grown on top of a heavy doped p-type Si wafer to
act as the gate contact. A highly doped p-type Si wafer
was used both as a substrate and as a gate electrode for
the bottom-contact structure. Initially, the gate insulator,
for most of the devices, was thermally grown to a thickness
of 100 nm. Sequentially, a 200 nm-thick source-drain Au
and Ag contacts were fabricated on top of the insulator
Fig. 1. The molecular structure of (a) TIPS-pentacene, (b) PTAA and (c) the schem
contacts varying the W/L ratio from 25 down to 5 (channel length: 100 lm).
by a thermal evaporation method (DOV Co., Ltd) to give
the channel widths in the range of 500–2500 lm, and the
channel length of 100 lm using a shadow mask. Particu-
larly, the source-drain interdigitatd finger (SDIF) type elec-
trode were employed in our device configuration since this
SDIF pattern permits the use of printing and other tech-
niques for fabricating display backplanes that are not capa-
ble of attaining the fine resolution limits of standard silicon
processing using photolithography. Next, the TIPS-penta-
cene mixed with PTAA were deposited by a drop casting
from a 2 wt% solution of TIPS-pentacene in monochloro-
benzene. Fig. 1a and b exhibit the molecular structures of
TIPS-pentacene and PTAA, respectively. In our sample,
PTAA was employed as a dopant and TIPS-pentacene was
used as a host material. Also, in order to improve device
performance, polymer binder, PTAA was employed to fab-
ricate OTFT device with organic soluble TIPS-pentacene for
decreasing the injection barrier from the metal electrode to
the OSC and used as a hole conductor between the OSC and
source-drain contacts for reducing the surface dipoles [13].
Here, TIPS-pentacene was synthesized following the proce-
dure reported by our previous study [14]. PTAA was syn-
thesized by following the literature method and a
modified method [15–18]. All reactions were performed
under an argon atmosphere unless otherwise stated. Final-
ly, after coating the OSC, the device was annealed using a
hotplate at 110 �C for 1 min.

The optical absorption spectra of the host-guest (TIPS-
pentacene-PTAA) system film was obtained uisng UV spec-
trometry (Ultraviolet–visible, UV–vis, HP 8453, PDA, type
k = 190–1100 nm). The surface morphology of the OSC lay-
atic geometry of the OTFT on heavy doped silicon wafer with SDIF bottom
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ers was observed using an AFM (XE-100 system). The tran-
sistor characteristics were measured using a Keithley SCS/
4200 in a dark box.

3. Result and discussion

Fig. 2a shows the optical absorption spectra of the host-
guest (TIPS-pentacene-PTAA) system film. Each spin-
coated thin film (1 wt% solution) was formed by using
the monochlorobenzene solvent. OSC films with 1:1 or
10:1 weight ratio mixture of TIPS-pentacene and PTAA
were measured individually before and after the annealing
process, as shown in Fig. 2a. The spectrum of TIPS-penta-
Fig. 2. (a) UV–vis spectra of thin films of spin-coated TIPS-pentacene (black), PT
OSC (TIPS-pentacene: PTAA = 1:1) film after annealing (dark cyan), OSC (TIPS-p
pentacene: PTAA = 10:1) film after annealing (dark yellow), individually. AFM im
pentacene and PTAA, respectively, after annealing. Scan size: 5 lm � 5 lm. (For
referred to the web version of this article.)
cene shows the crystalline properties, confirmed by the
baseline floating phenomenon. When preparing the thin
film without polymer binder, the quality of the surface of
OSC was not well defined. Whereas, after mixing PTAA
with a proper concentration, we could obtain much better
film forming property. Therefore, the OSC was prepared
with TIPS-pentacene and PTAA for improving film forming
properties in a large area using the host-guest system,
which produces a better film condition than the OSC with-
out the polymer binder. Additionally, as it can be observed
from the spectrum of Fig. 2a, the crystalline properties of
the OSC film with 1:1 (TIPS-pentacene:PTAA) is not rela-
tively lower than that with 1:10 (TIPS-pentacene:PTAA).
AA (red), OSC (TIPS-pentacene: PTAA = 1:1) film before annealing (blue),
entacene: PTAA = 10:1) film before annealing (magenta), and OSC (TIPS-

ages of OSC films for 1:1 (b) and 10:1 (c) weight ratio mixture of TIPS-
interpretation of the references to color in this figure legend, the reader is
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Fig. 2b and c shows AFM (atomic force microscope)
images of the OSC films for 1:1 and 10:1 weight ratio mix-
tures of TIPS-pentacene and PTAA after annealing, respec-
tively. Bright areas in the images indicate higher values
of the film thickness. Fig. 2b is a topographic image of
the OSC film with 1:1 (TIPS-pentacene: PTAA) that shows
discontinuous �1 lm-TIPS-pentacene clusters, while
Fig. 2c is the OSC film with 10:1 (TIPS-pentacene: PTAA)
that shows continuous OSC film with regularly formed
20–30 nm-TIPS-pentacene clusters. It was clearly seen that
the surface film showed straight line without any preferen-
tial orientation (dotted arrow in inset of Fig. 2c). Although
good film has been obtained using the polymer binder, as
shown in Fig. 2a, the TIPS-pentacene cluster can be a cause
of poor carrier field effect mobility due to interference with
the flowing carriers in the active channel. Therefore, the
OSC (i.e., 10:1 weight ratio mixture of the TIPS-pentacene
Fig. 3. Output characteristics IDS vs. VDS for OTFTs with different electrodes of A
(inset) measured for an OTFT (W/L = 2500 lm/100 lm) with Au contact (b) and
and PTAA) film, formed by drop casting a 2 wt% solution
in monochlorobenzene, was prepared. As smaller concen-
tration of polymer binder is used, the preferential orienta-
tion of TIPS-pentacene molecules is sustained on the
surface of the blend film.

Fig. 3a and c shows the output characteristics of OTFTs
with L = 100 lm and W = 2500 lm. The gate voltage (VG)
was increased in a stepwise manner from 0 V to �40 V
for OTFTs with different electrodes of Au and Ag, respec-
tively. Obviously, the output confirms typical characteris-
tics of p-type OTFTs working in an accumulation mode.
Fig. 3a and c shows that the drain-source current (IDS) also
saturates at an increasingly higher drain-source voltage
(VDS) with increasing VG. However, the data in Fig. 3a and
c shows that the linear and saturation regimes for each
curve cannot be clearly distinguished, especially at high
values of the gate bias, VG, and when there is a lack of sat-
u (a) and Ag (c). Transfer characteristics �log (IDS) vs. VG and �pIDS vs. VG

Ag contact (d), respectively.
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uration in IDS. We believe this phenomenon, similar to the
‘punch-through effect’ [19] for the metal-oxide-semicon-
ductor field effect transistor (MOSFET), which is caused
by space charge limiting current [20], is preventing
saturation.

Fig. 3b and d shows graphs of –log (IDS) against VG with
their insets, �pIDS vs. VG, for Au and Ag contacts, respec-
tively. For each device, the carrier field effect mobility
and the threshold voltage (VT) were extracted in the linear
(VDS = �5 V) and saturation (VDS = �40 V) regimes at a VG of
�40 V, where the results are shown in Fig. 4. Additionally,
OTFTs with a channel length of 100 lm and a channel
width range from 500 to 2500 lm were fabricated for dif-
ferent electrodes. However, all devices, regardless of their
channel widths, exhibited a current on/off ratio between
104 and 105 for Au contacts, and between 103 and 104 for
Ag contacts.

The data in Fig. 4 represent average values of device
parameters such as field effect mobility and VT when using
Fig. 4. Carrier field effect mobilities of Au contact (a) and Ag contact (b), and t
transfer characteristics. The channel widths range from 500 to 2500 lm; the chan
VG of �5 V and �40 V, respectively.
Au and Ag electrodes. Here, we measured at least four de-
vices to average the parameters for these plots.

In order to explore the effects of different source-drain
electrodes on the performance of OTFTs, two kinds of elec-
trodes having different work-functions were employed.
Fig. 4 shows the transistor parameters of devices with Au
and Ag electrode materials as source-drain contacts. It also
shows the variation of carrier mobility and VT as functions
of the channel width W for devices with constant channel
length L = 100 lm. The decreasing behaviors of carrier
mobilities in both saturation and linear regimes with in-
crease in channel width are observed from Fig. 4a and b,
where the saturation mobility depended much more on
the channel width than the linear mobility. Moreover, with
increasing the channel width from 500 lm to 2500 lm, VT

is increased, as shown in Fig. 4c and d. These results, vari-
ation of carrier mobility and VT as function of channel
width, are in good agreement with previously reported
work using inorganic TFT [11,12].
hreshold voltage of Au contact (c) and Ag contact (d), extracted from the
nel length is 100 lm in all cases. The carrier mobilities were extracted at a
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The field effect mobility increases with decreasing
channel width, while VT increases with increasing channel
width in the saturation (VDS = �40 V) and linear
(VDS = �5 V) regimes. Here, the IDS of the devices increases
with increasing channel width [10] since the transistor
channel width to length ratio, which means larger IDS, is
proportional to the larger channel width. Although IDS in-
creases with increasing channel width [21], saturation
and linear mobility reduce with increasing channel width
since VT increases. This, in turn, results not only in a signif-
icant increase in VT but also in its pronounced channel
width dependency.

4. Conclusion

In summary, in order to enhance device performance,
TIPS-pentacene was employed as a host materials and a
small amount of PTAA was used as a guest material. The
host-guest system gave improved and uniform film forma-
tion in a large area, and helped the TIPS-pentacene to form
a stronger binding between the source/drain electrodes
onto the dielectric layer. Additionally, the devices were
fabricated using different electrodes such as Au and Ag.
Maximum saturation mobilities of 5.44 � 10�2 and
1.33 � 10�2 cm2/Vs for OTFTs were obtained using Au
and Ag contacts, respectively. From these results, it can
be predicted that Ag-based devices would be expected to
provide dramatic reductions in cost and to significantly
improve the device performance upon full optimization. Fi-
nally, experimental observations showed that the field ef-
fect mobility depends on VT. Although the field effect
mobility values should increase as IDS is proportionally in-
creased, by increasing channel width, decrease in mobility
were observed since VT also increased.
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Fig. 1. Resistivity (q) of Ag nanoparticles during sintering recorded
versus time, t. Measured values of q for ITO and vacuum evaporated Ag
are reported as reference.

736 C. Girotto et al. / Organic Electronics 10 (2009) 735–740
poorer electrical/thermal stability [14] compared to met-
als. Metal nanoparticle (NP) based inks are more often used
to demonstrate solution-based, highly conductive path-
ways and contacts, generally obtained by sintering via
annealing at relatively low temperatures [15,16], or else
by laser [17] or microwave [18] treatment. These conduc-
tive metals have for example been used in the production
of thin-film transistors (TFTs), where they serve as source
and drain electrodes [19]. Their deposition on top of
organic semiconductors, however, is challenging because
organic materials are damaged either by the temperatures
required for sintering the NPs or by the solvent dissolving
the underlying layer. Most of the research has thus focused
on the production of bottom-contact devices, where ink-jet
printing has been used to pattern lines on the substrates,
either glass, silicon or plastic foils. In this way, the con-
straints on the process are not severe, since the sintering
temperature and solvent choice are only limited by the
substrate.

The deposition of metal NPs on top of organic semicon-
ductors requires, then, to overcome these two limitations.
Recently, Sekitani et al. produced top contact TFTs with a
silver solution deposited directly onto the surface of organ-
ic semiconductor films using a subfemtoliter ink-jet prin-
ter [20]. Noguchi et al. showed that it is important to
deposit small volumes of a silver ink on top of the organic
material in order to limit the degradation of the transistor
performance caused by a large amount of solvent [21].
Their work shows that reducing the volume of each droplet
makes it possible to manufacture TFTs with characteristics
comparable to those with vacuum evaporated top contacts.
Nevertheless, this deposition method is not easily applica-
ble to organic solar cells, where the need for a fast deposi-
tion technique able to cover large area contacts is
contradictory to the precise deposition of well aligned, mi-
cron-scale droplets. An attempt to produce solar cells with
an inkjet printed silver top contact can be found in the
work by Eom et al., albeit for devices with a limited perfor-
mance [22]. In this work, we spray coat a Ag NP film
followed by sintering at low temperatures to achieve a
solution processed and patterned metal contact deposited
directly on top of the organic device, yielding solar cells
with efficiencies very close to those with evaporated top
contacts [23].

Spray coating is a well established technique in graphic
arts, industrial coatings, and painting. In spray coating
systems, the ink is atomized at the nozzle by pressure or
ultrasounds and then directed toward the substrate by a
gas flow. A random distribution of tiny droplets then land
on the surface producing either a full wet layer, in the case
of large flow rates, or depositions characterized by sparse
arrangements of dots that dry independently, in the case
of reduced flow rates [11]. The key advantage of the tech-
nique is the ability to cover relatively large areas by the
superposition of femtoliter-size droplets, characterized by
a fast drying time on the order of ls [24,25]. As a conse-
quence, the impact of the solvent on the underlying layer
is reduced as compared to other solution based deposition
techniques, considering that subsequent droplets are
deposited on top of dried droplets rather than directly on
the underlying layer.
In this study, we deposited a silver nanoparticle ink
(25 wt% silver (£ = 5 nm) in cyclohexane, NanoMas Tech-
nologies, Inc.) using a commercially available airbrush
(Badger 200 NH) powered by N2 gas to spray a 0.5 cm wide
pattern of droplets characterized by volume on the order of
femtoliters, as deduced from a statistical analysis per-
formed on sparse depositions. Standard settings included
gas pressure of 20 psi and an airbrush-substrate distance
of approximately 10 cm. We achieved a uniform coverage
of the complete sample by moving the airbrush across
the substrate (1.25 cm � 1.25 cm) and patterned the depo-
sition by simple shadow masking.

In order to define the optimal temperature and time
conditions to obtain highly conductive contacts, we first
investigated the behavior of the material on glass sub-
strates. With the airbrush, we sprayed a 200–400 nm thick
film on pre-cleaned samples (acetone and isopropanol,
10 min each in ultrasonic bath) between two indium-tin
oxide (ITO) stripes, the latter to provide an easy contact
for probes. We first probed and connected the structure
to a parameter analyzer (Agilent 4156C) and only then
put the samples in contact with a pre-heated hot plate at
a fixed temperature. The resistance of the silver pads was
then recorded versus time for a period of 10 min. We cor-
rected the curve to the final resistivity (q) of each sample,
calculated via q = Rh � d, where Rh is the sheet resistance,
evaluated at room temperature with a four probe station
(FPP 5000 Veeco Instruments Inc.), and d is the average
thickness of the deposition (Dektak V 200-Si profilometer).
This was done to eliminate the geometry and temperature
dependence of the resistance measurements. The results
are plotted in Fig. 1 for a range of temperatures between
100 �C and 180 �C along with the resistivity of 100 nm
ITO and 100 nm evaporated Ag.

The resistivity of the films dropped rapidly to
102 lX cm, by several orders of magnitude, after a critical
annealing time, which depends on the annealing tempera-
ture. An annealing time of the order of a few seconds is
sufficient for annealing temperatures above 150 �C. The
resistivity of the layer typically saturates at values around
40–100 lX cm. Interestingly, these values are close to
those obtained with the evaporated Ag layer (24 lX cm):
the higher final resistivity of the sprayed depositions could
be explained by their roughness, with peak-to-valley
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values in the order of a few tens of nanometers, and the
presence of voids inside the layer. The calculation of resis-
tivity was performed on the average thickness for these
samples, while the minimum thickness greatly impacts
the electrical performance of the layer.

The curves in Fig. 1 show a two step profile, revealing a
two phase characteristic of the sintering process [19]. In
order to understand this, we should recall that the NP solu-
tion is composed of Ag NPs capped by a functional group
that prevents their aggregation and allows them to be dis-
persed in the solvent. After the deposition, the solvent
evaporates leaving an agglomerate of NPs still capped by
the functional group, which insulate them from each other.
The resistivity of the layer at this stage is extremely large
(106–108 lX cm). The first step of the thermal treatment
thus removes the thin capping layer and allows for direct
contact between NPs, creating conductive percolating
paths: curves show a sudden change in the resistivity at
this point when the layers also become reflective.
However, the conduction is still restrained by the limited
contact between the NPs. The second step is then the effec-
tive sintering process, where the Ag NPs coalesce together
into larger aggregates, resulting in a highly conductive film
[19,26]. The process is activated at temperatures as low as
100 �C indicating a high surface energy of the NPs owing to
their small size [27]. From this analysis we can deduce that
the two fundamental characteristics of an ink suitable for a
top contact are the presence of functional groups that
evaporate or decompose at low temperatures (<150 �C)
and an average size of the NPs limited to values in the
nanometer range (<10 nm). From scanning electron
microscopy (SEM, Fig. 2) imaging of the top surface,
performed on the samples treated at 100 �C, 140 �C and
180 �C, it is clear that the increase of the sintering temper-
ature is concomitant with an increase of agglomerate size.

Fig. 3 plots the annealing time for the layer to reach a
threshold resistivity of qt = 1 mX cm as well as the final
resistivity q after the 10 min sintering treatment, both ver-
sus the applied temperature. The temperature dependence
of the time to reach the threshold qt follows a simple
Arrhenius relation, as expected from a thermally-induced
process. The data points can be fitted with an exponential
law, represented by the equation:

t ¼ ti þ t0 � e�Ea=kTs ð1Þ

where k is Boltzmanns constant and Ts is the sintering tem-
perature. The initial delay ti = 3.0 s, calculated from

o2T
ox2 ¼

qc
k

oT
ot

ð2Þ
Fig. 2. Scanning electron micrographs of Ag nanoparticle layers annealed at (a)
temperature is concomitant with an increase of agglomerate size. The white sca
has been introduced to consider the time needed to heat
the top surface of the glass substrate (thickness = 0.7 mm)
to 95% of the final temperature. The activation energy Ea

required by the NPs can be calculated from Eq. (1) as
0.211 eV. The time needed to reach the threshold qt is
almost halved for every 10 �C increment of the applied
temperature, resulting in a drop from 254 s at 100 �C to
less than 6 s at 180 �C. The final q after the 10 min treat-
ment shows that temperatures as low as 100 �C are
sufficient to achieve conductive contacts. Nevertheless,
the resistivity of the films treated with temperatures be-
low 120 �C is higher than that of ITO and thus not favorable
as a top contact. The resistivity plot shows a minimum at
150 �C: at higher temperatures the NPs sinter into domains
that become large enough that voids are introduced
between neighboring domains (cf. Fig. 2c), thus limiting
the conductivity.

At 150 �C the film resistance reaches saturation after
120 s, an interval that is shorter than the typical annealing
conditions for organic solar cells based on poly(3-hexyl
thiophene) (P3HT) and (6,6)-phenyl C61-butyric acid
methyl ester (PCBM) mixture. Post annealing treatments
are often performed at temperatures in the range of
130–150 �C for time intervals in the range of 5–10 min.
Since our standard post-production annealing conditions
for P3HT:PCBM organic solar cells consist of 300 s at
150 �C, our process already satisfies the requirement for
the sintering of the top contact, without the need to intro-
duce further thermal treatments.

Silver is characterized by a work function of �4.3 eV
that shifts towards �5.0 eV for silver oxide [28]. This shift
100 �C, (b) 140 �C and (c) 180 �C show that the increase of the sintering
le bars represent 100 nm.
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should be taken into account when employing NPs, since
their large surface-to-volume ratio renders them extre-
mely sensitive to oxidation. The work function makes Ag
more suitable as a hole collecting rather than as an elec-
tron collecting contact. The ideal structure in order to use
Ag as a top contact is therefore a reverse structure, as dem-
onstrated by White et al. [28]. Among the different reverse
structures suggested [28–31], the one comprising a thin
zinc oxide (ZnO) NP film between ITO and the active layer
as a cathode is attractive because it can be processed from
solution [28,32]. On top of the active layer, a thin film of
PEDOT:PSS is usually spin coated [29,30,33,32], producing
at the same time a hole-selective interlayer, a protection
for the active layer and a smooth surface for a silver top
contact. Since the HOMO level of PEDOT:PSS is positioned
at �5.1 eV from the vacuum level, it is clear that an oxidi-
zation of silver during the deposition is not detrimental to
the functioning of the contact, but rather improves the oh-
mic contact between the two materials.

Devices have been produced according to the steps pre-
viously introduced in an all-solution process on top of pat-
terned ITO-glass samples (Merck Display Technologies, ITO
thickness 100 nm, sheet resistance <20 X/h).

Samples were first cleaned by detergent, de-ionized
water, acetone and isopropyl alcohol in an ultrasonic bath.
A dispersion of ZnO NPs in acetone was spin coated in air
on the samples to produce a 55 nm thick layer. After a
10 min annealing step on a hot plate at 150 �C, samples
were brought in a nitrogen glovebox for the deposition of
the active layer. A solution of P3HT (Rieke Metals) and
PCBM (Solenne) dissolved in ortho-dichlorobenzene
(oDCB) in a 1:1 ratio with a concentration of 30 mg/ml
was prepared and stirred for 24 h at 50 �C. Spin coating
was performed at 1000 rpm for 60 s (resulting thickness:
250 nm) and then samples were allowed to dry under a
petri-dish, according to the ‘‘slow drying” method
[34,35]. The hydrophobic surface of the P3HT:PCBM layer
was rendered hydrophilic with a short oxygen-plasma
treatment (6 s; oxygen pressure: 0.26 Torr; power:
100 W). The PEDOT:PSS (H.C. Starck, Baytron P VPAI4083)
layer was spin coated in air at 3000 rpm for 60 s, to pro-
duce a 46 nm thick layer. Samples were then transferred
again in a N2 glovebox, where a thermal treatment to
- + ba

Fig. 4. (a) Structure, (b) SEM and (c) FIB/TEM cross sections of the inverted po
represent 100 nm. The arrows indicate voids between PEDOT:PSS and the Ag NP
remove the excess water was performed at 120 �C for
10 min. Samples were then fixed on a sample holder and
covered with a shadow mask. With the previously men-
tioned settings the top contact was sprayed, resulting in
8 devices per sample with an active area of 3 mm2.
Samples were then finalized with the sintering step
(150 �C for 5 min).

Fig. 4 shows the layer structure and the thicknesses of
each layer, together with two cross sections of the device
performed with SEM and transmission electron micros-
copy (TEM), the latter on a sample prepared by focused
ion beam (FIB) lift-out technique. A CVD glass layer and
a sputtered Au layer are deposited on the area of interest
in order to protect the specimen during the FIB wedge
milling. The TEM analyses are performed with a FEI
Tecnai (F30) FEG transmission microscope operating at
200 kV. From the SEM scan we can observe once more
that the top Ag NP contact is not a fully sintered bulk
Ag film, but is characterized by a merging of NPs into do-
mains which allow a much higher conductivity compared
to non treated NPs. Similar conclusions can be made for
the ZnO layer in that it is also an agglomerate of NPs
rather than a uniform, continuous layer. Concerning the
solvent damage, the TEM scan shows that the spray depo-
sition of cyclohexane does not dissolve the PEDOT:PSS
layer and that the interface between PEDOT:PSS and the
active material is clearly preserved. The TEM scan reveals
the presence of voids between the PEDOT:PSS layer and
the Ag NPs, indicated by arrows, reducing the electrical
contact between the two layers. Moreover, single particles
or clusters are found in the PEDOT:PSS layer, highlighted
by the circle, confirming the role of PEDOT:PSS as buffer
layer that prevents the diffusion of Ag to the active layer,
where it would act as quenching center for charge carri-
ers as well as excitons.

The photovoltaic characteristics were measured in a N2

atmosphere using an Agilent 4156C parameter analyzer
and under 100 mW/cm2 AM1.5 simulated illumination
using a LOT-Oriel Group Europe solar simulator with a
1000 W Xenon arc lamp fitted with AM 1.5D filters.
Calibration was performed by a KG3 band pass filter
and a calibrated Si photodetector. The current density
vs. voltage (J–V) curves of the produced solar cells are
c

lymer solar cell with a spray coated Ag top contact. The white scale bars
s, while the circle highlights a NP embedded within the PEDOT:PSS layer.
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reported in Fig. 5. The red curve represents an evaporated
Ag top contact reference device, while the black line is the
sample with the solution processed Ag top contact. The
reference device shows performances in line with the val-
ues reported in literature [28,32]. The solution processed
Ag top contact cell is characterized by a slightly higher
series resistance as indicated by lower current values at
biases >0.7 V.

The higher series resistance affects the fill factor (FF),
reduced from 53% (evaporated) to 48% (solution pro-
cessed). This could be due to the voids at the interface
between the Ag layer and PEDOT:PSS observed with FIB/
TEM (cf. Fig. 4c), which may increase the contact resis-
tance between the two layers. A high short circuit current
(JSC) is extracted from the contacts (9 mA/cm2 for the
evaporated and 8.3 mA/cm2 for the solution processed),
and the open circuit voltage (VOC) reaches values as high
as 620 mV. The attained final power conversion efficiency
(PCE) of the cell with solution processed Ag is 2.5%, close
to that of the reference cell with evaporated Ag (2.9%),
showing that this solution processed top contact is well
suited for the production of organic solar cells.

In conclusion, a Ag NP based ink was sprayed on a thin
PEDOT:PSS layer deposited on top of the active layer of a
P3HT:PCBM film in a reverse structure, in which a sintered
layer of solution-processed ZnO acts as cathode and a solu-
tion-processed bi-layer of PEDOT:PSS and sintered Ag NPs
acts as anode. The whole process was performed at room
pressure from solutions and with temperatures below
150 �C and, apart from the ITO patterning, did not require
any lithographic step. The devices showed efficiency simi-
lar to control devices produced with the same structure
and an evaporated Ag top contact. Spray coating, the
deposition technique used in this work, offers the ability
to cover relatively large areas by the superposition of
femtoliter-size droplets, reducing the impact of the solvent
on the underlying layer as compared to other solution
based deposition techniques. Moreover, this technique is
easily scalable to large areas by proper choice of the atom-
izing pattern or by coupling several nozzles in arrays,
making it possible to scale this method to a high-through-
put roll-to-roll deposition, virtually without limits in the
achievable area.
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Fig. 1. (a) Schematic working principle of blade coating. The polymer wet
film is formed by moving the blade coater. The thickness of polymer wet
film is defined by the gap of the blade coater. (b) The schematic device
structure of the bulk hetero-junction cells.

Fig. 2. Statistical results of the seven series of devices: (a) the power conversion
the fill factor. The horizontal lines in the box denote the 25th, 50th, and 75th per
open square inside the box denotes the mean value.
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structured by printing in organic solar cells, blade coating
for large area fabrication has been proved to be the better
way [6]. The film thickness by blade coating can be re-
duced to nanometer scale by carefully controlling the fab-
rication parameters such as the solution concentration, the
blade gap, and the blade coating speed. Recently we veri-
fied the feasibility of blade coating for high-efficiency poly-
mer light-emitting diodes [8]. Unlike spin coating, the area
can be easily scaled up and the material usage is almost
100% in blade coating. In this work, blade coating is applied
to poly(3-hexylthiophene) (P3HT) and (6,6)-phenyl-C61-
butyric acid methyl ester (PCBM) blend in the toluene solu-
tion which has a lower boiling point (110 �C) and is less
toxic. High efficiency is achieved from toluene solution
without the slow solvent evaporation process.

Fig. 1a shows the schematic working principle of blade
coating. The thickness of the wet polymer film is defined
by the gap. The polymer dry film thickness is tuned by
the polymer concentration in solution and the gap of the
blade coater. The polymer wet film is deposited by drag-
ging the blade coater at a certain speed about 15 cm/s.
We first focus on solar cells with P3HT:PCBM blend dis-
solved in toluene. Device performances are compared for
efficiency, (b) the short-circuit current, (c) the open-circuit voltage and (d)
centile values. The error bars denote the 5th and 95 percentile values. The



Fig. 3. Current–voltage (J–V) relations of the devices in this work. (a)
Devices made by spin coating (device A, solid square), blade coating
(device B, empty square), blade coating at 60 �C (device C, solid circle),
and blade and spin coating (device D, empty circle) in toluene solution,
blade and spin coating with bladed PEDOT:PSS (device G, solid star). (b)
Devices made by blade and spin coating in toluene solution (device D,
empty circle), chlorobenzene solution (device E, solid triangle), and
dichlorobenzene solution (device F, empty triangle).
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different coating methods including spin coating, blade
coating, blade coating on a hot plate, as well as blade and
spin coating. For the blade and spin coating the polymer
wet film is deposited by blade coating which is followed
by spinning until the dry film is formed. In all cases the
weight ratio of P3HT and PCBM is 1:1. The device structure
is ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al shown in Fig. 1b. ITO
is indium tin oxide and PEDOT:PSS is poly-(3,4-ethylenedi-
oxythiophene):poly-(styrenesulfonate) (Baytron PVP AI
4083). A 40 nm PEDOT:PSS layer is spin coated on a pat-
terned ITO substrate and baked at 200 �C in nitrogen for
15 min.

Seven series of devices with six devices in each are
made to study the different coating processes with differ-
ent solvents statistically. Among them, five series are made
with toluene solution to compare the coating processes,
including spin coating (series A), blade coating (series B),
blade coating on a hot plate at 60 �C (series C), as well as
blade and spin coating (series D). In addition, the devices
with the PEDOT:PSS layer by blade coating at 100 �C and
P3HT:PCBM by blade and spin coating from toluene solu-
tion is made to study the feasibility of bladed PEDOT:PSS
layer (series G). The other two series made from two con-
ventional high boiling point solvents, chlorobenzene (ser-
ies E) and dichlorobenzene (series F), are compared with
those from toluene by blade and spin coating. After coating
all the P3HT:PCBM layers are annealed at 140 �C for 20 min
in nitrogen. The Ca(35 nm)/Al(100 nm) cathode is depos-
ited by thermal evaporation. The active area of the device
is 0.04 cm2. All the devices are packaged in the glove box
and measured in the ambient environment. The power
conversion efficiency is measured by the solar simulator
(PEC-L11, Peccell Technologies) under AM1.5G irradiation.
The incident photon-to-electron conversion efficiency
(IPCE) is measured by the spectral response measurement
system (SR300, Optosolar GMBH). The morphology of
P3HT:PCBM is monitored by atomic force microscope
(AFM, Dimension 3100, Digital Instruments).

Fig. 2 shows the statistical results of the seven series of
devices. Among the series based on toluene solution (series
A, B, C, D, and G), the series of devices by blade coating have
the higher efficiencies except the series with bladed the
PEDOT:PSS layer. Because the open-circuit voltages Voc are
about the same, the high performances of series B, C, and D
result from the high short-circuit currents Jsc and fill factor.
Among the series by blade and spin coating (series D, E,
and F), the series of devices from toluene solution and
dichlorobenzene have the higher performances. While the
Jsc of series E and series F are about the same, the high perfor-
mance of series F results from the relatively high fill factor.
For further discussion, the best devices in each series are
chosen to show the advanced device properties.

Fig. 3a shows the current–voltage (J–V) curves of five
devices in toluene solution made by different active layer
coating processes. The short-circuit currents Jsc made by
blade coating (device B, C, and D) are larger than that of
the device made by conventional spin coating (device A).
Using blade coating the Jsc increases from 9.3 mA/cm2 with
spin coating to 11.5 mA/cm2. The fill factor rises from 47%
to 55% and the open-circuit voltage Voc remains the same.
The efficiency, which is proportional to Jsc , Voc , and fill fac-
tor as a whole, is improved from 2.6% (device A) by spin
coating to 3.8% (device C) by blade coating on a hot plate.

It is believed that in order to get a high efficiency in bulk
hetero-junction polymer solar cell the microscopic mor-
phology of the active layer needs to be well controlled to
achieve an ordered structure by certain annealing pro-
cesses such as slow solvent evaporation [1] and postpro-
duction heat treatment [2,9]. Such annealing promotes
molecular self-organization and makes the polymer chains
more ordered in its domains. In spin coating for low boiling
point solvents such as toluene (110 �C), high volatility
leads to the fast drying of the active layer and may limit
the self-assembly as well as the power conversion effi-
ciency. However, the polymer films made by blade coating
could be more ordered than those by spin coating due to
the fact that the polymer chains are relatively free to move
in the absence of centrifugal force. Therefore even without
the slow drying process the donors and acceptors quickly



Table 1
Performance of bulk hetero-junction solar cells in this work.

Label JscðmA=cm2Þ VocðVÞ Fill factor (%) PCE (%) Thickness (nm)

A. (Toluene) spin 9.25 0.59 47 2.6 223
B. (Toluene) blade 11.07 0.59 53 3.5 412
C. (Toluene) blade at 60 �C 11.49 0.59 55 3.8 304
D. (Toluene) blade and spin 11.36 0.58 55 3.7 245
E. (Chlorobenzene) blade and spin 8.87 0.57 49 2.5 345
F. (Dichlorobenzene) blade and spin 8.79 0.60 66 3.5 242
G. (Toluene) blade and spin with bladed PEDOT:PSS (120 nm) 8.35 0.59 52 2.5 245
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self-assemble into the desired ordered and interpenetrat-
ing morphology during the blade coating process. We spec-
ulate that the quick assembly occurs at the beginning of
the blade coating because the device made by blade and
spin coating (device D) shows high efficiency as well. Inter-
estingly, device B, C, and D have different film thickness
but similar performances. High efficiency is maintained
for device B with 412 nm thickness probably because pure
Fig. 4. AFM images of the devices in this work. P3HT:PCBM thin film made by: (
spin coating and (e) blade and spin coating in chlorobenzene solution, (f) blade a
(d) are made in toluene solution.
blade coating with neither heating nor spinning give the
highest freedom to chain motions and the most ordered
morphology. In short, the blade coating method allows
an ordered polymer morphology in a fast drying solution
like toluene. In addition, the result of the device with the
bladed PEDOT:PSS and blade and spin coated P3HT:PCBM
layer is also shown in Fig. 3a. The efficiency of device G
is 2.5% with Jsc of 8.35 mA/cm2, Voc of 0.59 V, and fill factor
a) spin coating, (b) blade coating, (c) blade coating at 60 �C, (d) blade and
nd spin coating in dichlorobenzene solution. The P3HT:PCBM films in (a)–
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of 52%. The relative low performance of device G results
from the thick PEDOT:PSS film (120 nm), which causes
high series resistance. It is difficult for us to reduce the
PEDOT:PSS film thickness now because we use the PED-
OT:PSS solution from H. C. Stark without any further dilu-
tion. The concentration needs to be lowered without
sacrificing the conductivity to get the normal film thick-
ness (40 nm). More experiments need to be done to opti-
mize the PEDOT:PSS layers by blade coating.
Nevertheless, such device shows the feasibility of all blade
coated devices with very low cost and high throughput in
mass production.

Now we turn to different solvent systems. Two devices
are made by conventional high boiling points solvents
chlorobenzene (device E) and dichlorobenzene (device F).
Fig. 3b shows the results of the devices by the fast-drying
blade and spin process with different solvents. There is
no slow solvent evaporation in the fabrication process.
The power conversion efficiencies are 2.5% in the device
from chlorobenzene solution (device E) and 3.5% in that
Fig. 5. (a) The absorption spectra of the devices and (b) the incident
photon to current efficiency (IPCE) in this work. The inset shows the IPCE
from 400 nm to 600 nm for clarity. Devices made by spin coating (device
A, solid square), blade coating (device B, empty square), blade coating at
60 �C (device C, solid circle), and blade and spin coating (device D, empty
circle) in toluene solution. Devices made by blade and spin coating in
chlorobenzene solution (device E, solid triangle), and in dichlorobenzene
solution (device F, empty triangle), as well as blade and spin coating with
bladed PEDOT:PSS (device G, solid star).
from dichlorobenzene solution (device F). The Jsc are both
about 8.8 mA/cm2, which is significantly smaller than Jsc

of 11.4 mA/cm2 in device D from toluene. Interestingly
high boiling point solvents give higher Jsc for spin coating
but smaller Jsc for blade coating. There are probably more
P3HT/PCBM interfaces in toluene solution than those in
chlorobenzene and dichlorobenzene solutions, resulting
in more efficient exciton dissociation. It is remarkable that
the fill factor of dichlorobenzene solution is 66%, much
higher than 55% for toluene and 49% for chlorobenzene.
Dichlorobenzene has the highest boiling point among the
three solvents. The highest fill factor in dichlorobenzene
solution may result from the highest carrier mobility due
to the enhanced self-assembly of P3HT taking place during
the relatively slow drying in spinning. The device perfor-
mances are summarized in Table 1.

The AFM images of the devices are shown in Fig. 4. The
root-mean-square roughness are 2.3 nm for device A,
15.1 nm for device B, 4.9 nm for device C, 2.8 nm for device
D, 1.9 nm for device E, and 5.8 nm for device F. The differ-
ent root-mean-square values are attributed to the different
fabrication processes with different solvents. Neat P3HT
layers by any process would be very rough (15 ± 3 nm)
due to the fact that the polymer chains have the trend to
form crystallization, and the neat PCBM could not even
form thick films by blade coating. We think that the de-
vices with high efficiency (device B, C, D, and F) have stron-
ger self-organization than those with low efficiency(device
A and E). Higher surface roughness corresponds to higher
degree of self-organization. [10,11] However, there is no
clear evidence for the correlation between self-organiza-
tion and device efficiency. Nevertheless, we speculate that
device B by blade coating shows clear self-organization,
implying ordered structures within each components.
Therefore, the carrier mobility is high and the power con-
version efficiency is high as well even with a thick film of
412 nm. The clear self-organizations in device C and device
F also could be seen due to their relative high roughness.
Interestingly, the roughness of device D by blade and spin
coating is just slightly higher than that of device A only by
spin coating, but the efficiency of device D is still much
higher. This may be due to the ordered structure occurred
at the beginning of blade coating, combined with thicker
film thickness by blade coating. As for the low efficiency
devices such as device A and device E, the films are rela-
tively smooth. The images show that the self-organization
could be achieved within the short drying time by blade
coating.

Fig. 5a shows the absorption spectra of the P3HT and
PCBM blend films deposited by different methods and
solutions. The IPCE for all devices are shown in Fig. 5b. De-
spite of the different morphologies there is no significant
variations among the absorption spectra. So the differences
in the device performances must come from the exciton
dissociation and carrier transport processes. The IPCE val-
ues appear similar in all the devices except that of device
G and show slightly difference at about 600 nm. However,
the Jsc values show much difference among the devices. In
principle the measured Jsc should be proportional to the
product of the IPCE and the illuminating spectrum, inte-
grated over all wavelengths. We may attribute the incon-
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sistency between IPCE and Jsc values to the different spec-
tral-mismatch factors of the different light sources.[6]

In conclusion we develop the blade coating method to
fabricate bulk hetero-junction polymer solar cells with de-
cent power conversion efficiency of 3.8%. The active layer is
deposited in toluene solution, which is less toxic than the
conventional chlorobenzene and dichlorobenzene solution
optimized for spin coating. In sharp contrast to spin coat-
ing there is almost no material waste in blade coating.
Moreover, this method can be easily scaled up to large
sizes as meters and can be applied in a future roll-to-roll
fashion for high volume production.
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microscopy images were taken in a Jeol JSM-6460 LV scan-
ning microscope. The sample was metalized with gold–
palladium alloy in a Denon Desk II metallizer. The infrared
spectra were measured in a FT-IR Perkin–Elmer Spectrum
BX model equipped with a DTGS detector.

2.1. Synthesis

The synthesis of monomers (Fig. 1) was carried out by
Ullmann coupling according to literature procedures [9].

2.1.1. N,N,N0,N0-tetra-p-tolyl-4,40-diaminodiphenylmethane
[1]

In a hermetically sealed glass bottle, 5 ml of dry and de-
gassed toluene were mixed with 4-iodotoluene (5.25 g,
24 mmoles), 4,40-diaminodiphenylmethane (1.2 g, 6 mmo-
les), CuI (0.080 g, 0.4 mmol), 1,10-phenanthroline (0.081 g,
0.4 mmol) and potassium tert-butoxide (4 g, 36 mmoles).
The mixture was sealed, and then heated at 120 �C in a
sand bath for 50 h in an argon atmosphere with vigorous
stirring. After finishing the reaction, 10 ml of toluene was
added, the whole mixture was filtered and the solid was
washed with three aliquots of 10 ml of toluene. All the li-
quid fractions were combined and the solution was dried
in a rotary evaporator. The solid was purified twice by
chromatography in a silica gel column (1.5 � 20 cm, Merck
60, 0.040–0.06 mm grain) with hexane/cyclohexane (2:1)
as solvent. The elution was monitored by TLC in silica
plates (Merck 60) with the same solvent mixture, using
standards of the initial reagents. The product was collected
after the elution of the 4-iodotoluene and, by evaporation,
yielded a white powder. Yield: 20%. Pf: 184–187 �C. m/z
(%) = 558 [M+] (100). Calculated theoretical mass: 558 g/
mol.

2.1.2. N,N,N0,N0-tetraphenyl-4,40-diaminodiphenylmethane
[2]

In a hermetically sealed glass bottle, 5 ml of dry and de-
gassed toluene were mixed with iodobenzene (5 g,
24 mmoles), 4,40-diaminodiphenylmethane (1.2 g, 6 mmo-
les), CuI (0.080 g, 0.4 mmol), 1,10-phenanthroline (0.081 g,
0.4 mmol), potassium tert-butoxide (4 g, 36 mmoles). The
mixture was sealed, and then heated at 120 �C in a sand
Fig. 1. Chemical formula of species involved in this study.
bath for 50 h in an argon atmosphere with vigorous stir-
ring. After finishing the reaction, 10 ml of toluene was
added, the whole mixture was filtered and the solid was
washed with three aliquots of 10 ml of toluene. All the li-
quid fractions were combined and the solution was dried
in a rotary evaporator. The solid was purified twice by
chromatography in a column of silica gel (1.5 � 20 cm,
Merck 60, 0.040–0.06 mm grain). Elution solvent was a
gradient starting with a mixture of hexane/cyclohexane
(1:1) and finishing with hexane/cyclohexane/toluene
(1:1:0.25). The elution was monitored by TLC in silica
plates (Merck 60) with the final elution mixture, using
standards of the initial reagents (Rf of the product was
0.75) and, by evaporation, yields a white powder. Yield:
23%. m/z (%) = 502.10 [M+] (100). Calculated theoretical
mass: 502 g/mol.

2.1.3. N,N0-diphenyl-N,N0-ditolyl-4,40-diaminodiphenyl-
methane [3]

In a hermetically sealed glass bottle, 5 ml of dry and de-
gassed toluene were mixed with N-pheny-N-tolylamine
(2 g, 10 mmoles), 4,40-diiododiphenylmethane (2 g,
4.7 mmoles), CuI (0.03 g, 0.15 mmol), 1.10-phenantroline
(0.03 g, 0.15 mmol), potassium tert-butoxide (4 g,
36 mmoles). The mixture was sealed, and then heated at
120 �C in a sand bath for 50 h in an argon atmosphere with
vigorous stirring. After finishing the reaction, 10 ml of tol-
uene was added, the whole mixture was filtered and the
solid was washed with three aliquots of 10 ml of toluene.
All the liquid fractions were combined and the solution
was dried in a rotary evaporator. The solid was purified
twice by chromatography in a column of silica gel
(1.5 � 20 cm, Merck 60, 0.040–0.06 mm grain) with hex-
ane/cyclohexane (2:1) as solvent. The elution was moni-
tored by TLC in silica plates (Merck 60) with the same
solvent mixture, using standards of the initial reagents
(Rf of the product was 0.50) and, by evaporation, yields a
white powder. Yield: 23%. m/z (%) = 530 [M+] (100). Calcu-
lated theoretical mass: 530 g/mol.

2.2. Electrochemical characterization

Electrolysis and cyclic voltammetries were performed
in a conventional three-electrode electrochemical cell. A
mixture of MeCN/Toluene 1:4 was used as electrolysis sol-
vent and TBAPF6 0.1 M as supporting electrolyte [10]. The
working electrode was either indium-doped tin oxide cov-
ered glasses (ITO glasses, VisionTeK Systems, Ltd., UK) or a
0.5 mm diameter platinum disc (99.99% purity). A plate of
pure gold was used as counterelectrode, and a standard-
ized (ferrocene/ferrocenium+ couple in acetonitrile [11])
double junction electrode of Ag/Ag+ in acetonitrile was
used as reference. The platinum electrode was polished
with 1% alumina powder (1 lm) in water over a piece of
cloth, cleaned in an ultrasonic bath with absolute ethanol
and dried in air. All redox potentials are referred to NHE.

2.3. Electropolymerization of [2]

The electropolymerization of [2] was performed poten-
tiostatically on ITO covered glasses of a 10�2 M solution in



Fig. 2. (a) Cyclic voltammetry of [2] (0.01 M) in electrolysis solution. Scan
rate: 25 mv/s. (b) Cyclic voltammetry of electrodeposited film on ITO
glass in electrolysis solution (free of [2]).
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electrolysis solvent. A constant potential of 1500 mV was
applied for 10 min and then reduced to 0 mV until the cur-
rent dropped to less than 1% of the initial value. The elec-
trode was washed with the solvent mixture in order to
eliminate the rest of [2] and then with ethanol to remove
the remaining supporting electrolyte. The film was charac-
terized by FT-IR and SEM, and showed no TBAPF6 crystals.

2.4. Spectroelectrochemistry

An ITO covered glass with a film about 0.5 lm thick was
placed in a 1 cm path-lenght quartz cell filled with elec-
trolysis solution without [2]. The spectrum was obtained
at the selected potential after the final current dropped
to less than 1% of the initial value and the absorbance re-
mained stable.

2.5. Characterization by infrared spectroscopy

Samples were prepared on ITO covered glasses of
1 � 3 cm. The film was deposited on a subarea of
1 � 2 cm. Three films were prepared for 0.5, 1 and 1.5 h
of electrolysis. The adhered polymers were reduced at
0 mV until the current dropped to less than 1% of the initial
value. After this treatment, the electrode was placed in the
electrolysis solution free of [2] and it was cycled for 1 h be-
tween 0 and 1500 mV at 50 mV/s in order to make sure
that there was no monomer occluded in the films. The
samples were removed from the cell at the reduced state
(uncolored), then washed with ethanol to eliminate the
rest of TBAPF6, and dried in air. These film-covered glasses
were scraped with a spatula and mixed with BrK in a mor-
tar to prepare transparent tablets for FT-IR analysis.
Fig. 3. Spectroelectrochemistry of p-[2] deposited on ITO glass. Potentials
varied from 0 to 1500 mV. Inset shows absorbance as a function of voltage
for 350, 490 and 750 nm. Data was extracted from the spectroelectro-
chemical experiment.
3. Results

The cyclic voltammetry of [1] showed a remarkable sim-
ilarity to the voltammogram of tri-p-tolylamine (TTA). Only
one quasireversible wave was observed at E1/2 = 1150 mV
(1130 mV in TTA) with DE = 90 mV. The UV–vis spectrum
of oxidized [1] was very similar to that reported for TTA,
although it stayed stable only for a few minutes (Fig. S1,
see Supplementary material). Absorption bands in the NIR
were not observed for the transient specie. On the contrary,
a complex process was observed in the first voltammogram
of a solution of [2], which was very similar to triphenyl-
amine (TPA), with an oxidation wave at 1370 mV and
reduction waves around 1020 and 1130 mV [12] (Fig. 2a).
The different height and shape of the current peaks sug-
gests that a coupled chemical process, in which the oxi-
dized specie participates, follows the redox reaction. In
the successive cycles, two new reversible waves were ob-
served at E1/2 = 1030 mV and 1150 mV, with the character-
istic shape of an adsorbed species redox process [13]. In
order to verify this assignment, the Pt electrode was rinsed
with clean solvent and immersed in new electrolysis solu-
tion without [2]. The voltammogram of this sample showed
the disappearance of the wave at 1370 mV and the perma-
nence of the recently formed peaks (Fig. 2b). SEM pictures
of ITO electrodes show that the deposited film completely
covers the electrode with a homogenous texture (Fig. S2,
see Supplementary material).

The infrared spectrum of the electropolymerized film
material (p-[2] from now on) showed substantial differ-
ences with its molecular precursor [2]. The last one pre-
sented bands at 690 and 750 cm�1, associated with the
five adjacent CH out-of-plane bending in the terminal phe-
nyl rings. These two bands are remarkably diminished in
the film spectrum, in which a new band appears at
815 cm�1. This band, which is characteristic of the para-
substitution in benzene, is not present in the spectrum of
[2] (Fig. S3, see Supplementary material).

Fig. 3 shows the evolution of the film UV–vis spectrum
with potential, as it oxidizes from 0 to 1500 mV. Three suc-
cessive bands are observed at 360, 485, and 760 nm. As it
can be seen in the inset image (absorption at these three
wavelengths), the band at 360 nm corresponds to the
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reduced form of the film, the one at 485 nm to the singly
oxidized form, and the one at 760 nm to the fully oxidized
film.

In order to estimate the molar absorptivity of singly oxi-
dized TPB fragments in the film, a potential step experi-
ment from 1030 to 0 mV was carried out. In that
potential range, the signal at 485 nm was sufficiently high
to be distinguished from the base noise (although it was as
low as to diminish the errors of Lambert–Beer’s law devia-
tions), whereas the band at 760 nm (two electron oxida-
tion) was not observed. The film’s absorbance was
plotted against the charge accumulated from the start of
the potential step to a given time ti. A strongly non-linear
relationship (sigmoid) was obtained, thus we concluded
that it is not possible to obtain a reliable measurement of
the molar absorptivity.

Fig. S4, see Supplementary material shows the spec-
trum of the oxidized p-[2] film (at 1030 mV) between
400 and 2000 nm (solvent mixture NIR cutoff). We ob-
served an intense band at 1470 nm (besides the one at
485 nm), which we assigned to the intervalence charge
transfer corresponding to the TPB fragments in p-[2].

In order to evaluate the electrochromic response, a ser-
ies of potential pulses were applied to the film. We ob-
served that when increasing the potential from 0 to
1500 mV the time to reach 95% of absorbance at 760 nm
was 100 s. When repeating the experience with potential
steps from 0 to 1000 mV and measuring the absorbance
at 490 nm this time was 130 s. Notice that these times
are slower than in polymer films with greater delocaliza-
tion [14]. After 1 h of applying pulses to the film, the absor-
bance steps at 490 and 760 nm dropped less than 5% when
changing from neutral to fully oxidized species (Fig. 4).

4. Discussion

Although it is not possible to assign the structure of the
electrogenerated p-[2] exactly, a qualitative analysis of the
experimental results can be used to make some useful
inferences.
Fig. 4. (a) Absorbance at 490 nm when rising from 0 to 1000 mV, and (b)
Absorbance at 750 nm from 0 to 1500 mV.
Previous studies on polymerization of arylamines have
demonstrated that, when these molecules are oxidized,
they form dimeric [12,15] or polymeric [10] species
through the para-position (whenever it is not substituted).
In the case of the aniline oxidation, for instance, position 4
of one molecule is bound to the nitrogen of another one,
generating a conductive polymer that adheres to the elec-
trode [16,17]. It has been observed on studies made on the
triphenylamine oxidation [12] that two radicals TPA+ rap-
idly react to yield tetraphenylbenzidine (TPB). Its forma-
tion can be verified in the cyclic voltammogram of TPA
either by means of the appearance of new redox peaks cor-
responding to the generated species, or by spectroelectro-
chemistry where the electronic transitions corresponding
to TPB are also seen. The polymerization of arylamines that
are interconnected by bridges containing double and triple
bonds [18] and by electron donor-acceptor structures [19]
has also been studied. They all follow the same polymeri-
zation pattern through para-positions and form films that
remain adhered at the electrodes.

In our case, it is reasonable to assume that linear poly-
merization is a necessary previous step at the early stages
of the film growth. At the beginning of the process, a pair of
phenyl rings from two independent molecules of [2] prob-
ably reacts to start a dimer, eventually forming a benzidine
chain separated by methylene groups. It has been reported
that linear polymers of arylamines (comparable to our
case) are soluble in intermediate polarity solvents like
chloroform and toluene [20]. In our case, the presence of
soluble and colored substances was observed during elec-
trolysis in the neighborhood of the electrode. The same
happened with the electropolymerization of [3] which
was only able to form linear arrangements and did not
form any film at the electrode (Fig. S5, see Supplementary
material). We then infer that the insoluble species that
form the film cannot be only linear, but may come from
the interweaving of previously formed linear chains, after
polymerization of the remaining free phenyl as a cross lin-
ker between them.

It is observed from the IR spectrum of the film that the
bands at 750 and 690 cm�1 originally present in [2] dimin-
ish their intensity in p-[2]. The vibration band at 815 cm�1

suggests that the polymer presents rings with substitu-
tions in para-. This fact has already been described in the
case of electropolymerization of TPA [10]. Then, in the case
of [2], polymerization might lead to the structure shown in
Fig. 5.

Note that neither the bands at 750 and 690 cm�1 disap-
pear completely, nor the band at 815 cm�1 reaches its
maximum height as compared to the IR spectrum of [1]
(a full para-substituted model compound). The vibration
pattern in the IR spectrum is independent of the oxidation
time used in the film growing and also of the time of vol-
tammetry cycling after the film was already formed (in
the absence of [2]). This indicates that the substitution pat-
tern in p-[2] is the same at any film stage and, once it is
deposited, its reoxidation would not increase the substitu-
tion in para- of the remaining (and free) phenyls. Conse-
quently, the polymer precipitation freezes the reactivity
of the unreacted phenyl groups, virtually preventing the
film from obtaining further interweaving.



Fig. 5. Proposed reaction for electropolymerization of [2].

Fig. 6. (a) More efficient polymerization mechanism proposed, (b) slower
possibility.
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Molecules that present two electronically connected re-
dox sites show intervalence charge transfer phenomena
when they are in certain oxidation states. According to
the degree of electronic interaction between these sites,
intervalence compounds have been classified by Robin
and Day in three classes [21–24]. In Class I compounds,
both redox centers have different chemical surroundings
and the valence is located in one of them at any time scale.
In Class II, both redox centers present small structural dif-
ferences although the valence is still located in one of them
at the vibrational time scale (10�12 s). In Class III, the va-
lence is delocalized as much in the time scale of the vibra-
tions as in the spatial distribution of electron density. In
Classes II and III, the greater electronic interaction shows
up by the appearance of an electronic transition called
intervalence charge transfer, and by a disturbance in the
redox potentials compared to the isolate fragments (i.e.
without electronic interaction). Although the original clas-
sification applies to inorganic extended solid compounds,
organic radicals with two electroactive sites can also be
classified using this criterion [25–28].

In the case of [1], the cyclic voltammetry and the UV–
vis spectrum show a remarkable similarity to TTA [29],
suggesting that the arylamine fragments that compose
[1] would behave independently. This is consistent with
the absence of intervalence band in the NIR. So, we can in-
fer that [1] is a Class I intervalence compound. The uncou-
pling phenomena observed between redox centers can be
associated with the fragment that connects arylamines.
The presence of a tetrahedral methylene carbon allows
adjacent phenyl rings (pertaining to different triarylam-
ines) to take a space conformation so that the planes con-
taining them are 90� rotated to each other. This
conformation diminishes repulsion energy between phen-
yls due to hydrogen neighboring, and induces a symmetry
that prevents the p-orbital interaction [30]. This fact de-
rives in each redox site being not sensitive to the other,
and therefore, polymerization from triarylamine to benzi-
dine in one side of the molecule would not electronically
disturb the capacity of the other site to react in the same
way and efficiency.

It has been previously reported [18] that branching in
arylamine polymers is a less likely event than the forma-
tion of linear chains. Cationic radicals lying in the back-
bone of the polymer are more delocalized that the
terminal ones, thus diminishing the charge at the reactive
position. As a consequence, polymerization via terminal
arylamines should be preferable (and faster) because the
terminal cation is more reactive. This argument also sug-
gests that the linear chains of [2] formed during the early
stages of polymerization correspond to Fig. 6a and not to
Fig. 6b because the first one is the faster process, as it does
not involve any of the arylamines that already participate
in benzidines (a much less reactive cation).

High amounts of disconnected benzidines would also be
responsible for the slow electrochromic response in com-
parison with other published arylamine polymers. The ab-
sence of delocalization may produce electronic hopping,
being the preferred charge transport mechanism between
isolated benzidines in the film and there would be no con-
duction through electronic bands.

The relationship between electronic coupling and the
twist degree between adjacent arylamine fragments in
substituted TPB analogs has been previously reported
[30]. The presence of methyl groups in positions 2 and 6
twists the rotation planes of adjacent rings, interrupting
the p-conjugation along the molecule. This phenomenon
is translated both in a substantial change in the UV–vis
spectra (including the intervalence band) and in the sepa-
ration of successive redox potentials (DE), another indica-
tion of coupling. The UV–vis spectra of TPB fragments in p-
[2] in their mixed valence state (Fig. S4, see Supplementary
material) showed remarkable similarity with specie 4 of
Ref. [30] in which the whole molecule is coplanar and
highly coupled. Although the small DE makes p-[2] compa-
rable to the less coupled TPB examples (species 5a and 5b
in Ref. [30], the most twisted ones), we think that this indi-
cation of coupling is not reliable because the matrices that
contain the electroactive species are different (solid film
versus solution). Thus, we think that the TPB fragments
that are comprised in the film of p-[2] are planar and that
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the arylamine coupling is the same as that observed in spe-
cie 4 of Ref. [30].

5. Conclusions

In the present work, an electrochromic film formed by
cross linked phenylbenzidines was synthesized by electro-
chemical methods. This synthesis is much simpler than a
multi-step polymerization approach. The film remained
stable during the oxidation/reduction cycling. Its high
insolubility in several solvents (hexane, cyclohexane, tolu-
ene, dichloromethane, acetonitrile, methanol, ethanol and
water) makes it useful in layered devices production be-
cause it allows using spin coating mixtures without any
risk of dissolution. The suggested polymerization pattern
would allow the introduction of diverse substituents (do-
nors, acceptors, ionophores) through covalent unions with
unsubstituted phenyls, which would allow its use in fields
like optoelectronics, manufacture of electrochromic de-
vices and sensors, etc. We are also working on the chemical
modification of the methylene spacer in order to explore
the effect of different bridges in adhesive and electronic
properties.
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operation temperature [14], film crystallinity and elec-
trode structure [15] on electric fatigue were systematically
studied and fatigue recovery was observed in fatigued
films after a long-time rest [16]. However, ferroelectric
polymers are semi-crystalline with coexistence of amor-
phous and crystalline phases and thus have more compli-
cated morphology than inorganic ferroelectrics. All these
experimental results mentioned above originated from
macroscopic measurements and were the complicated
average of fatigue in thousands of ferroelectric domains.
To reveal the mechanism of polarization fatigue, it is nec-
essary to characterize fatigue from microscopic viewpoint.
In this paper, we tried to understand polarization fatigue
from SPM-based experimental observations.

2. Experimental

Copolymer films were spin-coated on electrode-depos-
ited glass slides from a 5.0% by weight solution of 78/22
P(VDF-TrFE) in butanone. The films had a thickness of
�800 nm and were annealed at 142 �C for 6 h to increase
their crystallinity. Both top Au and bottom Al electrodes
were vacuum deposited. The top electrodes had a round
shape with a thickness of 15 nm and a diameter of 1.0 mm.

The simultaneous measurements of microscopic surface
vibrations and macroscopic polarization–voltage (P–V)
hysteresis loops were performed by an integration of a
home-made sawyer–Tower circuit and a scanning probe
microscope (SPM, Ultraobjective, SIS, Germany), as shown
in Fig. 1. An AC driving signal and a DC driving signal were
superposed by an additional circuit SUM and were applied
onto ferroelectric films. The switching current through
sampling resistance R was recorded by an oscilloscope
OSC, the integration of which resulted in macroscopic P–
V loops. Thus we could get the value of remanent polariza-
tion (Pr) at different fatigue stages, which would be used to
characterize macroscopic electric fatigue. Voltage-excited
local vibrations were detected by SPM’s probe, which
was located at a fixed position on a sample surface. SPM
Fig. 1. Schematic diagram for the simultaneous measurements of local
vibrations and macroscopic P–V loops.
worked in a tapping mode and the probe was made of sil-
icon with resonance frequency of 75.6 kHz. When the
amplitude of the applied voltage was lower than that of
the coercive voltage (for the films used in our experiments,
this value was about 40 V), the detected local vibrations
were linearly dependent on the driving voltage. However,
when the amplitude of driving voltage had exceeded that
of the coercive voltage, though local vibrations could still
be observed, these vibrations were no longer linearly
dependent on the driving voltage. In a driving cycle, dual
vibration peaks had been induced and these nonlinear
vibrations were caused by ferroelectric switching [17]. Lo-
cal butterfly loops could be obtained by plotting these non-
linear vibrations as a function of driving voltage. With this
integration system, we observed the evolution of local
vibrations and macroscopic P–V loops during fatigue pro-
cess. Polymer films were fatigued by applying an alternat-
ing triangular voltage with amplitude of 100 V, high
enough to cause ferroelectric switching, and frequency of
500 Hz. The fatigue process was interrupted at precalculat-
ed intervals to conduct measurements of macroscopic P–V
loops and local vibrations.

3. Results

Typical SPM morphology of a well-grown P(VDF-TrFE)
films is shown in Fig. 2. Film surface was covered with
lamellar crystallites with dimensions of �500 nm length
and �120 nm width. In this paper local vibrations at two
certain locations were characterized by SPM: one was just
on the crystallites, as indicated by solid squares in Fig. 2,
the other was at the boundaries between crystallites, as
indicated by solid circles.

Firstly, we reported the dependence of local piezoelec-
tricity on electric fatigue. A bipolar triangular driving volt-
age with amplitude of 70 Vpp (lower than the coercive
voltage) and frequency of 5.0 Hz was applied to the sample
after a given switching cycle and the voltage-excited vibra-
tion was detected by SPM. The typical result is shown in
Fig. 2. Local vibration (Fig. 2b) of virgin sample displayed
a linear dependence on driving voltage with a peak-to-
peak vibration displacement of �2.36 nm. With the in-
creased fatigue cycles, vibration amplitude gradually de-
creased. After 2.30 � 105 cycles (curve c), the peak-to-
peak displacement decreased to �1.66 nm, but local vibra-
tion still showed a linear dependence on driving voltage.
However, after 1.28 � 106 cycles (curve d), vibration
amplitude induced by driving voltage was so small that it
was hard to be distinguished from noise.

Macroscopic fatigue rate was determined by the de-
crease of Pr. Microscopic fatigue rate was characterized
according to the attenuation of local piezoelectric coeffi-
cient d33, which was defined as:

d33 ¼ App=Vpp ð1Þ

where App was the peak-to-peak vibration amplitude in
nanometer, excited by a voltage with peak-to-peak ampli-
tude Vpp. According to both definitions we could study
electric fatigue at different characteristic locations (crystal-
lites and boundaries in this paper).



Fig. 2. SPM morphology of a well-grown P(VDF-TrFE) film, which was obtained on film surface without top electrode. Several spots are marked to indicate
the possible sampling locations to be used for microscopic observations: crystallites are indicated by solid squares and boundaries between crystallites are
indicated by solid circles.

Fig. 3. Local vibrations detected by the SPM’s probe at the boundaries between crystallites. Curve (a) indicates the driving voltage with amplitude of 70 Vpp

and frequency of 5.0 Hz. Curve (b) indicates the voltage-driven local vibrations before fatigue and curves (c) and (d) indicate recorded local vibrations after
(c) 2.30 � 105 and (d) 1.28 � 106 fatigue cycles.
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In Fig. 4 a typical experimental result of local electric fa-
tigue on crystallites is shown. For comparison, macroscopic
fatigue rate was also plotted. It was very clear that the
attenuation of local vibration amplitude was much slower
than the decrease of macroscopic Pr. Two kinds of local fa-
tigue processes were observed on crystallites. From Fig. 4a,
it can be seen that with the increase of fatigue cycles, local
vibration amplitude measured on crystallites also gradu-
ally decreased, though the local fatigue rate was slower
than the macroscopic fatigue rate obtained from the de-
crease of Pr. For example, after 1.86 � 107 fatigue cycles,
macroscopic Pr decreased to 52.6% of its original values,
while local vibration amplitude only decreased to 86.4%
of its original value. Interestingly, in Fig. 4b, we observed
a nearly unchanged local vibration, though macroscopic
Pr had decreased to 70% of its original value after 4 � 107

cycles in our experimental observation. Both phenomena
were observed just on crystallites.

In Fig. 5 a typical fatigue characteristic observed at the
boundaries between crystallites is shown. Again, for com-
parison, macroscopic fatigue rate defined by the decrease
of Pr with fatigue cycles was plotted. Different from the
slow decrease of local vibration amplitude observed on
crystallites, local vibration amplitude measured at bound-
aries greatly decreased with fatigue cycles and the local fa-
tigue rate was much faster than macroscopic rate from the
decrease of Pr (Fig. 5a, compare the black curve with the
blue one). For example, after 3.8 � 105 fatigue cycles, mac-
roscopic Pr only attenuated to 86.3% of its original value,
while local vibration amplitude had decreased to 48.4% of
its original value. We observed this fast attenuation of local
vibration amplitude at all boundaries between crystallites.
However, at some boundaries, with the further increase of
fatigue cycles, we observed a surprising increase of local
vibrations, though the macroscopic Pr continuously de-
creased, as indicated by the red curve shown in Fig. 5a.
At this boundary, the local vibration amplitude firstly de-
creased to 34.6% of its original value after 6.8 � 105 fatigue
cycles, then, with the continuous increase of fatigue cycles,
local vibration amplitude began to increase and rapidly
Fig. 4. Polarization fatigue characterized by the attenuation of macroscopic Pr of
(For interpretation of the references to colour in this figure legend, the reader i
reached double of its original value after 9.4 � 106 cycles
and finally remained at this value until the end of our
experimental observation. In fact, after local vibration
amplitude began to increase abnormally, the voltage-ex-
cited local vibration was no more linearly dependent on
the applied voltage but showed a rounded shape, as shown
in Fig. 5b. A simple quadratic relationship could be used to
well fit such a local vibration with respect to the applied
voltage.

If an alternating voltage with amplitude larger than that
of coercive voltage of ferroelectric films was applied to the
sample, ferroelectric switching would occur when the volt-
age reached the value of coercive voltage. Ferroelectric
switching would result in the occurrence of dual-peak
vibrations and then local butterfly loops. A typical dual
peak vibration is shown in Fig. 6a. Local butterfly loops
could be obtained by plotting local vibration as a function
of driving voltage, as shown in Fig. 6b. By this means the
evolution of local butterfly loops at different fatigue levels
could also be used as a characteristic to evaluate fatigue
process.

Macroscopic P–V loops and microscopic butterfly loops
were simultaneously recorded during fatigue process. Both
kinds of loops were measured by a poling voltage with
amplitude of 80 V and frequency of 1.0 Hz. In this experi-
ment, at each sampling point, three measurements were
conducted: macroscopic P–V loop, measured by Sawyer–
Tower circuit, and local butterfly loop on a given crystallite
and local butterfly loop at a given boundary, measured by
SPM. The evolution of both kinds of loops with increased
fatigue cycles is shown in Fig. 7.

Before fatigue, the film showed a P–V loop with a rect-
angle shape (Fig. 7a1), which implied high crystallinity
from macroscopic viewpoint. The local butterfly loop on
the crystallite (Fig. 7b1) exhibited a relatively sharp ferro-
electric switching. However, the local loop obtained at the
boundary showed a rounded shape with a wide distribu-
tion of ferroelectric switching from 30 to 70 V.

With the increase of fatigue cycles, macroscopic loops
gradually became rounded and the remanent polarization
the whole film (black curves) and local d33 just on crystallites (red curves).
s referred to the web version of this article.)



Fig. 5. (a) Dependence of polarization fatigue on fatigue cycles and (b) voltage-excited local vibration after 1.19 � 107 fatigue cycles. Local vibration was
measured at the boundaries between crystallites. In Fig. 5a, electric fatigue is characterized by the attenuation of macroscopic Pr (blue curve) and local d33

(black and red curves). In Fig. 5b, the lower curve shows the applied triangular voltage with amplitude of 70 Vpp and frequency of 5.0 Hz and the upper
curve shows the local vibrations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) Local dual-peak vibrations and (b) the local butterfly loop. In Fig. 6a, the black curve indicates a whole cycle of the applied voltage with amplitude
of 156.0 Vpp and frequency of 2.4 Hz and the blue curve indicates the voltage-excited local vibration. The film had been fatigued by 2.20 � 105 cycles.
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Pr decreased from the original value of 0.091 C/m2 (a1) to
0.074 C/m2 (a2) and 0.057 C/m2 (a3), corresponding to fati-
gue cycles of 2.00 � 105 (a2) and 1.60 � 107 (a3). Local but-
terfly loops also revealed some interesting changes. For the
loops obtained on crystallites, with increased fatigue cy-
cles, ferroelectric switching became smoother and smooth-
er, the change in film thickness decreased from 5.86 nm
(b1), 5.3 nm (b2) to 3.3 nm (b3). For loops observed at
boundaries, the change in film thickness decreased with
increased cycles from 5.3 nm (c1) to 4.4 nm (c2), as was
the same as that observed on crystallites; however, at
some boundaries we also observed an abnormal increase
of film thickness with further fatigue cycles (9.5 nm in
Fig. 3c) and local butterfly loop displayed a slim shape
(that is to say, for a given voltage, the change in film thick-
ness due to ferroelectric switching was almost similar as
that due to piezoelectricity) at such a situation. We should
emphasize again that this slim loop was only observed at
few boundaries. Such a slim loop was very similar to that
observed from electron-irradiated P(VDF-TrFE) films [18].
Different from relaxor ferroelectric behavior in electron-
irradiated P(VDF-TrFE) films, in our experiments, the slim
loops were only observed in microscopic measurements
and macroscopic P–V loops still showed large hysteresis.

4. Discussions

Compared to inorganic ferroelectrics, ferroelectric poly-
mers have more complicated morphology with coexistence
of crystalline phase and amorphous phase. Macroscopic fa-
tigue characterization in ferroelectric polymers was only a
complicated average of fatigue characteristic from micro-
scopic structures, such as crystallites, amorphous phase
and boundaries between crystallites. To understand fatigue
mechanism, it is necessary to distinguish different contri-
butions from different microscopic structures. The changes



Fig. 7. The evolution of (a) macroscopic P–V loops measured by Sawyer–Tower circuit and local butterfly loops obtained (b) on the crystallite and (c) at the
boundary between crystallites with increased fatigue cycles. Loops a1, b1 and c1 were measured before the sample was fatigued. Loops a2, b2 and c2 were
measured after 2.00 � 105 fatigue cycles and loops a3, b3 and c3 were measured after 1.60 � 107 cycles.
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of local piezo- and ferro-electricity with increased fatigue
cycles are measured in our experiments. Here we will
make some discussions on our microscopic fatigue
characterization.

4.1. About our characterization technique of microscopic
fatigue

AFM is well known for its excellent lateral resolution
down to an atomic scale. The lamellar crystallites of
P(VDF-TrFE) are known to be about several tens of nano-
meters thick [19], and considerably larger in the other
two directions (by electron microscopy it has been found
that the crystallites can have lateral size up to 3 mm
[20]), and these crystallites are known to be oriented with
their large dimensions perpendicular to the surface [21]. So
the local vibrations, detected by SPM, are not averaged
properties of several adjacent structures in the directions
parallel to sample plane, but vibrations on a single crystal-
lite or just at one boundary. However, films used in this pa-
per are about 800 nm thick, so it should be a complicated
combination of crystallites, boundaries and even amor-
phous phase in the direction normal to the film plane, that
is to say, the observed local vibrations are most likely the
integrated results of all these local structures (crystallites,
boundaries and amorphous phase) along film-thickness
direction. However, in our microscopic measurements,
we do observe the shape difference of local butterfly loops
on crystallites and at boundaries (Fig. 7). It should not be
an occasional observation because we have detected simi-
lar results on several films. We still cannot understand why
we observe such a difference, though it seems to imply that
local vibrations are more sensitive to the structure near the
surface. Further work should be done to give a reasonable
explanation. Also to distinguish the different contributions
of crystallites, boundaries and amorphous phase to electric
fatigue, it is necessary to prepare ultrathin ferroelectric
polymer films to make sure that only one structure exists
along the direction normal to film plane. Langmuir–Blodg-
ett technique should be preferable to get such a high-qual-
ity ultrathin film. In this paper we only put forward a
possible method to characterize local electric fatigue.

4.2. About the origination of electric fatigue

Many macroscopic experiments have been conducted
on ferroelectric fatigue in polymers [9–16]. All these exper-
imental observations seem to imply the charge effect on
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fatigue. In fact, trapped charge is a crucial factor in fatigue
origination of inorganic ferroelectrics [8]. With increased
switching cycles, more and more charges are injected into
ferroelectrics through electrodes and trapped at the
boundaries between crystallites and captured by the de-
fects in crystallites and especially in amorphous phase.
These trapped charges in ferroelectrics inhibit the reversal
of electric diploes and thus induce polarization fatigue. So
fatigue in polymers should depend on voltage profile, elec-
trode structure, film morphology (crystallinity and defects)
and so on. Our previous work reported the effect of film
crystallinity on ferroelectric fatigue and found the well-
grown P(VDF-TrFE) films show a much better fatigue
endurance than films with low crystallinity [22], as was
due to the amorphous phase in low-crystallinity films that
had more defects and could trap more charges.

In this paper, local fatigue observed on crystallites
shows a slower rate than macroscopic fatigue rate from
the whole film, while local vibration amplitude at bound-
aries show a much faster attenuation, though at some
boundaries we observe an abnormal increase of vibration
amplitude at deep fatigue state. This can be well under-
stood according to fatigue mechanism mentioned above.
In the study of ferroelectricity in polymers, Eisenmenger,
et al. [23] proposed an opinion that space charges would
prefer to be trapped at boundaries between crystallites.
Furthermore, from the lamella model the boundaries be-
tween crystallites should consist of most of amorphous
phase with much lower crystallinity [24]. So more charges
can be accumulated at boundaries, as results in the worse
fatigue endurance. However, we have to emphasize again
that here we have only considered the structures on sur-
face or near the surface and not the complicated combina-
tion along film-thickness direction. We believe that space
charges are captured preferentially by defects and bound-
aries on surface or subsurface and then by these structures
in the film.

4.3. About the slim butterfly loops

In the measurements of local butterfly loops, especially
at some boundaries, we observed slim loops (Fig. 7 curves
b3, c3) in deeply fatigued films, though macroscopic P–V
loops still show large hysteresis. Zhang, et al. [18] attrib-
uted the slim hysteresis loops in electron-irradiated
P(VDF-TrFE) films to the formation of relaxor ferroelectric:
electron irradiation broke up polarization domain in nor-
mal ferroelectric copolymer into nanopolar regions. In
our fatigue researches, for the whole ferroelectric films, it
is hard to transfer normal ferroelectric polymer into relax-
or ferroelectric only by millions of ferroelectric switching
which can only inject a finite number of charges into ferro-
electric. However, a much large local charge density can be
expected at some local areas, especially at some bound-
aries which have lower crystallinity and more defects. So
it is very possible that such local areas can possess part
of relaxor ferroelectric behaviors and show slim loops.
But in our present work we still have not observed such
a relaxor-like behavior on any of crystallites, as may be
due to the limited fatigue cycles and much high
crystallinity.
4.4. About the abnormal increase of vibration amplitude

In this paper we characterize both microscopic fatigue
processes according to the attenuation of local vibration
amplitude and macroscopic fatigue according to the de-
crease of Pr. It is usually believed that voltage-excited sur-
face vibration in ferroelectric polymers originates from the
dimensional effect, which is linearly dependent on driving
voltage, and the electrostriction, which is proportional to
the square of the applied voltage. For normal ferroelectric
polymers, vibrations induced by electrostriction effect
can be negligible. Macroscopic measurements have already
approved that piezoelectric coefficient has a linear depen-
dence on spontaneous polarization in ferroelectric poly-
mers [25,26]. So the voltage-excited local vibration
amplitude can be regarded as a measurement of local
polarization at the certain location and the attenuation of
local vibrations can be used to compare with macroscopic
decrease of Pr.

In deeply fatigued films, we observe an abnormal in-
crease of vibration amplitude at some of boundaries be-
tween crystallites, which is no more linearly dependent
on the driving voltage and can be fitted according to a sim-
ple quadratic relationship with respect to the voltage (V).
However, it must be emphasized that such large local
vibrations are not only dependent on V2, but also deter-
mined by the polarity of this voltage. The voltage-excited
vibrations have the same frequency as driving voltage. This
is very different from the effect of electrostriction, which is
defined only by V2 and the vibration frequency due to elec-
trostriction should double the frequency of driving voltage.
It is regarded that the abnormal increase of vibration
amplitude in fatigued films should be the combined action
of dimensional effect, electrostriction and the interaction
between the applied electric field and trapped charges. In
this paper, we still cannot evaluate to what extent these
three parts contribute to our experimental observations.
5. Conclusion

In this paper we characterized electric fatigue in ferro-
electric polymers from the macroscopic decrease of rema-
nent polarization and the microscopic attenuation of
vibration amplitude measured on crystallites and at
boundaries between crystallites. Experimental results indi-
cated that local crystallites had much better fatigue endur-
ance than the boundaries had. At few boundaries we
observed an abnormal increase of local vibration ampli-
tude at deep fatigue state, which was assumed to be due
to the combined action of dimensional effect, electrostric-
tion and the interaction between the applied electric field
and trapped charges.
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(on-grid) energy production lies somewhere in the future.
There have been relatively few reports on large scale fab-
rication of polymer solar cells that explore the full poten-
tial of R2R processing [11–14] and common to all of them
is that they employ indium-tin-oxide (ITO) as the trans-
parent electrode. In one example a rigid cost-analysis
based on the materials and effort consumed was made
showing the actual cost [14]. This study underlined that
polymer solar cells can conceivably be made at low cost
but that this is not automatically granted and that this
will only come at an effort. In addition any large scale
commercial future for polymer solar cells is unlikely to
be shared with ITO. In the latter case ITO accounted for
�30% of the overall module cost [14]. The commercially
available substrates with ITO (rigid and flexible) are
exclusively obtained via a vacuum coating step where
the ITO is applied. A valiant cause is thus not only to alle-
viate the need for ITO but also the need for vacuum coat-
ing steps in the process as these add unnecessarily to the
cost. It is not a simple matter to avoid the use of ITO as
the process technology for polymer solar cells has evolved
and matured to its current level with ITO and it is nearly
implicit that the device illumination is through (the trans-
parent) substrate that has ITO as the transparent conduc-
tor. One line of research simply replace the ITO with high
conductivity PEDOT:PSS [15] or with a metallic grid or a
thin metal with an overlayer of PEDOT:PSS [16–18] and
otherwise employ a normal device geometry. Other meth-
ods either employ an inverted geometry or illumination
through the back electrode [19]. Neither of the reported
attempts however avoids the use of a vacuum coating
step nor do they present full R2R compatibility with all
solution processing. An additional desire is the possibility
to process the devices entirely in the ambient atmo-
sphere. While large scale processing can be envisaged in
an inert and clean room environments the aim is to find
the simplest process conditions to minimise the cost.

In this report a fully R2R compatible process to com-
plete polymer solar cell modules is presented with pro-
cessing of all five layers from solution on virtually any
flexible substrate. The device geometry is inverted and
there is no requirement for transparency of the substrate.
The process is compatible with most polymer bulk hetero-
junction mixtures and is exemplified here using P3HT-
PCBM as the active material.

2. Experimental

2.1. Materials

Poly(3-hexylthiophene) was prepared according to the
McCullough route [20] and the purified material had a reg-
ioregularity >97% and Mn = 18,700, Mw = 36,600, Mp =
33,900, PD = 1.9. [60]PCBM was purchased from Solenne
BV with a purity of 99%. Silver nanoparticles with an aver-
age diameter of 100 ± 15 nm as determined by light scat-
tering were used for slot-die coating the non-transparent
back electrode as the first layer. Zinc oxide nanoparticles
(ZnO np) were prepared and stabilized with methoxyeth-
oxyacetic acid (MEA) as described earlier [21]. The thermo-
cleavable solvent WS-1 was obtained as described in the
literature [22,23]. PEDOT:PSS was purchased as a screen
printing paste from Agfa (Orgacon EL-P 5010, www.agfa.-
com). The silver electrode was purchased from Dupont as
a screen printing paste (Dupont PV410, www.dupont.com).
The PEN substrate was obtained from Dupont and had a
thickness of 130 micron and a roll width of 305 mm. The
material was used as received. Cold lamination with a
mechanical protection layer was carried out after comple-
tion of the device on top of the silver back electrodes, using
a 25 lm thick Fasson overlaminating polyester material
from Avery Dennison.

2.2. Ink formulations

2.2.1. Silver back electrode ink
Silver nanoparticles (100 ± 15 nm) were dispersed in a

1:1 mixture of triethyleneglycolmonomethylether and
ortho-xylene. The final concentration of silver nanoparti-
cles was 25% (w/v) and used directly for printing after
formulation.

2.2.2. ZnO nanoparticle ink
A stock solution containing ZnO nanoparticles (5 g) in

chlorobenzene stabilized with MEA (20% w/w) was mixed
with WS-1 (20 mL) and evaporated at 70 �C for 30 min. The
slightly turbid WS-1 solution of MEA stabilized ZnO nano-
particles was diluted with ortho-xylene (80 mL) and mixed
well before filtering through a 0.45 micron Teflon filter.
The final clear colourless solution was 50 mg mL�1 in
ZnO and was used directly for coating. The solution is sta-
ble for several weeks with the exclusion of moisture from
the atmosphere.

2.2.3. The P3HT-PCBM ink
P3HT (2.2 g) was dissolved in 1,2-dichlorobenzene

(50 mL) at 90 �C with stirring for 3 h. PCBM (2.0 g) was
added and the mixture was stirred for an additional 1 h
at 90 �C. The mixture was then cooled and CHCl3 (50 mL)
was added. The final solution was 22 mg mL�1 in P3HT
and 20 mg mL�1 in PCBM. The solution was allowed to
stand at room temperature for 2 h before use. This reposi-
tory time allows for aggregation that was found to be ben-
eficial during coating. The ink was stable for several days at
room temperature.

2.2.4. The PEDOT:PSS and silver grid front electrode
A commercially available screen printing formulation

(Agfa EL-P 5010) was diluted with isopropanol 10:5 (w/
w) and stirred for 1 h using a large magnetic stirring
bar. The best viscosity for the coating was found to be
around 200 mPa s. The final viscosity was reached by
adding a small amount of isopropanol. The final mixture
was typically 10:6 (w/w). The solution was stable for
several days at room temperature. The silver ink for
screen printing the silver grid front electrode was used
as received.

2.3. R2R processing

The R2R coating was carried out on a BC30 basecoater
from Solarcoating Machinery GmbH (Germany). All coating
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was performed with tension control on the web using the
coating roller to drive the web at fixed speed. The system
comprised: unwinder, corona treater (Arcotec), double
roller edge guiding system (BST), double sided web clean-
ing unit (TekNek), tension roller, coating roller, ink jet prin-
ter for labelling (Domino), drier (1 m length), cooling roller,
tension roller, speed monitoring roller and rewinder. The
temperature and relative humidity during all the coating
experiments described here were respectively, 20 ± 1 �C
and 35 ± 5%rh.

2.3.1. Slot-die coating of the silver back electrode
The silver ink was slot-die coated at a web roll speed of

0.9 m min�1 and was dried in the hot air oven at 130 �C.
The web was cleaned using adhesive rollers on both the
front and backside of the web (TekNek). In order for the fi-
nal silver to adhere better to the PEN surface a corona
treatment was employed (1070 W) in conjunction with
antistatic removal. This gave a highly reflective smooth
and non-transparent silver back electrode (Fig. 1).

The electrode stuck well to the PEN and had a typical
sheet resistance of 0.01 X square�1. The pattern for the de-
vice structure has been presented earlier [11,13].

2.3.2. Slot-die coating of ZnO
The ZnO ink (Section 2.2.2) was slot-die coated with a

web speed of 0.7 m min�1 and drying at 130 �C. The ZnO
film was slightly opaque and insoluble in common organic
solvents after the drying step. The position of the ZnO layer
was off-set 1 mm with respect to the silver line allowing
for later contact to be made to the silver bottom electrode
that was prepared in Section 2.3.1. The serial connection
between the individual cells of the module is shown in
Fig. 2. The wet thickness of the layer was 16 lm and the
Fig. 1. Slot-die coating of the silver back electrode onto PEN. The wet print that
right). The dried and highly reflective silver back electrode is shown on the rewin
is also shown. (For interpretation of the references to colour in this figure legen
dry thickness of the layer was 140 nm. The coating of the
ZnO is shown in Fig. 3.

2.3.3. Slot-die coating of P3HT-PCBM
The P3HT-PCBM ink (Section 2.2.3) was slot-die coated

at a web speed of 0.4 m min�1. The drying temperature
was 130 �C. The wet thickness of the layer was 17 lm
and the dry thickness of the layer was 600 nm. The coating
of P3HT-PCBM is shown in Fig. 3.

2.3.4. Slot-die coating of PEDOT:PSS
The PEDOT:PSS solution was slot-die coated at a web

speed of 0.2 m min�1. It was necessary to wet the surface
of the P3HT-PCBM layer with isopropanol immediately
prior to coating 4 cm before the coating meniscus. Other-
wise the PEDOT:PSS solution does not wet the surface of
the P3HT-PCBM film. Drying at 130 �C yielded a dark blue
semitransparent PEDOT:PSS film. The optical transmission
of the PEDOT:PSS was >10% in the range of wavelengths
from 350 to 750 nm and >15% in the range of wave-
lengths from 375 to 650 nm with a maximum of 20% at
450 nm. The sheet resistivity of the PEDOT:PSS layer
was typically 75–78 X square�1 and the devices were
functional at this point. To achieve a good extraction of
carriers it was found necessary to apply a silver grid front
electrode.

2.3.5. Sheet-fed screen printing of the silver front electrode
grid

The silver front electrode grid was printed through a
120 mesh screen with the grid pattern. The printing speed
was 525 mm s�1 and the sheets with the wet print were
loaded into a rack. The time between printing and drying
was kept as short as possible and was typically less than
has an opaque green colour is seen behind the slot-die coating head (top
ding side (top right). The menisci during coating of the eight stripe module
d, the reader is referred to the web version of this article.)



Fig. 2. Schematic cross section of the device showing the order of the layers and their juxtaposition. With each coating cycle the position of the layer was
shifted 1 mm to the left (on the figure). The device comprising 1 stripe is shown.
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10 min for the first print. Batches of 40 sheets were pro-
cessed each time. The rack was then loaded into a hot air
oven preset at 140 �C. Upon introduction the temperature
in the oven drops due to the heat capacity of the rack
and the rack was left in the oven for 10 min during which
time a temperature of 140 �C was reached after about
5 min. The devices were then removed from the oven and
were cooled in air.

2.4. Device testing

The devices were either characterised as prepared or
cold laminated with a 25 lm PET film using an acrylic
adhesive. Electrical contacts were made with alligator clips
and electrical measurements of the IV-characteristics were
carried out with a Keithley 2400 source-measure unit. So-
lar simulation was carried out using a KHS575 solarkon-
stant from Steuernagel Lichttechnik GmbH (Germany).
The luminous intensity at the sample position was cali-
brated using a precision radiometer from Eppley laborato-
ries and monitored continuously during measurements
using a CM4 high temperature pyranometer from (Kipp&-
Zonen). The emission spectrum of the solar simulator
was monitored using an optical spectrum analyzer from
Avantes. The solar simulator was for the duration of the
experiments Class AAA. The conditions for the devices
were 1000 W m�2, AM1.5G, 72 ± 2 �C and a relative humid-
ity of 35 ± 2%rh.

3. Results and discussion

3.1. The need for new processing methods

One of the great promises of polymer and organic
photovoltaics is the possibility for preparing the solar cell
using commonly available materials at temperatures
around room temperature under ambient conditions. Most
scientific reports have concentrated on preparation of de-
vices under inert conditions in a glovebox on small glass
substrates using spin coating as the film forming tech-
nique. In addition evaporated metal electrodes are used al-
most exclusively. There are few reports that employ
processing in air and avoid the use of vacuum deposited
metal electrodes [8,11,13,14,21]. From a technological
point of view the vacuum deposition of a metal electrode
in large volume using R2R methods is feasible and not
viewed as a hindrance. It is however very attractive if the
same coating equipment can be employed for processing
all layers in the solar cells and particularly attractive if vac-
uum coating steps can be avoided. In addition a device
geometry that does not necessitate the need for a transpar-
ent substrate is also viewed as an advantage as it will allow
for the polymer solar cells to be processed onto virtually
any substrate surface (provided that the substrate can
withstand the solvents and process conditions). The cur-
rent state-of-the-art has evolved around transparent bot-
tom electrodes and rigid glass substrates and it is thus a
significant challenge to find a new device geometry that
outperforms (or even approaches) the current state of the
art. It is however clear that a significant research effort
has to be directed towards finding methods that deviates
from the current state-of-the-art while solving some of
the pertinent problems. Even if this implies a sacrifice in
performance it should be viewed as a valiant cause.

3.2. All solution, all air R2R processing of OPV

It is possible to process devices entirely from solution
on ITO substrates using an inverted device geometry
whereby the transparent front ITO electrode becomes



Fig. 3. The menisci during slot-die coating of ZnO (A). The ZnO stripes are shifted 1 mm to the right with respect to the underlying silver pattern (top). The
wet layer during coating of P3HT-PCBM (B) and PEDOT:PSS (C) are shown just after the slot-die coating head. Sheet-fed screen printing of the silver front
electrode grid before (D) and after the printing (E).
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the electron accepting electrode (the cathode) and the
metallic back electrode becomes the hole accepting elec-
trode (the anode). This has some advantages in terms of
device stability as the metals used for the back electrode
can be less reactive towards water and oxygen in the
atmosphere. This approach has been followed in a series
of papers where ZnO nanoparticles [24–27] are processed
onto the ITO. The ZnO nanoparticles are excellent for
transporting electrons and block hole transport while
being highly transparent. The use of ITO in combination
with ZnO gives a highly transparent electrode that allows
for illumination of the active layer and such a device
does not require the back electrode to be transparent
[11]. It is however possible to have semi-transparency
of the device since PEDOT:PSS can be used as the back
electrode on its own or in conjunction with a conducting
printed metal grid structure. This was shown earlier to
be possible with all solution, all air R2R processed mod-
ules that gave quite a good device performance. The typ-
ical performance was well in excess of 1% for large area
devices (120 cm2) and up to 2.3% for devices with small
areas (4.8 cm2) using P3HT:PCBM as the active layer [13].
The account however employed the use of ITO and had
to make use of a thick PEDOT:PSS layer to avoid that
the solvents in the silver metal paste electrode destroyed
the active layer. Back illumination was possible but at
the expense of performance that was about 5 times low-
er than front face illumination [13]. There have so far
been no convincing reports of an all-solution processable
transparent anode/cathode couple. In order to reach the
objectives of not using ITO or vacuum coating the semi-
transparent back electrode structure presented earlier
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[13] could be used in conjunction with a non transparent
electrode thus sacrificing performance while gaining in
processing ease.

3.3. Choice of substrate, materials, device structure and
performance

Polyethyleneternaphthalate (PEN) was chosen as the
device substrate. While the material presents excellent
transparency it is not strictly needed in this experiment
since the bottom electrode is non-transparent.

The bottom electrode was chosen as a solution process-
able silver electrode. Highly reflective electrodes can be
prepared in this manner by slot-die coating the silver
nanoparticle solution from a mixture of triethyleneglycol-
monomethylether and ortho-xylene as shown in Fig. 1.
This electrode had excellent conductivity and sheet resis-
tivities as low as 0.01 X square�1 were typically observed.
By use of corona treatment the silver stuck quite firmly to
the surface of the PEN and was insoluble allowing for sub-
sequent solution processing of the next layers in the stack.
It was found crucial to prewash the silver layer using iso-
propanol immediately before slot-die coating of the ZnO
layer. In the first experiments this step was not performed
and it gave rise to poor operating voltage for the devices
(Fig. 4). The isopropanol pre-washing enables good wetting
of the subsequent ZnO ink solution and possibly also re-
moves some impurities on the surface of the silver elec-
trode. After slot-die coating the ZnO layer and drying, the
layer was insoluble and slot-die coating of P3HT:PCBM
proceeded in the same manner as reported earlier [13].
The PEDOT:PSS layer was slot-die coated using prewashing
with isopropanol and gave functional devices after drying.
The sheet resistivity of the PEDOT:PSS is however too high
for efficient extraction of the current from the large area
devices. Each stripe has a nominal active area of 15 cm2.
The silver grid front electrode was printed using screen
printing of silver grid lines with a width of 0.2 mm and a
spacing of 1 mm. This gave an open aperture of 80%. The
transmission of the PEDOT:PSS electrode was 15–20% in
the range of wavelengths where P3HT:PCBM absorbs
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Fig. 4. IV-curves and maximum power output for the 1, 2, 3 and 8 stripe
modules without careful pre-washing using isopropanol and fast drying
of the silver grid electrode (1000 W m�2, AM1.5G).

Fig. 6. Maturation of the IV-curve for an 8 stripe device during light
soaking. Initially the device presents a poor fill factor with an inflection
point reminiscent of a transport barrier (1000 W m�2, AM1.5G).
meaning that the effective transmission of light to the ac-
tive layer was 12–16%. After completion of the devices they
were screened for function and the functional modules
were cold laminated using a 25 micron PET layer with an
acrylic resin. The device performance was in the 0.2–0.3%
range for the active layer for the best devices after light
soaking (Fig. 5) using and incident light intensity of
1000 W m�2 (AM1.5G). It is noteworthy that these devices
consistently gave a relatively poor performance when
freshly prepared and after light soaking without UV-filter-
ing they gradually improved as shown in Fig. 6.

3.4. Comparison with the state-of-the-art

All of the objectives that served as motivation for this
work were successfully met. The process described here al-
lows for full R2R processing of complete polymer solar cell
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modules on both transparent and non-transparent sub-
strates. The process only employs solution coating of five
stacked layers and does not involve vacuum steps nor is
ITO used in the device. The material used as the active
layer is the well known P3HT:PCBM system that has been
documented to give around 3.5% power conversion effi-
ciency under idealized conditions when taking an average
of many devices [28]. The performance obtained here for
significantly larger devices is about ten times lower. To
make a fair comparison and seek for possible means to im-
prove the device performance it is reasonable to compare
with the performance obtained for a similarly prepared de-
vice with the same inverted device geometry. When pre-
paring the same device by replacing the bottom silver
electrode with ITO a performance of up to 1.78% PCE
(1000 W m�2, AM1.5G) for an 8-stripe module [13] as com-
pared to 0.27% PCE obtained for the 8-stripe device re-
ported here. However, the earlier report [13] employed
illumination through ITO and the higher performance is as-
cribed to more efficient light access to the active layer. A
direct comparison is also possible since the earlier report
employed the same grid electrode as back electrode. In this
report the grid electrode is employed as front electrode. A
comparison of the earlier result employing illumination
through the printed grid electrode which allow for direct
comparison with the results obtained here show that a
similar performance has been reached in this experiment
and that the device within reasonable error presents the
expected performance. The earlier report had a slightly
higher Voc and a better fill factor. The low performance ob-
tained here is thus most rationally ascribed to a poor front
electrode that transmits the light poorly due to both sha-
dow loss of the grid and poor transmission of the PED-
OT:PSS electrode. The shadow loss from the grid
electrode amounts to 20% and while it can be anticipated
that it can be improved to maybe only 10% this will not
lead to the most significant improvement. It is possible to
prepare PEDOT:PSS with a much better transmission at
the expense of a higher sheet resistivity and an optimum
must in that case be found between the highly conducting
metal grid structure and the poorer conducting PEDOT:PSS
layer. In the case here the choice of a thick poorly transmit-
ting PEDOT:PSS electrode was however necessary for de-
vice function. Thinner PEDOT:PSS electrodes were found
to lead to short circuited devices. The reason for this has
been found to be the solvents in the metal paste employed
for printing the silver grid electrode. When the wet print of
the silver grid is applied the solvents readily diffuse
through the PEDOT:PSS layer and into the active layer
leading to short circuit of the devices. By application of a
thicker PEDOT:PSS and fast drying it was possible to pre-
pare functional devices. There is thus little room for
improving the process presented here and new material
combinations must be found allowing for a more transpar-
ent composite grid electrode that can still be processed
from solution without destroying the underlying layers.

3.5. Future directions

One possible solution to the electrode transparency
problem in the process described here that comprise a
non-transparent bottom electrode is to employ materials
for the active layer that is not soluble after processing. In
this process the bottom electrode and the ZnO layer were
insoluble after processing while the P3HT:PCBM layer
was not. Some materials exist that do allow for solubility
switching after processing. The most successful class so
far has been the thermocleavable materials [29–36] that
have enabled the preparation of very stable devices while
performance have been somewhat poor. This has improved
recently where a PCE of up to 1.5% has been reported for
devices prepared on rigid glass using native polythiophene
[34]. In addition multilayer processing has been demon-
strated for tandem cells prepared with thermocleavable
materials without the use of orthogonal solvents [35].
One limitation of the thermocleavable materials is that
they need to be heated to a temperature of around 200
�C in order to achieve insolubility. This is not possible for
common polymer materials such as PET or even PEN as
employed here. PEN endure higher processing tempera-
tures than PET and that was also one of the reasons for
employing PEN in this study. While PET melts at tempera-
tures much above 140 �C PEN does withstand tempera-
tures as high as 200 �C briefly but it was found that the
material shrinks significantly in a direction perpendicular
to the web making the registration of the printed pattern
with subsequent processing of layers impossible. It should
be noted that the use of PET substrates in conjunction with
thermocleavable materials have been demonstrated with
processing temperatures as low as 140 �C [14] with a sac-
rifice in processing time. In the latter case thermocleavage
for 4 h was found to be necessary to achieve insolubility.
Such a long processing time is clearly impractical in a
roll-to-roll process. There are methods to lower the tem-
perature of thermocleavage such as acid catalysis in con-
junction with THP ether sidegroups [37] and there are
also precursor routes to conjugated polymers [38–40].
There would thus seem to be a significant challenge in
either obtaining a low cost substrate that readily allows
for processing of thermocleavable materials without
shrinkage or the development of a solution processable
transparent high conductivity cathode that does not em-
ploy ITO.
4. Conclusions

In this work a process is presented that offer full roll-to-
roll processing of polymer solar cells on flexible substrates
entirely from solution. A device comprising five layers was
prepared employing slot-die coating for the first four lay-
ers and screen printing for the last layer. The process does
not involve the use of ITO and no vacuum steps are in-
volved. In addition the illumination of the device is
through the top electrode enabling the use of non-trans-
parent substrates. While the process efficiently met all
the objectives set out and solves many of the problems cur-
rently encountered in the attempts to upscale and transfer
the polymer solar cell technology to industry, there is a
sacrifice in performance due to poor light transmission of
the PEDOT:PSS-silver grid composite electrode. This poor
transmission was due to a requirement for a thick PED-
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OT:PSS layer that served the purpose of enabling printing
of a silver grid electrode involving solvents that damage
the active layer which consisted of P3HT:PCBM. A compar-
ison with the state-of-the-art in an identical geometry
with a transparent bottom electrode showed that the de-
vice was working properly and the decreased performance
was due to the poor optical transmission of the composite
PEDOT:PSS-silver grid electrode. Possible means to im-
prove the process through usage of thermocleavable mate-
rials that allow for processing using a larger variety of
solvents were identified while these have a requirement
for a low cost thermally stable substrate.
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memory device, comprising a conjugated polymer coating
a CNT transistor irradiated with UV light at 365 nm, pro-
vided an ON/OFF ratio of ca. 4 at a value of VGS of 4 V,
but with a retention time of over 16 h [5].

It appears that commercially viable TFT memory de-
vices exhibiting high ON/OFF current ratios and long reten-
tion times (particularly when the gate voltage is turned off)
are difficult to prepare. Approaches toward improving
device performances while simplifying their fabrication
processes are, therefore, necessary for the development
and application of future commercial memory devices.

Bulk heterojunctions [10], in which n-type (e.g., fuller-
ene) and p-type (e.g., conjugated polymer) materials are
intimately mixed on the nanometer scale to form interpen-
etrated networks, have been adopted recently to achieve
efficient photoinduced charge generation and separation
[11,12]. On the other hand, semiconductor nanocrystal
quantum dots (QDs) have also been used in such organic
optoelectronic devices as solar cells [13] and light-emitting
diodes (LEDs) [14]. Recently, the first bulk heterojunction
photoresponsive OTFT memory device incorporating
P3HT and CdSe QDs by our group was reported to have
an ON/OFF ratio of ca. 102; because the CdSe QDs served
as trap centers, the memory effect of the device was main-
tained for 1 h-even without a gating voltage [15].

Type-I core/shell structured QDs, in which the conduc-
tion and valence bands of the shell material are higher
and lower, respectively, than the corresponding values of
the core material, feature a quantum well structure that
can confine both holes and electrons in the core [16].
Hence, the quantum well structure of such QDs enhances
their electroluminescence (EL) in LED applications [17].

In this paper, we report bulk heterojunction polymer
TFT memory devices exhibiting long retention times and
high ON/OFF ratios that we fabricated using quantum
well-structured QDs comprising CdSe cores and ZnSe shells
(CdSe@ZnSe). To the best of our knowledge, this system is
the first to employ a quantum well structure to enhance
the memory effect of polymer TFTs.
2. Experiment

2.1. Materials

Regioregular poly(3-hexylthiophene) was obtained from
Rieke Metals and used as received. Cadmium acetate dihy-
drate [Cd(OAc)2 � 2H2O] was obtained from Fisher Chemi-
cals. Selenium (Se, 99.999%) and hexadecylamine (HDA,
tech. 90%) were obtained from Aldrich. Trioctylphosphine
oxide (TOPO, 98%), n-octylphosphonic acid (OPA, 98%), and
trioctylphosphine (TOP, tech. 90%) were purchased from
Alfa Aesar. Zinc stearate was obtained from J.T. Baker. The
solvents heptane, toluene, methyl alcohol, and chloroform
(HPLC-grade) were obtained from commercial sources.

TOPO-capped CdSe and CdSe@ZnSe QDs were synthe-
sized using a modification of a procedure reported previ-
ously [18,19]: A mixture of Cd(OAc)2 � 2H2O (105 mg),
HDA (1.39 g), OPA (225 mg), and TOPO (1.95 g) was heated
in a 25-ml three-neck flask at 270 �C under an argon flow
to obtain a colorless, clear solution. At this temperature,
the Se solution (100 mg in 2.4 ml TOP) was injected rap-
idly. The growth temperature was maintained at 270 �C
for 100 s and then the reaction mixture was cooled to room
temperature. The CdSe QDs were collected as powders
after their precipitation with MeOH. A colloidal solution
of the CdSe QDs (ca. 20 mg) in heptane (4 ml) was heated
in a 25-ml three-neck flask under an argon flow. After
addition of TOPO (2.5 mg) and HDA (1.5 mg), the mixture
was heated at ca. 190 �C to completely remove the hep-
tane. Zinc stearate (316 mg) was dissolved in toluene
(2.5 ml) at ca. 60 �C. After cooling to room temperature,
the resulting 0.2 M solution was mixed with TOP (2.5 ml)
and Se (39.48 mg). This mixture was injected via syringe
pump (0.085 ml/min) into the reaction flask containing
the CdSe QDs at ca. 190 �C. After the addition was
complete, the crystals were annealed at 190 �C for an addi-
tional 1 h. The CdSe@ZnSe QDs were collected as powders
after their precipitation with MeOH.

2.2. Device fabrication and measurement

A solution of P3HT in CHCl3 was blended with a solution
of the QDs in CHCl3; the P3HT/QD composite weight ratio
was 1:0.1. The P3HT and P3HT/QD TFT devices were fabri-
cated in a bottom-gate configuration. An n+ silicon wafer
(<0.005 X cm) was used as the substrate and gate; 900-Å
thermal SiO2 (capacitance: 38.4 nF/cm2) was the gate insu-
lator; a photolithographically patterned Au/Cr layer (thick-
ness: 600/50 Å) functioned as the source and drain
electrodes (W = 1000 lm; L = 10 lm). Octadecyltrichlorosi-
lane (OTS) was deposited by immersing the substrate in
1 mM heptane solution for 10 min; the substrates were
rinsed with heptane and isopropanol, followed by drying
with N2. The P3HT and P3HT/QD films (thickness: ca.
60 nm) were deposited through spin-coating and then they
were annealed at 150 �C for 5 min inside a glove box under
N2 atmosphere. The samples were then transferred to a
cryogenic probe station (VFTTP4, Lakeshore). The perfor-
mance of each device was measured under vacuum
(<1 � 10�5 torr) in the dark using a Hewlett–Packard
4156C semiconductor parameter analyzer. The devices
were illuminated under vacuum using a tungsten halogen
lamp (2.75 mW/cm2).

2.3. Characterization

TEM images were obtained using an FEI Tecnai Spirit
TWIN apparatus operated at 120 keV. For TEM analysis,
the devices were placed into 1% HF solution; after the
active layers had floated to the solution surface, they
were transferred to the TEM grid. A Hitachi U-4100 spectro-
photometer was used to obtain optical absorption
spectroscopy in the UV–vis range; a Hitachi F-4500 FL spec-
trophotometer was employed to obtain photoluminescence
spectra.
3. Results and discussion

To discern the effect that the ligands on the QDs had on
the performance of the memory devices, we investigated
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trioctylphosphine oxide (TOPO) as the ligand because
TOPO-capped CdSe QDs feature large barriers that prevent
electron tunneling into P3HT and better dispersion than
pyridine-capped CdSe QDs in P3HT (see Fig. S1, Supple-
mentary material).

Fig. 1a presents the UV–vis and photoluminescence
(PL) spectra of CdSe and CdSe@ZnSe QDs that we prepared
from the same concentrations in toluene. The first exci-
tonic absorption peak of the CdSe QDs appeared at ca.
540 nm, suggesting an average particle size of ca.
2.85 nm [20], which is consistent with the dimensions ob-
tained from transmission electron microscopy (TEM) im-
age analyses. The presence of the ZnSe shell caused a
red shift in the absorption spectrum and enhanced the
PL intensity.

Fig. 1b displays a schematic energy level diagram of the
CdSe and ZnSe bulk materials, P3HT, and Au electrodes
[21,22]. Because the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital
(HOMO) of P3HT lie above the conduction band (CB) and
valance band (VB) edges of the CdSe and ZnSe materials,
respectively, the P3HT–ZnSe interface forms an offset band
heterojunction; in contrast, the CdSe core and ZnSe shell
form a type-I heterojunction. When illuminated, excitons
were generated in the QDs and P3HT, charge separation oc-
curred at the P3HT–QDs interface, and then electrons and
holes were transferred into the QDs and P3HT, respectively
[23]. The work function of Au (5.1 eV) matched the HOMO
of P3HT (4.9 eV); therefore, an Ohmic contact formed for
hole injection, resulting in hole-only transport in the
P3HT/QD TFTs.

Fig. 2a displays the transfer curves (drain-to-source
voltage, VDS = �20 V) of the P3HT-only and P3HT/QD
(including CdSe and CdSe@ZnSe) bulk heterojunction TFTs
in the dark and under white light (2.75 mW/cm2). All of the
devices exhibited the characteristic behavior of p-channel
field-effect transistors. The hole mobility lh was obtained
using the following equation [24]:

IDS ¼
W
2L

lhCðVGS � V thÞ2 ð1Þ
 where Vth is the threshold voltage, W is the channel width,
L is the channel length, C is the gate oxide capacitance per
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unit area, and VGS is the gate voltage. In the saturation re-
gime, the hole mobilities of the P3HT-only, P3HT/CdSe QD,
and P3HT/CdSe@ZnSe QD devices were 4 � 10�4, 8 � 10�4,
and 3 � 10�3 cm2 V�1 s-1, respectively. Since the HOMO of
the P3HT is much higher than the VB of CdSe QDs, this
energy difference constitutes a larger energy barrier that
prevents holes transferring from P3HT to CdSe QDs [25].
Thus, incorporation of the CdSe and CdSe@ZnSe QDs into
the P3HT enhanced the hole mobility of the devices
slightly, owing to the fact that it is possible that the QDs re-
duced the density of traps in the polymer [the concentra-
tion of the QDs in the P3HT film was 10% (w/w)]. The
hole mobility of each of these three composites was lower
than that reported recently for pure P3HT (ca. 10�2 to
10�3 cm2 V�1 s�1) [26]. Note, however, that several factors,
such as the molecular weight of the P3HT, its methods of
preparation and purification, the channel dimensions, and
the substrate treatment conditions, can influence the char-
acteristics of a TFT device. The values of Vth of the P3HT-
only, P3HT/CdSe QD, and P3HT/CdSe@ZnSe QD devices
were 0.8, 3.4, and 3.8 V, respectively; i.e., those of the
blended devices shifted to more-positive values, indicating
the existence of a permanent electric field at the interface.
The increase in the drain current of the polymer/QD blends
under illumination resulted from accumulation of the
majority carriers (holes) inside the active layer; these holes
tended to drift toward the drain electrode, whereas the
electrons will stay in the QDs or the insulator layer. It is
well-known that the properties of the interface between
the insulator and the semiconductor can critically influ-
ence the device performance. When the OTFT is illumi-
nated, the electrons are attracted to the interface with
the gate dielectric by a positive gate voltage; they are then
trapped either in the dielectric layer or at the interface.
Acceptor-like traps, when the traps are filled by electrons,
leads to a positive threshold voltage. After turning the light
off, electron detrapping under a negative gate bias indi-
cates a returning to the initial state.

Fig. 2b present plots of the ratio Ilight/Idark versus VGS. We
obtained the ratio Ilight/Idark from the transfer curves of the
drain current for samples either in the dark or irradiated
under white light (2.75 mW/cm2). The Ilight/Idark ratio de-
pends on the gate bias for a given drain bias; it decreases
as the gate bias is applied above or below the switch-on
voltage. In the depletion regime, the maximum Ilight/Idark

ratios for the P3HT-only, P3HT/CdSe, and P3HT/CdSe@ZnSe
devices were 1.6 � 102, 7.1 � 102, and 2.7 � 103, respec-
tively; i.e., the photosensitivity of the P3HT/CdSe@ZnSe de-
vice was higher than that of the P3HT-only and P3HT/CdSe
devices. Because the switch-on voltages, which were de-
fined by the maximum Ilight/Idark ratios, for the P3HT/CdSe
and P3HT/CdSe@ZnSe devices were 5.6 and 8 V, respec-
tively (Fig. 2b), we chose to operate these two devices at
a value of VGS of 5 V for our subsequent time-response
studies.

Fig. 3a displays the evolution of the normalized drain
current for the P3HT/CdSe and P3HT/CdSe@ZnSe devices
at values of VDS and VGS of �20 and 5 V, respectively, after
they were subject to a light of 2.75 mW/cm2 with a dura-
tion of 100 s. At the onset of illumination, the drain cur-
rents of both the P3HT/CdSe and P3HT/CdSe@ZnSe
devices increased dramatically, and then dropped off to
form plateaus when light is turned off. After the light had
been turned off for 400 s, the drain current of the P3HT/
CdSe@ZnSe device had decreased by 14%, compared with
a corresponding loss of 60% for the P3HT/CdSe device.
We suspect that the mechanism underlying this behaviors



Fig. 4. TEM images of (a) the CdSe QDs and (b) the CdSe@ZnSe QDs
dispersed in the P3HT matrix Insets: TEM images of the CdSe and
CdSe@ZnSe QDs (scale bar: 20 nm).
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involved two relaxation processes: (i) rapid decay corre-
sponding to the recombination of closely spaced charge
carriers and (ii) slow decay resulting from the recombina-
tion of well-separated carriers [27] (Fig. 3b). The slow
decay might be manifested by the fact that, in a hetero-
junction device, the spatially separated holes and electrons
will move differently-the holes drifting toward the channel
and then reaching the drain electrode, the electrons mostly
confined in the QDs and at the P3HT-SiO2 interface. After
the light was turned off, the devices existed in a non-equi-
librium state; some of the photogenerated holes presum-
ably recombined with some residual electrons that were
not confined in QDs, causing a reduction in the drain cur-
rent, eventually reaching a metastable state. Because the
coverage of the CdSe QDs surfaces by TOPO was only ca.
55% [21], the ZnSe shell layer between the CdSe core and
the P3HT polymer in the P3HT/CdSe@ZnSe devices resulted
in an additional tunneling barrier that prevented the elec-
trons from tunneling back to P3HT, leading to a smaller de-
crease in the drain current and a larger retention time
relative to those of the CdSe QDs devices, as indicated by
the slope of the drain currents at 600 s.

Because low power consumption is an important fea-
ture for non-volatile memory applications, it is preferable
to operate optoelectronic memory devices in the absence
of a gate voltage. Fig. 3c displays the evolution of the nor-
malized drain currents at values of VDS and VGS of �20 and
0 V, respectively, for the devices subjected to a light of
2.75 mW/cm2 with a duration of 100 s. After turning off
the light, the P3HT/CdSe@ZnSe and P3HT/CdSe devices
exhibited losses of 8 and 35%, respectively, of their ON
state currents, with ON/OFF ratios of 36 and 1.5, respec-
tively. Therefore, we conclude that Type-I heterojunction
core/shell QDs are more suitable than homogenous QDs
for memory applications both with and without applied
gate voltages.

Fig. 4 presents TEM images of the CdSe and CdSe@ZnSe
QDs dispersed in the P3HT matrix at a P3HT-to-QD weight
ratio of 1:0.1. The bright appearance of the P3HT regions
relative to dark QD regions in the contrast image was prob-
ably due to the large difference in their respective electron
densities. The CdSe QDs were distributed rather homoge-
nously in the P3HT matrix; we suspect that the lower
homogeneity of the P3HT/CdSe@ZnSe film was due to a
loss of TOPO coverage during the growth of the shell. The
TEM images in the insets to Fig. 4 reveal that the CdSe
and CdSe@ZnSe QDs had average sizes of ca. 2.9 and
4.3 nm, respectively. The ZnSe shell thickness was ca.
0.7 nm, i.e., slightly larger than the critical penetration
length of electrons (ca. 0.5 nm) [21].

To determine the optimal operating conditions, we fab-
ricated 10 devices from three independently prepared
P3HT/CdSe@ZnSe films; the optimal ON/OFF ratio was
greater than 1000 at a value of VGS of 10 V. Fig. 5 reveals
that the P3HT/CdSe@ZnSe devices exhibited a high ON/
OFF ratio of 2700 at a value of VGS of 10 V-without any
noticeable decay after the light had been turned off for
8000 s. This result indicates that incorporating core/shell
QDs into a conjugated polymer significantly extends the
lifetime of the memory states of the resulting polymer
TFTs. Moreover, the inset to Fig. 5 also displays the
dynamic responses of the optical programming and electri-
cal erasing of the P3HT/CdSe@ZnSe device. The ON state
current could be erased effectively when using a single
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pulse of the gate voltage (�10 V) for a short duration (1 s).
When this negative pulse gate bias was applied, the Fermi
level of CdSe and ZnSe modulated up towards the conduc-
tion band, thereby reducing the barrier height. As a result
of the decrease in the barrier hight, electron jump back into
the P3HT and recombine with hole. Thus, we suspect that
the trapped electrons were induced by the electric field
to move out of the QDs and recombine with the holes to
reform the OFF state. Based on this protocol of operation,
it was possible for us to program the P3HT/CdSe@ZnSe de-
vice optically and then erase it electrically.

4. Summary

In summary, we have examined the optoelectronic
properties and memory effects of polymer TFTs incorporat-
ing P3HT/CdSe and P3HT/CdSe@ZnSe QDs as an active
layer. After illumination, the presence of the quantum
well-structured core/shell CdSe@ZnSe quantum dots in
the P3HT film substantially enhanced the ON/OFF ratio to
2700, maintaining this value for 8000 s without noticeable
decay. This fabrication approach opens up the possibility of
improving the memory performance of polymeric materi-
als prepared at low cost using simple processes.
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to interface contact barrier [6,7] and irregular deposition or
poor morphology of the semiconductor film around the al-
ready patterned source and drain contacts [8–10].

In an OTFT device, either one or both of the above de-
scribed effects can be operational. Therefore, it is not only
important to identify the dominant effect but also to
understand the actual device operation mechanism for
enhancing the device performance. The methods for inves-
tigating these mechanisms are based on experimental
techniques such as potentiometry studies [10–14] and
innovative device structures [15]. Potentiometry studies
on an operating device are able to reveal the voltage drops
around the source and drain electrodes that are cumulative
of voltage drop due to the metal-semiconductor contact
barrier and disordered region in the vicinity of the metal
electrodes [10–14]. Alternative device structure like a com-
bination of top and bottom contact configuration, as pro-
posed by Yoshida et al. [15], is also an important
experimental tool to describe the device operation
mechanism.

Due to the complexity involved in the transistor opera-
tion, it is often difficult to identify the actual physical
mechanisms that have significant impact on the device
characteristics, solely by a simple analysis of the experi-
mental data based on analytical models. These analytical
models can predict the overall device behavior, but are of-
ten unable to identify the underlying microscopic behav-
ior. In this respect, two-dimensional physics-based
numerical simulation has proven to be of great help not
only in understanding the detailed microscopic processes
in the interior of the device, but also in enhancing the pos-
sibility of the investigations of those physical quantities
that would otherwise be difficult to obtain [16–18]. Such
examinations lead to the analysis of the cause of the
non-ideal performance of the device behavior and its opti-
mization towards obtaining the best electrical characteris-
tics, for e.g. contact resistance [19–21]. Towards these
goals, in this article, we build on the previous efforts by
combining detailed device simulation with experiments
to systematically identify the reasons for the large differ-
Fig. 1. Output curves for (a) top contact device and (b) bottom contact device. T
data corrected for gate leakage and contact resistance. The pentacene thickness
ence in device performance of top and bottom contact de-
vice structures. It is also our goal to obtain a calibrated
standard and established simulation tool which can then
be used to design devices further.
2. Experimental and device simulation procedure

2.1. Experimental procedure

A highly doped (1 0 0) n++ silicon wafer with 200 nm
thick thermally grown oxide acts as a gate electrode for
both top and bottom contact devices. A measurement of
impedance of n++ Si/SiO2/aluminum structure yields
capacitance of the oxide gate dielectric Ci = 1.65 � 10�8

F cm�2.
For bottom contact devices, the source and drain

electrodes (Ti (5 nm)/Au (40 nm)) are defined through
photolithography and lift off methods, while for top
contact devices, gold electrodes are deposited through a
shadow mask. The channel length (L) for both top and
bottom contact devices is 30 lm and their widths (W)
are 1 and 3.6 mm, respectively. Pentacene films with thick-
nesses of 50 nm are deposited by thermal evaporation at
the rate of 0.03–0.04 nm/s at substrate temperature of
65 �C. The transistor characteristics were measured using
a Keithley 4200 semiconductor characterization system.

2.2. Corrections to the measured data

In order to obtain a comparative nature of the device
characteristics of the top and bottom contact device struc-
tures, we first made preliminary corrections on the mea-
sured transistor characteristics, which are based on the
gate leakage and metal-semiconductor contact resistance.
The method of correction for the gate leakage currents
and metal-semiconductor contact resistance is described
in the Sections 2.2.1 and 2.2.2, respectively. These correc-
tions to the measured device data for both the top contact
and bottom contact devices are shown in Fig. 1.
he ‘symbol’ represents the as-measured data and the ‘line’ represents the
is 50 nm and L = 30 lm.
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2.2.1. Correction for the gate leakage currents
In the output curves, it was observed that for all the

gate voltages, at VD = 0, the drain current is not zero. The
offset in drain current is attributed to the gate leakage cur-
rents, which are often substantial in OTFTs because OTFTs
require a large gate field in order to induce enough charge
to attain a reasonable conductance.

Zeitzoff et al. [22] and Shih et al. [23] demonstrated
through physically based simulations, a correction to the
device characteristics in the presence of gate leakage in
MOSFETs having a thin or high dielectric constant insulator
layer. They show that by following a common practice of
accounting for the gate leakage current as having equal
proportion from source and drain, the error can be reduced
to 3–10% at high values of VG. Therefore, at time of measur-
ing transistor characteristics, we simultaneously measured
gate and added half of the gate leakage current to the drain
current at each gate voltage. In spite of the correction, we
reason that we may still have 3–10% error in the corrected
drain currents, especially at high gate voltages and low
drain voltages. After correction, it was found that there is
no drain offset and the drain current at zero drain voltage
is zero. Additionally, there is an increase in the drain cur-
rent by approximately 3% after correcting for the gate leak-
age currents.

2.2.2. Correction for the metal-semiconductor contact
resistance

In order to correct the device characteristics for the me-
tal-semiconductor contact resistance, we consider an
equivalent circuit model for a transistor with additional
source and drain contact resistances (Rs and RD), respec-
tively, as described in Refs. [3] and [24]. Due to the pres-
ence of contact resistances, the applied voltages (gate
voltage VG and drain voltage VD) will not represent the ac-
tual drop in the channel, but are modulated due to the
voltage drop across the contact resistances [3,24]. In such
a case, assuming Rs = RD, the drain current (ID) corrected
for the contact resistance are according to Refs. [3,24].

The total parasitic resistance, RP, is sum of Rs and RD. To
estimate the RP, the method of transmission line (TLM)
Fig. 2. Plot of RONW as a function of channel length for (a) top contact device and
�5 V steps.
[3,25] is used Eq. (1), where RON (=VD/ID) at different VG is
estimated for several channel lengths. The intercept of
the straight line fit of RONW vs. L curve at L = 0 gives the va-
lue of RP [3,25].

RON ¼
VD

ID
¼ L

lWCiðVG � VTÞ
þ RP

or RONW ¼ L
lCiðVG � VTÞ

þ RPW ð1Þ

where l and VT are mobility and threshold voltage, respec-
tively. This data is represented in Fig. 2 for the top and bot-
tom contact devices. Once, the total parasitic resistance is
determined (half at both source and drain), it can be used
to correct the drain currents to their equivalent values in a
device with no metal-semiconductor contact resistance
[3,24]. These curves are then used for further analysis,
and also for comparison with simulations, in which the
contacts are considered ohmic.

The contact resistance corrected field effect mobility
and the threshold voltage for the OTFT can also be ex-
tracted by plotting the inverse of the slope of Eq. (1) at dif-
ferent gate voltages. The slope of the resultant plot thus
determines the contact corrected mobility, while the x-axis
intercept obtains the corrected threshold voltage.

2.2.3. Device simulation procedure
A two-dimensional device simulator ATLAS (Silvaco) is

used for numerical simulations. The simulator predicts
the electrical characteristics associated with a specified
physical structure and bias conditions by solving systems
of Poisson’s equation and continuity equation which are
a set of coupled, partial differential equations given for
holes by Eqs. (2) and (3) below:

er2w ¼ �pq ð2Þ
@p
@t
¼ 1

q
r � Jp þ Gp � Rp ð3Þ

where e is the dielectric constant, w is the potential, p is the
local hole density, q is the fundamental electronic charge,
Gp is the charge generation rate, Rp is the charge recombina-
(b) bottom contact devices. The gate voltage is varied from �5 to �25 V in
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tion rate, and Jp is the current density which is given consid-
ering its drift and diffusion components by Eq. (4):

Jp ¼ qplpF þ qDprp ð4Þ

where lp is the mobility of holes, F is the local electric field,
and Dp is the hole diffusion coefficient. This simulator was
primarily developed for silicon devices and, therefore, its
applicability to organic materials is limited. However, the
simulator can still predict the qualitative device character-
istics correctly, as demonstrated by available literature
[18,26–29] on simulation of organic devices.

The bandgap of pentacene is taken as an average of val-
ues reported in literature, 2.2 eV [30–35], electron affinity
(EA) as 2.8 eV [31–35], density of both conduction and va-
lance band states as 2 � 1021 cm�3 [31–35] and dielectric
constant as four [31–35]. The acceptor doping concentra-
tion is estimated according to procedure defined in Ref.
[36] and taken as 3 � 1016 cm�3; furthermore, even if the
doping density is varied by two orders of magnitude, the
transistor characteristics show only a minor change. The
work function of the source, drain and gate metal is as-
sumed to be 5.0 eV.

The simulation of the experimental output and transfer
curves after correcting for gate leakage and contact resis-
tance of the top contact devices was performed with the
input parameters as described above. However, we ob-
served a mismatch between the experimental and simu-
lated curves. In the output curves, the experimental drain
currents were lower than the simulated values at all the
gate voltages, whereas in the transfer curves, experimental
drain currents were lower than the simulated currents
above the threshold voltage and higher in the sub-thresh-
old region. Thus, additional simulation parameters related
to traps were included to calibrate the simulation.

The mismatch between the experimental and simulated
curves could at first be attributed to the difference in the
measured threshold voltages and those extracted from
the simulated curves. The threshold voltage for the simu-
lated curves was 0.8 V, whereas the experimentally ob-
tained value is �3.2 V. This, difference in threshold
voltage can be removed by including a positive interface
charge of approximately q � 3 � 1011 C-cm�2 (q is charge
of an electron) at insulator/pentacene interface. The match
above the threshold region is nearly perfect with the above
mentioned fixed charge, but in the sub-threshold region of
the transfer curves, the experimental drain currents are
still higher than that simulated. This discrepancy is subse-
quently resolved by including interface acceptor traps of
the concentration 2 � 1012 cm�2 eV�1 at an energy level
of 0.52 eV from the valence band edge.

With these set of calibration data, the simulator pre-
dicts the electrical behavior of a top contact device. With
this as the basis of simulations, the paper then discusses
additional features that need to be incorporated to cali-
brate a bottom contact device.
3. Results and discussion

We begin by comparing device characteristics in the
top and bottom contact configurations, fabricated and
measured according to method described in Section 2.2.
In both cases, the gate is at the bottom and the two config-
urations differ in the order the semiconductor and the
source/drain contacts are placed on the gate/insulator sub-
strate. For comparison, the dotted curves in Fig. 1 depict
the as measured output characteristics of (a) top and (b)
bottom contact device at various gate voltages (VG); the
channel length (L) is 30 lm and pentacene thickness is
50 nm in these devices. Clearly, the drain currents per unit
width in top contact devices are higher, for example at
VG = �20 V, by two orders of magnitudes as compared to
bottom contact devices. This difference is further charac-
terized by extraction of field effect mobility from detailed
output and transfer curves.

From the as measured curves, the extracted field
effect mobility for top and bottom contact devices are
0.125 cm2/Vs and 1.74 � 10�3 cm2/Vs, respectively, in the
saturation region. Similarly, in the linear region, we
determined the hole mobility for top and bottom contact
devices as 0.085 cm2/Vs and 1.44 � 10�3 cm2/Vs, respec-
tively. From these measurements, whether based on linear
or saturation region, the field effect mobility measured in
the top contact configuration is significantly greater than
that in bottom contact device. In addition, the mobilities
extracted from the saturation region in either configura-
tions, top or bottom, is slightly greater than that in the
linear region.

First we examine the cause of difference in mobilities
extracted from linear and saturation region, and then focus
on the reasons for differences in the top and bottom con-
tact devices. These differences could first be ascribed to
the gate leakage and, especially, contact resistance, which
are important in the linear region. Therefore, both these
corrections to the measured data are made according to
the method described in Section 2.2, after which the mobil-
ities are again extracted. The metal-semiconductor contact
resistance (Rp) value at a gate voltage is extracted from the
RONW vs. L plot, (as described in Section 2.2), and is shown
in Fig. 2a and b for the top and the bottom contact devices,
respectively.

The corrected output characteristics, at a gate voltage
for both device configurations are also included in Fig. 1,
as solid lines. Following this correction, the mobility of
holes from the linear region, and corresponding threshold
voltage of the device is also estimated according to the
method defined in Section 2.2. This correction yields an
effective mobility of 0.14 cm2/Vs and 3.2 � 10�3 cm2/Vs
for the top and bottom contact devices, respectively, and
the corresponding VT are �3.2 V and �8.5 V. Hence, after
correction, the hole mobilities are similar from both satu-
ration and linear region, but still the mobility in bottom
contact configuration is poor in comparison to that in top
contact configuration.

Since the corrected mobility value of the bottom
contact devices does not increase significantly, it sug-
gests that the contact resistance is not the only reason
for the deterioration of the mobility in bottom contact
configuration. We therefore investigate the difference
in mobilities in the two geometries by simulating the
impact of possible structural differences on transistor
characteristics.
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3.1. Simulation of top and bottom contact devices under
normal conditions

A top contact device differs from a bottom contact de-
vice in that in the former, source/drain current passes
through the thickness of the semiconductor (although very
thin in comparison to the channel length) and that the bulk
conduction could be slightly higher. In order to identify the
possible variations in the device characteristics due to the
device configuration in top and bottom contact devices, we
simulated the device characteristics in both the structures
with identical pentacene thickness and material parame-
ters, according to details in Section 2.2. Corresponding to
the case of channel length as 30 lm, pentacene thickness
as 50 nm and hole mobility in pentacene as 0.14 cm2/Vs
(the same as that extracted for the top contact device),
the output characteristics of the top and bottom contact
devices are simulated. As expected, the output curves of
top and bottom contact devices overlay on each other,
implying that neither the current flow through the thick-
ness of pentacene nor bulk current can justify lower effec-
tive field effect mobility in bottom contact configuration.

Effectively, the simulation clarifies that the device
structure by itself is not a major factor for the lower mobil-
ity of the bottom contact devices. The other factors which
may be responsible for the observed differences could de-
pend upon the differences in the manner that two devices
are fabricated.
Fig. 3. (a) Schematic diagram of the bottom contact device showing unfilled
thickness of the source and drain contacts is 45 nm, (b) comparison of the outp
region at the source and drain contact edges at VG = �20 V and (c) potential pro
mobility-region at VG = �20 V, VD = �5 V. Source, drain and channel lie between 0
is 50 nm and L = 30 lm. The mobility of the rest of the pentacene is taken as 0.1
3.2. Effect of unfilled region at the edges near the source and
drain contacts

In the bottom contact devices, source and drain con-
tacts are deposited first and then the pentacene layer is
deposited. In this case, it is possible that a shadow cast
by metal during evaporation of pentacene could lead to un-
filled corners at the source/drain contacts, which in turn
could result in lower effective device mobility. We mod-
elled this possibility in our simulations by introducing a
vacuum layer of 50 nm � 45 nm at the edge near the
source and drain contacts, as illustrated in Fig. 3a for a bot-
tom contact configuration. The mobility of the pentacene is
taken as 0.14 cm2/Vs, which is equal to the corrected
mobility value of the top contact devices. This attempt is
made in order to find out whether the introduction of the
vacuum layer in bottom contact devices would lead to a
lower effective device mobility in the simulated transistor
characteristics than the top contact devices.

Fig. 3b illustrates that the simulated drain currents in
the bottom contact device with the unfilled region and
without the unfilled region at the source and drain contact
edges are only slightly different. It is clear that the drain
currents simulated on the assumption of unfilled region
at the contact edges cannot match with the experimental
curves, which are also depicted in Fig. 3b (dotted line).

In order to gain insight into device operation of this
device, we study the current flowlines in the pentacene
region of 50 nm � 45 nm near the source and drain contact edges. The
ut curves of bottom contact devices with and without having the unfilled
files above source and drain contacts for different mobilities of the low-
–30 lm, 60–90 lm and 30–60 lm, respectively. (The pentacene thickness
4 cm2/Vs.)
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film for the device without the unfilled region (Fig. 4a) and
with (Fig. 4b) the unfilled region near the contact edges at
the gate voltage of �20 V and drain voltage of �5 V. As ex-
pected, for a device with no unfilled region adjacent to
source and drain (Fig. 4a), the current between source
and drain is confined in few tens of nanometers above
the dielectric. The remaining portion of the source and
drain contacts are inconsequential in current injection.
However, when an unfilled region of size 45 nm � 50 nm
(as in Fig. 3a) is introduced in the same device, no longer
can current be injected from the sides of the metal contact.
In this case, as shown in Fig. 4b, on the introduction of the
unfilled region at contact edges, the current starts inject-
ing/extracting from the top surface of the source/drain
contacts. An expanded view in Fig. 4c illustrates that the
current injected from the top surface of the source contact
traverses through the pentacene film adjacent to the un-
filled region, reaches the insulator interface and then is ex-
tracted from the top surface of the drain electrode (see
Fig. 4d). In their study of surface potential profile in the
bottom contact devices, Li et al. [20] also studied a similar
case where they modelled the region adjacent to the con-
tacts as low-mobility-region and observed that injection/
extraction process involves top surface of the contacts.

The injection/extraction process causes a small poten-
tial drop across the unfilled region, which is depicted
Fig. 4. Schematic diagram for the current flow path in pentacene film in a bottom
drain contacts and (b) with an unfilled corner adjacent to the source and drain co
unfilled region (modelled as vacuum layer) adjacent to (c) the source contact an
through a potential profile across the channel region, taken
1 nm above the dielectric interface (represented through a
dashed horizontal line in the inset of Fig. 3c). Across this
horizontal line, source lies between 0–30 lm and the drain
lies between 60–90 lm, and the pentacene film lies be-
tween 30–60 lm. Due to the involvement of top surface
of the contacts, there is a small decrease in the drain cur-
rent for the device having the unfilled region, unlike the
case without having the unfilled region, where the injec-
tion/extraction takes place only from a very thin region
of the contacts adjacent to the insulator (Fig. 4a).

Based on the above results, it is clear that the unfilled
region at the source and drain contact edge cannot explain
the large difference in the behavior of top and bottom con-
tact devices. Therefore, as another possibility, we study the
effect of pentacene morphology around the source and
drain contacts to further examine the cause for inferior
performance of bottom contact devices.

3.3. Effect of pentacene morphology at the contact edge and
on source/drain contacts

In the top contact devices, the pentacene film is
deposited on the dielectric layer, whereas, in the bottom
contact device, since contacts are made first, a part of
pentacene film deposits on the contact metal. Therefore,
contact device (a) without an unfilled corner adjacent to the source and
ntacts. Expanded view of the current flow path in pentacene film with an
d (d) the drain contact.



Fig. 5. (a) Atomic force micrograph of pentacene on gold and SiO2 (Image size = 6 lm � 6 lm), (b) schematic of the bottom contact device showing different
region of pentacene morphology. Scanning electron micrograph of pentacene on gold contact (c) near gold contact edge on SiO2, (d) far away from gold
contact edge on SiO2 and (e) on gold contacts.
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the morphology of pentacene film in the vicinity of metal
in the bottom contact devices could be different.

Fig. 5 contains the image of pentacene film deposited in
a bottom contact geometry, and the different regions are
pictorially represented in Fig. 5b. Based on atomic force
microscopy (AFM) (Fig. 5a) and scanning electron micros-
copy (SEM) (Fig. 5c–e) images, change in the morphology
of pentacene film (50 nm thick) on gold and SiO2 can be
clearly seen. Fig. 5a, which is an AFM image near the step
caused by gold contacts, clearly shows two distinct re-
gions. The grain size adjacent to the gold contact is com-
paratively smaller than the grain size in the channel
region away from the contact. This is further illustrated
by SEM images of pentacene film in the channel region
near metal contact (Fig. 5c; notice the orientation of the
image), in the middle of the channel (Fig. 5d), and on gold
contacts (Fig. 5e). The micrographs depict a marked change
in the morphology of pentacene film grown in the three re-
gions. The large grain structure far away from the source/
drain contact edges changes into a small grain structure
as one move closer to the edge of the channel, near the
gold electrodes. On SiO2, the average grain size is
0.57 lm and on the source and drain contacts, the grain
size is 0.15 lm. As represented in Fig. 5a, the effect of the
gold contact in reducing the grain size permeates upto a
distance of 1.0 lm.

The reason for the different morphology is attributed to
the difference in surface energies of metal and dielectric
layers [8,9,37]. When pentacene is deposited on a metal
surface, the back bone of the pentacene molecule is at-
tracted to the metal leading to a lying down configuration
of pentacene molecules. While on SiO2, low surface energy
causes the pentcene molecules to stand vertically. Near the
source/drain contact edges, pentacene molecules tend to
have both lying down and standing mode leading to poor
packing and poor molecular ordering [8,9,37].

In order to understand the consequences of morpholog-
ical differences in device characteristics, we modelled this
small grain size region by assigning it a lower mobility va-
lue as compared to rest of the pentacene. Fig. 6a is a sche-
matic diagram illustrating this low-mobility-region near
the source and drain contact edges and above the contacts
in a bottom contact device. The width of this low-mobility-
region on the insulator is 1 lm, as determined from Fig. 5a.
Fig. 6b depicts the output curves (at VG = �20 V) as a func-
tion of the various low values of mobility in this region. The
bulk mobility value of the remaining pentacene is taken as
0.14 cm2/Vs, as before. It is clear from Fig. 6b that the drain
current decreases in proportion to the reduction in mobility
of the low-mobility-region. The combined effect of bulk
mobility as 0.14 cm2/Vs and this low-mobility-region on
the effective device mobility value extracted from output
characteristics is illustrated in Fig. 6c. From Fig. 6c, it is ob-
served that the extracted device mobility in the saturation
region forms almost a linear relationship with the mobility
value of the low-mobility-region.

The reason for such a behavior could again be under-
stood by examining the charge injection/extraction pro-
cess. In Fig. 4b, introducing an unfilled region forced the
current injection from the top of the contact (and similarly



Fig. 6. (a) Schematic of the 1 lm wide low-mobility-region near the source and drain contact edges and above the contacts in bottom contact devices, (b)
output curves plotted for different mobility values of the low-mobility-region adjacent to and above the source and drain contacts and (c) extracted
mobility of the device for different mobility values of the low-mobility-region adjacent to and above the source and drain contacts. (The pentacene
thickness is 50 nm and L = 30 lm. The mobility of the rest of the pentacene is taken as 0.14 cm2/Vs).

Fig. 7. (a) Schematic diagram for the path of the current flow in pentacene film (line with the arrow) in a bottom contact device having a low-mobility-
region adjacent to and above the source and drain contacts and (b) surface potential profile 1 nm above the dielectric surface (source, drain and channel lie
between 0–30 lm, 60–90 lm and 30–60 lm, respectively). The mobility of low-mobility-region is 1 � 10�4 cm2/Vs at VG = �40 V and VD = �20 V. (The
pentacene thickness is 50 nm and L = 30 lm. The mobility of the rest of the pentacene is taken as 0.14 cm2/Vs.)
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for the current collection at the drain). However, on intro-
ducing a low-mobility-region all around the metal contact
forces the current injection and extraction again to the
lower region of metal contacts (within 5 nm region from
the insulator), as illustrated in Fig. 7a, forcing the current
to pass through the low-mobility-region. Due to this, a
large potential drop is expected to take place in the low-
mobility-region at the contact edges.
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Fig. 7b shows the potential profile between the source
and drain contacts at 1 nm above the dielectric interface
(along a horizontal dashed line in the inset of Fig. 7b),
for the mobility value of the low-mobility-region as
1 � 10�4 cm2/Vs. Clearly, almost all the applied potential
is accommodated in the low-mobility-region at the contact
edge, forcing its effect on the overall device characteristics.
As a result, the apparent field effect mobility value is much
lower compared to the bulk mobility value of 0.14 cm2/Vs.
The apparent mobility values are in fact very close to the
mobility value of the contact edge, which shows that this
region becomes dominant in determining the overall de-
vice characteristics. Also, the voltage drop near the drain
is much higher than that at the source, which is reflective
of the depletion region near the drain in the saturation re-
gion. The reports on surface potential studies in the bottom
contact devices through Kelvin probe force microscopy or
electrostatic force microscopy revealed a large potential
Fig. 8. Schematic diagram for the path of the current flow in pentacene film (li
under the source and drain contacts.

Fig. 9. Comparison of the experimental (gate leakage and contact corrected) and
mobility-region is 1.5 � 10�4 cm2/Vs and bulk mobility of pentacene is 0.14 cm2
drop near the source and drain contacts, attributed to poor
morphology of pentacene near the metal contact edges
[10–14]. These simulations further confirm this phenome-
non, emphasizing the importance of the morphology of the
pentacene films near the contact edges and on the source
and drain contacts. Improvement of the morphology of
pentacene at the contact edges by the surface treatments
or by using polymer electrodes could significantly increase
the device mobility values [9,37,38]. In short, based on
these simulations, we determine that the possible cause
of differences observed in bottom and top contact devices
could be due to differences in pentacene morphology lead-
ing to low-mobility-regions near the contacts.

3.4. Low-mobility-region in the top contact devices

In a top contact device, since the pentacene is deposited
first, its morphology in the channel region is not expected
ne with the arrow) in a top contact device having a low-mobility-region

the simulated (a) output and (b) transfer curves. The mobility of the low-
/Vs. Pentacene thickness is 50 nm and L = 30 lm.
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to be different from the contact region. However, due to
metal diffusion into the pentacene may reorganize the
morphology of pentacene under the contact which in turn
causes the mobility of pentacene below the electrodes to
be lower than the bulk mobility [39,40]. Therefore, to make
a comparison with the bottom contact devices, we also
evaluated the effect of the low-mobility-region under the
source and drain contacts in the top contact devices. As
an extreme case, a low-mobility-region, with mobility va-
lue of 1 � 10�3 cm2/Vs, is located across the full thickness
of pentacene. Still, we do not observe any significant
change in the device behavior between with or without
low-mobility-layer cases. The reason for this can be under-
stood from Fig. 8 illustrating the current flow path in a top
contact device. In this case the charge is injected from the
side/corner of the contacts, bypassing the low-mobility-re-
gion (Fig. 8). Thus top contact devices would be less sus-
ceptible to morphological variations caused by the
presence of metal.

3.5. Comparison with the experimental device behavior

On the basis of the above discussion, we determine that
the cause of the low mobility of the bottom contact devices
in comparison to top contact devices is due to the poor
morphology/domain structure of pentacene at contact
edges and on gold source and drain contacts. While the
bulk mobility of holes in pentacene may be 0.14 cm2/Vs,
we determine that introducing a low-mobility-region of
mobility value 1.5 � 10�4 cm2/Vs in the bottom contact de-
vices yields a good comparison with the measured data, as
shown in Fig. 9a (output curves) and Fig. 9b (transfer
curves).
4. Conclusions

The difference in the drain currents and mobility values
of the top and bottom contact devices is not inherent to the
device configuration, but is a result of the manner in which
bottom contact devices are fabricated. The pentacene film
near the source/drain contact edges and on the contacts
exhibits poor morphology as compared to the film far away
from the contacts. This region is modelled as a low-mobil-
ity-region with a mobility value of 1.5 � 10�4 cm2/Vs as
compared to the mobility value of 0.14 cm2/Vs for the rest
of pentacene film. The low-mobility-region incurs most of
the potential drop due to which the extracted mobility
from the bottom contact devices becomes significantly
lower than the top contact devices. A reasonable matching
of the experimental curves with the simulated curves is
obtained on substituting the above described mobility val-
ues in the bottom contact devices.

Also, first calibration of simulator was achieved for a
top contact device (details in Section 2). Finally, by
including special considerations of low-mobility-regions
in a bottom contact device, the simulation tool is further
calibrated for use in design of devices.
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junctions consisting of PEDOT:PSS and InZnO have been
rarely reported so far. In this research, we investigated
the I–V characteristics of ITO/PEDOT:PSS/InZnO devices
for two sets of samples. The first set is composed of PED-
OT:PSS as-prepared, while the second set is composed of
PEDOT:PSS irradiated by UV light source. Following that,
the electronic, structure, and morphological changes of
the PEDOT:PSS films were analyzed using ultraviolet pho-
toelectron spectroscopy (UPS), X-ray photoelectron spec-
troscopy (XPS) and atomic force microscopy (AFM). The
effect of storage on the electrical properties of the fabri-
cated devices is also reported.

2. Experiment

The substrates used for the fabrication of the devices
were 2 � 2 cm2 glass plates coated with 100 nm layer of in-
dium tin oxide (ITO). The substrates were cleaned follow-
ing standard procedure. Next, a 300 nm thick PEDOT:PSS
layer was then deposited by multiple spin-coating. After
each spin-coating, the PEDOT:PSS layer was baked at
130 �C for 10 min in air. PEDOT:PSS (Baytron P AI 4083)
was purchased from Starck. In our experiment, two sets
of four samples each were prepared in the same way. In
the first set, PEDOT:PSS films on glass substrates were irra-
diated for 10 min by UV light source (output power density
of 4 W/cm2) with emission centered at 355 nm (referred to
as: UV-exposed devices). The second set of samples is com-
posed of PEDOT:PSS on glass substrates without UV irradi-
ation (referred to as: un-exposed devices). The InZnO thin
films (80 nm) fabricated by rf magnetron sputtering at
room temperature were deposited on top of PEDOT:PSS
through a shadow mask. The active area of the devices is
about 16 mm2. The final structure of the device is shown
in Fig. 1. The current–voltage characteristics of the fabri-
cated devices were measured by an Agilent 4156C semi-
conductor parameter analyzer in laboratory atmosphere
at room temperature and under dark condition. After the
first measurements, the samples were stored in normal
laboratory environment in a Vacuum Desiccator. All the
measurements were repeated on the stored samples after
30 days. We used a monochromatic Al Ka source
(1486.6 eV) for XPS analysis. The binding energy was cali-
brated with the core-level spectrum of Au 4f. UPS spectra
were obtained, using Hel radiation (40.8 eV) from a He-res-
onance lamp. Surface morphology was investigated by
AFM (Model SPI-3800, SII).
Fig. 1. Schematic representation of the device structure.
3. Results and discussion

The I–V characteristics of UV-exposed and un-exposed
devices are shown in Fig. 2. Each curve represents the aver-
age value of four samples. The I–V characteristics of un-ex-
posed devices are shown in Fig. 2a and that of UV-exposed
devices are shown in Fig. 2b. Also shown in the figures are
the I–V characteristics measured after 30 days on the same
samples. It can be seen from Fig. 2a that the I–V character-
istics of the un-exposed devices show asymmetrical non-
linear behavior. The current does not show any linear
dependence with voltage even in the low voltage region
(see inset). In the case of UV-exposed devices, a linear re-
gion is seen at low voltages (see inset) indicating an ohmic
conduction mechanism. This implies that the work func-
tion of PEDOT:PSS (4.8–5.3 eV [14]) is close to that of In-
ZnO electrode (5.2 eV [15]).
Fig. 2. Current–voltage characteristics for as-prepared and stored sam-
ples: (a) un-exposed devices and (b) UV-exposed devices.



Fig. 4. Comparison of I–V characteristics of UV-exposed and un-exposed
devices.
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The I–V characteristics measured after one month of
storage show no significant degradation of the devices,
which demonstrates the excellent stability of these organ-
ic/metal junctions. The excellent stability is most likely due
to the storage in the Vacuum Desiccator, which prevents
interaction of the environment and because of PEDOT:PSS
is an air-stable material [16]. We see a slight deviation be-
tween the measured data before and after storage, this
deviation is more pronounced in the case of un-exposed
devices as it appears in Fig. 2a. However, it is difficult to
draw firm conclusions regarding the observed results, be-
cause we were able to find some samples (before averag-
ing) with excellent reproducibility (not shown here). An
additional factor that can affect the durability of organic/
metal contact is the degradation of the metal electrodes.
This degradation appears mainly after the first measure-
ment [17] or after performing several consecutive sweeps
in the forward and backward direction [18]. Fig. 3 shows
the I–V measurements of UV-exposed devices taken from
20 consecutive forward and backward sweeps. Identical
I–V responses are obtained, the data points fall on top of
each other, showing that there is no sign of deterioration
after consecutive sweeps. We performed the sweeps be-
tween ±2 V in order to verify the stability of the electrodes
and prevent the degradation of our devices for further
studies.

Fig. 4 shows the I–V characteristics of the samples with
and without UV treatment superimposed on the same
axes. The un-exposed film was more electrically resistive
than the exposed one. In the case of UV-exposed devices,
the I–V characteristics exhibit better response than that
obtained with un-exposed devices. In the forward bias,
the magnitude of the current at any voltage was higher
and the devices show a linear I–V behavior. The plot is lin-
ear over a potential range of approximately 8 V. It is well
known that local joule heating reduces the contact resis-
tance between conducting polymer and metal electrodes.
Fig. 3. Current–voltage measurements out of 20 consecutive sweeps of
UV-exposed devices stored in a Vacuum Desiccator for 30 days.
Since Joule heating occurs at the interface region during
electrical measurement, both the physical and chemical
properties of the interface region could be altered. Our de-
vices based on PEDOT:PSS/InZnO contact did not show any
thermal degradation due to current injection during oper-
ation. After several sweeps (Fig. 3) and within the applied
voltage range, current performance without noticeable
degradation is notable. We found no evidence for signifi-
cant Joule heating in our devices, which indicates good
thermal contact between the thin polymer film and metal
electrode. We suggest that the linear I–V curve obtained
with UV-exposed devices is mainly due to the changes in
the work function of PEDOT:PSS layer induced by UV
irradiation.

We employed XPS and UPS to determine the origin of
the conductivity enhancement. The changes in work func-
tion of PEDOT:PSS films with and without UV treatment
are obtained from UPS (Table 1). The work function of as-
prepared film was 4.89 eV and that of UV-treated film
was 5.07 eV. The XPS spectra for S2p and O1s with curve
fitting results obtained on samples with and without UV
treatment are shown in Figs. 5 and 6, respectively. For
S2p, four peaks were clearly resolved. Curve fitting analysis
shows that the lower binding energy peaks at 164.3 and
165.7 eV correspond to the sulfur atom of PEDOT. The
two decomposed peaks at 169.5 and 168.5 eV are due to
neutral and ionic sulfur in the PSS dopant [19,20]. The
S2p doublet, which could not be resolved in these mea-
Table 1
Surface stoichiometry and work function of PEDOT:PSS samples with and
without UV treatment.

Sample S2p O1s C1s Work function (eV)

As-prepared 10.3% 22.5% 67.2% 4.89

UV-treated 9.8% 23.2% 67% 5.07



Fig. 5. XPS spectra of S2p for as-prepared PEDOT:PSS (a) and PEDOT:PSS
after UV irradiation (b).

Fig. 6. XPS spectra of O1s for as-prepared PEDOT:PSS (a) and PEDOT:PSS
after UV irradiation (b).
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surements, was fitted by a single peak. For O1s, two peaks
were resolved. A shoulder at 533.3 eV with high binding
energy corresponding to the oxygen atoms of the PEDOT
chain, and a strong peak at 531.7 eV with lower binding
energy arising from the SO3H and SO3Na units of the PSS
chains [21]. The chemical composition of PEDOT:PSS sur-
face was calculated based on the core level peak areas
and their relative sensitivity factors. The results are shown
in Table 1. As is evident from the spectra of S2p and O1s
and the films composition analysis (Table 1), the UV treat-
ment does not induce any significant changes in the core
level features of PEDOT:PSS films. However, we found that
the binding energies of all core levels have been shifted to
lower binding energies. The binding energy of sulfur, oxy-
gen and carbon (not shown here) shifted by 0.9, 0.4 and
0.7 eV, respectively. This suggests that the change in work
function is not primarily due to chemical changes in the
films. Instead, we suggest that the reason for this change
is to be found in morphological changes induced by the
UV irradiation. In order to see the differences of morphol-
ogies of our samples, we investigated the AFM images of
as-prepared and UV-treated films. From the AFM images
of both samples, we could not find significant difference
on surface morphology except slight reduction in degree
of surface roughness (Table 2). Reduced root mean square
(RMS) surface roughness and the increase of electrical con-
ductivity of the film by UV treatment support the confor-
mational change of PEDOT:PSS films observed by Lee et
al. [4]. Such changes in surface structure most probably
change the surface dipole structure and thereby influence
the measured binding energies [22]. The trend in device
performance could be explained by the observed changes
in the work function of the PEDOT:PSS layer.

In order to examine if InZnO electrode played a role in
the improved stability of our devices, a set of ITO/PED-
OT:PSS/Al samples were fabricated in the same conditions
and tested. The I–V curves of ITO/PEDOT:PSS/Al are shown
in Fig. 7. When ITO and Al are used as anode and cathode,
respectively, the I–V characteristics change, becoming
asymmetric with a rectification value around 20 at 1.5 V.
The difference in the work function values (in vacuum) of
the Al electrode (�4.3 eV [23]) and PEDOT:PSS introduces



Table 2
RMS roughness, average roughness, and mean height of as-prepared and
UV-treated samples measured by AFM.

Sample RMS
(nm)

Average
roughness (nm)

Mean height
(nm)

As-prepared 2.46 1.97 20.04
UV-treated 2.15 1.80 14.20

Fig. 7. I–V characteristics of ITO/PEDOT:PSS/Al. The arrow shows the
direction of repeated I–V sweeps.

Fig. 8. AFM images of Al and InZnO electrodes: (a) before application of
voltage and (b) after application of voltage.
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a built-in potential that can be seen in the I–V characteris-
tics of ITO/PEDOT:PSS/Al, where at low forward bias the
intrinsic field is opposing the charge injection until around
0.75 V. After the first sweep, the current gradually de-
creased, indicating that the Al electrode was immediately
deteriorated. The overall current values have decreased
by almost 300% causing a reduction in the rectification ra-
tio. AFM was used to investigate the electrodes before and
after voltage application. A smooth and defect-free surface
was observed for the un-operated Al-electrode (Fig. 8a).
After bias application, some blisters were seen on the Al
contact over the active area of the device (Fig. 8b). It is well
known that poly(4-styrenesulfonate) (PSS) of PEDOT:PSS
has strong acidic characteristics and can be corrosive to
the electrode. Thus, the Al electrode damage under voltage
might be due to the highly acidic property of the PSS. The
InZnO electrode does not show any blisters even after
applying high voltage and repeated measurements
(Fig. 8b). For the operated InZnO electrode surface, a
smooth and crack-free layer is observed. The InZnO films
before and after voltage application show a RMS roughness
of 4.95 and 1.43 nm, respectively. The improvement of sur-
face morphology of operated InZnO electrode may be due
to the chemical interaction between PEDOT:PSS and InZnO
under voltage, or the trapped moisture during measure-
ment gets electrolyzed as the bias is applied and the gases
are released causing the change in the surface morphology
of InZnO film.
4. Summary

The effects of UV irradiation on the work function of
PEDOT:PSS films have been investigated in this study.
Based on the UPS, XPS, and AFM measurements, it was
found that UV irradiation leads to an increase in the work
function and the enhancement of electrical conductivity of
PEDOT:PSS films, resulting from the morphological change
in the polymer chain of PEDOT:PSS. The UV-exposed de-
vices show an ohmic contact over a large potential range.
We also studied the effect of storage on the electrical prop-
erties of ITO/PEDOT:PSS/InZnO devices. No significant
changes of electrical characteristics have been found after
storing the devices for a period of 30 days. AFM investiga-
tions show no blistering of InZnO contacts in devices on
application of voltage. InZnO contacts may provide a good
solution to develop reliable and low resistance ohmic
contacts.
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Fig. 1. [Color online] Schematic device structure of organic solar cells
under study.
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tional buffer layer or poly (ethylenedioxythiophene) doped
with poly(styrenesulfonate) (PEDOT:PSS) being considered
to have several latent issues such as chemical reaction with
ITO anodes [9,10] efforts to replace PEDOT:PSS with metal-
oxide semiconductors are currently receiving an increased
attention. In the area of organic light-emitting diodes
(OLED), which already perceived the beneficial role of
these metal-oxide semiconductors as buffer layers or as
part of multilayer electrodes, tungsten oxides (WO3) have
also been recognized as important buffer layers with a
good hole-injecting property [11–13]. In spite of its signif-
icance in OLEDs, its application as an anodic buffer layer in
organic solar cells was relatively limited. Chan et al. [14]
used WO3 as an anodic buffer on ITO in vacuum-deposited
copper phthalocyanine (CuPc)/C60 solar cells, and Janssen
et al. [15] used it as a part of intermediate electrode in their
hybrid tandem cells consisting of BHJ bottom cells and
CuPc/C60 top cells in which WO3 functioned also as a buffer
for CuPc/C60 cells. Recently Tao et al. [16], have employed
WO3 as a buffer layer in solution-processed P3HT:PCBM
BHJ cells, but their devices were in so-called inverted
geometry where WO3 layer is grown on top of P3HT:PCBM
films. It is noted that the fact that a buffer layer works in
vacuum-deposited cells or in inverted-geometry BHJ cells
does not necessarily mean it will work also in bulk-hetero-
junction (BHJ) cells of conventional geometry in which ac-
tive layers are deposited on top of the buffer by solution
processing, (i) because the fabrication compatibility is
not always guaranteed and, moreover, (ii) because its pres-
ence can influence the properties of BHJ active layers such
as molecular ordering and phase separation, all of which
carry important implications for operation of BHJ cells. In
this work, we explore thermally-evaporated WO3 layer as
an anodic buffer in the popular P3HT:PCBM-60 BHJ cells
in their conventional non-inverted geometry with a special
attention paid to the film properties of thermally-evapo-
rated WO3 layers in context of their effect on the properties
of BHJ active layers as well as device performance.
Fig. 2. [Color online] (a) AFM images of the surface and cross sectional
profile of ITO, PEDOT:PSS on ITO, and WO3 on ITO. (Tapping mode,
3 � 3 um2 scan size). (b) X-ray diffraction patterns of 20 nm and 60 nm-
thick WO3 thin films evaporated on SiO2/Si wafer.
2. Experimental

Thin films of WO3 (Alfa Aesar) were thermally evapo-
rated in high vacuum (2 � 10�6 Torr) onto ITO films on
glass substrates or onto 30 nm-thick PEDOT:PSS layers
(Baytron P AI 4083, H.C. Starck, Inc.) spun on those ITO
films.

After deposition of WO3 layers, samples were trans-
ferred to a nitrogen-filled glove box, where the BHJ layers
were spin-coated at 700 rpm for 60 s from a solution of
P3HT:PCBM-60 (17 mg/mL, 1:0.9 by volume) in dichloro-
benzene [1]. Devices without buffer layers or those with
a buffer layer consisting only of 30 nm-thick PEDOT:PSS
layers were also fabricated for comparison experiments.
Annealing was done at 110 �C for 10 min on a hot plate.
Then the samples were re-loaded into the chamber for
deposition of Ca electrodes that are capped with Al. Sche-
matic diagram for overall device structure is presented in
Fig. 1. The active area A of the fabricated devices was in
the range of 0.05–0.10 cm2. Photovoltaic measurement
was done using the illumination from 150 W solar simula-
tor (ABET technologies) with AM1.5G filters. Irradiance
was measured each time using a Si photodiode the re-
sponse of which was cross-checked with the calibrated ref-
erence cell. Throughout the fabrication and photovoltaic
measurement, samples were not exposed to ambient air
to avoid any potential contamination or degradation.

3. Results and discussion

3.1. Film properties of WO3

3.1.1. Film morphologies and surface properties of WO3 films
In order for buffer layers for ITO to work effectively, it is

often desired to form a smooth and uniform layer when
being deposited onto ITO surface. According to the atomic
force microscopy (AFM) images shown in Fig. 2a, deposi-
tion of thin WO3 layer (10 nm) on ITO was shown to yield
a highly smooth surface with the RMS roughness as small
as 0.88 nm. This RMS roughness is comparable to that of
PEDOT:PSS (=0.81 nm) spun on ITO and much smaller than
that of bare ITO surface (=2.8 nm). Such smoothening effect
of WO3 is expected to reduce the chance of direct shorts
and local high fields and thus to help prevent leakage cur-
rent and formation of defects that can possibly be induced
by those [17]. Fig. 2b presents the X-ray diffraction (XRD)
pattern of both 20 nm- and 60 nm-thick WO3 films grown
on SiO2. No crystalline peaks are observed except for a
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broad feature near 23�, and thus WO3 films under study
can be regarded amorphous. From the perspectives of
large-area fabrication of organic devices or similar systems
involving (semi)conductive oxide materials, being amor-
phous is regarded important, provided that it can yield a
device performance that is sufficient for each target appli-
cation, because it can reduce the chance of spatial non-uni-
formity which can often occur in polycrystalline materials
with limited grain sizes [18].

In addition to the film morphologies, the surface energy
of the film onto which photoactive layers will be deposited
is often of interest because it is known that it can play a
subtle but important role in growth of ordered films as
well as in wetting properties. Results for contact angle
measurement of a bare ITO substrate or those having
WO3 or PEDOT:PSS layers are presented in Fig. 3a, and it
can be easily seen that WO3 surface is more hydrophobic
than the bare ITO or PEDOT:PSS-coated surfaces. Surface
energy for each case was calculated using Young–Dupre
equation [19] with the contact angles measured for deion-
ized (DI)-water and diiodomethane liquid, and it is esti-
mated to be 64.0, 72.4, and 47.6 mJ/m2, respectively, for
bare ITO (plasma-treated), PEDOT:PSS on ITO, and
WO3(10 nm) on ITO. Note that there were several reports
suggesting that hydrophobic surfaces or those treated by
self-assembled monolayer (SAM) promote an ordered
growth of P3HT films [20–22], although it appears there
are several other factors that can affect the growth of
P3HT [23,24]. It was also reported, although the physical
origin was not clearly identified, that performance in in-
verted-geometry OPV cells with Cs2CO3 buffer layers (for
bottom cathodes) correlates inversely with the surface en-
ergy of the buffer layers [6]. As shown in Fig. 3b, we were
also able to observe that P3HT films grown on WO3 layers
exhibit the slightly higher ordering than those grown on
ITO or PEDOT:PSS. The tendency of P3HT to organize with
a higher degree of ordering is expected to improve the
mobility of P3HT films. In an effort to study the effect of
buffer layer on the carrier mobility of P3HT films, we have
Fig. 3. [Color online] (a) Contact angle measurement of ITO, WO3 on ITO,
and PEDOT:PSS on ITO surfaces for DI-water. (b) X-ray diffraction patterns
of P3HT films grown on various buffer layers under study. Inset: Current
density (J)–voltage (V) characteristics of hole-only devices in a geometry
of ITO/X/P3HT (70 ± 6 nm)/Au with X being WO3 (15 nm; blue) or
PEDOT:PSS (black). Fitting curves using the equation for space-charge
limited current [SCLC; Eq. (1)] are shown as red dashed lines for each
case. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
measured the current density (J)–voltage (V) characteris-
tics of hole-only devices in a geometry of ITO/PEDOT:PSS/
P3HT (70 ± 6 nm)/Au and ITO/WO3 (15 nm)/P3HT
(70 ± 6 nm)/Au (see the inset of Fig. 3b). One can easily
see from the log–log plots of J–V characteristics (at
V > �1) that both types of devices (four devices each) fol-
low the typical V2-dependence of space-charge-limited
current (SCLC) given by [25]:

J ¼ 9
8
e0erl

V2

d3 ð1Þ

in which e0 is the permittivity of vacuum, er the relative
dielectric constant, l the mobility, and d the active layer
thickness. In addition, one can note in the plot that WO3-
based devices exhibited a better device-to-device repro-
ducibility than PEDOT:PSS-based devices. Using Eq. (1)
and the Y-cut of the apparent linear fit for log–log plot in
each case, the hole mobility values of the P3HT films on
PEDOT:PSS and WO3 are extracted to be (1.0 ± 0.3) �
10�4 cm2/V s and (2.4 ± 0.6) � 10�4 cm2/V s, respectively,
with er of 3.0 [26]. Such improvement in carrier mobility
is known to be beneficial for OPV device performance by
reducing bias-dependent recombination as it effectively
increases the mean free path of photogenerated-carriers
[27] or by decreasing the possibility of space-charge
build-up [28].

3.1.2. Electronic properties of WO3 films
Current density (J)–voltage (V) characteristics of a de-

vice in a structure of ITO/WO3 (70 ± 10 nm)/Al is presented
in Fig. 4a. It is observed that J–V exhibits a linear relation-
Fig. 4. [Color online] (a) Electrical characteristics of ITO/ WO3 (70 nm)/Al
device. (b) Electrical characteristics of ITO/x/P3HT/Ca/Al [x = WO3 (black)
or PEDOT:PSS/WO3 (red)] under illumination (solid) and in dark (dashed).
Inset in (a): Optical transmission spectrum of 10 nm-thick WO3 films. (For
interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)



Fig. 6. [Color online] Current density–voltage (J–V) characteristics under
illumination of simulated AM1.5G (100 mW/cm2) for (a) fabricated
P3HT:PCBM organic solar cells without buffer layers (green, dash dot)
or with buffer layers of PEDOT:PSS (orange, dash), 5 nm-thick WO3 (red,
short dash), 15 nm-thick (blue, dot) WO3, or 30 nm-thick WO3 (black,
solid) films. The inset shows the semi-logarithmic plot for J–V character-
istics of the cell with 30 nm-thick WO3 films for both dark (solid) and
illumination (short dash) cases. The device with 30 nm-thick WO3 films
was fabricated in a separate batch. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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ship throughout the voltage range applied. Such linear
relationship is consistent with the fact that some transition
metal oxides such as V2O5, MoO3, and WO3 are p-doped
semiconductors as prepared when they are grown by ther-
mal evaporation, due to the presence of impurities and dif-
ferent oxidation states, etc. [29]. From its slope, the
conductivity of WO3 films used in this study is estimated
to be (6 ± 1) � 10�6 S/cm, which is comparable to that of
doped p-type organic semiconductors used in pin-type
OLEDs [30]. This level of conductivity will be large enough
to ensure the series resistance owing to insertion of a WO3

layer to be negligible unless it is too thick.
Another important parameter would be the effective

work function of the anode system, because VOC tends to
correlate with the work function of an anode for a given
cathode in BHJ type cells [6] although it can be influenced
by a combination of several other factors. Moreover, the
energy level of the anode system should provide cells with
efficient pathways for carrier collection with no, or if any,
negligible energy barrier. According to the previous re-
ports, the work function of WO3, or UWO3 can range from
4.7 to 6.4 eV depending on film preparation conditions
[13,16,31,32]. To estimate UWO3 of the layer used in the
present study, we have investigated the light and dark
characteristics of devices based on single active layers in
a geometry of ITO/X/P3HT/Ca/Al with X being WO3

(10 nm) or PEDOT:PSS as shown in Fig. 4b. In such sin-
gle-layer structure Malliaras et al. showed that the built-
in voltage Vbi, or |Uanode �Ucathode|/e correlates with the
compensation voltage V0 at which the current density val-
ues under dark and illuminated conditions become equal
[33]. From Fig. 4b, V0 is found to be 1.26 V for a WO3-based
device and 1.22 V for a PEDOT:PSS-based device, respec-
tively. Since these devices have the same kind of active lay-
ers and cathode structures, the observed small difference
in V0 indicates that UWO3 can be approximated to the work
function of PEDOT:PSS or UPEDOT, which is known to be
about 5.1–5.2 eV [4]. Using the optical energy gap of
WO3 films measured by UV/vis transmission spectrum
(see the inset of Fig. 4a), the approximate energy diagram
ignoring band bending at interfaces is summarized as
shown in the inset of Fig. 5.
Fig. 5. (a) Schematic energy diagram of the OPV cells under study. Band
bending and a formation of interface dipoles, etc. could be possible but
are ignored in this diagram. Values are given in unit of electron volt with
respect to the vacuum level.
3.2. Photovoltaic properties of organic solar cells with WO3

buffer layers

The current density (J)–voltage (V) characteristics of
OPV cells measured under the simulated AM 1.5G illumi-
nation (100 mW/cm2) are presented in Fig. 6 for solar cells
made in a structure of ITO/buffer layer (=x)/P3HT:PCBM-
60/Ca/Al in which x is WO3 (5 nm, 15 nm, or 30 nm), PED-
OT:PSS (30 nm), or nothing. The best device with x of 5 nm-
thick WO3 exhibited the PCE of 3.1% [3.0%] and FF of 0.69
[0.69], while the best device fabricated in the same batch
without buffer or with x of PEDOT:PSS exhibited the PCE
and FF of 1.9% and 0.56 and 2.5% and 0.60, respectively.
The best device with x of 30 nm-thick WO3, which was fab-
ricated in a separate batch, exhibited the PCE and FF of 3.1%
and 0.70, respectively. The fact that the cell performance
does not show a significant dependence on the thickness
of WO3 layers may be beneficial in optimizing the opti-
cal/electrical structure of OPV cells. For example, one can
vary the thickness of WO3 layers (at least up to a few tens
of nanometers) without a significant compromise in cell
electrical properties until the optical absorption by active
layers is maximized with the help of multilayer thin-film
optics [34] as in the work by Kim et al. [35] in which TiOx

buffer layers function also as an optical spacer for such
purpose.

The effect of WO3 on PV performance is presented in a
statistical sense in Fig. 7 showing the box graph for photo-
voltaic parameters obtained in total of 90 devices fabri-
cated in five independent batches. One can note that
WO3-based devices exhibit improvement in FF, VOC, and
efficiency over ITO-based cells, and in FF and efficiency
over PEDOT:PSS-based cells, with a significantly better
batch-to-batch consistency. Recalling the correlation of



Fig. 7. [Color online] (a) Statistical box graph for JSC, VOC, FF, and
efficiency for total of 90 devices (13 of ITO, 27 of PEDOT:PSS, 32 of WO3,
and 18 of PEDOT/WO3-based cells) over five independent batches.
Thickness of WO3 ranges between 5 and 30 nm. (b) Current density–
voltage (J–V) characteristics (black, open circle) and its fitting curve (red,
solid) under equivalent circuit model in which n = 1.85, J0 = 27 nA/cm2,
Rsh A = 1000 X cm2, and RsA = 1.0 X cm2. (c) The average values of the
normalized series resistance rs and a reciprocal of shunt resistance rsh,
and the statistical box graph for the relative decrease in fill factors in%
(��DFF) due to each of rs (shaded) and rsh (clear). The points for rs are
behind the box graph because �DFF due to rs follows approximately �rs

itself. To estimate the decrease in FF due to rsh, the diode ideality factor n
of 2.0 was assumed. Lines in graph (c) are guide to eyes and bear no
physical meaning. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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VOC value in a BHJ cell with the work function of its anode
[6], the VOC values observed in WO3-based devices that are
larger than those of ITO based devices can be attributed to
the work function of WO3 layers that is larger than that of
ITO (�4.7 eV) [4], as described in Section 3.1. On the other
hand, short-circuit current density JSC showed a relatively
wide device-to-device and batch-to-batch variation, possi-
Table 1
Comparison of metal oxide buffer layers used on ITO electrodes in OPVs.

MoO3 V2O5

LUMO/HOMO (eV) 2.3/5.3 2.4/4.7
RMS roughness (nm)a 7.2 3.7
Deposition method/crystallinity Thermal/NA Thermal/NA
Refs. [8] [8]

a Measured for �10 nm-thick films.
bly due to the local variation in the active layer thickness
resulting from the low-speed spin-coating process.

Note that common enhancement in WO3-based devices
over buffer-free or PEDOT:PSS-based devices is the consis-
tently high FF values. Most of the FF values that are being
reported for the P3HT:PCBM cells employing PEDOT:PSS
buffer layer are typically in the range of 0.5–0.6 except
for a few notable cases [2]. For comparison’s sake, FF values
in MoO3- or V2O5-based cells were reported to be about
0.59–0.62 and were virtually same as that of PEDOT:PSS-
based cells [8], and those in devices using NiOx buffer layer
were as high as 0.69 [4]. As can be seen in Table 1, MoO3,
V2O5, NiOx, and WO3 all have LUMO levels that can provide
a significant energy barrier for electrons in PCBM so that
chances of electron recombination can be suppressed near
anodes. However, it is noted that the surface roughness
values of MoO3 and V2O5 is much larger than those of NiOx

and WO3 layers. Since the local high electric fields due to
the roughness of buffer or electrode layers are likely to in-
crease a chance of bias-dependent carrier recombination
[27], one may consider that the large FF values found in
WO3- and NiOx-based devices come partly from their
smooth surface morphologies.

The fill factor of solar cells can be influenced (i) by the
voltage drop due to the non-zero series resistance Rs that
results from contact resistance and limited bulk transport
properties; and (ii) by the current leakage resulting from
either the presence of electrical shunt paths or voltage-
dependent carrier recombination both of which can be
conveniently modeled as a finite shunt resistance Rsh

[36]. The effect of these parasitic resistances on FF can be
quantified using normalized series and shunt resistances,
rs and rsh, which are defined by RsA|Jsc|/Voc and RshA|Jsc|/
Voc, respectively [36]. Fig. 7b shows that the J–V character-
istics of the P3HT:PCBM cells under study can be reason-
ably modeled by the simple equivalent circuit
model(ECM) shown in Ref. [36] which consists of (i) a
diode characterized by the reverse saturation current den-
sity J0 and the diode ideality factor n, (ii) a dc current
source, and (iii) Rsh and Rs. The closed and open circles in
Fig. 7c present the mean values of rs and 1/rsh extracted
for each type of the cells under study (illuminated case)
under the ECM, respectively, and the box graphs with
[without] shades present the statistics for the relative de-
crease in FF due to Rs [Rsh] which was analyzed using the
formula given in Refs. [36–38].

One can note that it is the relatively large shunt resis-
tance of WO3-based cells that resulted in most of the
improvement in FF. On the other hand, Rs and its effect
on FF do not show much variation both for the type of buf-
fer layers and for different batches and samples.
NiOx WO3

1.8/5.0–5.4 1.6/5.1
1.5 0.88
Pulsed laser dep./crystalline Thermal/amorphous
[4] This work
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Under illumination, low Rsh is related to a recombina-
tion of photogenerated-carriers unless it is limited by the
current leakage through local shorts [27]. Irwin et al.
pointed out that the energy offset between the LUMO lev-
els of NiOx layer and PCBM-60 layers can prevent un-
wanted electron captures at anodes in their NiOx-based
cells [4]. The LUMO of WO3 being approximately 1.6 eV
as described in Section 3.1, it is also expected to provide
a sufficient energy barrier at LUMO levels, as in the NiOx

case, for electrons that are present in PCBM-60 molecules
near the anode, considering that the LUMO of PCBM-60 is
around 4.0 eV [4]. Another factor that can influence carrier
recombination is the carrier mobility l of each active layer
because the mean free path, or the characteristic distance
over which a carrier can travel before it recombines at a gi-
ven voltage, is proportional to the carrier mobility [27].
Therefore, the relatively high hole mobility (and thus long
mean free path) observed in P3HT films grown on WO3 lay-
ers may also be linked to the improvement in FF in WO3-
based cells, as discussed in Section 3.1. Low recombination
of photo-generated carriers will be important also in
ensuring the large open-circuit voltage, because too small
rsh or non-linear voltage-dependence of recombination
can decrease VOC as well as fill factor [27,36,37].
4. Conclusions

In summary, we demonstrated that a thin layer of WO3

can enhance the photovoltaic performance of P3HT:PCBM-
60 solar cells when it is inserted between the anode and
active layers. It was shown that WO3 layers thermally
evaporated on ITO form uniform amorphous films with
the RMS roughness of 0.88 nm and a relatively low surface
energy and that P3HT films grown on WO3 films have a
higher degree of ordering and larger hole mobility than
those grown on PEDOT:PSS films. It was shown that WO3

layers thermally evaporated on ITO form uniform amor-
phous films with the RMS roughness of 0.88 nm and with
a relatively low surface energy. Analysis using electrical
characteristic of ITO/WO3 (70 nm) /Al indicates that WO3

layers under study can be regarded as doped semiconduc-
tors so that Ohmic injection from a conductor to WO3 is
easily realized. Near-ideal, high shunt-resistance OPV char-
acteristics was consistently observed in cells with WO3

layers, leading to fill factor values often as high as 0.67–
0.70 and VOC values that are comparable to PEDOT:PSS-
based cells and are larger than ITO-based cells. Such
improvement is considered to originate partly from the
HOMO level of WO3 that matches relatively well with that
of P3HT and thus allows for efficient hole collection from
P3HT as in the case of PEDOT:PSS and at the same time
from its LUMO level that provides a sufficient energy bar-
rier for photogenerated electrons in PCBM-60 and thus
prevents them from being recombined near the anode.
The smoothness of WO3 layers and the improved hole
mobility of P3HT films grown on WO3 are also expected
to benefit OPV cells by reducing the chance of bias-depen-
dent carrier recombination. Considering that WO3 films
presented in this work are amorphous, the work shown
here can potentially lead to scalable OPV technologies. In
addition, as WO3 films can be prepared by a simple ther-
mal evaporation, the results shown here may get easily ex-
tended to a tandem-cell structure employing WO3 layer as
a part of intermediate electrodes [15] for high efficiency
OPV cells [11].
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Fig. 1. Device structure of SEL and DEL devices.
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In this paper, we report on small-molecule-based, effi-
cient WOLEDs with a high CRI, that can be fabricated by
combining a solution process and a vacuum deposition
process. We employed a double-emitting layer (DEL) struc-
ture in a phosphorescent WOLED device, whereby one
emitting layer is fabricated in a solution process (emitting
layer I) and the other emitting layer is fabricated by vac-
uum deposition (emitting layer II). Emitting layer I consists
of three materials: a hole-transporting host, blue phospho-
rescent guest, and green phosphorescent guest. Emitting
layer II, on the other hand, consists of a hole-blocking host
and red phosphorescent guest. Emitting layer II acts to
block holes and emit red light in the DEL device to obtain
a white emission. We found that using this combined pro-
cess is an easy way to obtain efficient WOLEDs with high
CRIs, since double emitting layers distribute the emission
region within the device. Furthermore, we measured the
transient phosphorescence behavior, which is important
information to discuss the energy transfer mechanism in
WOLED, by using very short electrical pulses.
2. Experimental

The selection of host material for the emitting layer is
one of the most critical issues in the solution process for
small-molecule-based WOLEDs. In this study, we used
2,2-bis(4-carbazolyl-9-ylphenyl)adamantane (Ad-Cz) as
the host material, which has solubility to organic solvents,
high Tg (�160 �C), carrier-transport ability, and high T1

[17]. There are two types of phosphorescent WOLEDs with
high CRI; one includes three phosphorescent guests and
the other includes blue fluorescent guest and two phos-
phorescent guests [5,8,9,18,19]. We selected the former
type not only to obtain high efficiency but also to discuss
the energy transfer mechanism of triplet exciton in
WOLED. Three phosphorescent guests we relied on are
the previously reported iridium(III)bis(40,60-difluoro-
phenylpyridinato)tetrakis(1-pyrazolyl)borate [FIr6], fac
tris(2-phenylpyridine) iridium (III) [Ir(ppy)3] and tris[1-
phenylisoquinolinato-C2,N] iridium (III) [Ir(piq)3]. Two
WOLED devices were developed, one having a single emit-
ting layer (SEL) and the other having a DEL. The OLEDs
were produced on a glass substrate coated with a 200-
nm-thick indium-tin-oxide (ITO) layer having a sheet resis-
tance of 10 X/square. Prior to fabrication of the organic
layers, the substrate was cleaned with ultra-purified water
and organic solvents, and treated with a UV-ozone ambi-
ent. The OLEDs were fabricated as follows. Poly(3,4-ethyl-
enedioxythiophene)/poly(styrenesulfonic acid) (PEDOT/
PSS; Baytron P CH8000) as a hole injection layer was
spin-coated from a water solution onto the ITO substrate
and dried in air at 180 �C for 1 h. The first emitting layer
of the SEL and DEL devices, which consisted of Ad-Cz and
Ir complexes, was spun onto the PEDOT/PSS layer from a
0.5 wt.% tetrahydrofuran solution. The emitting layer of
the SEL device has four different materials (Ad-Cz (79.4
wt.%), FIr6 (20 wt.%), Ir(ppy)3 (0.2 wt.%), and Ir(piq)3 (0.4
wt.%)). The film thickness of emitting layer is about
40 nm. Moreover, a 5-nm-thick p-bis(triphenylsilyly)ben-
zene (UGH2) layer is formed by vacuum deposition to act
as a electron-transporting and hole-blocking layer, since
Ad-Cz is a hole-transporting host [17]. The film thickness
of the UGH2 layer is very thin, which is adjusted to obtain
high power efficiency (gp). With the increase of the thick-
ness of UGH2 layer, the lower gp is obtained due to the low
carrier mobility of UGH2 [20]. On the other hand, emitting
layer I of the DEL device has three different materials (Ad-
Cz (79.8 wt.%), FIr6 (20 wt.%), Ir(ppy)3 (0.2 wt.%)). The film
thickness of emitting layer I is about 40 nm. The 5-nm-
thick emitting layer II is formed by co-depositing 0.8
wt.%–Ir(piq)3 with UGH2. The reason why the guest con-
centrations of Ir(piq)3 in both devices are different will
be described in the next section. After formation of the
hole-blocking layer of SEL device or emitting layer II of
the DEL device, a 50-nm-thick 1,3,5-tris(N-phenylbenz-
imidazol-2-yl)benzene (TPBI) was deposited as the elec-
tron-transporting layer. Finally, a 0.5-nm-thick LiF layer
and 100-nm-thick Al layer were deposited as the cathode.
Device configurations used in this experiment are shown
in Fig. 1. The devices were encapsulated using a UV-epoxy
resin and a glass cover within a nitrogen atmosphere, after
cathode formation. The electroluminescent (EL) spectra
and luminance were measured with a spectroradiometer
(Minolta CS-1000). A digital source meter (Keithley 2400)
and a desktop computer were used to operate the devices.
We assumed that the emissions from the OLED device
were isotropic, such that the luminance was Lambertian,
and calculated the external quantum efficiency from the
luminance, current density, and EL spectra.

3. Results and discussion

Fig. 2 shows the electroluminescence spectra of the SEL
and DEL devices at a current density of 10 mA/cm2. The CIE
coordinates and CRI values for the emissions from the SEL
device are respectively (0.42, 0.42) and 69 at 0.1 mA/cm2

and (0.36, 0.40) and 73 at 10 mA/cm2, whereas they are
(0.38, 0.47) and 82 at 0.1 mA/cm2, and (0.38, 0.43) and
82 at 10 mA/cm2 for the DEL device. We also fabricated
the another SEL device, where the guest concentrations
in emitting layer are similar to that of DEL device (Ad-Cz
(79.0 wt.%), FIr6 (20 wt.%), Ir(ppy)3 (0.2 wt.%), and Ir(piq)3

(0.8 wt.%)). However, the white emission was not obtained,
e.g., the CIE coordinates of the device was (0.55, 0.38) at
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10 mA/cm2. Although, the guest concentration of Ir(piq)3

varies slightly, we decided that it is suitable to compare
the performance of white light-emitting SEL device with
that of DEL device as proposed in experimental section.
The external quantum efficiencies (gext) of the two WOLED
devices are plotted as a function of current density in Fig. 3.
gext of the SEL device was about 6%, whereas it was 11.7%
for the DEL device. The maximum gp of the DEL device
was 16 lm/W, which is relatively high compared with the
previously reported value for solution-processed WOLEDs
[9]. This improvement can be explained by the distribution
of the emission region within the two emitting layers. In
both devices, a high density of Ad-Cz excitons are formed
at the Ad-Cz/UGH2 interface, and phosphorescence occurs
through host–guest energy transfer [17]. The emitting re-
gion of the SEL device becomes narrow, resulting in a lower
gext due to the unconfinement of triplet energy in the light-
emitting region. The T1 energy of TPBI is 2.58 eV, which is
smaller than that of FIr6 [21]. Thus, it is expected that the
triplet excitons diffuse to the TPBI layer through the thin
UGH2 layer [18,22]. In contrast, the emitting region of
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density for the two WOLED devices.
the DEL device is distributed as a result of doping Ir(piq)3

in the UGH2 layer, and this enables the confinement of
triplet energy in the light-emitting region compared to
SEL device.

To understand the distribution mechanism of the emit-
ting region, we examined the transient decay of electrolu-
minescence by applying an electrical pulse with a pulse
width of 100 ns to the DEL device [23]. It is usually difficult
to operate the OLEDs by the duration of 100 ns input volt-
age [24]. However, we prepared the specialized pulse gen-
erator which can apply the voltage of about 30 V with a
pulse width of 100 ns. By synchronizing the pulse genera-
tor with the streak camera (C4334, Hamamatsu) in cycle of
500 ls, the few microsecond range transient phenomena
can be observed. For comparison, transient decays in three
other single doped OLEDs, each doped with one of the
three phosphorescent guests (FIr6, Ir(ppy)3 and Ir(piq)3)
was also examined. Fig. 4a shows the transient decays of
the OLEDs and (b) summarizes the electroluminescence
lifetimes (s) of each phosphorescent guest in the single
doped OLEDs. The triplet lifetimes of each guest were esti-
mated from the fitting lines, as illustrated in the figure. The
measured s values of FIr6, Ir(ppy)3, and Ir(piq)3 were
2.0 ls, 1.4 ls, and 1.0 ls, respectively. There are small dif-
ferences in s between the previously reported photolumi-
nescent values and the current electroluminescent ones
[25,26]. However, the correlation is quite similar; that is,
s of FIr6 is the longest, and s of Ir(piq)3 is the shortest. A
detailed discussion about the difference in s value between
estimated from photoluminescence and estimated from
electroluminescence will be described elsewhere.

Here, we discuss the emission mechanism in the DEL
device, on the basis of the estimated s of each phosphores-
cent guest. Fig. 4c shows the transient decay for each phos-
phorescent guest. The triplet lifetimes of FIr6, Ir(ppy)3 and
Ir(piq)3 were taken from their emission peaks centered at
k = 460, 520, and 620 nm, respectively. The lifetimes of
FIr6 and Ir(ppy)3 decrease to 1.1 ls, which is similar to s
of Ir(piq)3 in the single doped OLEDs. These results suggest
that the FIr6 and Ir(ppy)3 emissions are primarily
quenched by energy transfer to Ir(piq)3, as illustrated in
Fig. 4d [5]. Therefore, the distribution mechanism of the
emitting region is dominated by energy transfer between
phosphorescent guests, as illustrated by the arrows in
Fig. 4d, and not dominated by the direct charge trapping
by Ir(piq)3 in the UGH2 layer [17]. The emission mecha-
nism in the DEL device can be summarized as follows. First,
carrier recombination occurs at the Ad-Cz/UGH2 interface,
and singlet and triplet excited states of Ad-Cz are gener-
ated. Next, energy transfer from the singlet exciton of the
Ad-Cz to FIr6 occurs via Förster energy transfer [27], and
energy transfer from the triplet exciton of the Ad-Cz to
FIr6 occurs via Förster and/or Dexter energy transfer, since
the guest concentration of FIr6 is significantly higher than
those of other guests in the DEL device. Therefore, the
transfer processes originate from the excitation of FIr6.
Accordingly, energy is transferred from FIr6 to both Ir(p-
py)3 and Ir(piq)3, and in addition, energy might be trans-
ferred from Ir(ppy)3 to Ir(piq)3. The energy transfer
between phosphorescent guests in the DEL device leads
to the emitting region becoming distributed and a decrease
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Table 1
Selected WOLED architectures with their corresponding performance characteristics. All the WOLEDs are based on phosphorescent dye and have a high CRI.

Architecture Fabrication process gext [%] gp [lm/W] CIE CRI Refs.

DEL device Solution + deposition 12 16.2 (0.38, 0.43) 82 This work
Triple-doped emissive layer (polymer based) Solution 14.4 9.5 (0.34, 0.47) 77 [9]
Triple-doped emissive layer Deposition 12 26 (0.43, 0.45) 82 [5]
Three kinds of single-doped emissive layer Deposition 16.6 32 (0.38, 0.39) 80 [8]
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in the possible diffusion path of the triplet excitons of FIr6
to TPBI layer.

Table 1 compares the performances of our structure and
previously reported phosphorescent WOLEDs with high
CRIs. The fabrication methods are also compared. The fab-
rication process of vacuum-deposited WOLEDs tends to be
complicated, since at least three phosphorescent guests in
WOLED are essential to obtain high CRI. On the other hand,
the fabrication process of our solution processed and vac-
uum-deposited WOLED is much easier. The guest concen-
tration of three kinds of molecules (one host and two
guests) in one emitting layer can be easily controlled by
solution process. Moreover, the fabrication process of the
other emitting layer is one time co-evaporation, which is
similar to that of conventional POLEDs. The gp of our de-
vices is lower than that of the vacuum-deposited WOLEDs.
However, it is significantly higher than that of the poly-
mer-based device fabricated by solution process. Thus,
small-molecule-based WOLEDs likely have more potential
than polymer-based ones. The problem we have to con-
sider here is that it might be difficult to fabricate high-effi-
cient, SEL WOLEDs with a solution process due to the lack
of suitable host materials. Most host materials suitable for
solution-processed WOLEDs are unipolar, which makes the
emitting region narrow. The DEL structure, however, dis-
tributes the emitting region, and it enables efficient, high
CRI WOLEDs to be easily fabricated.
4. Summary

We succeeded in demonstrating a highly efficient, high
CRI WOLED with a double-emitting layer, wherein one
emitting layer is fabricated in a solution process and the
other is fabricated by vacuum deposition. The device had
a maximum power efficiency of 16 lm W�1 and CIE coordi-
nates that varied from (0.38, 0.47) at 0.1 mA/cm2 to (0.38,
0.43) at 10 mA/cm2, with CRI = 82. By distributing the
emitting region with the double-emitting layer, the con-
finement of triplet energy in the light-emitting region
was achieved. The distribution mechanism of the emitting
region was investigated by measuring the electrolumines-
cent transient decays of the phosphorescent guests in the
WOLED. The results clearly demonstrate that the distribu-
tion mechanism is energy transfer between phosphores-
cent guests.
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for LEDs based on a green phosphorescent dendrimer [15].
However, the influence of the film morphology on the
photophysical and electronic properties is still unexplored
and a better understanding of how these properties are af-
fected by the processing conditions is now required for fur-
ther improvements in the device performance.

In this paper, we investigate the effects of thermal
annealing on the photophysical properties of a conjugated
dendrimer film. The structure of the first generation
dendrimer is shown in the inset of Fig. 1. It consists of a
bisfluorene core with two n-hexyl groups attached to the
9-position of each of the fluorenyl moieties, and first gen-
eration phenylene dendrons with 2-ethylhexyloxy surface
groups attached to the 7-position of the fluorenyl groups.
Previous studies have shown that this fluorescent dendri-
mer exhibits good hole mobility of �10�4 cm2/Vs at a field
of 0.55 MV/cm [23,24] and makes fluorescent blue LEDs
with an external quantum efficiency of 1.2% [25]. Recently,
this dendrimer has been successfully incorporated into one
and two-photon pumped lasers [22,26]. The photophysical
properties of poly(fluorene)s are strongly influenced by
film morphology [8] and hence it was of interest to deter-
mine whether blue emissive fluorescent dendrimers be-
have in a similar way. Our results show that thermal
annealing affects the absorption and photoluminescence
(PL) spectra of the dendrimer film but does not signifi-
cantly modify the PL efficiency and lifetime, singlet–singlet
exciton annihilation, or ASE threshold. Spectroscopic
ellipsometry measurements indicate that the film becomes
birefringent on annealing, the bisfluorene chromophores
preferentially adopting an orientation in the plane of the
film. This study demonstrates that thermal annealing
strongly modifies the molecular rearrangement within
the dendrimer film but has only a mild effect on the photo-
physical properties. Thus annealing provides an efficient
way to finely tune the emission colour of the dendrimer
film without a strong decrease in PLQY and ASE threshold.
Fig. 1. Absorption and steady state PL spectra of a neat film of the
bisfluorene-cored dendrimer before (solid line) and after (dotted line)
thermal annealing. PL spectra are normalized according to the measured
PLQY values. The PL spectrum of the dendrimer in THF is also shown
(dashed line). The chemical structure of the dendrimer is shown in the
inset (R = 2-ethylhexyl).
2. Experimental

Neat bisfluorene-cored dendrimer films were deposited
onto precleaned quartz substrates by spin-coating from
chloroform at concentrations in the range 10–20 mg/mL.
The films were annealed at 100 �C for 1 h with the sample
under a vacuum (8 � 10�5 mbar) to prevent any oxidation
effects. Absorption spectra were measured using a Varian
model 300 absorption spectrophotometer. PL measure-
ments were performed in 180 nm thick films. Time inte-
grated PL spectra were recorded by a Jobin Yvon
Fluoromax 2 fluorimeter. Film PLQYs were determined
with an integrating sphere under flowing nitrogen atmo-
sphere [27]. The samples were excited at 325 nm by a he-
lium–cadmium laser with a power of nearly 0.2 mW. Time
resolved PL measurements were carried out by using 100 fs
light pulses at 330 nm for excitation with a repetition rate
of 5 kHz and a synchroscan Hamamatsu streak camera for
detection. The excitation spot size corresponding to the
full-width at half maximum was determined by using a
beam profiler to be 200 lm. These measurements were
carried out at room temperature and the samples were
placed in a vacuum chamber with a pressure lower than
8 � 10�5 mbar. In order to characterize the spectral line
narrowing by ASE, films were photoexcited with the same
100 fs excitation pulses. The energy of the pulses was ad-
justed using a set of neutral density filters. The excitation
light was shaped into a stripe of length approximately
1 mm and width 30 lm and focused near the edge of the
film. The spatial uniformity of the pump intensity was
checked with a beam profiler. The light emitted from the
waveguide edge was then detected with an optical fiber
connected to an Ocean Optics CCD spectrometer.

Variable-angle spectroscopic ellipsometry (VASE) mea-
surements were carried out to measure the refractive in-
dex and the extinction coefficient of the films. The
ellipsometric W and D data were acquired in the reflection
mode using a J.A. Woollam, Inc. M-2000DI system, and
analyzed by means of the WVASE32� data analysis soft-
ware. The incidence angle was typically varied from 45�
to 75� across a wavelength range from 190 to 1700 nm.
The wide range of angles used allowed the path length of
the probe beam inside the sample to be changed. In addi-
tion, some angles were chosen in order to ensure that, at
several wavelengths, D was close to 90�, as it increases
sensitivity in the data analysis [28]. Parameter correlation
was further reduced by analyzing simultaneously VASE
data from several samples with significantly different film
thicknesses [29] within the range 50–180 nm, and by fit-
ting normal incidence intensity transmittance spectra in
addition to the W and D data [30].

An air-film-substrate model was assumed, with the
interface between the film and the substrate being abrupt
and no film surface roughness. The dielectric function of
the films was described using a Kramers–Kronig consistent
parametric functional model, with the absorption bands in
the imaginary part of the dielectric function being modelled
using a sum of Gaussian oscillator functions. The optical
constants of the substrates were determined independently
by performing VASE measurements on bare substrates. For
both as-deposited and annealed films, isotropic and uniaxial
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models were constructed. In the case of the pristine samples,
both types of models produced nearly identical dispersion
relations, with the uniaxial model providing only a modest
improvement to the fit quality. In contrast, it was found that,
following annealing, only a uniaxial model, with the optical
axis perpendicular to the plane of the films, could yield a
close fit to the experimental data.
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Fig. 2. Emission decay curves measured in the window 395–495 nm
under various laser excitation densities of the films before and after
thermal annealing. Solid lines are the fits obtained with a single
exponential: I(t) = I0 exp(�t/sph) for the curve obtained at the lowest
excitation density and with Eq. (1) for the other decays.
3. Results and discussion

The film absorption and the steady state PL spectra of
the bisfluorene-cored dendrimer before and after anneal-
ing are shown in Fig. 1. Peaks at 267 nm and 350 nm are
observed in the absorption spectrum of the film before
annealing, arising from, to a first approximation, the biphe-
nyl moieties within the dendrons and the bis(phenylfluo-
rene) chromophoric unit. That is, although the core is
defined as the bis(fluorene) unit the first two phenyl
groups of the dendrons are attached in such a manner that
they are part of the delocalised p-electron pathway of the
main chromophoric unit. The meta linkages around the
branching phenyl of the dendrons limits the electron delo-
calisation, and hence the phenyl units that have the surface
groups attached are not part of the main chromophoric
unit. The annealing unusually induced a blue-shift of the
PL spectrum by 15 nm. We also observed that the annealed
film shows a blue shift as compared to solution, which sug-
gests a twisting of the bisfluorene core out of planarity
with the benzene ring of the dendron or an increase of
the dihedral angle between fluorene units. The decrease
in PL intensity of the (0,0) transition relative to the (0,1)
transition in the annealed film arises simply from the fact
that the short wavelengths of the emission spectra overlap
more strongly with the absorption spectrum. It is impor-
tant to note that annealing the dendrimer film does not
give rise to the ‘‘greenish” emission that is often observed
in polyfluorenes on annealing [31]. The PLQY of the bisflu-
orene dendrimer film before and after annealing was mea-
sured to be 92 ± 5% [32] and 83 ± 4%, respectively. The film
PLQY before thermal treatment is close to that measured in
solution which indicates that concentration quenching of
the PL does not occur in the solid state. It should be noted
that annealing the samples for a further 12 h did not cause
more changes in the photophysical properties of the film,
which indicates that a thermal treatment of 1 h is suffi-
cient to induce these morphological effects.

Fig. 2 shows the excitation density dependence of the PL
kinetics in the film before and after annealing. The PL kinet-
ics at low excitation densities are described satisfactorily by
a single exponential decay yielding a PL lifetime constant sph

of 730 and 660 ps in films before and after the annealing
respectively. The radiative and non-radiative decay rates,
denoted kR and kNR, were then calculated by combining
the following equations: PLQY ¼ kRsph and 1=sph ¼ kRþ
kNR. We found, in both samples, kR = 1.3 � 109 s�1. There is
an increase in kNR, from 1.1 ± 0.6 � 108 s�1 for the pristine
film to 2.6 ± 0.6 � 108 s�1 for the annealed film, but the
key point is that the PLQY remains very high in both cases.

At excitation densities higher than 5 � 1017 cm�3, the
decays become faster and strongly deviate from a single
exponential. This behaviour is due to singlet–singlet exci-
ton annihilation [33,34]. In the case of a time independent
annihilation rate c, the density of singlet excitons N(t)
which is directly proportional to the PL intensity can be de-
scribed as:

NðtÞ ¼ N0 expð�ktÞ
1þ c

k N0 1� expð�ktÞ½ � ð1Þ

where N0 is the exciton density just after the laser pulse
excitation and k = 1/sph is the decay rate of excitations in
the absence of annihilation. Fig. 2 shows the best fits
obtained with c values of 4.5 ± 0.9 � 10�10 cm3 s�1 and
5.5 ± 1.5 � 10�10 cm3 s�1 in the films before and after
annealing, respectively. The fact that the PL decays at dif-
ferent excitation intensities can be fitted with time inde-
pendent c values indicates that the annihilation process
is diffusion controlled and that exciton diffusion is three-
dimensional. The two c values are within experimental er-
ror and show that no substantial change in exciton diffu-
sivity occurs upon thermal annealing. It is interesting to
note that the c value for the dendrimer film is two orders
of magnitude smaller than that reported in poly(9,9-dioc-
tylfluorene) [35], which demonstrates that addition of
the dendrons strongly reduces the exciton diffusivity. En-
ergy transfer of singlet excitons in fluorescent materials
occurs by Förster type dipole–dipole interactions. This
mechanism depends on the average centre-to-centre spac-
ing distance between adjacent emitters R and its rate is
proportional to R�6 [36]. The dendrons attached to the bis-
fluorene-cored dendrimer emitter cause an increase in the
intermolecular spacing between the emitting moieties



Fig. 3. Photoluminescence ASE spectra collected from the edge of a
30 lm � 1 mm stripe in the bisfluorene-cored dendrimer films before and
after annealing and at different light pump energies. The dotted lines
correspond to the PL steady state spectra.
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which modifies the diffusion constant of the singlet
excitons. In contrast, the charge carrier mobility of the
dendrimer and poly(9,9-dioctylfluorene) are similar [24].
A possible explanation is that charge transport through
films is controlled by traps, whereas the exciton diffusion
takes place over much shorter distances and is not affected
by these traps. The fact that the charge mobility of the bis-
fluorene-cored dendrimer and poly(9,9-dioctylfluorene)
are similar but the annihilation constant in the dendrimer
is lower suggests that dendrimers may be attractive for
high brightness blue LEDs. The lower exciton annihilation
is particularly interesting in applications such as lasers
and optical amplifiers [37–39].

The annihilation constant is related to the diffusion con-
stant D in the three-dimensional case by the relation:
c ¼ 4pRaD, where Ra is the annihilation radius. We assume
that Ra is the same as an average distance between chro-
mophores, which was estimated to be 17.4 Å for the bisflu-
orene-cored dendrimer from its molecular weight using a
uniform film density of 1.1 g/cm3 measured by neutron
reflectivity (data not shown) and assuming the molecules
to be hard spheres. The diffusion constant was calculated
to be D = 2 � 10�4 cm2 s�1 leading to a 3D diffusion length,
defined as Ld = (3Dsph)1/2, equal to 6 nm.

Fig. 3 shows the emission spectra collected at various
pump excitation energies in the neat bisfluorene-cored
dendrimer film before and after annealing. When the
pump pulse energy was lower than 1.2 nJ, a broad PL spec-
trum characteristic of spontaneous emission and similar to
that shown in Fig. 1 was detected with the emission from
the annealed film blue-shifted relative to the unannealed.
The shape of the spectrum was found not to be dependent
on the pump excitation density for low pump energies. As
the pump pulse energy was increased above 1.2 nJ, a sub-
stantial reduction in the full-width at half maximum
(FWHM) of the spectra for both films was observed.
Increasing the pump level above this threshold results in
a gradual spectral narrowing of the emission band from a
FWHM of 53 nm to a FWHM of 6 nm centered at 421 nm
for the pristine film. The spectral line narrowing observed
here is due to ASE [40–44]. Spontaneously emitted photons
were waveguided in the structure and amplified by stimu-
lated emission due to the population inversion. ASE is gen-
erally observed where the net gain, (after taking account of
absorption and the scattering losses) is highest. The ASE
peak is slightly red-shifted with respect to the fluorescence
maximum because re-absorption losses decrease towards
longer wavelengths. The ASE peak in the annealed film is
11 nm blue-shifted relative to that measured in pristine
films, which is consistent with the shift observed in the
steady state PL spectrum. However, no significant differ-
ence in the ASE threshold and linewidths was observed.
Waveguide modelling shows cut off thicknesses for the
TE0 and TM0 modes of 70 nm and 100 nm which indicate
that both modes are waveguided in the 180 nm thick films.
Because the film thickness is much higher than the cutoff
thicknesses, we can exclude the changes in refractive in-
dexes upon annealing as a possible reason for the blue-
shift of the ASE spectrum [44]. These measurements can
be used to compare directly the threshold densities for
ASE and singlet–singlet exciton annihilation, which are
5 � 1017 cm�3 and 1.5 � 1018 cm�3, respectively. The
threshold for ASE is generally higher than the laser thresh-
old due to the absence of feedback, and hence the fact that
the threshold for ASE is lower than for singlet–singlet exci-
ton annihilation means lasing without exciton annihilation
should be obtained using a bisfluorene dendrimer as a gain
medium. These results confirm the fact that light-emitting
fluorescent dendrimers are promising materials for optical
amplifiers and lasers.

To gain further insights into the effects of the thermal
annealing, the optical constants of the films were mea-
sured before and after annealing using VASE. Fig. 4 shows
the dispersion curves of the refractive index and extinction
coefficient for light polarised with its electric field in the
plane of the film and for light polarised perpendicular to
the film (out-of-plane). The pristine film before annealing
was found to be very close to isotropic, which implies no
significant orientation of the molecules. In contrast, we ob-
served in the annealed film a measurable optical uniaxial
anisotropy in addition to a redistribution of the oscillator
strengths in the absorption spectra. In the absorption re-
gion of the bisfluorene core between 330 and 400 nm the
ordinary (in-plane) refractive index no and extinction coef-
ficient ko are higher than the extraordinary (out-of-plane)
index ne and coefficient ke. Thus, in this region, the peak
values of no and ne vary, respectively, from 1.82 and 1.79
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Fig. 4. Refractive index and extinction coefficient of the pristine and annealed films for light polarised with its electric field in the plane of the film and for
light polarisation perpendicular to the film (out-of-plane).
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before annealing to 1.87 and 1.65, following annealing. As
the transition dipole moment for the lowest energy elec-
tronic transition in polyfluorenes is polarised along the
long molecular axis [45], this optical anisotropy indicates
that the bisfluorene chromophores are preferentially ori-
ented in the plane of the film (that is, parallel to the sub-
strate surface). Quantitative information about molecular
orientation can be obtained from the measurement of the
ratio ke/ko and the angular distribution dph, defined as [46]:

dph ¼
1

1þ ke
2ko

ð2Þ

where h refers to the polar angle in between the molecular
axis and the normal to the film. For a uniform molecular
distribution, dph = 2/3 is expected, whilst a value close to
1 should be obtained in the case of a strongly uniaxial film.
In the case of the pristine samples, we find ke/ko at the peak
wavelength of the bisfluorene core transition to be 0.95,
giving dph = 0.68, therefore close to 2/3, as expected for a
nearly isotropic film. Following annealing, the dispersion
relation of ko shows two maxima in this spectral region.
Thus, in this case, we have calculated ke/ko at both peak
wavelengths, and then averaged the results, giving ke/
ko = 0.25. This gives dph = 0.89, which is much closer to 1,
indicating substantial alignment. If all the molecules
pointed in the same direction this would imply they were
at an angle of 71� to the normal to the film. Whilst of
course there will be a distribution of orientations, Ref.
[46] suggests this procedure as a way of visualising molec-
ular orientation.

An increase in the optical anisotropy upon annealing
has been previously reported in films of conjugated poly-
mers [47,48]. In contrast, ke is larger than ko in the absorp-
tion region of the biphenyl dendrons between 270 and
300 nm, which suggests a preferential alignment of the
dendrons perpendicular to the substrate.
During the thermal annealing, bisfluorene dendrimers
tend to rearrange themselves to minimize the energy of
the film. Ellipsometry data show that the bisfluorene cores
re-orient upon annealing to lie preferentially in the plane
parallel to the substrate. However, the rigid dendrons
and surface groups have less ability to move or relax due
to steric hindrance. Reorientation of the bisfluorene core
upon annealing is likely to increase the dihedral angle be-
tween the branching phenyl and the fluorenyl groups of
the core, therefore, excitations in the annealed films would
be more localised on the bisfluorene core, which would ex-
plain the blue-shift of the PL and ASE spectra. Finally, we
note that the PLQY, lifetime and ASE threshold are not
modified after annealing, which indicate that the forma-
tion of close contacts between bisfluorene cores remains
inhibited and that even first generation dendrons are ex-
tremely effective in preventing core–core interactions.

4. Conclusion

Annealed films of a bisfluorene-cored dendrimer show a
15 and 11 nm blue-shift of the PL and ASE peaks respec-
tively relative to pristine films. Variable-angle spectro-
scopic ellipsometry measurements show that the
refractive index and extinction coefficient become aniso-
tropic after annealing with larger optical constants ob-
served for light polarisation in the plane of the film than
the corresponding out-of-plane values in the absorption
region of the bisfluorene core. This anisotropy indicates
that in annealed films the bisfluorene cores are preferen-
tially oriented parallel to the substrate. This molecular
rearrangement however did not change the fluorescence
efficiency, singlet–singlet exciton annihilation rate, and
threshold for ASE, which are important properties for or-
ganic LEDS and lasers. In addition, our results give a means
of fine-tuning the colour of dendrimer lasers and LEDs
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without any significant losses in their efficiencies. Possible
control of the ordinary and extraordinary refractive in-
dexes in annealed conjugated dendrimer films might also
be an interesting opportunity for fabricating photonic
structures such as microcavity LEDs. It is worth noting that
this work provides the first evidence of the effect of film
morphology on the optoelectronic properties of fluorescent
dendrimers. Importantly, the size of these morphological
effects is much lower than those typically observed in
conjugated polymers such as poly[2-(2

0
-ethylhexyloxy)-5-

methoxy-1,4-phenylenevinylene)] or polyfluorenes, sug-
gesting that dendrimers might have the advantage of much
lower sensitivity to processing.
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Ovchinnikov et al. and Cao et al. have separately synthe-
sized an organic ferromagnet called poly-BIPO, which can
be obtained by replacing the H atom of polyacetylene
alternately with a heterocycle containing an unpaired elec-
tron which we call a side radical, as schematically shown in
the central part of Fig. 1. The main zigzag chain consists of
carbon atoms with p itinerant electrons. There exists anti-
ferromagnetic coupling between the spin of p-electron
along the main chain and the residual spin of the side rad-
ical. From an extended SSH + Heisenberg (SSH=Su-Schrief-
fer-Heeger) model, one obtains that the system will have
the lowest energy when the spins of side radical forms a
ferromagnetic order [11–13]. Recently, several designs of
organic ferromagnetic device have been proposed theoret-
ically and some interesting phenomena such as spin filter-
ing and spin-current rectification are predicted [14–16].

At present, most investigations on an organic polymer
ferromagnet are limited to ground state properties of the
system. In reality, external stimulations including photo-
excitation, magnetic field or temperature etc may drive
the magnetic molecule deviate from ground state. Several
experiments have revealed the underlying function of spin
excited states in electron transport through a magnetic
molecule. For example, Petukhov et al. gave an evidence
of spin excited states existing in a molecular magnet based
on electron paramagnetic resonance (EPR) measurements
[17]; Heersche et al. observed a complete current suppres-
sion and negative differential conductance in a single Mn12

molecular magnetic device, which is believed to have a
relation with the spin excited states of the molecule [6].
For organic ferromagnet poly-BIPO, the spin excited state
means that the ferromagnetic order of radical spins is de-
stroyed owning to the spin flipping, which induces the
magnetic molecule to a high-energy state. As the radical
spins are correlated with the p-electrons in the main chain,
it is expected that the spin excited state will affect the p-
electron transport along the main chain. In this paper, we
construct a metal/organic ferromagnet/metal (M/OF/M)
device and then investigate the spin-polarized transport
when the organic ferromagnetic molecule is in different
spin excited states. The paper is organized as follows:
The model and formula are described in Section 2. In Sec-
tion 3, we give the numerical calculation and the results
are analyzed. Finally, in Section 4, a summary is given.

2. Model and method

As shown in Fig. 1, an organic ferromagnetic device M/
OF/M is modeled as a quasi-one-dimensional chain. The
Fig. 1. Simplified structure of a metal/poly-BIPO/metal nanojunctio
central organic ferromagnetic molecule is connected with
two noninteracting semi-infinite one-dimensional metallic
chains. The complete Hamiltonian is written as,

H ¼ HOF þ Hl þ Hr þ Hcoup þ HE ð1Þ
The first term is the Hamiltonian of organic ferromagnetic
molecule [12,13],

HOF ¼ �
X
n;s

½t0 � aðunþ1 � unÞ�ðcþn;scnþ1;s þ cþnþ1;scn;sÞ

þ K
2

X
n

ðunþ1 � unÞ2 þ Jf

X
n

dn;oSnR � Sn

þ U
X

n

cþn;"cn;"cþn;#cn;# þ V
X
n;s;s0

cþn;scn;scþnþ1;s0cnþ1;s0 ð2Þ

where t0 is the hopping integral of p-electrons along the
main chain with a uniform lattice. a stands for the elec-
tron-lattice coupling parameter and un the lattice dis-
placement at site n. K is the elastic constant of the
lattice atoms, and cþn;sðcn;sÞ denotes the creation (annihila-
tion) operator of an electron at site n with spin s. The
third term in Eq. (2) describes the correlation between
spin ~Sn of p-electron and residual spin ~SnR of radical R.
It is assumed that the side radicals are connected with
the odd sites of the main chain, which is denoted by
dn;o. Coupling constant Jf is assumed to be positive (anti-
ferromagnetic coupling). We use mean-field approxima-
tion to treat the radical spin ~SnR as hSz

nRi, where
h� � �i ¼ hGj � � � jGi is the average with respect to the
ground state jGi. Then the third term can be written as
Jf

2

P
ndn;ohSz

nRi cos hnRðcþn;"cn;" � cþn;#cn;#Þ and hnR the radical
spin orientation at site n (angle with -z axis). The last
two terms describe the e–e (electron–electron) interac-
tions between p-electrons under the extended Hubbard
model. As spin coulomb drag effect may exist between
spin-up and spin-down electrons and affect the spin-
polarized current during transport [18,19], it is very nec-
essary to take the consideration of the interactions
among electrons. So far, may theoretical techniques can
deal with e–e interactions, for example, mean-field
approximation, perturbation, full coulomb interactions
[20,21] and density matrix renormalization group
(DMRG) calculation etc [22–24]. As the first step of our
investigation, in this paper, we will just adopt the simple
mean-field approximation to deal with the Hubbard
term. Its validity will be discussed in the later summary.

Hl(r) is the Hamiltonian of the left (right) electrode,
which is a semi-infinite metal chain,

HlðrÞ ¼
X
m;s

elðrÞaþm;sam;s þ
X
m;s

tlðrÞðaþm;samþ1;s þ h:c:Þ ð3Þ
n. The arrows indicate the spin orientation of radical spins.



Fig. 2. SDW in the ground state and a single-spin excited state.
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where el(r) is on-site energy of a metal atom comparing to
that of a carbon atom and tl(r) the transfer integral of adja-
cent sites. aþm;sðam;sÞ is the creation (annihilation) operator
of an electron in electrodes.

The coupling between the electrodes and the molecule
is assumed to take place only at the nearest connecting
atoms at the interfaces,

Hcoup ¼
X

s

tIMðaþ0;sc1;s þ h:c:Þ þ
X

s

trMðcþN;saNþ1;s þ h:c:Þ ð4Þ

tl(r)M is the interfacial coupling, which is simplified by
neglecting the spin-dependent scattering at the interfaces.
N is the total number of the sites in the organic ferromag-
netic interlayer.

The last term is the contribution of driving field E aris-
ing from the bias voltage V between the two electrodes,

HE ¼ �
X
n;s

jejE n� N þ 1
2

� �
aþ un

� �
cþn;scn;s

þ
X

n

jejE n� N þ 1
2

� �
aþ un

� �
ð5Þ

with e being the electronic charge and a the lattice con-
stant. The first term is the electric potential energy of elec-
trons of all sites and the second term is the electric
potential energy of lattice ions. It is assumed that the field
is uniform along the whole molecule chain and E = V/
[(N�1)a]. This linear treatment is suitable for the case that
the bias applied on the molecule is not too large.

For the M/OF/M device, the current measured at the
right electrode is contributed by both the spin-conserving
scattering and spin-flip scattering. As the spin-orbit cou-
pling and hyperfine interaction in an organic material are
usually very weak, they will result in a large spin relaxa-
tion length [1,25]. In this work, we neglect the spin-flip
scattering during the transport. Then the spin-dependent
current can be calculated with Landauer-Büttiker formula,

IsðVÞ ¼
e
h

Z þ1

�1
TssðE;VÞ½f ðE� llÞ � f ðE� lrÞ�dE ð6Þ

where f(E�ll(r)) = 1/{1+exp[(E�ll(r))/kBT]} is the Fermi
function and ll(r) = EF ± eV/2 is the chemical potential of
the left (right) electrode with Fermi energy EF.

The spin-conserving transmission coefficient Tss (E,V)
can be obtained from Lattice Green Function through
Fish-Lee relation [26] Tss(E,V) = Tr[Cl Gss (E,V) Cr Gþss(E,V)],
where GssðE;VÞ ¼ 1

E�Hs
OF�Hs

elec�
P

l
�
P

r

with Rl(Rr) being the

self-energy operators due to the coupling with left (right)
electrode. Hs

OF and Hs
elec correspond to the electron Hamil-

tonian with spin s in Eqs. (2) and (5). Cr(l) denotes the
broadening matrix which is related to self energy with
CrðlÞ ¼ i½

P
rðlÞ �

Pþ
rðlÞ�.

The calculation is performed as follows: we firstly solve
the electronic eigenequation of an isolated poly-BIPO mol-
ecule. By minimizing the total energy, the lattice and the
electronic structures of an isolated poly-BIPO molecule
can be obtained self-consistently. Then we use Green’s
function formula to calculate the transmission probability
of spin s, and the spin-dependent current is obtained from
Eq. (6).
In order to investigate the spin-polarized transport
properties of the M/OF/M sandwiched device, we define
the spin polarization (SP) of the current as,

P ¼ I" � I#
I" þ I#

ð7Þ

In the calculation, the parameters are chosen as follows
[12,15]: For the organic ferromagnet, t0 = 2.5 eV, a = 4.1
eV/Å, K = 21.0 eV/Å2, J = Jf/t0 = 0.8. As the mean-field
approximation is only valid in the case of weak e–e interac-
tions, we choose U = 1.0 eV and V = U/3. In ground state,
the radical spin is supposed to be hSz

nRi ¼ � 1
2, hnR = 0. For

the electrodes, el(r), tl = tr = 2.5 eV, EF = 1.55 eV. The interfa-
cial coupling is taken as tIM = trM = 1.0 eV.

3. Results and discussion

We firstly consider the ground state and spin excited
state of an isolated poly-BIPO chain. In ground state, the
radical spins form a ferromagnetic order. There exists an
antiferromagnetic SDW of p-electrons in the main chain
[11]. The SDW is depicted in Fig. 2, where the SDW order
parameter is defined as sn ¼ ð�1Þnþ1ðnn" � nn#Þ � nns ¼P0

ljZl;n;sj2 is the electronic charge density of spin s at site
n and Zl,n,s the eigenvector obtained by solving Schröding-
er equation of Hamiltonian Hs

OF . A spin excited state means
that there is one or several radical spins flipped. For exam-
ple, if a radical spin at site n0 is excited from hn0R ¼ 0 to
hn0R ¼ p, we obtain a single-spin excited state. In this case,
the SDW of the molecule will be destroyed and a localized
spin defect around site n0 appears in the main chain. As
shown in Fig. 2, the defect has a width of about 5 � 7a,
which depends on the electron-lattice coupling constant.
In the meantime, the appearance of an excited state will
result in the change of the electronic states and the energy
levels from that of the ground state. It is found that LUMO
(lowest unoccupied molecular orbital) of spin-up electrons
will departure from the Fermi level and the case is opposite
for spin-down ones. Both spin-up and spin-down elec-
tronic states near the Fermi level tend to be weakly local-
ized. It is expected that these variations due to spin



Fig. 4. Dependence of total current on the number of excited radical spins
at V = 0.5 V.
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excitations will seriously affect the conductance and
current polarization of such a spin device.

If two or more radical spins are excited, it is found that
they will attract each other to form a coupled spin excita-
tion, which will be lower in energy than separated ones.
With the increasing of the number of excited radical spins,
the system will lay in a high spin excited state in energy.
We define the excited energy as,

DEðmÞ ¼ EðmÞ � E0 ð8Þ

Here E(m) denotes the total energy of system when there
are m radical spins being excited, and E0 the ground state.
Fig. 3 shows the dependence of DE(m) on the number of
the excited radical spins. It is found that spin excitation en-
ergy increases with the number of excited spins. We note
that when m > m0 = 8, the excitation energy keeps nearly
unchanged. The reason is that the ferromagnetic molecule
is degenerate with hSz

nRi ¼ �1=2. When m > m0, the excited
zone of the system forms a stable domain and excitation
energy only exists in the domain walls.

In the following, we investigate the electron transport
properties of a poly-BIPO device in different spin excited
states. Firstly, we consider the effect of spin excitations
on total current through the device. The result is shown
in Fig. 4. We see that, at a fixed bias voltage V = 0.5 V, the
total current decreases apparently with the number of ex-
cited spins. This current suppression effect on the trans-
port of high spin state has been found in single molecular
magnets experimentally [6]. It is predicated that such an
organic ferromagnetic device can realize a controllable
charge transport. In present parameters, a current suppres-
sion ratio c = �(Iex�Ig)/Ig = 34% is obtained for only one
single-spin excitation. Especially, if the molecule lay in a
high-energy excited state, it is found that the current
may disappear, which means that the device may have a
function of a conductance switch.

It has been found that the ferromagnetic molecule has
spin-filter function in ground state. Now we consider the
spin-polarized transport property through the device when
the molecule is excited. A spin excitation may appear
either at the interface of M/OF/M or in the interior of the
molecule, which has a little difference of about 0.025 eV
Fig. 3. Dependence of spin excitation energy DE on the number of excited
radical spins.
in energy for a single-spin excitation. Here, we only con-
sider the case of low spin excited states, i.e. there is a sin-
gle-spin excitation or a double-spin excitation. The results
are shown in Fig. 5 for the dependence of SP on the exter-
nal bias. It is found that the SP has a little decrease whether
the spin excitation is at the interface or in the interior.
There is no much difference for the case of a double-spin
and a single-spin excitation.

To understand the effect of spin excitations on SP, we fix
bias V = 0.5 V and calculate the dependence of SP on the
number of exited radical spins. The result is shown in
Fig. 6. It is found that, if the number of excited spins is less
(m 6 3 in present case), the decreasing of SP is m not
apparent. In this case, the device can serve as a spin func-
tion with a high spin polarization. However, if the number
of the excited spins is close to half of the total radical spins,
it is found that the SP will decrease to near zero, which
means that the spin-up electrons and the spin-down
Fig. 5. Calculated spin polarization as the function of bias voltage. (a)
Single-spin excitation. (b) Double-spin excitation.



Fig. 6. Current spin polarization as a function of the number of excited
radical spins at V = 0.5 V.
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electrons have the same probability to tunnel through the
molecule. Of course, such a spin excitation needs a high en-
ergy as indicated in Fig. 3. Therefore, an M/OF/M device is
stable to serve a spin filter.

To give the explanation of total current suppression in
Fig. 4 and SP modulation effect in Fig. 6, we depict the
spin-dependent transmission coefficient at a fixed bias
V = 0.5 V with the number of excited radical spins from
m = 0 to m = 5. The results are shown in Fig. 7. When there
is no spin excitation in the system, it is found that only the
transmission peak of spin-up LUMO lies in the conducting
region [�0.25 V, +0.25 V]. In this case, the current is con-
tributed mainly by spin-up electrons and so the SP through
the device is nearly 100%. With the exciting of the radical
spins, the peak corresponding to the spin-up LUMO is mov-
ing away from conducting region gradually. As no (or not
apparent) any other transmission enter the conducting re-
gion all the time, so the conductance decreases. At a high
Fig. 7. Spin-dependent transmission coefficient at V = 0.5 V in different
spin excited states.
spin excited state, for example m = 5, the transmission be-
comes nearly zero in the conducting region, so there is no
current in this case. From Fig. 7 we also note that the trans-
mission strengths become weaker and weaker with the
number of excited radical spins. It is because the electronic
states near the Fermi level tend to be weakly localized with
the appearance of excited spin defect.

As stated above, spin excitations can affect the conduc-
tance and the current polarization of an M/OF/M device.
However, the investigation also shows that a low-energy
excitation could not destroy the SP and the device can
serve a SP function. To give a further understanding, we
consider the effect of temperature on the SP as thermal
fluctuation may make the radical spins to deviate from
the ferromagnetic ground state. It is supposed that the an-
gle hnR 2 [0,h0] of radical spin ~SnR is randomly valued and
obeys a uniform distribution. Here h0 means the strength
of thermal perturbation, which is related to temperature
through a simple Boltzman relation De � kBT/2, where De
denotes the energy difference per site freedom between
states at a distribution {hnR} and the ground state of the
system. We firstly calculate the order parameter hsni of
the molecule. It is found that the order parameter will de-
crease with temperature. In present work, the order
parameter will decrease to nearly zero when temperature
is higher than the critical value T = Tc � 360 K, which is
close to the experimental value [7]. It means that the mag-
netism of the molecule will vanish beyond the critical
point. Then we investigate the behavior of SP in different
temperature. The results are shown in Fig. 8, where the in-
set gives the dependence of SP on temperature at a fixed
bias V = 0.5 V. From it we see that, although there is a
decreasing of the SP with the temperature, the current
through the device is still apparently spin polarized if tem-
perature is not too high. In present parameters, the current
can keep a high spin polarization when temperature is less
than 280 K. However, when temperature approaches the
critical point, the SP drops rapidly and becomes very small
when temperature is beyond the critical point.
Fig. 8. Current spin polarization as a function of bias voltage in different
temperatures. The inset is the dependence of current spin polarization on
temperature at V = 0.5 V.
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4. Summary

In summary, spin excited states in organic ferromagnet
poly-BIPO are investigated to study the spin transport in an
organic metal/poly-BIPO/metal device under a finite tem-
perature. The picture of spin excited state is elucidated
by calculating the SDW along the molecular chain and
the spin excited energy. A localized defect of SDW appears
when a spin excited state forms. The spin excited energy
increases with the number of excited spins and keeps
nearly unchanged when the number of excited spins is
over a certain value. Then the spin-dependent transport
through a metal/poly-BIPO/metal device is investigated. It
is found that a suppression of the total current may take
place when the magnetic molecule is in a spin excited
state, which predicts a conductance switch function of
the device. It is also found that a low spin excited state
has little effect on SP and the device may still function as
a spin filter. The intrinsic mechanism is explained by calcu-
lating the spin-dependent transmission in different spin
excited states. The temperature effect on the spin-polar-
ized transport is studied. The current can keep a high spin
polarization when temperature is not too high. The result
indicates that the device may serve as a stable spin filter.
Finally, it should be mentioned about the validity of the
e–e interactions adopted in present work. Usually Hubbard
model is considered to be the simplest one to treat e–e
interactions, although it is only valid in a narrow-band sys-
tem. In organic semiconductors, Hubbard model is widely
adopted, and the strength of Hubbard U is considered to
be widely distributed from 1.0 to 11.0 eV [27]. A strong
e–e interaction will seriously affect the electronic structure
of the system and so the spin current polarization. For
example, a spin-polarized ground state may be obtained
in the case of large U. As the first step to understand the
spin current polarization in an organic device, in present
work, we only considered the case of a weak Hubbard
interaction. The effect of e–e interactions was mainly re-
flected in the structure of the electronic energy levels of
the system, which will affect the transmission probability
of spin-up and spin-down electrons to some extent. In
the further work, we will try to consider the effect of e–e
interactions on the ferromagnetic ground state and the
spin drag effect with a more effective technique beyond
the mean-field approximation.
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processing, including ink-jet printing, screen printing [23],
soft lithography [24,25], laser-assisted patterning [26,27],
contact printing [28], and self-organization processes
[29–33]. Among these methods, self-organization has great
potential for use in the fabrication of high-through-
put, low-cost electronics without degrading their OTFT
performances. For example, Bao et al. [29] reported a micro-
contact printing (lCP) method for transferring low-molecu-
lar-weight siloxane oligomers from PDMS stamps to pattern
organic poly(3-hexylthiophene) (P3HT) and poly(vinyl
phenol) (PVP) materials via selective wetting/dewetting to
fabricate regions with and without oligomers [29]; never-
theless, the interface of the channel region was only the
bare surface, lacking a modification layer. Many authors
have determined that modification layers present between
the dielectric and organic active material are necessary to
improve the interfacial adhesion and the film’s crystallinity,
thereby providing more-stable devices exhibiting higher
carrier mobilities [10]. During the preparation of this man-
uscript, two research groups published self-organization
processes featuring the treatment of two modification
layers on silicon oxide surfaces [32,33]. Minari et al. [32] re-
ported a surface presenting phenyl-terminated SAMs as
channel regions and hexamethyldisilazane (HMDS) units
covering the rest of the surface. Small organic molecules
that had been drop-cast from toluene solutions were selec-
tively crystallized on the phenyl-presenting SAM regions.
Kim et al. [33] coated a hydrophobic fluoropolymer film
onto silicon dioxide and then modified the channel regions
with HMDS. A soluble pentacene derivative was then self-
deposited from a xylene solution onto the channel areas.
Although these two initial studies [32,33] appear to have
several advantages over simple mono-modification treat-
ment [29–31] the authors studied the patterning of semi-
conductors in nonpolar solvents only; they did not
explore the use of other materials (e.g., conducting poly-
mers, organic gate dielectrics) or other polar and nonpolar
solvents. In addition, the origins of the self-organization
processes were considered to occur mostly through differ-
ences in the water contact angles of the substrates inducing
the hydrophilic/hydrophobic properties; there remains
much room to provide a more appropriate explanation of
these phenomena.

In this study, we developed a new system for the self-
patterning of two types of SAMs on silicon dioxide surfaces,
with HMDS forming channel regions and octyltrichlorosi-
lane (OTS) covering the remaining areas. We prepared
these patterns readily using traditional photolithography
processes. In addition to investigating several organic and
inorganic semiconductors, we also processed the conduct-
ing polymers from aqueous solutions and employed organ-
ic gate dielectric materials. We explain the self-patterning
phenomena in terms of surface energy differences – rather
than the previously reported simple hydrophilic/hydropho-
bic water contact angle theory.
2. Experimental section

Materials: PVP (Mw = 20,000), PMF (Mw = 511), OTS,
HMDS, chlorobenzene, toluene, propylene glycol mono-
methyl ether acetate (PGMEA), CH2Cl2, hexane, and ace-
tone were purchased from Sigma–Aldrich and used
without further purification. Regioregular P3HT was
purchased from Aldrich and purified through Soxhlet
extractions with hexane and CH2Cl2 to remove low-molec-
ular-weight chains. 13,6-N-sulfinylacetamidopentacene
(NSFAAP) and zinc acetate were also obtained commer-
cially from Aldrich and used directly. Poly(9,9-dioctylfluo-
rene-alt-bithiophene (F8T2) was purchased from American
Dye Source. The PEDOT:PSS water solution (AI4083) was
purchased from Bayer.

Device fabrication: We prepared the substrate using the
self-patterning process presented in Fig. 1. We employed a
silicon wafer presenting thermally grown SiO2

(d = 100 nm) as the substrate. The source and drain (S/D)
Pt/Ti (50 nm/2 nm) electrodes having channel widths and
lengths of 1000 and 10 lm, respectively, were prepared
using a photolithography/Pt–Ti deposition/lift-off (ace-
tone) process. The entire device surface was treated with
HMDS vapor and then cured at 150 �C for 0.5 h, and then
the channel regions of the device were covered with pho-
toresist using conventional photolithography processing.
The remaining region not covered with the photoresist
was treated through O2 plasma bombardment and then
treated with OTS vapor then cured at 100 �C for 0.5 h. Fi-
nally, the photoresist was removed to provide a substrate
presenting HMDS in the channel regions and OTS over
the remaining areas.

Electrical Measurements: All TFT devices arrays in this
study, each containing 20 devices were fabricated. To en-
sure accuracy of data that were collected, we measured
at least 10 devices for each array and no significant
(<10%) variations were observed from device to device.
All I–V measurements of our OTFT devices were recorded
at room temperature under ambient conditions using an
Agilent 4156C semiconductor parameter analyzer. The
thicknesses of the corresponding films were determined
through cross-sectional scanning electron microscopy
(SEM). The surface energies of the various SAM surfaces
were determined through contact angle measurements
using a FACE contact-angle meter (Kyowa Kaimenkagaku
Co.) and distilled water and CH2I2 as probe liquids.
3. Results and discussion

We employed various solutions of organic and inor-
ganic materials to examine the scope of this self-patterning
method; Fig. 2 presents their chemical structures. After
depositing a drop of the semiconductor solution [P3HT
(5 mg) in dichlorobenzene (1 mL)] onto the HMDS/OTS-
presenting S/D electrode-patterned substrate and then
decanting the substrate to remove the large droplet, we
found that some small droplets remained adhered to the
HMDS regions. After the solvent had dried, the resulting
films were isolated with finely featured shapes on the
HMDS region. Thus, using this approach, we fabricated a
bottom gate, bottom contact configuration of the patterned
P3HT-OTFT. Fig. 3a displays an optical micrograph of the
with uniformly patterned P3HT-OTFT device array. A mag-
nified image of the P3HT-OTFT single device (Fig. 3b)



Fig. 1. Schematic procedure used for the self-patterning of OTFTs.

Fig. 2. Chemical structures of the materials used to prepare the patterned organic and inorganic films.
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reveals rectangular features (250 lm � 300 lm). In addi-
tion, when we used the HMDS/OTS-presenting substrate
lacking any S/D electrodes, we formed films of the organic
conductor poly(3,4-ethylenedioxythiophene) doped with
poly(styrene sulfonic acid) (PEDOT:PSS) from an aqueous
solution (Fig. 3c) and of poly(vinyl phenol) (PVP), a com-
monly used dielectric layer, from a propylene glycol
methyl ether acetate (PGMEA) solution (Fig. 3d); these
polymers were also well defined in the desired regions,
with their films were exhibiting uniformly striped rectan-
gular featured having areas of 100 lm � 1000 lm. Thus,
a series of materials could be self-patterned using HMDS/
OTS substrates through solution processing with a wide
range of solvents.

We used an energy dispersive spectrometer (EDS) to
analyze the surfaces of the patterned P3HT-OTFT devices
to determine whether any residues or contaminants ex-
isted outside the active region after performing the solu-
tion deposition process. Before taking SEM photographs,
we deposited a thin Pt film to make the substrate conduc-
tive. So the Pt signals were observed at both regions. Fig. 4
presents EDS spectra recorded over an active P3HT region
and over a P3HT-free region. P3HT has the chemical for-
mula C10H14S; we found S and C atom signal distributions



Fig. 3. Optical micrographs of silicon substrates presenting (a) a P3HT-OTFT array, (b) a single P3HT-OTFT device, (c) a PEDOT:PSS array, and (d) a PVP self-
patterned array.

Fig. 4. SEM images and EDS spectra of a P3HT-OTFT device prepared
using the self-patterning method.
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in the EDS profile of active region, as well as O, Si, and Pt
atom signals representing the SiO2 substrate and the S/D
Pt electrodes. In contrast, the EDS profile recorded away
from the HMDS region, i.e., the region presenting OTS,
reveals signals only for O, Si, and Pt atoms, suggesting
that no or non-sufficient P3HT residues or other organic
contaminants were present in this area.

In addition to rr-P3HT, we also employed two
other organic semiconductors – poly(9,9-dioctylfluorene-
alt-bithiophene (F8T2; 20 mg in 1 mL of CHCl3), 13,6-
N-sulfinylacetamidopentacene (NSFAAP; 15 mg in 1 mL of
CHCl3) – and one inorganic semiconductor (ZnO precursor
solution; zinc acetate-to-ethanolamine molar ratio, 1:1;
mixture concentration, 0.375 M in 2-methoxyethanol) to
prepare OTFTs using the HMDS/OTS substrates. Again, we
found that all of the resulting films exhibited isolated, fine
feature shapes located in the HMDS regions, thereby pro-
viding bottom gate, bottom contact configurations for their
patterned OTFTs. Moreover, we prepared corresponding
controlled non-patterned P3HT-OTFT devices to compare
their off currents with those of the patterned devices.
Fig. 5 presents the electronic characteristics of the OTFT
devices; we determined the transfer characteristics of
P3HT, F8T2, and pentacene devices by operating the de-
vices at a value of Vds of �40 V and values of VG ranging
from +40 to �40 V and of ZnO device by operating at a va-
lue of Vds of 20 V and values of VG ranging from �10 to
60 V. We define the carrier mobility (l) and the threshold
voltage Vth using Eq. (1):



Fig. 5. (a) Transfer curves and (b and c) output curves of P3HT devices prepared on non-patterned and self-patterned semiconductor films. (d–f) Transfer
curves of the (d) F8T2, (e) pentacene precursor, and (f) ZnO TFT devices.
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where ID,sat is the saturated drain current, Cox is the gate
capacitance per unit area, W and L are the conducting
channel width and length, respectively, and VG is the ap-
plied gate voltage. We extracted the mobilities from the
slopes of the linear plots of the square root of the drain
current versus the gate voltage. The transfer curve of the
non-patterned P3HT-OTFT device (Fig. 5a) exhibited an
off current of 10�9 A. The on/off ratio, the mobility, and
the threshold voltage were 8.9 � 104, 3.2 � 10�2

cm2 V�1 s�1, and 8 V, respectively. For the patterned
P3HT-OTFT device (also presented in Fig. 5a), the on/off ra-
tio improved dramatically from 8.9 � 104 to 3.8 � 107,
with the off current decreasing from 10�9 to 10�12 A. We
suspect that the off current was suppressed effectively as
a result of self-patterning. The mobility of the patterned
P3HT device decreased only slightly (to 2.6 � 10�2

cm2 V�1 s�1) relative to that of the non-patterned device
(3.2 � 10�2 cm2 V�1 s�1). The differences of mobilities
caused by patterning of P3HT layer was also found by Jia
et al. [17] Fig. 5b and c present the ID–VD output character-
istics of the non-patterned and self-patterned P3HT-OTFTs,
respectively; the insets provide the drain current (ID) off-
set, defined as the value of ID at various gate biases, when
the drain voltage was zero [18]. Ideally, the value of the ID

offset would be zero when VD is zero. For the non-pat-
terned device (Fig. 5b inset), the value of the ID offset in-
creased when higher gate voltages were applied; the ID–
VD output curve in the linear region was clearly distorted.
On the other hand, the ID–VD output curve of the patterned
device exhibited an ideal ID offset (Fig. 5c inset), thanks to
the patterning effect of the semiconductors. Note that
NSFAAP is transformed into pentacene through thermally
degradation, and that ZnO films are formed from zinc ace-
tate during high temperature annealing. Fig. 5d–f display
the transfer curves of the F8T2, pentacene, and ZnO TFTs,
respectively. The on/off ratio, mobility, and threshold volt-
age of the F8T2 device were 2 � 105, 2.1 � 10�5 cm2

V�1 s�1, and �5 V, respectively; for the pentacene-contain-
ing device, these values were 7 � 106, 3.5 � 10�2 cm2

V�1 s�1, and 7 V, respectively; for the ZnO-based device,
they were 3 � 103, 0.31 cm2 V�1 s�1, and 5 V, respectively.
Thus, all of these OTFT devices exhibited moderate to good
electrical characteristics after performing self-patterning,
suggesting that this method has great potential for applica-
tion to the preparation of large-area, low-cost organic elec-
tronic devices.

To determine the origins of the self-patterning effect,
we determined the surface energies of the SAM-treated
dielectrics by measuring their contact angles for distilled
water and CH2I2 as probe liquids and employing the geo-
metric mean Eq. (2) [34]:

ð1þ cos hÞcpl ¼ 2ðcd
s c

d
plÞ

1=2 þ 2ðcp
s c

p
plÞ

1=2 ð2Þ

where cs and cpl are the surface energies of the sample
and probe liquid, respectively, and the superscripts d and p
represent the dispersion and polar components of the sur-
face energy, respectively. Table 1 summarizes the contact
angles and surface energies of our various SAM-modified
surfaces. The surface energies of the active regions (HMDS
on SiO2: 37.4 mJ m�2; HMDS on Pt: 40.7 mJ m�2) of the
P3HT-OTFT devices were higher than those of the non-ac-
tive regions (OTS on SiO2: 24.5 mJ m�2; OTS on Pt:
31.9 mJ m�2). Because the surface energy is related to the
absorbance of the surface, a surface having a high surface
energy more readily absorbs the contacting liquid. Fig. 6



Table 1
Contact angles and surface energies of various SAM-modified surfaces.

Surface treatment Contact angle Surface energy (dispersion
component) cd

s (mJ m�2)
Surface energy
(polar component) cp

s (mJ m�2)
Surface energy
(substrate) cs (mJ m�2)

Water(�) CH2I2(�)

Bare SiO2 61.5 53.9 32.1 14.6 46.7
Bare SiO2 + HMDS 74.8 59.4 28.9 8.5 37.4
Bare SiO2 + O2 plasma 25.2 43.1 38.0 32.0 70.0
Bare SiO2 + O2 plasma + OTS 98.2 69.6 23.1 1.5 24.5
Bare Pt 86.9 40.8 37.2 1.6 40.8
Bare Pt + HMDS 85.2 41.9 38.6 2.1 40.7
Bare Pt + O2 plasma 87.6 35.8 41.7 1.2 42.8
Bare Pt + O2 plasma + OTS 95.0 56.0 30.9 1.0 31.9

Fig. 6. Surface energy diagram for the OTFT devices.
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presents the surface energies of the HMDS/OTS-treated
surfaces with S/D Pt electrodes (stripe pattern; W =
500 lm, L = 10 lm) as well as their relative locations. We
observe that the contacting liquids more readily adhere
to the HMDS surface with its higher surface energy than
to the OTS surface with its lower surface energy. When
we placed a drop of P3HT in dichlorobenzene onto the de-
vice substrate’s surface, the droplet selectively wetted/ad-
hered to the HMDS regions and dewetted the OTS regions.
After decanting the substrate, the remaining P3HT solution
was located (adhered) only on the areas of higher surface
energy. As the solvent was evaporated, the P3HT film
formed in the desired areas with confined features. The
use of contacting liquids of other organic and inorganic
semiconductors in either CHCl3 or methoxyethanol, of
PEDOT:PSS in aqueous solutions, and of PVP in PGMEA
solution was also compatible with this method.

We note that both the HMDS- and OTS-SiO2 surfaces
possessed large water contact angles, i.e., the surfaces are
hydrophobic; therefore, aqueous solutions should not ad-
here to them at all. Indeed, several researchers have re-
ported self-organization processes in which HMDS-SiO2

[32] and OTS-SiO2 [30,31] act as dewetting regions. In
our case, however, the two HMDS- and OTS-SiO2 surfaces
provided a unique patterning platform for successful solu-
tion processing using a wide range of solvents. Therefore,
the simple hydrophilic/hydrophobic interactions cannot
explain our wetting phenomena. We believe that the sur-
face energy interactions – considering the differences in
surface energy of the two SAMs – is more suitable for
explaining this self-patterning phenomenon.
4. Conclusions

In summary, we have developed a solution-processable
self-patterning method using a two-phase SAM-modified
silicon dioxide surface for the deposition of a variety of
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organic and inorganic materials from both organic and
aqueous solutions. The resulting films were self-patterned
in the desired regions with well-defined feature shapes.
From analyses of substrates presenting S/D electrodes, all
of our self-patterned TFT devices exhibited moderate to
good electronic characteristics. This method has great po-
tential for application to the fabrication of large-area,
low-cost, fully-solution-processed electronics when com-
bined with mature photolithographic technology for mass
production. Surface energy interaction explains this self-
patterning phenomenon more suitably than does a simple
hydrophilic/hydrophobic interaction.
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Television System Committee (NTSC) blue color standard
(0.14, 0.08).

It is extremely difficult to produce highly efficient blue
light emitters with long device life-times because, with a
wide band gap, their electronic levels are likely to be mis-
matched with the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
levels of the other OLED layers such as the hole transport-
ing layer (HTL) and the electron transporting layer (ETL).
These differences between the electronic levels result in a
mismatched carrier balance of electrons and holes, and a
low EL efficiency and short life-time.

Many types of blue light emitting derivatives of diaryl-
anthracene [16], di(styryl)arylene [17], fluorene [18], pyr-
ene [19], and fluoranthene [20] have been intensively
investigated, and attempts have been made to improve
their EL properties. The commercial product 4,4-bis(2,2-
diphenylvinyl)-1,1-biphenyl (DPVBi) [17] has a low glass
transition temperature (Tg) of 64 �C [17b], undergoes re-
crystallization after long operation, and has a shorter device
life-time than green and red light emitters. Another well
known blue compound, 2-methyl-9,10-di(20-naph-
thyl)anthracene (MADN) [21], has a high Tg, a longer life-
time and better CIEx,y coordinates than DPVBi; however,
MADN has low luminance efficiency, which reduces its util-
ity in full color displays. Thus, much research is being direc-
ted at developing a new high efficiency blue light emitter.

Cheng and coworkers reported pyrene derivatives with
color coordinates of (0.15, 0.11) and a maximum external
quantum efficiency (EQE) of 5.2% [22], and Jenekhe and
coworkers described oligoquinoline derivatives with a very
high EQE (6.56%) and color coordinates of (0.15, 0.16) [23].

Highly efficient synthetic blue light emitters with an
anthracene core and m-terphenyl or triphenylbenzene side
groups have recently been reported [24,25]. The synthe-
sized compounds are 10-bis(30,50-diphenylphenyl)anthra-
cene (MAM), 9-(30,50-diphenylphenyl)-10-(30 0 0,50 0 0-diphen-
ylbiphenyl-40 0-yl) anthracene (MAT), and 9,10-bis(30 0,50 0-
diphenylbiphenyl-40-yl)anthracene (TAT) (Scheme 1).

An aromatic ring in the meta rather than the para posi-
tion was selected because the former has a shorter conju-
gation length; this is advantageous because it reduces the
y-CIE coordinate value of the emitter [26]. In addition,
the introduction of a bulky and non-planar side group
prevents p–p* stacking interactions, which leads to the
N N

MAM MAT

MADa MATa

(Ph)

(Am)

Scheme 1. Chemical structures of
formation of more reliable amorphous films [22,27]. This
is expected to have a positive effect on the life-time of
operating OLED devices. Furthermore, the absolute PL
quantum efficiency of the m-terphenyl group is 0.29 [28],
which is higher than that of the more commonly used
naphthalene group (0.21) [29], so an increase in EL effi-
ciency is expected. Interestingly, as the photoluminescence
efficiency of the side groups has increased, the perfor-
mance of the synthesized blue light emitters has also im-
proved substantially. In particular, TAT had a higher PL
fluorescence quantum efficiency (QE) than MADN, and
had a Tg more than 30 �C that of MADN. Its color coordi-
nates (0.156, 0.088) meet the NTSC blue standard, and it
exhibits an excellent EQE value (7.18%) about twice that
of MADN; these are the best reported results for non-dop-
ing deep-blue fluorescence OLED emitter [25]. Thus, large
variations in device efficiency have been found for com-
pounds with the same core but different side groups, con-
firming the importance of the latter.

In this study, a phenyl group (Ph) in three synthetic blue
light emitters reported in a previous study was changed to
an amine group (Am) to produce three new emitting com-
pounds. Thus, three types of organic compound with asym-
metric structure were synthesized by substituting an m-
terphenyl group with a diphenylamine group, and a triphe-
nylbenzene group with a triphenylamine group. This gave
rise to the synthetic compounds 10-(3,5-diphenyl-
phenyl)-N,N-diphenylanthracen-9-amine (MADa), 4-(10-
(3,5-diphenylphenyl)anthracen-9-yl)-N,N-diphenylaniline
(MATa), and 4-(10-(30,50-diphenylbiphenyl-4-yl)anthra-
cen-9-yl)-N,N-diphenylaniline (TATa), where M, A, T, Da
and Ta denote m-terphenyl, anthracene, triphenylbenzene,
diphenylamine, and triphenylamine, respectively (Scheme
1). It was hypothesized that addition of an amine unit
[12] commonly contained by other highly efficient blue do-
pants could increase the luminance efficiency of the three
synthesized compounds. In addition, the bulky side group
could prevent interactions between molecules, and poten-
tially enhance the formation of more reliable amorphous
films. The syntheses was also undertaken to address one
of the biggest issues with blue light emitters, namely that
of increasing device life-time.

The thermal, electrochemical and spectroscopic proper-
ties of the synthesized materials were characterized using
differential scanning calorimetry (DSC), thermogravimetric
N

TAT

TATa

(Ph) (Ph)

(Am) (Am)

the synthesized materials.
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analysis (TGA), cyclic voltammetry (CV), atomic force
microscopy (AFM), and UV–visible and photoluminescence
(PL) spectroscopy. Multi-layered EL devices were fabri-
cated using the materials as non-doped emitting layers.

2. Experimental

2.1. General Information

1H nuclear magnetic resonance (NMR) spectra were re-
corded on Bruker Avance 300 and Avance 500 spectrome-
ters. Fourier transform infrared spectroscopy (FT-IR)
spectra were recorded on a Thermo Electron Nicolet IR-
200 spectrometer. Fast atom bombardment (FAB+) and po-
sitive electron impact (EI+) spectra were recorded on a
JEOL, JMS-AX505WA, HP5890 series II mass spectrometer.
The optical absorption spectra were obtained with a HP
8453 UV–VIS–NIR spectrometer. Crystals of MATa and
TATa were obtained from THF/hexane at room tempera-
ture, sealed in glass capillaries under nitrogen, and
mounted in a diffractometer. The ground state geometries
were fully optimized using density functional theory (DFT)
[32] with the B3LYP hybrid functional at the basis set level
of 6-31G*. All calculations were performed using Gaussian
03 software [32c] on a PowerLeader workstation. Atomic
force microscopy (AFM) imaging was performed in air
using a PicoScan system (Molecular Imaging) equipped
with a 5 � 5 lm scanner. Magnetic-ac(Mac) mode (a non-
contact mode) was used for all the AFM images. The melt-
ing temperatures (Tm), glass transition temperatures (Tg),
and degradation temperatures (Td) of the compounds were
measured by differential scanning calorimetry (DSC) under
a nitrogen atmosphere using a DSC2910 differential calo-
rimeter (TA Instruments), and thermogravimetric analysis
(TGA) was performed using a SDP-TGA2960 (TA Instru-
ments). The redox potentials of the compounds were
determined by cyclic voltammetry (CV) using an EG&G
362 electrochemical workstation with a scanning rate of
50–200 mV/s. The synthesized materials were dissolved
in N,N-dimethylformamide (DMF) with 0.1 M tetrabutyl-
ammonium tetrafluoroborate as the electrolyte. We used
a platinum working electrode and a saturated Ag/AgNO3

reference electrode. Ferrocene was used for potential cali-
bration and for reversibility criteria. A Perkin Elmer lumi-
nescence spectrometer LS50 (Xenon flash tube) was used
for photo- and electro-luminescence spectroscopy, and to
determine the fluorescence quantum yields (uF) [30]:

UFðAÞ ¼ UFðref Þ �
PLA

UVA
� UVref

PLref
� gA

gref

 !2

ð1Þ

where uF(ref) = 1.00 (relative PL quantum efficiency (uF) of
MADN in ethanol solution); uF(A) is relative uF in ethanol
solution of synthesized materials; PLA and PLref are the
integrated emission intensities of the sample and the stan-
dard, respectively; UVA and UVref are the absorbances of
the sample and the standard at the excitation wavelength,
respectively; and gA and gref are the refractive indexes of
the corresponding solutions (pure solvents were assumed).

The diffraction experiments were carried out on a Riga-
ku R-AXIS RAPID diffractometer equipped with a Mo-Ka
and Control Software using the RAPID AUTO at 293
(±2) �C. Empirical absorption corrections were applied
automatically. The structures were solved with direct
methods and refined with a full-matrix least-squares tech-
nique using the SHELXS v. 5.1 programs [33]. The space
groups were determined from the systematic absences
and their correctness was confined by successful solution
and refinement of structures. Anisotropic thermal parame-
ters were refined for all the non-hydrogen atoms. The
hydrogen atoms were added in idealized position and re-
fined with isotropic displacement.

For the EL devices, all organic layers were deposited un-
der 10�6 torr at a deposition rate of 1 Å/s, to give an emit-
ting area of 4 mm2. The LiF and aluminum layers were
subsequently deposited under the same vacuum condi-
tions. The current–voltage (I–V) characteristics of the fabri-
cated EL devices were obtained using a Keithley 2400
electrometer. The light intensities were determined using
a Minolta CS-1000A. OLED device was encapsulated for
life-time with glass-lid under the nitrogen.

2.2. Single crystal X-ray diffraction data

(MATa): Empirical formula: C50 H35N, formula weight:
649, temperature: 293(2) K, wavelength: 0.71073 Å,
crystal system, space group: monoclinic, P2(1)/c, unit cell
dimensions: a = 10.468(2) Å, b = 19.184(4) Å, c =
17.903(4) Å, a = 90�, b = 100.70(3)�, c = 90�, volume:
3532.7(12) Å3, Z, calculated density: 104, 1.321 Mg/m3,
absorption coefficient: 0.093 mm�1, F(0 0 0): 1456, crystal
size: 0.109 � 0.138 � 0.276 mm, h range for data collec-
tion: 3.14–27.47�, limiting indices: �13< = h< = 13,
�24< = k< = 20, �23< = l< = 23, reflections collected/un-
ique: 5934/5934 [R(int) = 0.0000], completeness to h =
27.48: 99.0%, refinement method: full-matrix least-squares
on F2, data/restraints/parameters:8019/0/460, goodness-
of-fit on F2: 0.825, final R indices [I > 2r(I)]: R1 = 0.0695,
wR2 = 0.1994, R indices (all data): R1 = 0.1882, wR2 =
0.2943.

(TATa): Empirical formula: C56 H39N, formula weight:
725, temperature: 293(2) K, wavelength: 0.71073 Å, crys-
tal system, space group: triclinic, P�1, unit cell dimensions:
a = 9.900(2) Å, b = 14.436(3) Å, c = 17.901(4) Å, a =
103.22(3)�, b = 104.72(3)�, c = 107.03(3)�, volume:
2235.1(8) Å3, Z, calculated density: 66, 1.349 Mg/m3,
absorption coefficient: 0.097 mm�1, F(0 0 0): 940, crystal
size: 0.108 � 0.189 � 0.394 mm, h range for data collec-
tion: 3.11–27.48�, limiting indices: �12< = h< = 12,
�18< = k< = 18, �22< = l< = 23, reflections collected/un-
ique:22145/10099 [R(int) = 0.0913], completeness to
h = 27.48: 98.5%, refinement method: full-matrix least-
squares on F2, data/restraints/parameters:10099/0/559,
goodness-of-fit on F2 : 0.917, Final R indices [I > 2r(I)]:
R1 = 0.1072, wR2 = 0.2756, R indices (all data):
R1 = 0.2556, wR2 = 0.3674.

2.3. Synthesis

2.3.1. Synthesis of compound 1
Bromobenzene (30 mL, 0.28 mol) was added in 300 mL

of dry THF solution and stirred at�78 �C, then 1.6 M n-BuLi
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(260 mL) was added. Next, isopropoxy-4,4,5,5-tetra-
methyl-1,3,2-dioxaborolane (87 mL, 0.42 mol) was added
to the reaction mixture after 30 min. After the reaction
had finished, the reaction mixture was extracted with
diethyl ether and water. The organic layer was dried with
anhydrous MgSO4 and filtered. The mixture was evapo-
rated. The residue was purified by column chromatography
with CHCl3:n-hexane (1:1) eluent to afford colorless solu-
tion (compound 1) (50 g , 87%). 1H NMR (500CDCl3, d):
7.81 (d, 2H), 7.41 (t, 1H), 7.33 (t, 2H), 1.30 (s, 12H), EI+-
Mass: 204.

2.3.2. Synthesis of compound 2
Compound 1 (32 g, 155 mmol), 1,3,5-tribromobenzene

(20 g, 62 mmol), and Pd(PPh3)4 (3.57 g, 3.1 mmol) were
added to 300 mL of dry THF solution, then 2 M K2CO3 solu-
tion (50 mL) was added to reaction mixture. The mixture
was heated to 65 �C for 5 h under nitrogen. After the reac-
tion finished, the reaction mixture was extracted with
diethyl ether and water. The organic layer was dried by
anhydrous MgSO4 and filtered. The solution was evapo-
rated. The product was isolated by silicagel column chro-
matography using CHCl3:n-hexane (1:19) eluent to afford
white solid (compound 2) (12 g, 62.4 %) 1H NMR
(300CDCl3, d): 7.70 (s, 3H), 7.60 (d, 4H), 7.46(t, 4H), 7.36
(t, 2H), EI+-Mass: 310.

2.3.3. Synthesis of compound 3
Compound 2 (12 g, 38.7 mmol) was added in 300 mL of

dry THF solution and stirred at �78 �C, then 1.6 M n-BuLi
(36 mL) was added. Next, isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (12 mL, 58 mmol) was added to the
reaction mixture after 30 min. After the reaction had fin-
ished, the reaction mixture was extracted with diethyl
ether and water. The organic layer was dried with anhy-
drous MgSO4and filtered. The mixture was evaporated.
The precipitate was filtered and washed with an excess
of methanol. The yellowish powder was purified by using
column chromatography with CHCl3:n-hexane (1:1) eluent
to afford white solid (compound 3) (13 g , 94%). 1H NMR
(500CDCl3, d): 8.03 (s, 2H), 7.90 (s, 1H), 7.69 (d, 4H),
7.44(t, 4H), 7.35 (t, 2H), 1.37 (s, 12H) EI+-Mass: 356.

2.3.4. Synthesis of compound 4
Compound 3 (3 g, 8.4 mmol), 9-bromoanthracene

(2.37 g, 9.25 mmol), Pd(OAc)2 (0.190 g, 0.85 mmol), and
(cyclohexyl)3P (0.22 g, 0.85 mmol) were added toluene
(150 mL) solution, then tetraethylammonium hydroxide
(20 wt%) 10 mL was added to the reaction mixture. The
mixture was heated to 110 �C for 2 h under nitrogen. After
the reaction had finished, the reaction mixture was ex-
tracted with chloroform and water. The organic layer was
dried with anhydrous MgSO4 and filtered. The solution
was evaporated. The residue was re-dissolved in CHCl3

and added to methanol. The precipitate was filtered and
washed with methanol. The yellowish powder was purified
by using column chromatography with CHCl3:n-hexane
(1:5) eluent to afford a beige solid (compound 4) (3.1 g,
90.9 %). 1H NMR (500CDCl3, d): 8.53 (s, 1H), 8.06 (d, 2H),
8.01 (t, 1H), 7.83 (d, 2H), 7.74 (m, 4H), 7.68 (d, 2H),
7.46(m, 6H), 7.36 (m, 4H), Fab+-Mass: 406.
2.3.5. Synthesis of compound 5
Compound 4 (2 g, 4.92 mmol) and NBS (0.98 g,

5.5 mmol) were added to 150 mL of CHCl3 solution. The
mixture was heated to 60 �C for 30 min under nitrogen.
After the reaction had finished, solution was evaporated.
The residue was re-dissolved in acetone and added to
methanol. The precipitate was filtered and washed with
methanol to get compound 5 of yellowish color. (2.3 g,
96.4 %). 1H NMR (500CDCl3, d): 8.64 (d, 2H), 8.02 (t, 1H),
7.82 (d, 2H), 7.74 (m, 4H), 7.62 (d, 2H), 7.60 (m, 2H), 7.44
(m, 8H), Fab+-Mass: 486.

2.3.6. Synthesis of MAMa
Compound 5 (1 g, 2.06 mmol), diphenylamine (0.51 g,

3.0 mmol), t-BuONa (0.58 g, 6.18 mmol), and Pd2(dba)3

(0.05 g, 0.6 mmol) were added to dried toluene solvent
(150 mL), then (t-Bu)3P was added into the reaction mix-
ture. The mixture was heated to 110 �C for 1 h under nitro-
gen. After the reaction mixture cooled, it was then acidified
with 1 N HCl solution, and extracted with CHCl3. The or-
ganic layer was dried by anhydrous MgSO4 and filtered.
The solution was evaporated. The residue was dissolved
in CHCl3 and added to acetone. The precipitate was filtered
and washed with acetone. The dark yellow residue was
purified by column chromatography with CHCl3:n-hexane
(1:1) eluent to afford yellowish-green solid (MAMa)
(0.9 g, 76.5%). 1H NMR (500CDCl3, d): 8.21 (d, 2H), 8.03(s,
1H), 7.88 (d, 2H), 7.75 (q, 6H), 7.47 (t, 4H), 7.36 (m, 6H),
7.17 (m, 8H), 6.89 (t, 2H), 13C NMR(500CDCl3, d):147.96,
142.04, 140.94, 139.91, 136.61, 137.48, 131.63, 130.62,
129.41, 129.28, 129.11, 127.87, 127.55, 126.73, 125.77,
125.36, 124.64, 121.41, 120.46, Fab+-Mass: 574, FI-IR
(KBr, cm�1): 3061 (s, C–H stretch), 3032 (s), 1589 (m,
C = C aromatic), 1496 (m), 1275 (m, C–N stretch), 751 (s,
meta-sub aromatic), 694 (m, 1,3,5-sub aromatic).

2.3.7. Synthesis of compound 6
4-Bromo-N,N-diphenylaniline (8 g, 24.7 mmol) was

added in 300 mL of dry THF solution and stirred at
�78 �C, then 1.6 M n-BuLi (31 mL) was added. Next, isopro-
poxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (10.3 mL,
50 mmol) was added to the reaction mixture after
30 min. After the reaction had finished, the reaction mix-
ture was extracted with diethyl ether and water. The or-
ganic layer was dried with anhydrous MgSO4 and filtered.
The mixture was evaporated. The residue was purified by
column chromatography with EA:n-hexane (1:1) eluent
to afford colorless solution (compound 6) (5.0 g , 54.6%).
1H NMR (500CDCl3, d): 7.87 (d, 2H), 7.22 (m, 4H), 7.10
(m, 6H), 6.97 (t, 2H), 1.32 (s, 12H), EI+-Mass: 372.

2.3.8. Synthesis of MATa
Compound 5 (1.5 g, 3.1 mmol), compound 6 (1.26 g,

3.4 mmol), Pd(OAc)2 (0.145 g, 0.65 mmol), and (cyclo-
hexyl)3P (0.16 g, 0.65 mmol) were added toluene
(200 mL) solution, then tetraethylammonium hydroxide
(20 wt%) 10 mL was added to the reaction mixture. The
mixture was heated to 110 �C for 5 h under nitrogen. After
the reaction had finished, the reaction mixture was ex-
tracted with chloroform and water. The organic layer was
dried with anhydrous MgSO4 and filtered. The solution
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was evaporated. The residue was re-dissolved in CHCl3 and
added to acetone. The precipitate was filtered and washed
with acetone. The yellowish powder was purified by using
column chromatography with CHCl3:n-hexane (1:3) eluent
to afford a greenish-yellow solid (MATa) (1.2 g, 59.6 %). 1H
NMR (500CDCl3, d): 8.02 (s, 1H), 7.87 (m, 4H), 7.74 (t, 6H),
7.46 (t, 4H), 7.34 (m, 18H), 7.08 (t, 2H), 13C NMR(500CDCl3,
d): 148.02, 147.40, 142.02, 141.04, 140.36, 137.43, 136.85,
132.81, 132.34, 130.34, 130.20, 129.61, 129.31, 129.10,
127.81, 127.54, 127.34, 127.24, 125.45, 125.26, 124.92,
123.32, Fab+-Mass: 649, FI-IR (KBr, cm�1): 3059 (s, C–H
stretch), 3031 (s), 1589 (m, C = C aromatic), 1497 (m),
1275 (m, C–N stretch), 761 (s, meta-sub aromatic), 670
(m, 1,3,5-sub aromatic).

2.3.9. Synthesis of compound 7
Compound 3 (8 g, 22.5 mmol), 1,4-dibromobenzene

(50 g, 212 mmol), andPd(PPh3)4 (1.3 g, 1.125 mmol) were
added to THF (400 mL) solution, then 2 M K2CO3 solution
(50 mL), which was dissolved in H2O, was added to the
reaction mixture. The mixture was heated to 65 �C for 4 h
under nitrogen. After the reaction finished, the reaction
mixture was extracted with diethyl ether and water. The
organic layer was dried by anhydrous MgSO4 and filtered.
The solution was evaporated. The product was isolated
by silicagel column chromatography using CHCl3:n-hexane
(1:10) eluent to afford white solid (compound 7) (5 g,
57.7%). 1H NMR (500CDCl3, d): 7.79 (s, 1H), 7.73 (s, 2H),
7.68 (d, 4H), 7.60 (d, 2H), 7.56 (d, 2H), 7.48 (t, 4H), 7.39
(t, 2H), Fab+-Mass: 385.

2.3.10. Synthesis of compound 8
Compound 7 (3 g, 7.8 mmol), anthracen-9-ylboronic

acid (1.55 g, 7.0 mmol), Pd(OAc)2 (0.175 g, 0.78 mmol),
and (cyclohexyl)3P (0.20 g, 0.78 mmol) were added toluene
(150 mL) solution, then tetraethylammonium hydroxide
(20 wt%) 10 mL was added to the reaction mixture. The
mixture was heated to 110 �C for 2 h under nitrogen. After
the reaction had finished, the reaction mixture was ex-
tracted with chloroform and water. The organic layer was
dried with anhydrous MgSO4 and filtered. The solution
was evaporated. The residue was re-dissolved in CHCl3

and added to methanol. The precipitate was filtered and
washed with methanol. The yellowish powder was purified
by using column chromatography with CHCl3:n-hexane
(1:5) eluent to afford a beige solid (compound 8) (2.8 g,
82.8 %). 1H NMR (500CDCl3, d): 8.52 (s, 1H), 8.07 (d, 2H),
7.96 (s, 2H), 7.93 (d, 2H), 7.86 (s, 1H), 7.77 (t, 6H), 7.55
(d, 2H), 7.50 (m, 6H), 7.39 (m, 4H), Fab+-Mass: 483.

2.3.11. Synthesis of compound 9
Compound 8 (2 g, 4.14 mmol), NBS (0.89 g, 5 mmol)

were added to 150 mL of CHCl3 solution. The mixture
was heated to 60 �C for 30 min under nitrogen. After the
reaction had finished, solution was evaporated. The residue
was re-dissolved in acetone and added to methanol. The
precipitate was filtered and washed with methanol to get
compound 9 of yellowish color. (2.3 g, 98.8 %). 1H NMR
(500CDCl3, d): 8.64 (d, 2H), 7.95 (s, 2H), 7.93 (d, 2H), 7.86
(s, 1H), 7.76 (t, 6H), 7.61 (t, 2H), 7.52 (m, 6H), 7.42 (m,
4H), Fab+-Mass: 562.
2.3.12. Synthesis of TATa
Compound 9 (1.74 g, 3.1 mmol), compound 6 (1.26 g,

3.4 mmol), Pd(OAc)2 (0.145 g, 0.65 mmol), and (cyclo-
hexyl)3P (0.16 g, 0.65 mmol) were added toluene
(200 mL) solution, then tetraethylammonium hydroxide
(20 wt%) 10 mL was added to the reaction mixture. The
mixture was heated to 110 �C for 5 h under nitrogen. After
the reaction had finished, the reaction mixture was ex-
tracted with chloroform and water. The organic layer was
dried with anhydrous MgSO4 and filtered. The solution
was evaporated. The residue was re-dissolved in CHCl3

and added to acetone. The precipitate was filtered and
washed with acetone. The yellowish powder was purified
by using column chromatography with CHCl3:n-hexane
(1:3) eluent to afford a greenish-yellow solid (TATa)
(1.2 g, 59.6 %). 1H NMR (500CDCl3, d): 7.98 (s, 2H), 7.95
(d, 2H), 7.87 (d, 3H), 7.78 (t, 6H), 7.60 (d, 2H), 7.51 (t,
4H), 7.74(m, 6H), 7.34(m, 6H), 7.30(m, 6H), 7.08(t, 2H),
13C NMR(500CDCl3, d): 148.03, 147.39, 142.70, 142.26,
141.38, 140.43, 138.67, 137.37, 136.72, 132.82, 132.34,
132.12, 130.34, 130.12, 129.62, 129.12, 127.83, 127.62,
127.56, 127.35, 127.20, 125.53, 125.45, 125.35, 125.23,
124.92, 123.32, Fab+-Mass: 726, FI-IR (KBr, cm�1): 3058
(s, C–H stretch), 3032 (s), 1592 (m, C@C aromatic), 1391
(m), 1275 (m, C–N stretch), 764 (s, meta-sub aromatic),
671 (m, 1,3,5-sub aromatic).
3. Results and discussion

3.1. Synthesis and optical properties

Scheme 1 shows the chemical structures of the synthe-
sized compounds, which were purified by using silica col-
umn chromatography and re-crystallization to produce
very pure powders that were characterized by NMR, FT-
IR and FAB mass spectrometry analysis (overall yields:
50–60%).

The synthetic routes to the three compounds are shown
in Scheme 2. Boration and metal aryl–aryl coupling reac-
tions were used in all syntheses. As the bulky side groups
5-bromo-[1,13,1]terphenyl (compound 2) and 5-(p-
bromophenyl)-[1,13,1]terphenyl (compound 7) are substi-
tuted with halogens, it was easy to couple them with
anthracene by using the metal-catalyzed aryl–aryl cou-
pling reaction. Thus, the side groups can be incorporated
in other core molecular structures. Asymmetrical com-
pounds have the disadvantage of being generally difficult
to separate from the many compounds created at the time
of synthesis. However, the asymmetric compounds in this
study were synthesized with relative ease and high yield
using a combination of compounds 2 and 7; this should
be of considerable value to asymmetric compounds re-
search involving functional organic materials.

The UV and PL spectra of the synthesized compounds in
CHCl3 solution and in thin films are shown in Table 1. In
solution, MATa and TATa had a UVmax of 398 nm and a blue
PLmax of about 475 nm. However, MADa had a UVmax of
428 nm and a PLmax of 509 nm, indicating a red shift of
about 35 nm relative to MATa and TATa. The PL spectra
of the compounds in thin films, fabricated by vacuum
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Scheme 2. Synthetic routes of MADa, MAMa and TATa.

Table 1
Optical, electrical and thermal properties of the synthesized compounds and MADN.

UVmax
a

(nm)
PLmax

a

(nm)
Solution
uF

b
UVmax

c

(nm)
PLmax

c

(nm)
FWHM
(nm)

HOMO
(eV)

LUMO
(eV)

Eg

(eV)
Tg

(�C)
Tm

(�C)
Td

(�C)

MADa 428 509 0.92 441 498 63 5.44 2.82 2.62 125 271 374
MATa 398 474 0.76 403 463 57 5.35 2.48 2.87 130 305 427
TATa 398 476 1.02 403 463 56 5.37 2.50 2.87 139 272 479
MADN 398 436 1.00 405 447 60 5.5d 2.5d 3.0d 120d 255d 397d

a CHCl3 Solution (1.00 � 10�5 M).
b Relative uF in ethanol solution (Ref. [30]).
c Film on glass (500 nm).
d Ref. [21].
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deposition, showed that MATa and TATa had a PLmax in the
blue region at 463 nm, and MADa had a PLmax at 498 nm,
the latter again representing a red shift of about 35 nm.
All three synthesized compounds showed a PL wavelength
that was red shifted 10 nm in solution compared to the
film. Since there is a p–p* interaction between molecules
in a film, this state typically shows red shifts relative to
molecules in solution. The amine unit in the synthesized
compounds created a dipole within the molecule and with
the solvent, which in solution may have resulted in the red
shift in the PL spectrum. In a previous study, PL spectra of
MAM, MAT and TAT without the amine unit showed nor-
mal red shifts in the film relative to in solution [25].
To accurately interpret the EL efficiency of the com-
pounds, their relative PL quantum efficiencies (QEs(uF)) in
solution were measured [30] using the method described
in the Section 2. The QE of the reference material (MADN)
was set at 1.00, and the relative QE of the synthesized com-
pounds was measured. All the compounds showed high PL
QE values: MADa (0.92), MATa (0.76), and TATa (1.02). A
more accurate QE comparison was possible for MATa and
TATa because they had identical spectra and PLmax. TATa
(side group, triphenylbenzene) had a higher QE than MATa
(side group, m-terphenyl) because the QE of triphenylben-
zene is higher than that of m-terphenyl; this result empha-
sizes the importance of the side group [25].
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3.2. Electrochemical properties and electronic energy levels

The HOMO values of the synthesized compounds were
determined using cyclic voltammetry (CV). Based on these
analyses, all three compounds were found to have an elec-
trochemical stability greater than 50 cycles. The energy
band gaps and HOMO and LUMO levels of MADa, MATa,
and TATa were estimated by CV and analysis of the absorp-
tion edge using a plot of (hv) vs. (ahv)2, where a, h, and v
are absorbance, Plank’s constant, and the frequency of
light. The results of these analyses are summarized in Ta-
ble 1. The band gaps of MADa, MATa, and TATa were
2.62, 2.87, and 2.87 eV, respectively, and the HOMO values
for MADa, MATa, and TATa were 5.44, 5.35, and 5.37 eV,
respectively.

These HOMO values were different from the HOMO val-
ues of other anthracene derivatives, 5.5–5.6 eV, that do not
Fig. 1. HOMO and LUMO electronic density distributions of (a) MADa, (b) MAMa,
and Time Dependent DFT (TDDFT) using Gaussian 03.
include an amine unit, such as MADN [21,25,31]. In partic-
ular, MATa and TATa had HOMO values about 0.2 eV higher
than that for MAT and TAT, and MADa had a HOMO value
0.1 eV higher than that of MAM [25]. Molecular calculation
was performed to interpret these results.

The HOMO and LUMO electron densities of MADa,
MATa, TATa, and TAT were determined by DFT/B3LYP/6-
31G* calculations using Gaussian 03 software [32] (Fig. 1).

Fig. 1 shows the molecular structures of MADa, MATa,
TATa and TAT in the ground state, and the HOMO and
LUMO electron density distributions. Fig. 2 shows the sin-
gle crystal structure of MATa and TATa. Unfortunately, THF
molecule was found together for the TATa single crystal
because it was incorporated into the TATa crystal. The cal-
culated structures of MATa and TATa were found to be very
similar to the actual single crystal structure, indicating that
molecular calculation is very accurate.
(c) TATa, and (d) TAT calculated at the DFT/B3LYP/6-31G* for optimization



Fig. 2. The crystal structures of (a) MATa and (b) TATa.
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The HOMO electron distributions of the four com-
pounds were substantially different (Fig. 1). The HOMO
electrons of MATa and TATa were in the triphenylamine
unit, while those of TAT were in the anthracene moiety.
This indicates that the triphenylamine unit is more easily
oxidized as it has more electrons.

Moreover, from the structure obtained by molecular
calculation, the phenyl unit incorporated at the 9th and
10th positions of anthracene has a torsion angle of about
90, which allows the anthracene unit and the side group
to form independent conjugation systems. Consequently,
the HOMO shapes of MATa, TATa, and TAT are different.

The HOMO electron distribution of MADa was present
in both the anthracene and diphenyl amine groups. The
torsion angle (C–C–N–C) between anthracene and the
diphenylamine groups was about 138. Thus, conjugation
in MADa between the anthracene and diphenylamine units
was possible. The LUMO electron density of all four com-
pounds was found to occur in the electron deficient
anthracene unit. Calculation of each HOMO value for the
anthracene and triphenylamine compound, triphenyl-
amine, had a HOMO value approximately 0.3 eV higher
than anthracene [34]. Thus, MATa and TATa (which have
HOMO electrons in the triphenylamine unit, where elec-
trons are comparatively more abundant than in anthra-
cene) had relatively higher HOMO energy levels (5.35
and 5.37 eV, respectively) than TAT (5.54 eV) [25]. For
MADa, where the HOMO electron is distributed at both
the anthracene and amine groups, the HOMO value was
intermediate (5.44 eV).

3.3. Thermal properties

We carried out and DSC analyses to determine the ther-
mal properties of the synthesized molecules (see Table 1).
A high Tg value indicates that the morphology of the mate-
rial will not easily be changed by the high temperatures
generated during the operation of OLED devices, and is clo-
sely correlated with long OLED device life-times [27,35].
MADa, MATa and TATa all had Tg values above 120 �C TATa
had a Tg value above 139 �C, which is twice that of DPVBi
(64 �C) and much higher than that of MADN (120 �C). The
degradation temperature (Td) of MADa, MATa, and TATa,
measured at the 5% weight loss point, was 374, 427, and
479 �C respectively. TATa had the highest Td (479C), indi-
cating it has the greatest heat stability.

To investigate the morphological stabilities of TATa and
MADN, we prepared thin films (50 nm) of these materials
by vapor deposition on glass substrates, and determined
their surface morphologies before and after annealing at
100 �C for 6 h under a nitrogen atmosphere by using AFM.

Fig. 3 shows the surface immediately after vacuum
deposition (Fig. 3a), after storage for 6 h at room tempera-
ture under air (Fig. 3b), and after storage for 6 h at 100 �C
under nitrogen (Fig. 3c).

Immediately after deposition, the RMS roughnesses of
TATa and MADN were 0.21 nm and 0.42 nm, respectively,
indicating that the film surface characteristics of TATa
are superior to those of MADN, probably due to the amine
unit allowing dipole formation within the molecules. Or-
ganic molecules in OLED devices are very sensitive to oxy-
gen and moisture, and this directly affects the device life-
time. The stability of the deposited films to moisture and
oxygen was assessed by exposing the film to air for 6 h,
at which time the RMS had increased relative to the RMS
immediately after deposition (Fig. 3b). The RMS values
for MADN (1.22 nm) and TATa (0.41 nm) represented an
increase of three and two times, respectively, relative to
the RMS immediately following deposition. The RMS for
TATa (0.41 nm) was similar to that of MADN immediately



Fig. 3. AFM images of TATa and MADN: (a) immediately following deposition, (b) following storage at room temperature under air for 6 h, and (c) following
storage at 100 �C under nitrogen for 6 h.

Fig. 4. Current density–voltage characteristics of ITO/2-TNATA (60 nm)/
NPB (15 nm)/MADa (j) or MATa (d) or TATa (N) or MADN(.) (30 nm)/
Alq3 (30 nm)/LiF (1 nm)/Al (200 nm) devices.
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after vapor deposition, indicating that it has excellent sur-
face characteristics. The organic film in an OLED device can
be degraded by heat resulting from device operation, and
this is directly related to the life-time of the device. The
MADN film had an RMS value of 50.98 nm after 6 h at
100 �C under nitrogen (Fig. 3c), which was more than 40
times that immediately after vapor deposition. For TATa,
almost no damage to the film was evident (RMS =
0.72 nm). Consequently, devices using TATa as the emit-
ting layer would be expected to have a longer life-time
than those using MADN.

3.4. Electroluminescence properties

We fabricated EL devices using the synthesized com-
pounds in the following configuration: ITO/4,40,40 0-tris(N-
(2-naphthyl)-N-phenyl-amino)-triphenylamine (2-TNATA)
(60 nm)/N,N0-bis(naphthalen-1-yl)-N,N0-bis(phenyl)benzi-
dine (NPB) (15 nm)/synthesized emitting materials
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(30 nm)/8-hydroxyquinoline aluminum (Alq3) (30 nm)/LiF
(1 nm)/Al (200 nm). We compared the EL properties of
these devices with those of a standard device: ITO/2-TNAT-
A (60 nm)/NPB (15 nm)/MADN (30 nm)/Alq3 (30 nm)/LiF
(1 nm)/Al (200 nm).

Fig. 4 shows the I–V characteristics of the four devices.
Devices with MADa, MATa, or TATa as the emitting layer
had better I–V characteristics than the device with MADN
as the emitting layer. This is likely to be due to highly effi-
cient carrier injection compared to the MADN device, due
to the effect of the narrower band gap.

The EL performances of the devices with a current den-
sity of 10 mA/cm2 are summarized in Table 2. Although the
Table 2
EL performances of multi-layered devices with the structure ITO/2-TNATA (60 nm)/
10 mA/cm2.

Blue EMLs ELmax (nm) FWHM (nm) Voltage (V) Brightness
(cd/m2)

CIE (x

MADa 497 63 6.27 1030 0.199
MATa 464 57 6.27 467 0.151
TATa 465 56 6.26 607 0.149
MADN 454 62 6.71 286 0.171

Fig. 5. Normalized PL (4) and EL 10 mA/cm2: (j) 100 mA/cm2: (s) spectra of MA
according to current densities.
device that used MADa as the emitting layer was highly
efficient (10.3 cd/A), it had a bluish-green color coordinate
of (0.199, 0.152). The device with MATa as the emitting
layer had a performance of 4.67 cd/A and an EQE of
4.69%, while the device with TATa had a performance of
6.07 cd/A and an EQE of 6.19%. The CIE values for the MATa
and TATa devices were (0.151, 0.177) and (0.149, 0.177),
respectively. Thus the efficiency of the TATa device was
higher than that of the MATa device, this is identical to
the PL QE result. In comparison to MAM, MAT, and TAT
only composed of phenyl group in side part [25], MADa,
MATa, and TATa that include amine group in molecules
showed increase in cd/A and lm/W and reduction of EQE.
NPB (15 nm)/emitting layer (30 nm)/Alq3 (30 nm)/LiF (1 nm)/Al (200 nm) at

, y) Luminance efficiency
(cd/A)

Power efficiency
(lm/W)

External quantum
efficiency (%)

, 0.512 10.3 (±0.40) 5.68 (±0.10) 4.18 (±0.20)
, 0.177 4.67 (±0.30) 2.59 (±0.05) 4.69 (±0.10)
, 0.177 6.07 (±0.30) 3.37 (±0.05) 6.19 (±0.20)
, 0.138 2.86 (±0.20) 1.48 (±0.05) 3.18 (±0.20)

Ma (a), MATa (b), TATa (c), and MADN (d). Inset: CIEx,y values of EL devices



Fig. 7. Normalized EL spectra of ITO/2-TNATA (60 nm)/NPB (15 nm)/
MADa (j) or TATa (d) or TAT (N) (30 nm)/Alq3 (30 nm)/LiF (1 nm)/Al
(200 nm) devices at 10 mA/cm2.
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Increase in cd/A and lm/W resulted from reduction in the
energy-barrier between inside layers of device due to the
formation of relatively narrow band-gap by the intermo-
lecular dipole caused by amine group. As a result, easier
movement of hole and electron brings lower operating
voltage and higher cd/A and lm/W. However, since sensing
effect of photon differs according to the wavelength during
EQE measurement, narrow band-gap is thought to have
caused bathochromic shift of EL spectrum and reduction
in EQE. Although the CIE value of the TATa device was
slightly different from that of the MADN device, its lumi-
nance efficiency and power efficiency were more than
two times that of the latter device (2.86 cd/A, 1.48 lm/W).
The TATa device also had an excellent FWHM value
(56 nm) despite its asymmetric structure. This value was
lower than for MADN (62 nm) because the bulky side
group effectively prevented p–p* stacking interactions be-
tween molecules.

The EL spectra for current densities of 10 mA/cm2 and
100 mA/cm2, as well as the PL spectra, are shown in Fig. 5.

Agreement between the EL and PL spectra indicates that
the emitting zone of the device was inside the emitting
layer, and not at the interface between the layers. In addi-
tion, the EL spectra as a function of current density of
MAMa, MATa, and TATa were identical, but that of MADN
was slightly different.

Based on the CIEx,y values at 100 mA/cm2 and 10 mA/
cm2, the TATa device was especially the same unlike the
MADN device, indicating stable CIE characteristics with
variable current density.(Fig. 5 inset) Among synthesized
compounds, life-time of TATa which showed the best EL
efficiency in this series was measured under initial lumi-
nance of 500 cd/m2 as shown in Fig. 6. Its life-time was
more than twice that of MADN, which can be explained
by the more stable morphology of TATa.

Fig. 7 shows the EL spectra of devices using MADa,
TATa, or TAT [25] as the emitting layer. Although the layer
included the same core moieties, the EL maxima changed
according to the side group. This finding suggests that
changing the side group mainly affected the HOMO elec-
Fig. 6. Life-time comparison of ITO/2-TNATA (60 nm)/NPB (15 nm)/TATa
(j) or MADN (d) (30 nm)/Alq3 (30 nm)/LiF (1 nm)/Al (200 nm) devices
(L0 = 500 cd/m2, under nitrogen).
tron density distribution and the HOMO level, as well as
the band gap in this series.

4. Conclusions

New OLED blue emitters (MADa, MATa, and TATa) were
synthesized with bulky side groups asymmetrically substi-
tuted at the anthracene core.

The frontier orbital of HOMO and the band gap could be
changed by varying the side groups, and thus the PL and EL
spectra were easily changed even though the core re-
mained the same.

TATa synthesized by asymmetric coupling of the bulky
side groups triphenylbenzene and triphenylamine to
anthracene had a high Tg (139 �C) and better surface mor-
phology than MADN in a thin film. As a result, the OLED de-
vices constructed using TATa as the blue emitting layer had
a luminance efficiency of 6.07 cd/A and power efficiency of
3.37 lm/W (more than twice the levels obtained for the
MADN device), as well as a high EQE (6.19%). Moreover,
the TATa device had a life-time more than twice that of
the MADN device.
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Fig. 1. (a) Chemical structures of TFB and F8BT. (b) The highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) levels of TFB and F8BT.
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(EML) improved the device efficiency [20]. Poly(9,90-dioc-
tylfluorene-co-N-(4-butylphenyl)diphenylamine) (TFB)
was used as the interlayer, where it was spin-coated onto
the PEDOT:PSS layer and then thermally treated above
the glass transition temperature (Tg), followed by spin-
rinsing with an organic solvent to obtain insoluble TFB
interlayer. The interlayer can bring about significant
improvement of efficiency [20–27], lifetime [23–25], and
lowering turn-on voltage [20,21,24–27].

It is, however, often observed that the insertion of the
hole-transporting interlayer causes severe reduction of
current density. Chin et al. reported that the current reduc-
tion could been understood in terms of the thicker inter-
layer, since the introduction of a thin (�10 nm) interlayer
increased in current of the device [24]. Harding et al. stud-
ied of various combinations of interlayer-polymers and
light-emitting polymers (LEPs). They found that the inter-
layers alter the hole injection property in PLEDs in spite
of their highest occupied molecular orbital (HOMO) levels
very similar to the LEPs [26]. Whereas, we attribute the
current reduction to thermal treatment above Tg. Accord-
ing to the study of Lee et al. a thermal treatment at
elevated temperature reduced the hole mobility of inter-
layer-polymers and thus reduced the hole current in the
EML, which resulted in lower device efficiency [23]. It is
expected that hole transport layers (HTL) formed without
the thermal treatment above Tg bring about improvement
in the performance of PLEDs.

We have reported that a polymer thin film preparation
technique, evaporative spray deposition using ultradilute
solution (ESDUS) has enabled preparing an organic thin
film from highly diluted solutions at a concentration of
1 ppm, and fabricating PLEDs [28], organic photovoltaics
[29], and organic field-effect transistors [30]. In addition,
this method has been exhibited that a successive polymer
layer can be deposited without damaging the proceeding
polymer layer using a same organic solvent for each layer
deposition [31,32]. Therefore, it is enable to construct poly-
mer bilayer structure with a bottom layer prepared in var-
ious conditions.

In this report, we have successfully achieved a signifi-
cant improvement in the performance of bilayer PLEDs
prepared by ESDUS using HTL annealed below Tg as com-
pared with that of PLEDs having the interlayer that was
formed by the thermal treatment above Tg.
2. Experimental

2.1. Materials

We used two typical conjugated polymers for PLEDs,
poly(9,90-dioctylfluorene-co-N-(4-butylphenyl)diphenyl-
amine) (TFB; Mw = 267,000) and poly(9,90-dioctylfluorene-
alt-benzothiadiazole) (F8BT; Mw = 69,000) supplied from
Sumitomo Chemical Co., Ltd., without further purification.
The chemical structures of these polymers are shown in
Fig. 1a. The energy band gap of each polymer was
estimated from the absorption spectra edge at the thin
polymer films using UV–VIS–NIR spectrophotometer
(UV-3150, Shimadzu). The ionization potential of each
material was determined by photoemission spectroscopy
(AC-2, Rikenkeiki). The energy level diagram, which is de-
rived from the ionization potentials and the optical band
gaps of the polymers, is shown in Fig. 1b. The HOMO levels
of the TFB and the F8BT are 5.4 eV and 5.9 eV, and the low-
est unoccupied molecular orbital (LUMO) levels are 2.5 eV
and 3.5 eV, respectively.

2.2. Device fabrication

A thin film of PEDOT:PSS (P VP AI 4083, H. C. Starck)
(40 nm) was spin-coated as an anode buffer layer on trans-
parent electrode, indium tin oxide (ITO), followed by dry-
ing at 120 �C for 5 min on a hot plate in atmosphere.
Prior to PEDOT:PSS deposition, the ITO-coated glass sub-
strates were cleaned in an ultrasonic bath with detergent,
deionized water, acetone, and ethanol, and were treated
with UV-ozone. For single-layer devices, 100 nm thick
F8BT layer was formed as an EML on top of the PEDOT:PSS
layer by a spin-coating from mixed-xylene solution (device
A) or by ESDUS from tetrahydrofuran (THF) solution (de-
vice B). For interlayer devices (device C and G), TFB was
spin-coated from mixed-xylene solution onto the PED-
OT:PSS layer and then annealed at 180 �C (>Tg of TFB) for
1 h in a N2 glove box. To prevent mixing of the interlayer
with the EML, the soluble part of TFB was removed by a
spin-rinsing with mixed-xylene. In this manner, 20 nm-
thick interlayer was obtained. F8BT was then spin-coated
as the EML onto the interlayer with 85 nm. For ESDUS bi-
layer devices (device D, E, F and H), TFB was spin-coated
as a HTL (40 nm) onto the PEDOT:PSS layer and then an-
nealed at 130 �C for device D and H, 180 �C for device E
and 230 �C for device F for 20 min in the glove box. F8BT
was then deposited as the EML (65 nm) directly onto the
TFB layer using ESDUS from THF solution. All F8BT layers



Table 1
Fabrication conditions of PLEDs in this study. Device A and B are single-layer devices, device C and G are interlayer devices and device D, E, F, H are ESDUS
bilayer devices.

Device ILa or HTLb (TFB) EMLc (F8BT) Cathode

Thickness (nm) Annealing temperature (�C) Preparation method Thickness (nm) Preparation method

A – – – 100 Spincoat LiF/Al
B – – – 100 ESDUS LiF/Al
C 20 180d Spincoat 85 Spincoat LiF/Al
D 40 130e Spincoat 65 ESDUS LiF/Al
E 40 180e Spincoat 65 ESDUS LiF/Al
F 40 230e Spincoat 65 ESDUS LiF/Al
G 20 180d Spincoat 85 Spincoat Ca/Al
H 40 130e Spincoat 65 ESDUS Ca/Al

a IL: interlayer.
b HTL: hole transport layer.
c EML: emitting layer.
d For 1 h.
e For 20 min.

Fig. 2. The luminance–current density-voltage characteristics for single-
layer devices composed of F8BT layer prepared by spin-coating (device A;
circles) and by ESDUS (device B; up-pointing triangles). Solid lines and
dashed lines represent the current density–voltage characteristics and
the luminance–voltage characteristics, respectively.
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were annealed at 80 �C for 20 min in the glove box. Finally,
cathodes were deposited at pressures less than 10�4 Pa; a
cathode buffer layer of LiF (1.0 nm) for device A to F or
Ca (10 nm) for device G and H was thermally deposited
in a vacuum evaporator, followed by an Al (100 nm) elec-
trode through a shadow mask to obtain active areas of
2 � 2 mm2. Devices with Ca/Al electrode were encapsu-
lated in the glove box before measurements. The fabrica-
tion conditions of device A–H were listed in Table 1.

For hole only devices, 170 nm-thick TFB was spin-
coated onto the PEDOT:PSS and then annealed at 80 �C,
130 �C, 180 �C and 230 �C for 20 min in the glove box. Au
cathode was thermally deposited to ensure no injection
of electrons into the LUMO of the TFB.

2.3. Measurements and characterization

The current–voltage–luminance (L–J–V) characteristics
were measured using a source measure unit (Keithley
238) and using a luminance meter (BM-5A, Topcon). The
electroluminescence (EL) spectra were measured using a
multi-channel analyzer (PMA-11, Hamamatsu Photonics).
The external quantum efficiency (EQE) and the power effi-
ciency (PE) were calculated from the L, J, V and EL spectrum
of each device. The thickness and the surface roughness of
the polymer films were determined using an atomic force
microscopy (AFM) (Nanopics 100, SII). A differential scan-
ning calorimeter (DSC) (Q100, TA Instruments) was used
to determine the Tg of the TFB sample studied in this re-
search at a rate of 10 �C min�1. The Tg was determined by
the second heating scans.

3. Results and discussion

3.1. The comparison of single-layer devices prepared by spin-
coating or ESDUS

On comparison of device performance of the single lay-
ered spin-coating device (device A) and ESDUS device (de-
vice B), the L–J–V characteristics were almost comparable
as shown in Fig. 2. Leakage current in device B was higher
at the low voltage region below turn-on. Root mean square
roughness (Rrms) of the F8BT film prepared by ESDUS,
which was examined using an AFM, was higher (Rrms =
8.2 nm, in the scale of 20 lm � 20 lm) than that of one
prepared by spin-coating (Rrms = 0.5 nm, in the scale of
20 lm � 20 lm). The heterogeneity represented by the
roughness would cause the leak-current at low-voltage
regions though the light emission of two devices is
homogeneous.

3.2. Improvement in the PLEDs performance using HTL
without thermal treatment above Tg

Fig. 3a and b shows the L–J–V characteristics for device
A, C and D. The current in interlayer devices (device C) was
much lower than that of single-layer devices (device A),
but the turn-on voltage for luminance (>1 mcd m�2) of de-
vice C is almost identical to that of device A. Yang et al. re-
ported that the residual thickness of the interlayer was
dependent on the molecular weight of the interlayer-poly-
mer and the characteristics of the underlying PEDOT:PSS
[22]. They proposed that the formation of the insoluble
polymer layer is due to the binding of individual chains
at the surface of PEDOT:PSS. The molecular weight of the



Fig. 3. (a) The current density–voltage characteristics, (b) the luminance–voltage characteristics, (c) the power efficiency–current density characteristics
and (d) the external quantum efficiency–current density characteristics for the single-layer device prepared by spin-coating (device A; opened circles), the
interlayer device (device C; closed down-pointing triangles) and the ESDUS bilayer device (device D; closed squares).
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TFB used in this research is so high that the thickness of the
interlayer would be relatively thicker. The resulting cur-
rent density of interlayer devices was lower than that of
single-layer devices. On the other hand, the current density
of ESDUS bilayer devices (device D) having thicker TFB
layer (40 nm) than device C was significantly higher than
that of device A and C. In addition, the turn-on voltage
was 1.2 V lower and the luminance of device D is markedly
enhanced, so that the PEs of device D were improved sig-
nificantly through the whole luminance region as shown
in Fig. 3c. In particular, the maximum PE of device D
showed 8.7 lm W�1 and surpassed other devices (PEMAX

of device A = 0.24 lm W�1, PEMAX of device C = 1.9 lm W�1).
These higher current and lower turn-on voltage of device D
would be caused by improvement in hole injection and
transport in the device due to the insertion of TFB layer
as HTL, which has a high hole mobility [33,34] and a low
ionization potential (5.4 eV) creating the stepped elec-
tronic profile [21,27] between PEDOT:PSS (5.2 eV) and
F8BT (5.9 eV). Fig. 3d shows the EQE-J characteristics for
the PLEDs. The maximum EQE of device D was improved
drastically (2.3%) as compared with that of device A
(0.17%) and C (1.6%). The enhancement of the EQEs of de-
vice D at low-current region is especially notable, there-
fore, the EQEs of device D tended to be a constant (about
2%) through the wide current region. While, those of device
A and C showed a gradual increase as current density was
getting higher.
The gradual increase in EQEs of device A can be ex-
plained mainly by a carrier imbalance at low voltage region
due to the injection barrier difference at the anode and the
cathode, and a shift of the carrier recombination site. Gen-
erally conjugated polymers exhibit different mobilities for
holes and electrons, and the electric field dependence of
each mobility is also quite different. In single-layer PLEDs,
the carrier recombination site should be located close to an
electrode where the less mobile carrier is injected. The
emission would be quenched by a non-radiative energy
transfer near an electrode surface, causing low EQE. As
the electric field is getting higher, the mobility difference
between electrons and holes often becomes smaller due
to different electric field dependence [35–37]. The recom-
bination site would extend away from the electrode,
reducing non-radiative energy transfer [38,39]. In the case
of device A, the recombination process should occur at a
PEDOT:PSS/F8BT interface since F8BT is a good electron
transport material [40].

The steep rise in the EQEs of device D at the low-current
region and the following plateau indicate the charge injec-
tion and transport to be balanced at lower electric field,
and the balance to be maintained through the wide range.
These tendencies can be understood as has been discussed
in bilayer organic LEDs [4,41–44], i.e., the blocking of car-
riers at the organic/organic interface prevents the majority
carriers from reaching the opposite electrode without
forming excitons, and accumulation of them causes a



Fig. 4. The electroluminescence spectra for the single-layer device
prepared by spin-coating (device A; solid line), the interlayer device
(device C; dashed line) and the ESDUS bilayer device (device D; dotted
line) driving at 100 mA cm�2.

Fig. 5. (a) The current density–voltage characteristics, (b) the luminance–
voltage characteristics, (c) the external quantum efficiency–current
density characteristics for ESDUS bilayer devices with TFB layer annealed
at 130 �C (device D; closed squares), 180 �C (device E; crosses) and 230 �C
(device F; opened diamonds).
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redistribution of the electric field within the device, which
promotes injection of the minority carriers, and the recom-
bination zone is away from the electrode.

As shown by the EL spectra of device A, C and D driving
at 100 mA cm�2 in Fig. 4, we could see the F8BT emission
(peaking at 544 nm) from these devices. Similarly the
shoulder at 575 nm of device C and D became stronger
and weaker relatively to the main peak, respectively. We
attribute shift in EL spectrum of device C to the formation
of an exciplex at TFB/F8BT heterojunctions [45,46]. How-
ever, the weaker shoulder of the EL spectrum for device
D cannot be explained only by the formation of the exci-
plex. The difference among spectra of device A, device C
and device D should be ascribed to interference effects
between the emission directly out of the active layer and
the reflection at the metal electrode since the location of
the emission zone has changed due to the position of the
TFB/F8BT interface [47–49]. In device C, the recombination
zone might be located away from the PEDOT:PSS due to
the insertion of interlayer, preventing the exciton quench-
ing by PEDOT:PSS, and it also contributes to the improve-
ment in the EQEs of device C [20].

However, the gradual increase of the EQEs of device C
suggests that the carrier balance was not as good as device
D in spite of the interlayer insertion. Another interlayer de-
vice composed of TFB (interlayer)/F8BT (ESDUS) showed
much lower current and gradual increase in EQEs as device
C. Therefore, the difference between device C and D would
be caused by the annealing temperature for TFB layer.

3.3. The influence of the annealing temperature for HTL on
PLEDs characteristics

We studied the effect of the higher annealing tempera-
ture for TFB layer on the performance of bilayer PLEDs.
Fig. 5 shows the L–J–V and the EQE-J characteristics of ES-
DUS bilayer devices with TFB layer annealed at various
temperatures (device D, E and F). The current density and
luminance were reduced as the thermal treatment temper-
ature of TFB layer increased from 130 �C to 230 �C regard-
less of having the same thickness and structure as shown
in Fig. 5a and b. The maximum EQE of device E and F were
1.9% and 1.5%, respectively, and lower than that of device D
(2.3%). The EQEs of device E and F in the low-current region
significantly reduced and showed a gradual increase with
current density as shown in Fig. 5c. We consider that the
inferior performance of the bilayer PLEDs with TFB an-
nealed at higher temperature would be caused a decrease
in hole current since the insertion of TFB as HTL brought
about the improvement in carrier balance of electron-rich
F8BT devices.

To investigate the change of hole current as a function of
the annealing temperature of TFB layer, we fabricated hole



Fig. 6. The current density–voltage characteristics for hole only devices;
ITO/PEDOT:PSS/TFB (170 nm)/Au, whose TFB layer were annealed at 80 �C
(circles), 130 �C (squares), 180 �C (diamonds) and 230 �C (triangles). The
inset shows differential scanning calorimetry curve of TFB used in this
research.
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only devices of ITO/PEDOT:PSS/TFB (170 nm)/Au structure.
Fig. 6 shows the J–V characteristics of the hole only devices
with TFB layer annealed at various temperatures. The plots
of the devices annealed at 80 �C and 130 �C were almost
identical, although, the hole current decreased as the ther-
mal treatment temperature increased from 130 �C to
230 �C. Furthermore, it is remarkable that the turn-on volt-
ages for hole injection became large when annealing
temperature exceeded in 180 �C. According to a DSC mea-
surement, the Tg of TFB used in this study is determined
156.0 �C as shown in the inset of Fig. 6. We consider that
the thermal treatment above Tg of TFB would induce the
degradation of hole injection property. Therefore, interlay-
ers should be damaged the intrinsic nature of the inter-
layer-polymers as a good hole transporting material, since
they are annealed above the Tg and rinsed with a organic
solvent, and the insoluble residue of them remains as inter-
layers. The preparation process of interlayers, which needs
the thermal treatment above Tg, would also affect the cur-
rent reduction of PLEDs with interlayers apart from the
thickness of interlayers and the interlayer-LEP combination.
We suppose that the interlayer in this study would not
greatly improve in hole injection and transport of device C.

But it remains open now what problems arise by ther-
mal treatment above Tg. No changes in surface morphol-
ogy, absorption and ionization potential were observed in
TFB films annealed at 80 �C, 130 �C, 180 �C and 230 �C. As
shown by other reports, absorption and photolumines-
cence, vibrational transitions, redox energy levels and the
surface potential of interlayers is almost identical to those
of ‘‘bulk” polymer layers [20,22]. It is required that the
investigation into the interface of PEDOT:PSS/TFB.

We fabricated another ESDUS bilayer device having
thinner TFB layer (20 nm) without the thermal treatment
above Tg. The L–J–V characteristics were found to be almost
identical to those of device D. It is well known for conven-
tional small-molecule-base OLEDs, the device characteris-
tics are not sensitive to thickness of a hole transporting
layer because most of applied electric field is concentrated
on an electron transporting layer [50,51]. The device
characteristics independent of the TFB thickness in the
ESDUS devices suggests that the interlayer thickness
should not be a major issue for the inferior performance
in the interlayer devices but the thermal degradation of
TFB would be the most important.

3.4. The electron-rich devices having a cathode with lower
work function on the bilayer PLEDs

We fabricated more electron-rich devices by applying
the Ca/Al cathode to interlayer devices (device G) and ES-
DUS bilayer devices (device H). Fig. 7a and b shows the
L–J–V characteristics of device G and H. On comparison be-
tween ESDUS bilayer devices (device D and H), the current
and luminance of the Ca/Al cathode devices (device H)
showed the rapid rise at much lower voltage than those
of the LiF/Al cathode devices (device D), so that the PEs
of device H were much higher throughout the luminance
region, and exhibited 12 lm W�1 in the maximum as
shown in Fig. 7c. On the other hand, in the interlayer de-
vices, the PEs of the more electron-rich devices (device G)
showed inferior PEMAX of 1.3 lm W�1 where device C
showed 1.9 lm W�1, though the current and luminance of
device G showed rise as compared with device C.

Fig. 7d shows the EQE-J characteristics of device G and
H. The EQEs of device H with the ESDUS bilayer structure
showed the flat tendency at the wide range of the current
density and the maximum EQE of device H was 2.3%, which
was same value to that of device D. The EL spectrum of de-
vice H was identical to the F8BT emission without the TFB
emission, being almost identical to that of device D. The
EQE is the ratio of the number of photons coming out of
a device to the number of charge carriers injected into it,
and EQE is given by EQE = cgrufgext using the charge-bal-
ance factor c, the efficiency of production for singlet exci-
tons gr, the quantum efficiency of fluorescence uf, and
the extraction efficiency of light from the device gext [52].
Almost same value of EQEs of device D and H suggests that
the ESDUS bilayer devices would attain the c value close to
1.0 assuming that the value of gr, uf and gext is constant.
Therefore, these observations indicate that electrons are
effectively blocked at the TFB/F8BT interface and the car-
rier balance is maintained despite using more electron-rich
cathode in the ESDUS bilayer devices. On the other hand,
the EQEs of device G decreased as compared with device
C and the maximum EQE reduced to 0.91%, which results
in the severe decrease in PEs of device G. The reduction
of EQEs of the more electron-rich devices suggests that
the interlayer is not working as an efficient electron block-
ing layer, which was reported by Harding et al. [26], de-
spite the large difference of LUMO level between TFB and
F8BT (1.0 eV). Probably due to the thin thickness of the
interlayer and/or the degree of intermixing at TFB/F8BT
interface, the interlayer composed of TFB exhibits the inef-
ficient electron blocking.

Interlayers are easy to be formed and certainly useful
for improvement in EQE of PLEDs to keep the carrier
recombination zone away from the PEDOT:PSS and to en-
hance the hole injection compared with single-layer de-
vices, although, they cannot act as strong carrier blocking
layers. The further development would be brought for
PLEDs by forming more effective polymer heterojunction.



Fig. 7. (a) The current density–voltage characteristics, (b) the luminance–voltage characteristics, (c) the power efficiency–current density characteristics
and (d) the external quantum efficiency–current density characteristics for the interlayer device with LiF/Al cathode (device C; closed down-pointing
triangles), the ESDUS bilayer device with LiF/Al cathode (device D; closed squares), the interlayer device with Ca/Al cathode (device G; opened down-
pointing triangles) and the ESDUS bilayer device with Ca/Al cathode (device H; opened squares).
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4. Conclusions

We have successfully achieved a significant improve-
ment in the performance of bilayer PLEDs by introducing
TFB as HTL without thermal treatment above Tg through
the stack of EML using ESDUS. Comparison with character-
istics of devices having the TFB annealed at various tem-
peratures indicates that the thermal treatment above Tg

induces the degradation of hole injection, and that thermal
treatment temperature for HTL can varies the carrier bal-
ance of bilayer PLEDs. The higher current and lower turn-
on voltage, and therefore the higher power efficiency can
be achieved in the ESDUS bilayer PLEDs which do not re-
quire a severe annealing for HTL formation. On the other
hand, interlayers which are often used for PLEDs are
formed through the thermal treatment above Tg. Some
studies have been reported that the thickness of interlayers
and the interlayer-LEP compatibility were discussed for
inferior device performance in their PLEDs. The thermal
degradation would be the major factor for inferior perfor-
mance in the interlayer devices.

The EQEs of the ESDUS bilayer devices showed the
constant value through the wide current region even in
the more electron-rich condition, whereas, those of the
interlayer devices showed lower and a gradual increasing
tendency. These observations suggest that electrons are
effectively blocked at the TFB/F8BT interface in ESDUS
bilayer devices but the electron block of the interlayer is
not as effective.

It is required the degradation of polymers by thermal
treatment above Tg is taken into consideration in case of
constructing bilayer PLEDs. The multilayer structure has
been proved to be quite effective for improvement of de-
vice performance in small molecule-based OLEDs. The fur-
ther improvement in PLEDs would be also brought by more
effective processes which do not require any procedure
inducing degradation of the materials. Cross-linkable poly-
mers could be one of promising candidates in order to
insolubilize the bottom layer without thermal treatment.
ESDUS method would be another.
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would degrade significantly during operation, thus limit
their practical applications. In order to overcome this prob-
lem and obtain efficient WPLEDs with high color quality
and long-term stability, an alternative approach is to use
efficient deep-blue polymer as both host material and blue
emitter to fabricate multiple dopants all-polymer WPLEDs.
So far, polyfluorenes (PFs) and its derivatives are the most
frequently used deep-blue polymer for WPLEDs although
their luminous efficiency is typically between 1 and
2 cd A�1, making the efficiency of WPLEDs based on these
polymers rarely exceed 10 cd A�1 [15]. Therefore, it is ex-
pected that the efficiency of all-polymer WPLEDs can be
significantly enhanced if more efficient blue emitter be
used in these devices.

In this paper, we report realization of efficient WPLEDs
with good color quality based on blending of fluorescent
polymers with RGB emission covering the entire visible
spectrum. The polymers used here include, a newly syn-
thesized efficient deep-blue emitting polyfluorene deriva-
tive named poly[(9,9-bis(4-(2-ethylhexyloxy)phenyl)-+
fluorene)-co-(3,7-dibenziothiene-S,S-dioxide10)] (PPF-
3,7SO10) [19], a green light-emitting poly[2-(4-(30,70-
dimethyloctyloxy)-phenyl)-p-phenylenevinylene] (P-PPV)
and an orange–red light-emitting 2-methoxy-5-(20-ethyl-
hexyloxy)-1, 4-phenylenevinylene (MEH–PPV), respec-
tively. Optimized device shows a peak luminous efficiency
of 14.0 cd A�1 and a peak power efficiency of 7.6 lm W�1,
with a CIE of (0.33, 0.35) at a current density of
10 mA cm�2.

2. Experimental details

The device structure in this study is indium tin oxide
(ITO)/PEDOT:PSS/PPF-3,7SO10 (100 wt%):P-PPV (x wt%):
MEH–PPV (y wt%)/Ba/Al, where PEDOT:PSS is poly(ethyl-
endioxythiophene):poly(styrene sulfonic acid), purchased
from H. C. Starck, Inc., while the polymers PPF-3,7SO10,
P-PPV and MEH–PPV were synthesized in our laboratory
and the chemical structures of these materials show in
Fig. 1. The devices were fabricated following a well-estab-
lished procedure. First, a 40 nm film of PEDOT:PSS (Baytron
P4083) was spin coated on a precleaned ITO substrate and
baked to dry in a vacuum oven at 80 �C for 12 h. The poly-
Fig. 1. The chemical structures of PPF-3,7SO10, P-PPV and MEH–PPV
device.
mer blend consisting of PPF-3,7SO10, P-PPV and MEH–PPV
were spin coated from toluene solution, resulting in an
emissive layer of 80 nm (as determined by a profiler, Ten-
cor Alfa-Step 500). Finally, 4 nm barium and 120 nm alu-
minum layer were evaporated with a shadow mask at a
base pressure of 3 � 10�4 Pa. The thickness of the evapo-
rated cathodes was monitored by a quartz crystal thick-
ness/ratio monitor (Model:STM-100/MF, Sycon). The
overlapping area between the cathode and anode defined
a pixel size of 19 mm2. Except for the deposition of the
PEDOT:PSS layers, all of the fabrication processes were car-
ried out inside a controlled atmosphere of nitrogen dry-
box (Vacuum Atmosphere Co.) containing less than
10 ppm oxygen and moisture. Current density (j)–voltage
(V)–luminance (L) data was collected using a Keithley
236 source meter and a calibrated silicon photodiode.
The EL spectra and CIE coordinate was recorded using
PR-705 SpectraScan spectrophotometer (Photo Research),
while the color rendering index (CRI) was calculated fol-
lowing the CIE publication released in 1974 [19]. After
the devices were annealed atop of a hotplate at high tem-
perature (120–200 �C) for 2–12 h, spectral stability of EL
upon thermal annealing were performed in atmosphere
by a PR-705 SpectraScan spectrophotometer soon after
cooling down to room temperature. The stability of the
white emitting PLEDs was studied in atmosphere by apply-
ing a constant current stress with an initial luminance of
1500 cd m2. Before annealing in atmosphere and stress
test, the PLEDs were encapsulated with a UV-cured epoxy
resin.

3. Results and discussion

For the monochromatic devices based on MEH–PPV
(red), P-PPV (green), and PPF-3,7SO10 (blue), peak LE of
2.5 cd A�1, 22.2 cd A�1 and 5.1 cd A�1 were recorded,
which corresponded to external quantum efficiencies
(EQE) of 2.5%, 9.0% and 6.1%, respectively. The 1931 CIE
coordinate of the RGB devices were (0.61, 0.39), (0.46,
0.52), and (0.16, 0.16), respectively. While keeping in mind
the CIE coordinates of the primary RGB color system
adopted by National Television System Committee (NTSC)
for color TV are (0.67, 0.33) (R), (0.21, 0.71) (G) and (0.14,
Fig. 2. EL spectra of PPF-3,7SO10, P-PPV and MEH–PPV device.
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0.08) (B), it can be clearly seen that the blue emitter match
the NTSC best. Also, as shown in Fig. 2, the emission of the
monochromatic devices based on the RGB emitters covers
the entire visible light spectrum. It is expected that white
emission can be realized if emission of each color is care-
fully balanced.

To obtain white emission with good color quality, a ser-
ies of devices with various doping concentrations and ra-
tios were fabricated and evaluated, and their device
performance was summarized in Table 1. Depending on
the doping concentration, devices were referred to as de-
vice A1–device D1, with structure like ITO/PEDOT:PSS/
PPF-3,7SO10 (100 wt%):P-PPV (x wt%) and MEH–PPV
(y wt%)/Ba/Al, in which x vary within 0.5–1.0, y within
0.2–0.5. As seen from the normalized EL spectra of devices
(Fig. 3a), three intense peaks around 450 nm 482 nm and
573 nm were clearly observed, which can be assigned to
the emission from PPF-3,7SO10 and MEH–PPV, respec-
tively. Since there is considerable overlap between the EL
peak of P-PPV (550 nm) and the shoulder of PPF3, 7SO10
(Fig. 2), the former is merged and could not be seen very
clearly in Fig. 3a. Device B1 (with a blend ratio of
100:0.8:0.5 between the RGB emitters) exhibit the most
balanced RGB emission, with a CIE coordinate of (0.341,
0.348), very close to the equi-energy white point (0.333,
0.333). Consistent with our previous study on the blue
emitter [20], there is a considerable enhancement in LE
and EQE for the white emission PLEDs when a thin layer
of PVK was inserted at the anode side to facilitate hole
injection and transport. The devices with PVK as anode
buffer layer were denoted as device A2–D2 and their per-
formances were also included in Table 1 for comparison.
Similar to its analog device B1, device B2 had a CIE coordi-
nate of (0.331, 0.353) also very close to the equal-energy
point as device B1.

It is interesting to consider the origin of the efficient
white emission from this system. Two independent excita-
tion mechanisms may occur: energy transfer from the fluo-
rescent host to the guest materials and charge trapping at
the emitter sites [5,21]. As can be seen in Fig. 4a, there is
significant overlap between the PL spectrum of PPF-
Table 1
Devices performance for WPLEDs at different doping ratio and device structure.

Device performances

Device Composition Max LE Max EQ

PPFSO10:P-PPV:MEH–PPV [cd A]a [%]b

A1 100:0.5:0.5 7.4 3.7
B1 100:0.8:0.5 8.7 4.3
C1 100:1.0:0.2 8.1 4.1
D1 100:1:0.8 8.0 4
A2 100:0.5:0.5 12.5 6.2
B2 100:0.8:0.5 14.0 6.9
C2 100:1.0:0.2 12.6 6.3
D2 100:1:0.8 13.5 6.7

Device structure of A1–D1:ITO/PEDOT:PSS/EML/Ba/Al.
Device structure of A2–D2:ITO/PEDOT:PSS/PVK/EML/Ba/Al.

a Maximal front viewing luminous efficiency in cd A�1.
b Maximal external quantum efficiency in %.
c Maximal front viewing power efficiency in lm W�1.
d Observer: 2�; obtained at 10 mA cm�2.
3,7SO10 and the absorption of P-PPV and MEH–PPV (large
overlap between the PL spectrum of P-PPV and absorption
of MEH–PPV is also observed, not shown here), implying
effective energy transfer from PPF-3,7SO10 to P-PPV and
MEH–PPV, or from P-PPV to MEH–PPV could readily take
place. However, upon blending with other emitting spe-
cies, charge trapping at the low band gap emitting sites
may also occur. Comparison of PL spectra (Fig. 3b) from
the emitting layers with the EL spectra (Fig. 3a) of the de-
vices reveals that the EL spectra have a much higher contri-
bution from the narrow band gap red/green emitters,
indicating that charge trapping is the dominant process
[5,10]. As shown in Fig. 4b, the HOMO energy levels for
PPF-3,7SO10, P-PPV and MEH–PPV are �5.6 eV, �5.3 eV
and �4.9 eV, respectively, while the lowest unoccupied
molecular orbital (LUMO) are �2.8 eV, �2.9 eV and
�2.9 eV, respectively. That is, the HOMO level of the low
band gap emitters is above (closer to vacuum level) that
of the host, while at the same time, the LUMO level of
the guest is below (deeper from vacuum level) that the
host. Therefore, when charge carriers are injected from
electrodes, simultaneous excitation of the green and red
emitting polymers via direct charge trapping could occurs
as this is energetically favored [22].

Fig. 5 shows the typical current density–luminance–
voltage (J–L–V) characteristics and luminous efficiency–
power efficiency–current density (LE–PE–J) characteristics
of device B1 and device B2. For device B1, a maximal lumi-
nous efficiency of 8.7 cd A�1 was observed at a current
density of 5.5 mA cm�2 (5.4 V) with a luminance of
484 cd m�2, while a maximal power efficiency 5.6 lm W�1

was reached at 1.2 mA cm�2 (4.5 V). It is important to note
that the turn-on voltage (defined as the voltage at which a
luminance of 1 cd m�2 is reached) of device is as low as
3.0 V, which is very helpful to reduce power consumption
and obtain high power efficiency. With increasing current
density, the device retains high efficiency. For example,
at a current density of 120 mA cm�2, the LE is 7.0 cd A�1,
only 20 % roll-off from its peak, corresponding to a lumi-
nance of 8480 cd m�2. As shown in Fig. 5, for device B2, a
maximal LE of 14.0 cd A�1 and a maximal EQE of 6.9%
E Max PE CIEd CCT CRId

[lm W]c

4.5 0.307, 0.340 3811 59
5.6 0.341, 0.348 5357 72
4.7 0.341, 0.395 5252 69
4.5 0.476, 0.457 2817 43
5.3 0.383, 0.413 4179 70
7.6 0.331, 0.353 5955 79
6 0.304, 0.363 6641 77
7.2 0.424, 0.412 3297 63



Fig. 3. (a) The EL spectra of the devices with different blend ratio (PPF3,7SO10:P-PPV:MEH–PPV), and (b) the PL of PL spectra from the same emitting layers.
The device structure for the devices is ITO/PEDOT:PSS/PPF3,7SO10:(x%)P-PPV:(y%)MEH–PPV/Ba/Al (device: A1–D1). The EL spectra were obtained at a
current density of 10 mA cm�2.

Fig. 4. (a) The PL spectra of PPF-3,7SO10 and the absorption spectrum of the green emitter P-PPV and red emitter MEH–PPV, and (b) energy diagram of
devices.

Fig. 5. The current density–luminance–voltage (J–L–V) (a) and luminous efficiency–power efficiency–current density (LE–PE–J) (b) characteristics of device
B1 and B2.
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Fig. 6. The EL spectra of the device B2 at different current density (a), annealed at different temperatures and hours (b) and under continuous operation at
an initial luminance of 1500 cd m�2 (c).
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can be obtained at a current density of 1.0 mA cm�2 (the
maximal power efficiency 7.6 lm W�1 was reached at
0.18 mA cm�2). It exhibited a turn-on voltage of 5.7 V and
a maximum brightness of 20546 cd m�2 at 454 mA cm�2.
At a luminance of practical applications for solid-state
lighting (SSL) application, for example, 1000 cd m�2, good
forward viewing LE and PE values are maintained:
12.5 cd A�1, 3.7 lm W�1 at 8.9 mA cm�2 and 9.6 V for de-
vice B2. As shown in Table 1, most of the white emission
devices had appropriate color temperature (as measured
as correlated color temperature (CCT) within 2500–
6500 K and relative higher color rendering index (CRI) suit-
able for solid-state lighting. At a current density of
10 mA cm�2, the CRI were 72 and 79 for device B1 and de-
vice B2, respectively, representing a good color quality for
white lighting source.

Spectral stability upon change of current density, ther-
mal annealing and stress was also studied. When the cur-
rent density varied from 2.5 mA cm�2 to 210 mA cm�2, as
shown in Fig. 6a, the emission color of a typical device
B2 did not change much, which is important for illumina-
tion. And the CIE coordinates of the white light emission
showed a slight change from (0.31, 0.35) to (0.34, 0.36),
still close to the white equivalent-energy point of (0.33,
0.33). Fig. 6b showed the EL spectra of device B2 annealed
at 80, 120, 160 and 200 �C for 2 h, and 120 �C for 12 h,
respectively. It is important to note that the emission color
remained nearly unchanged even high temperature was
applied, in consistent with what was found in our previous
report on the blue emitter [19]. Moreover, the evolution of
spectral stability under continuous stress was also carried
out with an initial luminance of 1500 cd m�2 for device B2.
As revealed in Fig. 6c, there is no obvious change with var-
iation of the operating time up to 60 min. Thus, the device
B2 represented a good spectral stability upon operational
stress, indicating good device stability can be obtained in
this white system. It is important to note that, much longer
lifetime can be expected if the initial luminance be set as a
typical luminance of 100 cd m�2 and a more reliable
encapsulation technology was used.

4. Conclusions

In summary, we report white polymer light-emitting
devices with both high efficiency and good color quality,
stability based on a newly synthesized efficient blue emit-
ting polymer which dually functions as host material and
blue emitter, with appropriate blending ratio with two
typical electroluminescent polymers, green emitting
P-PPV and orange–red emitter MEH–PPV. Optimized device
shows a peak LE of 14.0 cd A�1 (corresponding to an EQE of
6.9%) with a CIE of (0.33, 0.35) at a current density of
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10 mA cm�2. Furthermore, our devices are characterized
by very good color quality, both in term of color rending in-
dex (�79) and color temperature 2800–6600 K), suitable
for solid-state lighting applications. Upon change of cur-
rent density, continuous operation and annealing at high
temperature, the EL spectra shows negligible change, indi-
cating good device stability can be obtained in this system.
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the electrical conductance of the semi-conductor channel
and thus distinguishes two logic states, the ON or OFF
states of the channel current for memory function [3,5].
Because spontaneous polarization directly controls chan-
nel conductance, neither the ferroelectric cell capacitance
nor the requirement of a high polarization are determining
factors in the device operation potentially beneficial for
high density as well as low-power consumption. Further-
more, utilization of organic and polymeric semi-conduct-
ing channels turned out beneficial in FeFET for low cost,
flexible memory, including vacuum deposited pentacene
[6–8], poly(3-hexylthiopene) (P3HT) [9] and poly[2-meth-
oxy, 5-(2’-ethyl-hexyloxy)-p-phenylene-vinylene] (MEH-
PPV) [3].

For the successful non-volatile ferroelectric memory,
high ON/OFF ratio at zero gate voltage should be guaran-
teed for distinct data recognition. In principle both ON
and OFF source–drain current strongly depend upon the
charge density of semi-conducting layer in contact with
gate insulator at each polarization state. An imperfect fer-
roelectric gate insulator with many structural defects often
results in the leakage current between gate and drain elec-
trode usually larger than that between source and drain
one at OFF state, which leads to high OFF current and
low ON/OFF ratio in the device. In fact, a thin film of semi-
crystalline PVDF and PVDF-TrFE contains many defects
arising from crystalline grain–grain mismatch and trapped
residual solvent in the film. One way to overcome the
problem is obviously to introduce a ferroelectric gate insu-
lator thick enough to minimize the leakage current. The
method is; however, not effective because it dramatically
increases operating gate voltage required for polarization
switching of PVDF-TrFE with relatively large coercive elec-
tric field of approximately 50 MV/m. The selection of a
proper solvent that can give rise to very dense thin
PVDF-TrFE film was another way to reduce the gate leak-
age. Viscous cyclohexanone has been successfully em-
ployed for low operation voltage FeFET with PVDF-TrFE
gate insulator [9].

Insertion of an additional interlayer between PVDF-TrFE
and gate electrode has been proposed for controlling the
leakage [10]. In particular a polymeric interlayer would
be beneficial because it forms easily on a substrate based
on spin coating and provides a good interface with PVDF-
TrFE. We have recently employed 200 nm thick poly(4-
vinylphenol) (PVP) and poly(melamine-co-formaldehyde)
film known as a good dielectric layer for OTFTs into a FeFET
with single crystal 6,13-bis(tri-isopropylsilylethynyl)
pentacene (TIPS-PEN) semi-conducting layer [11]. The suf-
ficiently low OFF current was obtained of approximately
10�11 A which guaranteed high ON/OFF ratio with very
reliable data retention property. More detailed study was
also performed to understand the role of PVP interlayer
in both metal-ferroelectric-insulator-semiconductor
(MFIS) and FeFET architectures [12]. We found that PVP
in the MFIS effectively prevented the shifting of the C–V
hysteresis curve toward the negative bias voltage. The re-
cent work by Lim et al. has also shown that a PVP layer
was successfully incorporated in a FeFET with ZnO semi-
conducting layer [13]. In spite of the studies with PVP for
improving the performance of FeFETs with PVDF-TrFE, only
few work has been devoted to systematic approaches to
address fundamental issues including interfacial energy
with a ferroelectric layer, surface roughness, dielectric
properties and film thickness of an interlayer for minimiz-
ing both gate leakage current and operating voltage.

There are in general several factors to be considered
when one designs a polymeric interlayer incorporated with
PVDF-TrFE. First of all, a firm interface should be obtained
between a polymer interlayer and PVDF-TrFE. Good misci-
bility of poly(methylmethacrylate) (PMMA) with PVDF-
TrFE insures the solid and firm interface with surface en-
ergy matched with each other [14]. Secondly, a polymeric
interlayer should be chemically and thermally resistive to
remain stable upon the spin coating and subsequent ther-
mal annealing of a thin PVDF-TrFE layer. A cross-linkable
polymer would be one of the candidates for satisfying
the requirement. Finally an interlayer with high dielectric
constant needs in principle to be used for low operating
voltage. We do not; however, have many design rules in
this aspect because most of polymer interlayers fall into
less than 10 in their dielectric constants.

In this contribution, we employ a new type of polymeric
interlayer to systematically investigate the effect of inter-
layer thickness on FeFETs with ferroelectric PVDF-TrFE.
Upon consideration of the aforementioned requirements,
we chose an interlayer of a poly(styrene-random-methyl-
methacrylate) copolymer (P(S-r-MMA)) containing benzo-
cyclobutene (BCB) as a cross-linking agent. The cross-
linkable P(S-r-MMA) which has been used for surface mod-
ification of self assembled block copolymers [15] is easily
spin coated on a substrate with well controlled film thick-
ness ranging from even a few to tens of nanometers. In addi-
tion, simple cross-linking of a film by thermal baking
provides excellent chemical resistance against various or-
ganic solvents. Our study shows that gate-drain leakage cur-
rent is effectively shielded with a P(S-r-MMA) layer of the
thickness greater than approximately 25 nm in a bottom
gate FeFET containing ca. 350 nm thick PVDF-TrFE layer.
2. Experimental

2.1. Materials

A P(S-r-MMA) used as an insulating layer in the study
was anionically polymerized with a lithium initiator. The
random copolymer contains 45% of PS moiety with reactive
4-vinylbenzocyclobutene (�3 mole%). Molecular weight
(Mn) and polydispersity index (PDI) were characterized
by typical size-exclusion chromatography (SEC) of
30,000 g/mol and 1.3, respectively. A poly(vinylidene fluo-
ride-co-trifluoroethylene) (PVDF-TrFE) with 27.5 wt% TrFE
was kindly supplied by MSI Sensor PA, USA. The melting
(Tm) and Curie (Tc) temperature of the polymer are 150
and 80 �C, respectively. Pentacene (purity = 99%) was pur-
chased from Aldrich Chem. Co.

2.2. Interlayer preparation

Thin P(S-r-MMA) films were spin coated from the solu-
tions in toluene onto either Boron dope Si substrate or Al



Fig. 1. Schematic of a bottom gate FeFET with pentacene active layer and
bilayered PVDF-TrFE/P(S-r-MMA) gate dielectric.
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electrode with various concentrations. The films were con-
trolled in thickness ranging from 5 to 30 nm. The cross-
linked networks were formed when the films were subse-
quently heated at 250 �C for 15 min under a nitrogen
atmosphere. In this study, the films with six different
thicknesses were prepared, denoted to P(S-r-MMA)1 to 6
in Table 1. The thickness measured by an ellipsometry
(Gaertner Scientific Co., USA) is listed in Table 1.

2.3. Capacitor and Fe-FET fabrication

Thin PVDF-TrFE films with the thickness of approxi-
mately 250 and 350 nm were formed on the P(S-r-MMA)
interlayers by spin coating (spin rate of 2000 rpm for
1 min) from a 3 to 5 wt% solution in methylethylketone
(MEK) for capacitors and FeFET devices, respectively. The
films were subsequently annealed at 135 �C for 2 h for
enhancing the degree of crystallinity. Metal/PVDF-TrFE/
P(S-r-MMA)/metal capacitors were made with a highly
Boron doped Si substrate as the bottom electrode. Alumi-
num top electrodes were thermally evaporated on polymer
films using a shadow mask with holes of 200 lm in diam-
eter under a pressure of 7.5 � 10�7 torr and rate of 1 Å/s.
Metal/P(S-r-MMA)/metal capacitors were also prepared
for characterization of the thin interlayer films. Capaci-
tance–voltage measurements were performed using
HP4284A at 1 MHz. Ferroelectric properties were obtained
using a virtual ground circuit (Radiant Technologies Preci-
sion LC unit).

Fabrication of a FeFET memory with pentacene active
channel starts with the formation of a bilayered PVDF-
TrFE/P(S-r-MMA) gate dielectric consecutively spin coated
on a heavily Boron doped Si gate electrode. Pentacene
channel and source/drain Au films were sequentially pat-
terned on the gate insulators through shadow mask on
the substrate at room temperature by thermal evaporation
in a vacuum chamber at a base pressure of 9.0 � 10�7 torr.
The deposition rates were fixed at 0.3 Å/s for the penta-
cene, and at 1 Å/s for Au electrodes. The pentacene and
the Au films were 60 and 100 nm thick, respectively. The
pentacene channel length and width were 50 lm and
200 lm, respectively. The schematic of a pentacene FeFET
device with bilayered PVDF-TrFE/P(S-r-MMA) gate insula-
tor is shown with the detailed chemical structures of the
components in Fig. 1. The electrical properties of the de-
vices were recorded using semiconductor systems
(E5270B, HP4284A, Agilent Technologies). All measure-
ments were done in metallic shielded box at room temper-
ature in air.
Table 1
Characteristics of thin P(S-r-MMA) interlayer films.

Samples Thickness
(nm)

RMS
(nm)

Capacitance
(pF)

Dielectric
constant

P(S-r-MMA)1 5.23 0.598 111.73 2.10
P(S-r-MMA)2 11.28 0.569 56.48 2.29
P(S-r-MMA)3 15.09 0.432 43.42 2.44
P(S-r-MMA)4 19.68 0.442 33.18 2.35
P(S-r-MMA)5 25.06 0.555 27.85 2.51
P(S-r-MMA)6 29.15 0.446 21.94 2.36
2.4. Measurement and characterization

Tapping Mode Atomic Force Microscope(TM-AFM,
Nanoscope IV.Digital Instrument) was used to examine
the surface morphologies of P(S-r-MMA) and PVDF-TrFE
films. Both initial and final morphologies of pentacene on
PVDF-TrFE were also characterized by AFM and Field Emis-
sion Scanning Electron Microscope (FESEM) (Jeol 2000).
The crystalline structure of PVDF-TrFE was characterized
by 2 dimensional (2D) Grazing-Incidence X-ray Diffraction
(GIXD). The GIXD was performed on the 4C2 beam line at
the Pohang Accelerator Laboratory in Korea (incidence
angle: 0.09o–0.15o). Monochromatized X-rays (k =
0.1608 nm) under vacuum and the full range of available
incidence angles are used. The scattered beam intensity
was recorded with an SCX: 4300-165/2 CCD detector
(Princeton Instruments). 2D GIXD patterns we obtained
in the range 0 < qz < 2.33 Å�1, 0 < qxy < 2.33 Å�1(q = 4p -
sinh/k with z perpendicular and xy parallel to the
substrate).

3. Results and discussion

First of all, we characterized thin film properties of P(S-
r-MMA) interlayers with different film thickness. All films
are very smooth and their root mean square (RMS) rough-
ness values range from 0.43 to 0.59 nm with the standard
deviation of 0.07 nm, regardless of the film thickness as
shown in Table 1. The capacitance values measured from
metal/P(S-r-MMA)/metal capacitors are also listed in Table
1. In addition, the relative dielectric constants of the inter-
layers were calculated, based on the contact area and film
thickness in Table 1. One can easily notice that the capac-
itance values are almost inversely proportional to the film
thickness within experimental uncertainty, giving rise to
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dielectric constants all similar for the films. The dielectric
constant values of P(S-r-MMA) samples are between 2.1
and 2.5 and their average value is 2.34 with the standard
deviation 0.139. Compared with the dielectric constants
of PS, PMMA and BCB of approximately 2.5 [16], 2.6 [17]
and 2.7 [18] at 1 MHz, respectively, the values we obtained
from the random copolymers are slightly lower. Our inter-
layers turn out to be well controlled in thickness with fairly
constant surface and dielectric properties.

The microdomain and crystalline molecular structures
of a thin PVDF-TrFE film were visualized on a P(S-r-
MMA)2 with FE-SEM and GIXD in Fig. 2a and b, respec-
tively. The PVDF-TrFE film annealed at 135 �C for 2 h
clearly exhibits the characteristic needle-like crystalline
domains randomly organized with the length and width
of approximately 200 and 40 nm, respectively, as shown
in Fig. 2a. The crystalline structure of the film by 2D GIXD
in Fig. 2b shows an intensified reflection on the meridian
arising from the preferred (1 1 0) crystals aligned along
the film surface normal with the polymer chains lying on
the surface, consistent with our previous results obtained
on Al or Si substrates [19,20]. The ordered (1 1 0) reflection
Fig. 2. (a) A FESEM image (b) a 2D GIWAXD pattern of ca. About 250 nm
thick PVDF-TrFE film spin coated and subsequently annealed at 135 �C for
2 h on 10 nm thick P(S-r-MMA) layer. The characteristic needle-like
crystalline microdomains are well developed on the interlayer with the
length and width of approximately 200 and 40 nm, respectively. The
preferentially aligned (1 1 0) reflection is apparent on the meridian in (b).
on the meridian is again desirable for polarization switch-
ing upon electric field, allowing the effective rotation of b-
axis, polarization axis around chain backbone. PVDF-TrFE
films on the other interlayers also exhibit the similar micro
and molecular structures. The data indicate that ferroelec-
tric PVDF-TrFE microdomains are also well developed with
the proper crystalline orientation to polarization switching
on our P(S-r-MMA) interlayers.

The ferroelectric polarization behavior of a 250 nm
thick PVDF-TrFE film was characterized using typical
polarization-applied voltage (P–V) hysteresis loop on P(S-
r-MMA) interlayer with different film thickness as shown
in Fig. 3a. A capacitor of the PVDF-TrFE film spin coated
and subsequently annealed at 135 �C for 2 h on highly Bor-
on doped Si electrode without an interlayer shows a typical
square-like and symmetrical hysteresis loop, resulting in a
remanent polarization, Pr of approximately 7 lC/cm2 and a
coercive Voltage, Vc of 11.9 V, when sweep voltage is ap-
plied above ±30 V as shown in Fig. 3a (black squares).
Incorporation of an interlayer requires higher sweep volt-
age for the saturation of PVDF-TrFE polarization, giving rise
to the increase of the apparent coercive voltage with the
thickness of an interlayer as displayed in Fig. 3a. The Pr val-
ues of the capacitors with the hysteresis loops fully satu-
rated remain almost same as approximately 7 lC/cm2

irrespective of interlayer thickness.
A capacitor with bilayered PVDF-TrFE/P(S-r-MMA) with

the architecture of metal-insulator-ferroelectric-metal(-
MIFM) is treated as two independent and individual capac-
itors connected in series similar to the previous works by
others [13,21,22]. In particular a PVDF-TrFE film we pre-
pared is in pristine unpoled state just like a dielectric one
at the beginning. In this condition, the voltage applied
should be shared with our interlayer according to the ser-
ies model, giving rise to the increase of the apparent coer-
cive voltage as observed in our experiment. It should be
noted that the effective coercive voltage applied only to
the PVDF-TrFE film is supposed to be same regardless of
the interlayers. Each capacitor takes the part of the voltage
applied proportional to film thickness and inversely pro-
portional to dielectric constant. In our cases, at least
±30 V should be exerted on a 250 nm thick PVDF-TrFE
layer for full polarization saturation. The total voltage ap-
plied in a bilayered capacitor should therefore, increase
linearly with the thickness of interlayer. In addition, the
relatively low 2.5 dielectric constant of P(S-r-MMA), com-
pared to that of PVDF-TrFE (�10), makes the sweep voltage
higher than ±90 V even with 30 nm thick interlayer. In fact,
a plot of the apparent Vc as a function of the interlayer
thickness clearly displays a linear relation as shown in
Fig. 3b. The ferroelectric properties of the capacitors
including coercive voltage and remnant polarization are
also summarized in Table 2. In our experiments; however,
the effective coercive voltage also slightly increases with
the interlayer thickness. The reason may be due to the
leakage current in the interlayer. We speculate that at
the voltage close to the breakdown one of an interlayer,
there must be some leakage current which again influences
the polarization of PVDF-TrFE. In addition, the polarization
behavior of a PVDF-TrFE layer different on an interlayer
from on metal surface without the interlayer may result



Fig. 3. (a) Polarization vs. applied voltage (P–V) hysteresis loops of metal/
250 nm thick PVDF-TrFE/P(S-r-MMA)/metal capacitors with different P(S-
r-MMA) interlayers. The inset shows a schematic of a capacitor. (b) Plots
of remanent polarization (Pr) (left hand side) and coercive voltage (Vc)
(right hand side) as a function of the P(S-r-MMA) interlayer thickness in
the capacitors.
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in the increase of the effective Vc due to the complicated
PVDF-TrFE/interlayer interfacial properties containing sur-
face charges, defects and residual solvent molecules and so
on.

A pentacene FeFET with single layered PVDF-TrFE film
clearly exhibits the hysteresis of source–drain current
(IDS) as a function of gate voltage due to the ferroelectric
PVDF-TrFE gate dielectric layer as shown in Fig. 4a. The
sharp increase of IDS with negative bias gate voltage was
attributed to excess holes accumulated in the pentacene
layer in particular at the vicinity of the interface between
pentacene and PVDF-TrFE layer. When gate voltage be-
came back to zero, IDS still remains at the value saturated
with the gate voltage of �40 V due to the non-volatility
of H–F dipoles in PVDF-TrFE film. The subsequent applica-
Table 2
Device performances of FeFETs and MFIM Capacitors with P(S-r-MMA) interlayers

Samples Pr (lC/cm2) Vc (V) Ion (A)

w/o P(S-r-MMA) 6.67 11.9 1.28E-0
P(S-r-MMA)1 6.68 16.6 8.07E-0
P(S-r-MMA)2 6.79 21.6 1.42E-0
P(S-r-MMA)3 6.82 27.1 1.28E-0
P(S-r-MMA)4 7.72 30.4 1.06E-0
P(S-r-MMA)5 7.29 36.1 1.25E-0
P(S-r-MMA)6 6.86 45.6 9.20E-0
tion of positive gate voltage on the device gradually
switches the H–F dipoles with H atoms pointing to penta-
cene layer, giving rise to the rapid decrease of IDS. The non-
volatility of polarization again makes the current remain-
ing same even after the removal of the positive voltage
as shown in Fig. 4a.

The ON and OFF current were obtained of approxi-
mately 1.28 � 10�7 and 5.83 � 10�9 A, respectively, lead-
ing to the ON/OFF bistability ratio of approximately 20 as
shown in both Fig. 4a and Table 2. The lower ON current
in our device than a typical bottom gate pentacene OTFT
with SiO2 gate dielectric (�10�5 A) arose from the rough-
ened crystalline surface of PVDF-TrFE layer directly in con-
tact with pentacene, consistent with our recent results
observed in a FeFET with single crystal TIPS-PEN as an ac-
tive layer [11]. On the other hand, the OFF current in our
device is much higher than that observed in a pentacene
OTFT we prepared in our laboratory (�10�11 A). In addi-
tion, the single crystal TIPS-PEN FeFET displayed the OFF
current of approximately 10�11 when 200 nm thick PVP
interlayer was employed. The high OFF current did not
arise from the pentacene channel between source and
drain electrode but from the leakage current between gate
and drain electrode.

The gate current simultaneously measured with the
source–drain current hysteresis arises from both H–F di-
pole switching which corresponds to peaks and leakage
during accumulation and depletion cycle as shown in the
inset of Fig. 4a. The leakage becomes significant with gate
voltage and becomes as large as approximately 5 � 10�8 A.
This value is smaller than ON source–drain current ob-
served (�1.28 � 10�7 A), which implies that ON current is
mainly attributed to the channel current arising from holes
accumulated in the pentacene layer. The OFF current is, on
the other hand, apparently dominated by the large gate
leakage, as observed in Fig. 4a.

In order to gain the insight of the high OFF current in
the pentacene FeTET, we investigated the cross-section of
a 200 nm thick PVDF-TrFE film spin coated and subse-
quently annealed at 135 �C by FE-SEM in Fig. 4b. As no-
ticed, there exist many pin holes which arise from the
crystalline defects as well as residual solvent in the film.
The origin of the defective microstructure is currently un-
der investigation. It is; however, apparent that the defec-
tive film structure gave rise to the high OFF current of
the FeFET mainly originated from the leakage current be-
tween gate and drain electrode.

The incorporation of P(S-r-MMA) interlayer between
gate electrode and PVDF-TrFE film significantly influences
.

Ioff (A) Ion/Ioff Mobility (cm2/V s)

7 5.83E-09 101.34 0.0065
8 1.20E-09 102.28 0.0065
7 1.18E-09 102.46 0.0065
7 5.05E-10 102.6 0.0066
7 1.90E-10 102.98 0.0061
7 5.34E-11 103.58 0.0064
8 7.09E-11 103.16 0.0066



Fig. 4. (a) Transfer characteristic curve (IDS–VG) of a pentacene FeFET with
ca. 350 nm thick PVDF-TrFE gate insulator at VD = �5 V. The inset displays
IG–VG curve simultaneously obtained with the transfer curve. (b) A FESEM
image of a thin PVDF-TrFE film with the thickness of approximately
200 nm annealed at 135 �C for 2 h on Si substrate.

Fig. 5. (a) Transfer characteristic curves (IDS–VG) at VD = �5 V of penta-
cene FeFETs with six different P(S-r-MMA) interlayers. The transfer curve
of the FeFET without P(S-r-MMA) layer (Fig. 4a) is also plotted for
comparison. (b) Plots of ON and OFF current as a function of the P(S-r-
MMA) interlayer thickness. While ON current remains all similar, OFF
current gradually decreases with the interlayer film thickness up to
approximately 25 nm. (c) IG–VG curves of the FeFETs simultaneously
obtained with the transfer curves show that gate leakage current
becomes significantly reduced with the thickness of the interlayer.
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OFF current in pentacene FeFETs, depending upon inter-
layer thickness as shown in Fig. 5a. To avoid the experi-
mental error due to uneven pentacene evaporation, all
devices with the different interlayers were fabricated in a
same batch and the ON and OFF current of a FeFET memory
were averaged with 4 sets of samples. It should be noted
that the IDS hysteresis curves in Fig. 5a are the representa-
tive ones with the different interlayers. The gate voltage is
generally swept from 40 to �40 V in double mode with
which gate voltage is swept twice from positive to negative
value to confirm the bistability of the drain current. One
can easily notice that OFF current becomes significantly
lowered with the interlayer with a certain thickness while
ON current remains all similar at approximately
1 � 10�7 A, which indicates that the interlayer indeed
shields the gate leakage current present in bare PVDF-TrFE
layer. A plot of ON and OFF current as a function of the
interlayer thickness in Fig. 5b clearly displays that OFF cur-
rent gradually decreases with interlayer thickness and
reaches at approximately 10�11 A when the interlayer be-
comes thicker than 25 nm. The OFF currents we chose for
comparison as a function of the interlayer thickness was
the values at Vg equal to 0, the condition for non-volatility
of the data. The reduction of OFF source–drain current with
the interlayers apparently results in the improvement of
data bistability characterized with the ratio of ON to OFF
current. For instance the ON/OFF current ratio of approxi-
mately 20 in a FeFET without an interlayer was signifi-
cantly enhanced to the value greater than 1000 with
25 nm thick interlayer. Detailed ON and OFF current infor-
mation with different P(S-r-MMA) interlayers is also
shown in Table 2.

The reduction of OFF source–drain current with the
interlayers is also confirmed with the gate currents simul-
taneously obtained with the hysteresis curves in Fig. 5c. As
expected, the gate current remarkably decreases with the
thickness of P(S-r-MMA) interlayers. In particular the gate



Fig. 6. (a) A FESEM image of pentacene layer deposited on PVDF-TrFE film with 1 nm nominal thickness exhibits non-spherical pentacene domains grown
on randomly ordered needle-like crystal domains of the PVDF-TrFE layer. (b) An AFM image of ca. 60 nm thick pentacene layer grown on a PVDF-TrFE film
shows both pentacene grains with approximately 200 nm in size and unusually protuberant ones.
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leakage of a FeFET with P(S-r-MMA)6 becomes negligible
with the gate voltage sweep of ±40 V and does not contrib-
ute to the OFF source–drain current any more. The OFF cur-
rent observed now mainly arises from the pentacene
channel current in depletion mode in our experimental
set up.

It is noteworthy that the coercive voltages observed in
MFM capacitors are not the same as the turn-on gate volt-
ages in the transistors. For instance, the apparent Vc of a
capacitor with 250 nm thick PVDF-TrFE/P(S-r-MMA)6 is
approximately 45 V while the turn-on voltage of 350 nm
thick PVDF-TrFE/P(S-r-MMA)6 is 40 V. A transistor with
PVDF-TrFE has shown very complicated device behavior
such as flat band shift depending on the majority carrier
type of organic semiconductors [5]. Furthermore, the inser-
tion of an interlayer renders it more difficult to fully under-
stand the device performance. The difference of coercive
voltage between MFIM and transistor structure is one of
those unsolved issues. Although it is obvious that turn-on
voltage of a ferroelectric transistor is directly proportional
to coercive field of the ferroelectric layer, the voltage does
not coincide with the coercive voltage of a capacitor in par-
ticular when an interlayer is inserted.

The field effect mobility of a FeFET was calculated from
the slope of IDS vs. gate voltage (VG) in Fig. 5a, using an
equation suitable for linear regime of drain current-voltage
due to the application of a low source–drain voltage (VDS)
of �5 V in our device. The equation is given by IDS = (W/
2L)Cil[2(VG � VT)VDS � V2

DS], where W and L are the width
and length of channel and Ci, l, and VT correspond to the
capacitance per unit area of either PVDF-TrFE or P(S-r-
MMA)/PVDF-TrFE gate insulator, the field effect mobility
and threshold voltage, respectively [23]. The hole mobility
values with the different interlayers are all similar of
approximately 0.006 cm2/V s which is much smaller than
a typical value of a bottom gate, top contact pentacene
OTFT with oxide gate dielectric (0.5–1 cm2/V s). The simi-
lar field effect mobilities irrespective of the interlayers im-
ply that the variation of OFF current observed with the
interlayers was not ascribed to the pentacene active layer.
The lower field effect mobility in our FeFET device may
arise from the rough surface of a semi-crystalline PVDF-
TrFE film with the needle-like microdomains shown in
Fig. 2a as reported by Stadlober et al. [24]. The rough sur-
face of a PVDF-TrFE film was confirmed by RMS roughness
of approximately 2.3 nm, measured and averaged from
several AFM images.

In order to examine the effect of the rough PVDF-TrFE
surface on pentacene layer formation, we monitored the
early stage deposition of pentacene layer on a PVDF-TrFE
film annealed at 135 �C for 2 h. A pentacene layer with
1 nm nominal thickness deposited on the PVDF-TrFE film
clearly exhibits non-circular shape pentacene domains
sporadically distributed with approximately 200 nm in
size as shown in Fig. 6a. These anisotropic pentacene do-
mains at early stage of deposition are all observed with
P(S-r-MMA) interlayers beneath PVDF-TrFE. All 60 nm
thick pentacene films used for the FeFET devices with the
interlayers show a unique surface morphology in which
approximately 200 nm pentacene grains are closely packed
with characteristic protruding peaks as evidenced in
Fig. 6b. Both small grains and the unusual peaks developed
from the initial anisotropic domains may result in the rel-
atively low hole mobility of the devices. More detailed
understanding of the crystalline pentacene structure is un-
der investigation.
4. Conclusion

Our results demonstrated that new P(S-r-MMA) films
were successfully utilized as interlayers between ferroelec-
tric PVDF-TrFE layer and gate electrode for bottom gate
penetacene FeFET memory devices. Both chemically and
thermally resistive interlayers were beneficial not only
for forming thin and uniform PVDF-TrFE films with the
characteristic ferroelectric domain well developed but also
more importantly for reducing gate leakage current in the
devices, leading to both low OFF source–drain current and
high ON/OFF current ratio. In particular such a low OFF
current of approximately 10�11 A was obtained with the
P(S-r-MMA) interlayers thicker than 25 nm, giving rise to
the ON/OFF current ratio greater than 103 which was im-
proved two orders of magnitude larger than that without
an interlayer at operating sweep voltage of ±40 V.
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in the application of computer desktop visualization in
which bright saturated colors are widely used, adding a
white sub-pixel may not be as efficient as in the video
application. Moreover, if the size of each sub-pixel is kept
the same, adding additional sub-pixel will reduce the
display’s resolution. On the contrary, if the display’s
resolution is kept the same, the sub-pixel’s size has to be
reduced to accommodate the additional sub-pixel. In this
work, we present a novel method to characterize the dis-
play performance over the whole color space, and we
introduce a color usage frequency to simulate real world
images. By adjusting the color usage frequency, the advan-
tage of the white sub-pixel can be clearly deduced.

2. Color matching

Since there are three different types of the retinal recep-
tors in human eyes that provide the photopic vision, in
principle, any arbitrary color can be reproduced by three
primary colors [17]. In a RGB display, any color within
the triangle enclosed by the red, green, and blue primary
colors can be reproduced (Fig. 1), and the color matching
is unique. The following equations give the amount of each
primary needed to produce a color at a certain luminance:
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where m and (x, y) is the amount and chromaticity coordi-
nates of the color to be produced, m1, m2, m3 and (x1, y1),
(x2, y2), (x3, y3) are the required amounts and chromaticity
coordinates of the three primaries, respectively.

With the additional freedom induced by the fourth pri-
mary, the color matching becomes not unique. For exam-
ple, for a color located inside the triangle enclosed by the
Fig. 1. CIE coordinates of R, G, B, and W primaries.
green, blue, and white, it could be produced either by
red, green, and blue without white, or by green, blue, and
white without red. Furthermore, if all the four primaries
are used, the solution becomes infinite. To simplify the cal-
culation and take full advantage of the white emitter, we
divide the large triangle formed by the primary R, G, and
B into three small triangles formed by the primary W with
other primaries as illustrated in Fig. 1. Any color will be
reproduced by the vertexes of the small triangle where
the color is located inside. By this simple color matching
scheme, the white emitter is utilized at the maximum rate.

3. Uniform luminance color space

To characterize the display performance, the traditional
method is to calculate the efficiency of the display at
200 cd/m2 white. However, in a four primary color display
with white emitter, characterizing the display at the white
point will not be sufficient. For example, if the color coor-
dinates of the white emitter is right at the D65 white posi-
tion, the display’s efficiency will be equal to that of the
white emitter, regardless of the efficiencies of the other
three primary colors. To characterize the display in a way
close to that under actual operation, we present uniform
luminance color space, in which all the color points in
the color space have a luminance of 200 cd/m2, and we
characterize the display’s performance all over the whole
color space, not limited only to the white point. The pro-
cess of characterization is listed in Scheme 1. For every
reproducible color point, we calculate the amount of each
primary required for the full color pixel to emit 200 cd/
m2 light at that color point. After all the values are ob-
tained, the average luminance of each primary in the uni-
form luminance color space is given by the following
equations:

�mR;G;B;W ¼
P

im
i
R;G;B;WP

i
ð2Þ

where i is the index of the reproducible colors, and m is the
luminance of each primary.
Start

Double Loop:
for (x=0, y=0; x<1, y<1; x=x+0.01, y=y+0.01)

If (x,y) is inside the
RGB triangle?

Calculate mR,G,B,W (x,y).
Take the sum.

Yes

End

Scheme 1.



Table 1
Device structures and CIE coordinates of PLEDs emitting red, green, blue and white lights.

Primary Device structure CIE HDTV CIE

R ITO/PEDOT:PSS/PVK/PFO:PBD:Ir(DMFpq)2acac(2%)/PFN/Ba/Al (0.665, 0.319) (0.640, 0.330)
G ITO/PEDOT:PSS/P-PPV/Ba/Al (0.368, 0.588) (0.300, 0.600)
B ITO/PEDOT:PSS/PVK/PPF28SO5/Ba/Al (0.16, 0.08) (0.150, 0.060)
W ITO/PEDOT/PVK:OXD-7:Firpic:Ir(piq)/Ba/Al (0.329, 0.362) (0.313, 0.329)
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4. PLED devices

To simulate the display’s performance, we fabricated
polymer OLEDs (PLEDs) emitting R, G, B and W lights
whose device structures are listed in Table 1. Their current
density (J)–bias (V)–luminance (L) characteristics are
shown in Fig. 2, and the external quantum efficiency
(EQE)-J characteristics are shown in the inset. Detailed
descriptions of device making have been reported else-
where [13,14,18,19]. The CIE chromaticity coordinates of
the R, G, B and W primaries for high definition television
(HDTV) are also included in Table 1 for comparison
[17,20]. Since the chromaticity coordinates of the PLEDs
are very close to those of HDTV ones, in the following sec-
tions, our calculations will be carried out based on the real
electroluminescent (EL) characteristics of the devices and
the CIE coordinates of HDTV primary colors.

5. Display structures

To find out the performance of the display based on the
fabricated devices, we assume a full color pixel consisting
of 3 or 4 sub-pixels in the planar configuration in which
the sub-pixels are laid side by side. As mentioned early,
adding a fourth sub-pixel will alter the display’s structure.
If the size of each sub-pixel is kept the same, the display
resolution will lose 25% by adding the fourth sub-pixel. If
we keep the display resolution intact, the sub-pixel size
has to be reduced by 25% as shown in Fig. 3. In the follow-
ing calculations comparing the performances between the
RGB display and the RGBW display, we will assume the
Fig. 2. Current density (J) (solid lines)–operation voltage (V)–luminance
(L) (dot lines) characteristics of R, G, B, and W PLEDs. Inset: external
quantum efficiency (EQE)-J characteristics.
display resolution is the same for both displays. As a result,
if the size of the full color pixel is set to 100 lm � 100 lm,
and each sub-pixel has the same size, the sub-pixel size is
33.3 lm � 100 lm for the RGB panel, and 25 lm � 100 lm
for the RGBW panel. To simplify the calculation, the aper-
ture ratio is set to 100%. The actual luminance of each sub-
pixel is first obtained in the uniform luminance color space
following the process described in Section 3. Then, the
luminous efficiency, the pixel power, and the power effi-
ciency of the full color pixel are calculated based on the
performance of the primary color devices shown in Fig. 2.

6. Results

The actual luminance of each sub-pixel in the uniform
luminance color space is listed in Table 2 as well as the
characteristics of the full color pixel in both the RGB panel
and the RGBW panel. As shown, the RGBW display with the
luminous efficiency of 8.05 cd/A and the power efficiency
Fig. 3. (a) A full color pixel in RGB display. (b) A full color pixel in RGBW
display.



Table 2
The characteristics of the full color pixel in both the RGB display and the RGBW display in the uniform luminance color space.

Method Performance R G B W Full pixel

RGB Areal luminance (cd/m2) 72 110 18 – 200
Actual luminance (cd/m2) 217 329 54 – 600
Luminous efficiency (cd/A) 8.45 8.25 2.56 – 6.91
Pixel power (lW) 0.56 0.56 0.48 – 1.60
Power efficiency (lm/W) 4.05 6.16 1.18 – 3.93

RGBW Areal luminance (cd/m2) 57 58 13 72 200
Actual luminance (cd/m2) 228 232 52 288 800
Luminous efficiency (cd/A) 8.43 7.69 2.57 13.1 8.05
Pixel power (lW) 0.44 0.31 0.34 0.36 1.45
Power efficiency (lm/W) 4.02 5.90 1.19 6.34 4.33

Fig. 4. (a) The dependence of the full color pixel’s power efficiency in the
RGBW display on the white emitter’s power efficiency with fixed R, G, and
B sub-pixels’ efficiencies. (b) The minimum efficiency of the W sub-pixel
required for the RGBW display to be as efficient as the RGB display at
various green sub-pixel’s efficiency.
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of 4.33 lm/W, is more efficient than the RGB one with the
luminous efficiency of 6.91 cd/A and the power efficiency
of 3.93 lm/W. In addition, it takes less pixel power in the
RGBW display (1.45 lW) to produce 200 cd/m2 light than
that in the RGB displays (1.60 lW). The efficiency improve-
ment and the power consumption reduction are due to the
high performance of the white emitter, since the emission
of the W sub-pixel accounts for 36% of the full color pixel’s
luminance in the uniform luminance color space. At the re-
quired luminance of 288 cd/m2, the luminous efficiency
and the power efficiency of the white emitter are as high
as 13.1 cd/A and 6.34 lm/W, respectively. However, if the
efficiency of the white emitter is low, the RGBW display
may not possess any advantage in terms of power effi-
ciency in comparison with the RGB display. We recalcu-
lated the RGBW display’s efficiency by varying the white
emitter’s efficiency while fixing the efficiencies of the
red, green, and blue emitters. The result shows that only
when the white emitter’s efficiency is larger than
4.46 lm/W, the RGBW display becomes more power effi-
cient than the RGB display (Fig. 4a).

In the RGB display, the most used primary color is
green, since the human eyes are most sensitive to the
green color. Apparently, increasing the green emitter’s effi-
ciency will improve the display’s efficiency. Recently, the
power efficiency of the green OLED has reached 102 lm/
W at 100 cd/m2 [21]. At such high green emitter’s effi-
ciency, without a high efficient white emitter, the RGBW
display will not be as power efficient as the RGB display.
To find out the minimum efficiency of the W sub-pixel re-
quired for the RGBW display to be as efficient as the RGB
display, we fixed the efficiencies of the red and the blue
emitters, and varied the green emitter’s efficiency to carry
out the simulation. The result is plotted in Fig. 4b. The
curve illustrates that the white emitter’s efficiency has to
keep up with the green emitter’s efficiency to ensure the
RGBW display’s power efficiency. For the currently highest
green emitter with the power efficiency of 102 lm/W, the
white emitter’s efficiency has to reach 8.32 lm/W. It is
worth noting that when the green emitter’s efficiency in-
creases from 1 to 25 lm/W, the white emitter’s efficiency
has to go from 1.3 to 7.1 lm/W to catch up. However, at
the high efficiency region, when the green emitter’s effi-
ciency increases from 25 to 120 lm/W, the white emitter’s
efficiency only goes from 7.1 to 8.4 lm/W. It reveals that, in
order for the RGB display to be as efficient as the RGBW
display, the power efficiency requirement for the green
emitter is much higher than the requirement for the white
emitter in the RGBW display in order for the RGBW display
to be as efficient as the RGB display. The said feature allows
for utilizing low efficient green emitter in RGBW display
while achieving high display efficiency.

7. Color usage frequency

The OLED team in Eastman Kodak Company has sam-
pled more than 13,000 digital images to find out that the



Fig. 5. The color usage frequency with (a) a = 1 and (b) a = 10.
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most prevalent colors in nature are unsaturated colors
around the white point [3]. Lacking their resources, we
introduce a color usage frequency f taking the form of a
Gaussian distribution into the uniform luminance color
space to simulate the nature colors:

fi ¼ exp �ðxi � xWÞ2 þ ðyi � yWÞ
2

0:043=a

" #
ð3Þ

where fi is the color usage frequency, (xW, yW) is the CIE
coordinates of HDTV white located at (0.313, 0.329), and
a is the normalization non-negative factor defined by the
boundary conditions. We use the blue primary usage fre-
quency to set the boundary conditions as follows:

fW ¼ 1
fB ¼ 10�afW

ð4Þ

Fig. 5a illustrates the color usage frequency with a = 1,
i.e. fB = 10%, while Fig. 5b shows the color usage frequency
with a = 10. As the value of a increases, the color usage fre-
quency approaches the probability of color usage in nature
images [3]. When a takes the value of zero, all the repro-
ducible colors have the same probability of usage, which
simulates the color usages in the application of computer
desktop visualization in which bright saturated colors are
widely used. After the color usage frequency is introduced,
the average luminance of each primary in the uniform
luminance color space is modified into the following
equation:

�mR;G;B;W ¼
P

ifi �mi
R;G;B;WP

ifi
ð5Þ

The characterizations of a full color pixel in both the
RGB and the RGBW displays were carried out in the uni-
form luminance color space coupled with the color usage
frequency. The average luminance of each primary was cal-
culated with different a value and shown in Fig. 6a. In the
RGBW display, the contribution of white emitter grows
from 43% to 67% of the total luminance as a increases from
1 to 10, while the contribution of the other three primaries
steadily decreases, especially R and B primaries. With a
increasing, the usage frequency of the saturated colors be-
comes lower. As a result, the average luminance contribu-
tions of R, G, and B primaries decrease from 23.5%, 28.2%,
and 5.3%, to 8.9%, 21.7%, and 2.7% of the total luminance,
respectively, when a grows from 1 to 10. In the RGB dis-
play, G primary makes the most contributions to the total
luminance. As a increases, the average luminance of G pri-
mary also increase while the luminance of the other two
primaries drop, which means the RGB display mostly de-
pends on the G primary in displaying natural images.

The dependence of a full color pixel’s power efficiency
on the color usage frequency in both the RGB and the
RGBW displays is shown in Fig. 6b. As revealed in Fig. 6a,
when a is large, the luminance of the RGBW display de-
pends mostly on W sub-pixel. Therefore, the efficiency of
the white emitter plays a critical role in the full color pix-
el’s efficiency. Shown in Fig. 6b, the full color pixel’s power
efficiency in the RGBW display rises rapidly with the in-
crease of a. It reaches 6.4 lm/W at a = 10 from 4.8 lm/W
at a = 1. In the simulation, the white emitter has a high effi-
ciency illustrated in Fig. 2. For comparison, another white
emitter with the configuration of ITO/PEDOT:PSS/PVK/
PFO-poss/Ir(Bu-ppy)3:(Piq)2Ir(acaF)/Ba/Al was fabricated
and utilized as W primary in the RGBW display denoted
as RGBW2. Detailed descriptions of device fabrication
could be found in Ref. [7]. The EQE-J characteristics of the
device are shown in the inset of Fig. 6b. The power effi-
ciency of a full color pixel in the RGBW2 display dependent
on a was as well calculated and plotted in Fig. 6b. For
RGBW2 display, although the full color pixel’s power effi-
ciency increases from 3.63 to 3.72 lm/W as a increases
from 1 to 5, it begins to drop thereafter, and falls to
3.65 lm/W when a reaches 10. The power efficiency’s drop
at large a value is attributed to the low white emitter’s effi-
ciency. Since the full color pixel’s efficiency in the RGBW
display is mostly determined by the white emitter’s EL per-
formance at large a value, the more contribution of the W
sub-pixel, the more power consumption of the full color
pixel if the white emitter has a low efficiency, which leads
to the reduction of the power efficiency. For the RGB dis-
play, the full pixel’s power efficiency is not seriously



Fig. 6. (a) The average luminance of each primary in the RGBW display
and the RGB display with different a. (b) The power efficiencies of a full
color pixel in the RGB and the RGBW displays with different a. Inset of
(b): EQE-J characteristics of the white PLED in RGBW2.
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affected by the color usage frequency. It only changes from
4.09 to 4.45 lm/W as a goes from 1 to 10. The difference of
the full pixel’s power efficiency between the RGBW and the
RGB displays becomes larger as a increases. Thus, by utiliz-
ing highly efficient white emitters, the RGBW display will
be much more energy efficient than the RGB display for vi-
deo applications. As the simulation revealed, in the RGBW
display, video applications transfer the huge luminance
requirements from R, G, and B primaries to W primary.
Therefore, if the white emitter has a long lifetime, the
RGBW display will have a long lifetime limited only by
the white emitter.

8. Summary

In summary, the performances of the flat panel displays
utilizing PLEDs with both RGB sub-pixels and RGBW
sub-pixels layouts were analyzed theoretically and experi-
mentally. A simple color matching scheme was applied to
maximize the usage of the white sub-pixel. Uniform lumi-
nance color space was introduced to better characterize
the display performance than the traditional single white
point characterization. In the uniform luminance color
space, the RGBW sub-pixel display will be more energy
efficient than the RGB display, when the power efficiency
of the white emitter reaches a threshold determined by
the green emitter’s efficiency. To simulate the real natural
images, the color usage frequency with Gaussian distribu-
tion was adopted in the calculation. As the color usage fre-
quency distribution gets closer to that in the real images,
the full color pixel’s power efficiency of the RGBW display
is more dependent on the EL performance of the white
emitter. In order for the RGBW display to be more energy
efficient than the RGB display with the same red, green,
and blue emitters, a highly efficient white emitter is
necessary.
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convenient chromaticity-tuning they afford. However, the
use of multiple dopants in either a single layer or multi-
layer stack is complicated by the different energy transfer
efficiencies involving the host and different dopants in
the system, which can lead to significant imbalance in
the white emission and current/brightness-dependent col-
or changes [1]. These problems can be substantially miti-
gated by use of a single dopant which emits over a broad
spectral range as is the case with materials which exhibit
both monomer and excimer emission. Excimers usually
lack a bound ground state and therefore color mixing from
another dopant can be feasible to optimize white light
emission without complications from inter-dopant energy
transfer [1,4]. Further, the use of broad-band emitters sim-
plifies chromaticity tuning, and reduces the number of de-
vice layers, processing steps and cost.

White/near-white electrophosphorescence due to
combined monomer and excimer emission from ‘‘FPt” com-
plexes [e.g., (2-(40,60-difluorophenyl)pyridinato-N,C20)(2,4-
pentanedionato)platinum(II)] has been first reported by
Thompson, Forrest and co-workers [4]. The peak power effi-
ciency obtained for devices featuring singly-doped
FPt2:CBP films was 2.5 lm/W; improvement to 4.4 lm/W
and balanced white was obtained by doubly-doping CBP
with both the FPt1 complex and a blue iridium phosphor
(FIrpic), attaining a maximum CRI of 78. More recently, Wil-
liams, Cocchi, Kalinowski and co-workers have reported the
synthesis [10] and electrophosphorescent properties [11]
of cyclometalated platinum (II) complexes (PtL2Cl), featur-
ing N^C^N-coordinated terdentate ligands based on 1,3-
dipyridylbenzene. Optimized WOLEDs fabricated from this
material in an intricate device architecture produced a CRI
of 90 and external quantum efficiency of 6.5% [11]. The
emission was assigned to monomer emission of the PtL2Cl
molecule, triplet excimer emission of the PtL2Cl: PtL2Cl di-
mer, as well as a PtL2Cl: m-MTDATA exciplex (hetero-
molecular dimer) emission, where m-MTDATA = 4,40,400-
tris(N-(3-methylphenyl)-N-phenylamino)triphenylamine.
Further variation and optimization of device structure from
the same dopant has allowed these researchers to obtain an
external quantum of 15.5% and color coordinates close to
that of an incandescent lamp (0.43, 0.43) [12]. Other nota-
ble research on electrophosphorescence from Pt(II) com-
plexes has been reported by Chang et al. utilizing pyridyl
azolate-based chelates, attaining maximum external quan-
tum and power efficiencies of 5.9% and 6.4 lm/W, respec-
tively, for the best dopant and attaining color tunability
by varying the dopant concentration [13]. The lumines-
cence in this work [13] has been assigned to metal–me-
tal-to-ligand charge transfer in excimers and oligomers. In
general, these literature precedents of Pt(II) complexes
have shown rather strong sensitivity of device performance
to the device structure (necessitating addition of exciton-
and charge-blocking layers [11–15]) and color tuning by
controlling the excimer/monomer ratio. However, the oper-
ational stability suggested by the roll-off of device effi-
ciency and color metrics at higher brightness, voltage, and
current density is generally inferior in devices based on
such Pt(II) square planar complexes [4,11–15] compared
to those known for Ir(III) cyclometalated octahedral com-
plexes [1].
Here, we report an investigation of photoluminescence
(PL) and electroluminescence (EL) of singly-doped thin
films and OLEDs based on a new electrophosphorescent
dopant, Pt(ptp)2 = bis[3,5-bis(2-pyridyl)-1,2,4-triazola-
to]platinum(II). We investigate the effect of Pt(ptp)2

concentration in the common OLED host 4,40-bis(car-
bazol-9-yl)triphenylamine (CBP) on the PL properties of
the thin films as well as the EL properties of OLEDs utilizing
a basic device architecture. The overall results of this work
suggest an excellent potential for OLEDs based on Pt(ptp)2

to overcome the aforementioned inferior operational sta-
bility of devices based on other Pt(II) complexes while
retaining the facile color-tuning advantage.

2. Experimental

2.1. Materials synthesis and characterization

Pt(ptp)2, a new metal-organic phosphorescent material,
was synthesized by refluxing two equivalents of 3,5-bis(2-
pyridyl)-1,2,4-triazole with one equivalent of cis-bis(ben-
zonitrile)dichloroplatinum(II) in pyridine/acetone under a
nitrogen ambient for three days. The insoluble product
was washed with acetonitrile and diethyl ether and dried
overnight under vacuum. The material was subsequently
purified by sublimation. The complex exhibits poor solu-
bility in common organic solvents, which precluded stan-
dard spectroscopic and chromatographic characterization
methods. However, single crystals were successfully grown
from a dichloromethane/methanol mixed solvent to form
poorly-diffracting long orange needles. X-ray diffraction
identified the formula as Pt(ptp)2 based on X-ray intensity
data measured on a Bruker SMART APEX CCD area detector
system equipped with an Oxford Cryosystems 700 Series
Cryostream cooler, a graphite monochromator, and a Mo
Ka fine-focus sealed tube (k = 0.71073 Å). The data frames
were integrated with the Bruker SAINT-PLUS software
package. The data were corrected for absorption effects
using the multi-scan technique (SADABS). The structure
was solved and refined using the Bruker SHELXTL software
package. Room temperature photoluminescence (PL) and
photoluminescence excitation (PLE) of neat and various
doped films of Pt(ptp)2 were measured using a calibrated
PTI QuantaMaster Model QM-4 scanning spectrofluorome-
ter. The excitation and emission spectra were corrected for
the wavelength-dependent lamp intensity and detector re-
sponse, respectively. All films were deposited by thermal
evaporation/co-evaporation using a computer-controlled
Trovato system. The doped thin films in the PL and EL
experiments have different doping levels as only a general
correlation for the variation of the excimer/monomer
emission trends vs. the doping concentration was sought.

2.2. Device fabrication and characterization

Organic light emitting diodes with the structure: glass/
ITO/NPB (40 nm)/x% Pt(ptp)2:CBP (25 nm)/TPBI (30 nm)/
Mg:Ag, 1:10, (200 nm) were fabricated by sequential ther-
mal evaporation. Prior to device fabrication the glass/ITO
substrates were cleaned by sonication in acetone then
methanol for 15 min, and afterward subjected to an oxy-
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gen plasma treatment for ITO surface conditioning. A Photo
Research PR650 camera integrated with a Keithley 2420
source-measure unit via LabView was used for quantita-
tive electro-optical characterization. The software is also
commercially available from Photo Research Inc., and re-
ports all of the pertinent data: radiometric, photometric,
CIE, CRI and color temperature. Both the PR650 and the
Keithley 2420 are factory calibrated. All measurements
were performed at room temperature and only the forward
outcoupled light was measured.

3. Results and discussion

Fig. 1 represents the molecular structure of Pt(ptp)2

obtained by X-ray crystallography. Although the X-ray
diffraction data show significant disorder in the non-coor-
dinated pyridine ring of each ptp ligand, the PtN4 coordina-
tion geometry is determined accurately showing a
bidentate l2–N,N’– coordination mode from the nitrogen
atom of the other pyridine ring and the nitrogen atom in
the 1–position of the triazolate moiety to the platinum(II)
center. The Pt(II) pyridyltriazolate square-planar units
Fig. 1. Molecular structure (top) and packing diagram (bottom) of
Pt(ptp)2 as determined by single crystal X-ray diffraction.
stack into infinite chains with relatively strong Pt(II)� � �
Pt(II) intermolecular interactions extended in columnar
one-dimensional chains. These intermolecular forces be-
long to the general category of closed-shell ‘‘metallophilic
interactions” known for multiple classes of molecular
materials, including d8 and d10 complexes, which have
been ascribed to correlation effects that are strengthened
by relativistic effects [16]. Detailed structural refinement
and improvement thereof using solid-state density-func-
tional quantum mechanical computations are in progress
and, upon completion, will be reported. Overall, the X-ray
structure confirms that Pt(ptp)2 is a non-organometallic/
non-cyclometalated square-planar complex with no C–Pt
bonds, and that it exhibits intermolecular interactions that
warrant formation of fully-overlapped excimer units. The
desired advantages of the design include the symmetry
of the coordination sphere, which facilitates formation of
fully-overlapped excimers, and the extended p system
(six aromatic rings total), which renders the molecule an
excellent antenna with visible absorptions. The homoleptic
nature of the Pt(N^N)2 coordination sphere in Pt(ptp)2 is
distinctly different from the heterolyptic Pt(C^N)(O^O) or
Pt(N^C^N)Cl coordination spheres in the aforementioned
most efficient Pt(II) complexes used in the OLED literature
thus far. None of these literature precedents has exhibited
the symmetric overlap of adjacent square planar com-
plexes in dimeric units or stacked chains as that seen in
the structure of Pt(ptp)2.

Room temperature photoluminescence (PL) and pho-
toluminescence excitation (PLE) of neat Pt(ptp)2 films
as well CBP films doped with different percentages of
Pt(ptp)2 (i.e., films in their device formats) are presented
in Fig. 2. The PLE maxima for all doped films correspond
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different volume percentages Pt(ptp)2 in CBP.
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to the 340 nm excitation of CBP, thus indicating a com-
mon excitation pathway involving energy transfer from
the host to the dopant; direct excitation is seen only as
weak shoulders in the PLE for only the two highest-
doped films. These weak PLE features are similar to those
in the neat film (Fig. 2). The absence of CBP emission in
the spectra of the doped films suggests that the energy
transfer is complete in all cases; note that the PLE of
neat Pt(ptp)2 overlaps with the entire emission profile
of CBP. These PL and PLE data of x% Pt(ptp)2:CBP thin
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films suggest that the excitation mechanism in OLEDs
employing this material system as the emissive layer will
be dictated by the host instead of the dopant; i.e., pri-
marily host excitons will form upon electrical excitation
and direct excitation/recombination on the dopant will
be negligible up to �25% doping levels (above which di-
rect excitation starts to contribute but only as a minor
route). Neat films exhibit no or hardly detectable electro-
luminescence in the device structure used in this work.
With increasing doping levels in the in x% Pt(ptp)2:CBP
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thin films, the spectral character of the PL red-shifts, and
progressively changes from monomer- to excimer-domi-
nated emission. This result is consistent with an increase
in the number of pairs of Pt(ptp)2 molecules with the
separation required for excimer formation as the dopant
concentration increases. The neat film exhibits PL maxi-
mum that is further red-shifted from the excimer band
3 4 5 6
10

100

1000

10000

3%
 5%
 7.5%
 10%
 15%
 25%
 45%

L
um

in
an

ce
 [

C
d/

m
2
]

Volt

Fig. 5. Luminance–voltage curves for device

-5 0 5 10 330252015
0

2

4

6

8

10

12

14

16

Concentration of Pt(p

L
um

in
ou

s 
E

ff
ic

ie
nc

y 
[C

d/
A

]

Fig. 6. Peak luminous efficiency (solid squares) and power efficien
in doped films, which we assign to formation of ex-
tended excimers in the neat material but localized exci-
mers in the doped films. A careful inspection of the PL
data in Fig. 2 suggests a red shift in the excimer band
at high concentration levels. While it is difficult to ascer-
tain the crystal structure of aggregates in doped films, it
is known from the published literature for molecular
7 8 9 10 11 12
age [ V ]

s with different dopant concentration.

5045405 55 60 7065
tp)

2
 in CBP [ %]

0

2

4

6

8

10

12

14

16

P
ow

er E
fficiency [lm

/W
]

cy (open squares) as a function of Pt(ptp)2 doping percent.



868 M. Li et al. / Organic Electronics 10 (2009) 863–870
excimers (best-established for pyrene) that a greater
overlap between the two planar monomer units results
in a red shift in the excimer emission band [17], suggest-
ing increased overlap of the planar monomer units that
constitute the excimeric luminophore upon increasing
the doping concentration.

Similar to the photoluminescence, a shift from mono-
mer- to excimer-dominated emission with increasing dop-
ant concentration is observed in the electroluminescence,
as the normalized spectra in Fig. 3 show. The CBP emission
in the spectrum of the sample doped at 3% suggests that
this doping level is insufficient for optimal energy transfer
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from the host to the dopant. We interpret the NPB shoulder
in the electroluminescence of the samples doped at 25%
and 45% to mean that the carrier mobility associated with
the dopant is strongly influencing the carrier transport
properties of the emissive layer, and thus the extent of
the recombination zone. As Fig. 4 shows, a decrease in
the electrical threshold voltage and an increase in the cur-
rent at a given voltage generally accompanies the dopant
concentration increase. The luminance as a function of
voltage dependence is shown in Fig. 5. In the 5–15 doping
percent range, the average brightness was �7200 cd/m2 at
9 V. We expect that the incorporation of hole injecting and/
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or electron-blocking layers into the device structure might
lower the turn-on voltages seen. A doping concentration of
5% produced peak luminous and power efficiencies of
15 cd/A and 9.8 lm/W, respectively. Interestingly, the
power efficiency at high luminance was higher for the
7.5% device, decreasing from a peak value of 8.07 lm/W
only to 7.29 lm/W at 1000 cd/m2; the EQE likewise de-
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creased from 4.91% only to 4.89%. The dependence of the
luminous and power efficiencies on doping concentration
for the full series of devices studied in this work is pre-
sented in Fig. 6. As Figs. 7 and 8 show, the reduction in
power efficiency and external quantum efficiency parame-
ters under high current, brightness, and voltage conditions
is relatively moderate compared to the sharp reduction in
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Table 1
Summary of electro-optical parameters showing peak values as well as values at 1000 cd/m2.

Pt(ptp)2 Doping
(%)

PEpeak

(lm/W)
PE1000

(lm/W)
EQEpeak

(%)
EQE1000

(%)
Brightness
Cd/m2

CIE peak (x, y) CIE1000 (x, y) CRIpeak CRI1000 VT

3 6.32 2.47 3.92 2.46 3480 (0.229,0.4956) (0.2246,0.4723) 26 27 5
5 9.83 5.81 6.55 5.32 6130 (0.2485,0.517) (0.2454,0.5136) 27 30 4
7.5 8.07 7.29 4.91 4.89 8250 (0.2739,0.5264) (0.2721,0.5255) 36 35 4.2
10 7.16 4.27 4.03 3.53 6170 (0.276,0.5133) (0.2681,0.5091) 38 35 4.4
15 6.72 4.26 2.98 2.82 8470 (0.3334,0.5363) (0.3258,0.5333) 45 41 4.2
25 1.72 0.87 0.84 0.69 3620 (0.469,0.5076) (0.4184,0.5177) 47 51 4
45 2.38 1.13 1.02 0.79 3390 (0.4622,0.5092) (0.4359,0.5102) 51 56 4
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efficiency that characterizes typical electrophosphorescent
devices.

Fig. 9 is representative of the CIE and CRI dependence
on drive voltage. For this dopant concentration (7.5%) the
color rendering index is 36 at 6 V and 35 at 10 V. The elec-
troluminescence spectral features are essentially voltage-
independent and, as Fig. 9 depicts, the ratio of monomer
to excimer emission is essentially constant for the voltage
range used in this study; i.e., we see little or no evidence of
preferential saturation of monomer compared to excimer
excited states with increased device current, or vice versa.
In general all of the devices in this work exhibited better
color stability than that reported for other square planar
Pt(II) complexes [4,11–15]. The CRI increased with doping
concentration and the maximum value obtained was 56.
To the naked eye the emission appeared to be white with
a green hue. Table 1 is a summary of the pertinent elec-
tro-optical performance metrics for OLEDs based on
Pt(ptp)2 in this work, showing both peak values as well
as values at 1000 cd/m2. This luminance level is deemed
an appropriate reference level for OLEDs by the US Depart-
ment of Energy [18], although device performance data at
this high luminance level is rarely seen in the published lit-
erature for electrophosphorescent OLEDs. The overall data
in Table 1 and Fig. 8 show that OLEDs based on Pt(ptp)2 in
this work exhibit remarkably insignificant roll-off in per-
formance metrics at this high luminance, albeit to a differ-
ent extent in devices with different doping levels. We
expect this general device stability to improve upon fur-
ther optimization of the device architecture.

4. Conclusion

In summary, we have demonstrated near-white elec-
trophosphorescence with moderately high external power
efficiencies (10 lm/W) in a basic OLED architecture with a
singly-doped emissive layer based on a new homoleptic
Pt(II) complex. The shift of emission wavelength with dop-
ant concentration affords some degree of chromaticity tun-
ing. It is expected that device structures which include hole
injection and/or electron blocking layers will result in im-
proved external efficiencies, as such approaches increased
the efficiency of singly-doped devices based on other Pt(II)
complexes by nearly an order of magnitude [14,15] vs. an
earlier generation of devices that employed a similar
device structure to the one used herein [4]. Similarly,
inclusion of a deep-blue fluorescent emitter and/or engi-
neering device structures with different emission regions
of Pt(ptp)2 monomer and excimer emission are expected
to yield a more balanced white EL than what has been at-
tained in this work.
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between the energy levels of CBP and the red triplet dopants
usually results in direct charge trapping within the emitting
layer (EML). Therefore, red phosphorescent devices based on
CBP often require high operation voltages and provide
unsatisfactory PEs. To break free from these constraints, sev-
eral attempts have been made recently to use host materials
possessing narrower band gaps [28–30] or bipolar charac-
teristics [31–33] to improve the charge injection and elec-
troluminescence (EL) performance of red phosphorescent
OLEDs. Nevertheless, the PEs of the red electrophosphores-
cence remain far below those reported for blue- or green-
emitting devices [3,20–27].

In this paper, we report the fabrication of efficient red
phosphorescent OLEDs incorporating the bipolar host
2,7-bis(diphenylphosphoryl)-9-[4-(N,N-diphenylamino)
phenyl]-9-phenylfluorene (POAPF) doped with the effi-
cient red-emitting phosphor Os(fptz)2(PPh2Me)2 (fptz =
3-trifluoromethyl-5-pyridyl-1,2,4-triazole); Fig. 1 presents
their chemical structures. This charge–neutral osmium
complex has been used previously as a phosphor in
red-emitting devices displaying high EQEs [22,34]. The rel-
atively low oxidation potential of Os(fptz)2(PPh2Me)2,
however, results in severe charge trapping in devices using
CBP as the host, resulting in high driving voltages and
unsatisfactory PEs. POAPF, which contains an electron-
rich triphenylamine group and an electron-deficient
bis(diphenylphosphoryl)fluorene unit [35–37], has re-
cently been developed as a host material exhibiting bipolar
characteristics [38] that not only provide suitable frontier
orbital energies for facile hole- and electron-injection but
also improve the balance of charge flux in the emission
layer. Moreover, the triplet energy (ET) of POAPF is esti-
mated to be 2.72 eV – a value that is sufficiently high for
POAPF to act as a host material for red, green, and even
blue phosphorescent emitters. Indeed, blue phosphores-
cent OLEDs based on POAPF doped with FIrpic can exhibit
high values of EQE and PE [38]. We expected that POAPF
could also be utilized as a host for the red-emitting
Os(fptz)2(PPh2Me)2, thereby improving charge injection
and enhancing charge balance to result in highly efficient
red phosphorescent devices.

2. Experimental

The bipolar host molecule POAPF [38] and the red
phosphorescent emitter Os(fptz)2(PPh2Me)2 [22] were pre-
pared using previously reported procedures. The hole-
Fig. 1. Chemical structures of POAPF and Os(fptz)2(PPh2Me)2.
transport material 4,40-bis(3-methylphenylphenylami-
no)biphenyl (TPD), the conventional host material CBP,
and the electron-transport material 4,7-diphenyl-1,10-
phenanthroline (BPhen) were all purchased from LumTec
Corp. and used without further purification.

The oxidation and reduction potentials were measured,
respectively, in anhydrous CH2Cl2 and anhydrous DMF,
containing 0.1 M TBAPF6 as the supporting electrolyte, at
a scan rate of 50 mV/s against a Ag/Ag+ (0.01 M AgNO3) ref-
erence electrode, with ferrocene as the internal standard.
The onset potentials were determined from the intersec-
tion of two tangents drawn at the rising current and back-
ground current of the cyclic voltammogram.

The EL devices were fabricated through vacuum deposi-
tion (10�6 torr) of the materials onto ITO glass (sheet resis-
tance: 25 X/square). All of the organic layers were
deposited at a rate of 1.0 Å/s. The cathode was completed
through thermal deposition of LiF (15 Å; deposition rate:
0.1 Å/s) and then capping with Al metal (100 nm) through
thermal evaporation (deposition rate: 4.0 Å/s). The cur-
rent–voltage–luminance relationships of the devices were
measured using a Keithley 2400 source meter and a New-
port 1835C optical meter equipped with an 818ST silicon
photodiode. The EL spectrum was obtained using a Hitachi
F4500 spectrofluorimeter.

3. Results and discussion

Fig. 2 presents the current density–voltage (I–V) charac-
teristics of the hole-only devices having the configuration
indium tin oxide (ITO)/TPD (30 nm)/host material
(30 nm)/TPD (30 nm)/Al (100 nm) and the electron-only
devices having the configuration ITO/BPhen (30 nm)/host
material (30 nm)/BPhen (30 nm)/LiF (15 Å)/Al (100 nm).
Here, ‘‘host material” refers to either the bipolar host
POAPF or the conventional host CBP. Because of the high
LUMO energy level (�2.20 eV) of TPD in the hole-only de-
vices and the low HOMO energy level (�6.40 eV) of BPhen
in the electron-only devices, injections of electrons and
holes were prohibited in the hole- and electron-only de-
vices, respectively; accordingly, the measured I–V charac-
teristics were dominated by holes and electrons,
respectively. Fig. 2 reveals that the POAPF-based devices
exhibited lower turn-on voltages and higher current densi-
ties than did the CBP-based devices under the same bias.
Fig. 2. Current density–voltage (I–V) curves of (a) hole- and (b) electron-
only devices.



Fig. 3. (a) Cyclic voltammograms of POAPF and CBP, recorded at a scan
rate of 50 mV/s. (b) Energy level diagram of the red phosphorescent
devices.

Fig. 4. I–V characteristics of devices incorporating (a) POAPF and (b) CBP
as hosts at various doping concentrations.
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The reduced driving voltages in the POAPF-based devices
may be due to the decrease in barrier heights for hole-
and electron-injection from the charge transport layers
(CTLs) to POAPF.

To further understand the improved injection of holes
and electrons in the POAPF-based devices, we employed
cyclic voltammetry (CV) to estimate the HOMO and LUMO
energy levels of POAPF and CBP (Fig. 3a), using a three-
electrode cell with ferrocene as the internal standard. Be-
cause of its triphenylamine donor unit, POAPF exhibits a
lower onset of its oxidation potential (0.44 V) relative to
that of CBP (0.74 V). On the other hand, the onset of the
reduction potential of POAPF (�2.32 V), originating from
its bis(diphenylphosphoryl)fluorene unit, is significantly
less negative than that of CBP (�2.72 V). On the basis of
these onset values for oxidation and reduction, we esti-
mated the HOMO and LUMO energy levels of POAPF
(�5.24 and �2.48 eV, respectively) and CBP (�5.54 and
�2.08 eV, respectively) relative to ferrocene (4.80 eV be-
low the vacuum) as a reference [39]. According to the en-
ergy level diagram in Fig. 3b, the hole-injection barrier
from TPD and the electron-injection barrier from BPhen
to the POAPF layer were both considerably lower than
those to the CBP layer. As a result, the presence of POAPF
facilitates hole- and electron-injection, as observed in the
hole- and electron-only measurements (vide supra).

Using POAPF as the host material, we fabricated red
OLEDs in the configuration ITO/TPD (30 nm)/R-EML
(30 nm)/BPhen (30 nm)/LiF (15 Å)/Al (100 nm), where
TPD and BPhen were employed as hole- and electron-
transporting layers, respectively, and R-EML refers to the
POAPF layer doped with various concentrations of
Os(fptz)2(PPh2Me)2. For comparison, we also fabricated
reference devices incorporating CBP as the host. Fig. 4 de-
picts the I–V characteristics of these red-emitting OLEDs.
As expected, the POAPF-based devices exhibited signifi-
cantly higher current densities than did the CBP-based de-
vices under the same bias. The I–V characteristics of the
POAPF-based devices underwent no apparent changes
when we increased the doping concentration of
Os(fptz)2(PPh2Me)2 from 0 to 10 wt%. This phenomenon
can be explained by considering the energy level diagram
of the devices (Fig. 3b). Because the HOMO energy level
of Os(fptz)2(PPh2Me)2 is merely 0.34 eV higher than that
of POAPF, it behaves as a less-effective trapping sites for
holes; meanwhile, because the LUMO energy level of
Os(fptz)2(PPh2Me)2 is 0.28 eV above that of POAPF, elec-
trons injected from the BPhen layer into the POAPF layer
are mostly transported through the POAPF layer without
being trapped in the osmium phosphor. Thus, varying the
concentration of Os(fptz)2(PPh2Me)2 in the EML should
not significantly alter the degree of charge injection in
POAPF-based devices. On the other hand, the current den-
sity of the CBP-based devices exhibited a strong depen-
dence on the doping concentration. Because the HOMO
energy level of Os(fptz)2(PPh2Me)2 is 0.64 eV higher than
that of CBP, holes can potentially be trapped at



Table 1
Device performance.

Device Red White

Host POAPF CBP POAPF

Turn-on voltage [V]a 2.3 3.5 2.2
Max. EQE [%] 19.9 13.2 18.4
Max. LE [cd/A] 32.8 21.4 34.5
Max. PE [lm/W] 34.5 13.4 43.9
Voltage [V]b 3.7 5.1 3.0
EQE [%]b 18.6 13.1 14.9
LE [cd/A]b 30.6 21.1 27.9
PE [lm/W]b 26.1 13.1 29.5
EL kmax [nm]c 616 616 472, 498, 612
CIE, x and yc (0.64, 0.36) (0.64, 0.36) (0.38, 0.34)

a Recorded at 1 cd/m2.
b Recorded at 1000 cd/m2.
c At 5 V.

Fig. 5. EQE and PE of 7 wt% Os(fptz)2(PPh2Me)2-doped POAPF- and CBP-
based devices plotted with respect to the current density. Inset: EL
spectra (applied voltage: 5 V) of the POAPF- and CBP-based devices.
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Os(fptz)2(PPh2Me)2 at low doping concentrations. When
the concentration of the osmium phosphor was increased,
we attribute the resulting increased hole-injection effi-
ciency to direct charge injection from the hole-transport-
ing layer (HTL) into Os(fptz)2(PPh2Me)2. Accordingly,
employing POAPF as the host for Os(fptz)2(PPh2Me)2 sig-
nificantly reduced the degree of charge trapping within
the EML.

The optimal performances of both the POAPF- and CBP-
based devices occurred at a doping concentration of 7 wt%.
Table 1 lists the key characteristics of these red electroph-
osphorescent devices. The POAPF-based red-emitting de-
vice had a relatively low turn-on voltage of 2.3 V
(corresponding to 1 cd/m2) and, at a practical brightness
of 1000 cd/m2, its driving voltage was merely 3.7 V. These
Table 2
Performance of red electrophosphorescent devices.

Host Dopant Max. EQE [%]

POAPF Os(fptz)2(PPh2Me)2 19.9
(ppy)2Ir(acac) Ir(piq)3 9.2
D2ACN Mpq2Iracac 10.8
o-CzOXD Ir(piq)2acac 18.5
TFTPA Os(fptz)2(PPh2Me)2 18.0
values are much lower than those of the CBP-based device
(3.5 and 5.1 V, respectively). We ascribe the reduced driv-
ing voltage of the POAPF-based device to facile hole/elec-
tron-injections and less-effective charge trapping within
this bipolar host. Fig. 5 presents the EQE and PE profiles
plotted with respect to the current density. The POAPF-
based device exhibited a maximum EQE of 19.9% (at a
luminance of 96 cd/m2) – 1.5 times greater than that of
its CBP-based counterpart (13.2%). These values reveal that
the presence of the bipolar host material resulted in bal-
anced charge fluxes within the EML and, therefore, a high
EQE. Notably, the PE of the POAPF-based device (34.5 lm/
W) was 2.5 times higher than that of its CBP-based coun-
terpart (13.4 lm/W). We attribute this large enhancement
in device performance to the substantially lower driving
voltage and improved charge balance within the POAPF-
based device. In addition to its highly efficient device per-
formance, the POAPF-based OLED displayed a less-prob-
lematic efficiency roll-off at higher luminance. The
efficiencies remained fairly high (18.6% and 26.1 lm/W)
at a practical luminance of 1000 cd/m2. Our POAPF-based
red-emitting device possesses superior EL performance,
particularly in terms of its PE (Table 2), relative to those
of previously reported red electrophosphorescent OLEDs
[29,31,32,34]. Both the POAPF- and CBP-based devices
emitted saturated red light (each main peak at 616 nm)
and Commission Internationale de L’Eclairage (CIE) coordi-
nates of (0.64, 0.36) at 5 V (inset to Fig. 5).

To further utilize the superior host properties of POAPF,
we fabricated white light-emitting devices – featuring red
emission from Os(fptz)2(PPh2Me)2 and complementary
blue/green emission from FIrpic – having the configuration
ITO/TPD (30 nm)/R-EML (x nm)/B-EML (30�x nm)/BPhen
(30 nm)/LiF (15 Å)/Al (100 nm). Here, we used POAPF as
the bipolar host material for both the red EML [R-EML;
doped with 7 wt% Os(fptz)2(PPh2Me)2] and the blue EML
(B-EML; doped with 7 wt% FIrpic); the total thickness of
these dual emission layers was fixed at 30 nm in each de-
vice. To realize white light emission from such composite
emission systems, we adjusted the thickness ratio at vari-
ous compositions to achieve appropriate fractions of exci-
tons for both triplet emitters. Fig. 6 reveals an increase in
the blue emission intensity relative to red emission upon
decreasing the thickness of the R-EML. We obtained white
emission when the thicknesses of the R-EML and B-EML
were 1 and 29 nm, respectively. This white-emitting device
also exhibited a low turn-on voltage (2.2 V) and an applica-
ble luminance of 1000 cd/m2 at merely 3.0 V (Fig. 7a); its
maximum EQE reached 18.4% at a luminance of 90 cd/m2.
As a result of the low driving voltage, the PE reached as
high as 43.9 lm/W (Fig. 7b). Even when the luminance
Max. PE [lm/W] CIE (x, y) Ref.

34.5 (0.64, 0.36) This study
11.0 (0.65, 0.35) [29]
13.0 (0.66, 0.34) [31]
11.5 (0.68, 0.32) [32]
25.2 (0.64, 0.36) [34]



Fig. 6. EL spectra of dual-emission devices (applied voltage: 5 V) incor-
porating various thicknesses of their R-EML and B-EML.

Fig. 7. Plots of (a) current density and luminance with respect to the
voltage and (b) EQE and PE with respect to the current density for the
white light-emitting device. Inset: EL spectra recorded at various
luminances.

C.-H. Chien et al. / Organic Electronics 10 (2009) 871–876 875
was 1000 cd/m2, the EL efficiencies remained high (14.9%
and 29.5 lm/W). The EL efficiency of this white electroph-
osphorescence is among the highest values ever reported
for white light-emitting diodes [12,40,41]. The EL spectra
of this device revealed a virtually stable white color emis-
sion (inset to Fig. 7b). The CIE coordinates shifted slightly
from (0.40, 0.34) at a luminance of 1057 cd/m2 to (0.38,
0.34) at 15,170 cd/m2; nevertheless, the color coordinates
remained in the white light region.
4. Conclusion

We have realized highly efficient red electrophospho-
rescence in OLEDs incorporating the bipolar host POAPF
doped with the red-emitting osmium phosphor
Os(fptz)2(PPh2Me)2. The bipolar characteristics of POAPF
resulted in the red-emitting devices exhibiting very low
driving voltages and achieving EL efficiencies as high as
19.9% and 34.5 lm/W – the highest performance of any
red phosphorescent OLED reported to date – with a satu-
rated red emission located at CIE coordinates of (0.64,
0.36). In addition, we used POAPF to fabricate a white
light-emitting device possessing a dual EML configuration;
it also exhibited satisfying efficiencies (18.4% and 43.9 lm/
W). The white emission remained stable, with the CIE coor-
dinates shifting slightly from (0.40, 0.34) at a luminance of
1057 cd/m2 to (0.38, 0.34) at 15,170 cd/m2. The perfor-
mance of these phosphorescent devices makes them very
attractive materials for potential commercial applications.
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Fig. 1. UV spectra of PY1 and PY2.
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hand, the pyridine group is classically well-known to have
electron affinity rather than hole and coordination ability
with metal cation.

2. Results and discussion

2.1. Synthesis and thermal properties

Pyrene derivatives were readily synthesized by the
Pd(0)-catalyzed Suzuki-Miyaura cross-coupling reaction
of two equivalent of pyrene-1-boronic acid pinacol ester
with 3,5-dibromopyridine for PY1 and with 2,6-dibromo-
pyridine for PY2 (Scheme 1). The compounds were purified
by train sublimation, and were characterized by 1H- and
13C-NMR, mass spectrometry, and elemental analysis. The
details of synthesis and characterization are available in
the supporting information. These pyrene oligomers are
thermally stable. Thermogravimetric analysis (TGA) of
the compounds showed that they had high thermal stabil-
ity with 5% weight loss occurring at temperatures greater
than 400 �C. Glass transition temperatures were 107 �C
for PY1 and 99 �C for PY2, determined by differential scan-
ning calorimetry (DSC) measurement (Table 1).

2.2. Photophysical properties

UV–vis absorption and photoluminescence (PL) spectra
of the pyrene oligomers in the solid state were measured
for the vacuum deposited films on quartz (Fig. 1). PL spec-
N

NB O
O N

Br Br

NBr Br

PY1

PY2

Scheme 1. Synthesis of the dipyrenylpyridines. Condition: Pd(PPh3)4,
K2CO3, EtOH, H2O, toluene, 80 �C, 12 h.

Table 1
Thermal and optical properties of the compounds.

Tg
a (�C) Td5%

b (�C) UVc (nm)

PY1 107 417 246, 282, 351 (241, 286, 355)d

PY2 99 440 246, 282, 352 (244, 286, 361)d

a Glass transition temperature.
b Decomposition temperature at 5 wt% loss.
c Chloroform solution.
d Neat film.
e Estimated from onset of UV absorption of the neat film.
f Measured by Riken-keiki AC-3.
g Eg � Ip.
tra showed 70–95 nm of large red shift compared with
those of the chloroform solutions due to their excimer for-
mation, which is typical for the emission from pyrene
derivatives in the solid state. Absolute PL quantum effi-
ciency of the film (Ffilm) was determined by using an inte-
grating sphere system under argon atmosphere. A high
Ffilm of 75% was found for PY1, which is one of the highest
among the electroluminescent small molecules ever re-
ported. The other compound also exhibited relatively high
Ffilm of 66% for PY2. The Ffilm of Alq3 determined in the
same condition was 22%, which is consistent with the va-
lue previously reported [8]. The reason of high Ffilm might
be related with less quenching through vibrational mode
due to their rigid structure and small structural difference
between ground state and excited state, or less self absorp-
tion due to small overlap between the absorption and the
emission spectrum of the neat film.

2.3. Electrochemical and electron-transporting properties

Ionization potential (Ip), estimated by photoelectron
spectrometer surface analyzer [9,10], was 5.99 eV for PY1
and 5.94 eV for PY2, and electron affinity (Ea), estimated
by the difference of optical band gap, was 2.90 eV for
PY1 and 2.94 eV for PY2. The two pyrene derivatives
showed no difference in their electronic energy state de-
rived from their molecular structure. Charge mobilities of
PLc (nm) PLQEd (%) Eg
e (eV) Ip

f (eV) Ea
g (eV)

389 (483)d 75 3.09 5.99 2.90
398 (493)d 66 3.00 5.94 2.94
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the pyrenes were measured by time of flight (TOF) method.
PY1 and PY2 showed partially nondispersive photocurrent
(Figs. S1 and S2). The electron mobility were estimated to
be 9.4 � 10�5 cm2 V�1 s�1 for PY1, 1.7 � 10�4 cm2 V�1 s�1

for PY2 at 6.4 � 104 V/cm, which are higher than that of
Alq3, 1.7 � 10�6 cm2 V�1 s�1, determined in the same
experimental condition (Fig. 2). For comparison, electron
mobilities of smaller p-conjugated analogues, 3,5-difluore-
nylpyridine (FL1), and 2,6-difluorenylpyridine (FL2) shown
in Fig. 3, were measured. FL1 showed dispersive photocur-
rent (Fig. S3) and much lower electron mobility of
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Fig. 2. Electron mobility measured by time of flight (TOF) method.
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Fig. 3. Chemical structure of the fluorenylpyridines, FL1 and FL2.
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Fig. 4. Current density–voltage plots (left) and luminance–voltage plots (right)
FL2 (opened square), and Alq3 (cross).
10�8 cm2 V�1 s�1 and that of FL2 was not measurable.
These results demonstrated that much faster electron
mobility of the pyrenylpyridines than that of Alq3 is due
to their p-conjugated pyrene moieties and the p–p
stacking.

2.4. OLED performance

The two pyrenes, PY1 and PY2, showed no large differ-
ence in ionization potential, electron affinity, and electron
mobility, and generally, those three parameters are re-
garded as important parameters for OLED. However, they
showed a considerable difference in OLED performance
as an electron-transporting material. OLEDs with the con-
figuration of ITO/NPD (40 nm)/Alq3 (30 nm)/ETL (Alq3,
PY1, PY2, FL1, or FL2) (30 nm)/LiF (0.5 nm)/Al (100 nm)
were fabricated to examine the electron-transporting
materials (Fig. 4 and Table 2). Driving voltages at 100 cd/
m2 for PY1 was 2.6 V lower than that for PY2, and even
1.8 V lower than that for Alq3. Power efficiency, gp (lm/
W), for PY1 was higher than that for Alq3. Power efficiency
gp (lm/W) is more practically important in terms of energy
consumption rather than current efficiency gc (cd/A) or ge

external quantum efficiency (%). Higher performance ob-
served for PY1 compared with PY2 cannot be explained
in terms of their electronic properties such as ionization
potential, electron affinity, and electron mobility because
those are similar in the two compounds. We therefore as-
sume that the barrier height for the electron injection from
Al cathode through LiF to PY1 must be lower than that to
PY2.

The mechanisms of the improvement of electron injec-
tion by the thin LiF interlayer have been discussed [11]. Li
ion in LiF is expected to be reduced to Li metal by the ther-
mally activated Al during vacuum deposition process, and
interact with electron-transporting materials as an elec-
tron donor [12]. In such cases, steric hindrance of the or-
ganic materials should affect the reaction, and the bulky
pyrene group substituted on 2,6-position of the pyridine
ring may prevent coordination to Li. In contrast, the nitro-
gen atom of the pyridine ring of PY2 is available for the
coordination to Li. Such steric effect was also observed
0
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Table 2
Voltage and efficiencies at 100 cd/m2 (at 1000 cd/m2 in parentheses) of the
OLED devices.

Voltage (V) gp
a (lm/W) gc

b (cd/A) ge
c (%)

PY1 4.0 (5.6) 3.8 (2.9) 4.9 (5.2) 1.5 (1.6)
PY2 6.6 (8.6) 2.2 (1.8) 4.6 (5.0) 1.4 (1.5)
FL1 5.8 (7.9) 3.0 (2.2) 5.5 (5.5) 1.7 (1.7)
FL2 11.8 (n. d.) 0.34 (n. d.) 1.3 (n. d.) 0.40 (n. d.)
Alq3 5.6 (7.6) 2.9 (2.2) 5.2 (5.3) 1.6 (1.6)

a Power efficiency.
b Current efficiency.
c External quantum efficiency.
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for FL1 and FL2. FL1, having substituents at 3 and 5 posi-
tions, also showed lower driving voltage than FL2, in which
the positions of the substituents at the pyridine ring are at
2 and 6 positions. Efficiencies of the device with FL1 were
as high as those with Alq3 and better than those of PY2,
although the electron mobility of FL1 is much smaller than
that of PY2 and Alq3. These results suggest that the elec-
tron injection from cathode is an important process deter-
mining driving voltage. In particular, specific affinity of the
electron-transporting materials with cathode metal or me-
tal halide is dominant to determine the barrier height for
the electron injection. To take a close look at the injection
process, electron only devices with the configuration of
ITO/BCP (10 nm)/ETL (Alq3, PY1, or PY2) (100 nm)/LiF
(0.5 nm)/Al (100 nm) were fabricated, where BCP was used
as hole blocking layer (Fig. 5). PY2 showed much smaller
current density than that of Alq3 and PY1. These results
also support that the barrier height for the electron injec-
tion from Al to PY2 is high, compared with Alq3 and PY1.
However, in contrast to the current density–voltage char-
acteristics of the OLED device (Fig. 4), Alq3 showed higher
current density than that of PY1 in the electron only de-
vice. Probably, in the OLED device with PY1, better hole
injection from NPD to PY1 was achieved, and the holes
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Fig. 5. Current density–voltage plots of the electron only device of PY1
(closed circle), PY2 (opened circle), and Alq3 (cross).
were consumed in recombination with electron, which
contributed to the increase of whole current density. In
terms of the ionization potentials, PY1 and Alq3 have al-
most same barrier height for the hole injection from NPD,
which are 0.44 and 0.38 eV, respectively. The better hole
injection from NPD to PY1 than that to Alq3 could be con-
sidered to be resulted from a better molecular contact be-
tween the pyrene group of PY1 and the naphthalene group
of NPD.

In the design of ETL materials, their chemical affinity
with cathode metal or metal halide is more important than
their electron affinity, and their electron mobility is not nec-
essary to be very high compared with Alq3.
3. Experimental

3.1. Measurement

The 1H-NMR spectra were measured in deuterated sol-
vents with JEOL ECX 400 MHz spectrometers. Elemental
analyses were carried out in the Elemental Analysis Ser-
vice, Yamagata University, Japan. Mass spectra were ob-
tained by a JEOL JMS-K9 mass spectrometer. Thermal
gravimetric analysis was performed on a SII EXSTAR
6000 and TGA/DTA 62000. Differential scanning calorime-
try (DSC) was performed on a Perkin–Elmer Diamond
DSC7. Ionization potentials were measured with Photo-
electron Spectrometer Surface Analyzer (RIKEN KEIKI
AC-3). UV–visible absorption spectra were recorded as
solutions in chloroform or film on quartz with a Shima-
dzu UV-3150 spectrometer. PL spectra were recorded
using a Jobin Yvon Fluoromax-2 fluorometer. PL quantum
efficiencies were measured with integral sphere system
Hamamatsu C9920-01 under nitrogen. Electrochemistry
was performed using a BAS Electrochemical Analyzer
660B. All measurements were made at room temperature
on samples dissolved in dry benzonitrile or THF with
0.1 M tetra-n-butylammonium tetrafluoroborate as the
electrolyte. The sample concentration was 1 mM, and a
platinum working electrode, platinum counter electrode
in 0.1 M tetra-n-butylammonium tetrafluoroborate in
the same solvent as used for the sample, and an Ag/
0.1 M AgNO3 in acetonitrile reference electrode were
used. The scan rate was 100 mV/s. The solutions were
deoxygenated with argon. The ferricenium/ferrocene cou-
ple was used as standard. All potentials are quoted rela-
tive to the ferricenium/ferrocene couple. The EL devices
were fabricated on indium tin oxide (ITO) coated glass
substrates, ultrasonicated sequentially in detergent,
methanol, 2-propanol, and acetone and exposed under
UV–ozone ambient for 20 min. NPD, Alq3, BCP or ETL
materials were deposited by thermal evaporation under
2 � 10�4 Pa. Lithium fluoride and aluminum were finally
deposited under 1 � 10�3 Pa as a cathode through a sha-
dow mask, and its active area is 5 � 5 mm2. Layer thick-
ness calibration was performed using Dektak 3 surface
profilometer. The EL spectra were measured on a Ham-
amatsu photonic multichannel analyzer PMA-11. The cur-
rent–voltage (I–V) characteristics and luminance were
measured using a Keithley 2400 Source Meter and Konika
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Minolta CS-200, respectively. External quantum efficien-
cies were calculated assuming Lambertian emission pat-
tern and considering all spectral features in the visible.

3.2. Materials

Pyrene-1-boronic acid was purchased from TCI-Japn.
3,5-Dibromopyridine was purchased from Aldrich. 2,6-
Dibromopyridine was purchased from Acros. 2-(4,4,5,5-
Tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dimethylfluorene
was synthesized according to the literature.

3.3. PY1

A mixture of pyrene-1-boronic acid (2.17 g, 8.82 mmol),
3,5-dibromopyridine (0.95 g, 4.0 mmol), tetrakis(triphen-
ylphosphine)palladium(0) (0.46 g, 0.40 mmol), potassium
carbonate (3.32 g, 24.0 mmol), water (12 ml), ethanol
(40 ml), and toluene (80 ml) was degassed and placed un-
der nitrogen, and then heated at 80 �C for 12 h. The mix-
ture was allowed to cool to room temperature and then
chloroform was added. The organic layer was washed with
water, dried over magnesium sulfate, and filtered. The sol-
vent was removed and the residue was purified by column
chromatography over silica using a chloroform as eluent to
give a pale yellow solid (1.54 g, 3.21 mmol, 80%). The prod-
uct was purified again by train sublimation. 1H-NMR
(400 MHz, CDCl3, TMS, ppm) 9.04 (2H, d, J = 2.1 Hz),
8.32–8.20 (9H, m), 8.14–8.10 (8H, m), 8.05 (2H, t,
J = 7.7 Hz). 13C-NMR (100 MHz, CDCl3, TMS, ppm) 149.77,
139.46, 136.61, 133.31, 131.44, 131.31, 130.89, 128.82,
128.32, 128.01, 127.77, 127.35, 126.27, 125.57, 125.24,
125.04, 124.89, 124.80, 124.40. EI–MS (m/z) calcd.
479.57; found 480. Elemental analysis calcd. for C37H21N:
C, 92.67; H, 4.41; N, 2.92; found: C, 92.58; H, 4.26; N, 2.96.

3.4. PY2

A mixture of pyrene-1-boronic acid (2.17 g, 8.82 mmol),
2,6-dibromopyridine (0.95 g, 4.0 mmol), tetrakis(triphen-
ylphosphine)palladium(0) (0.46 g, 0.40 mmol), potassium
carbonate (3.32 g, 24.0 mmol), water (12 ml), ethanol
(40 ml), and toluene (80 ml) was degassed and placed un-
der nitrogen, and then heated at 80 �C for 12 h. The mix-
ture was allowed to cool to room temperature and then
chloroform was added. The organic layer was washed with
water, dried over magnesium sulfate, and filtered. The sol-
vent was removed and the residue was purified by column
chromatography over silica using a chloroform: n-hexane
mixture (1:1) as eluent to give a pale yellow solid (1.05 g,
2.19 mmol, 55%). The product was purified again by train
sublimation. 1H-NMR (400 MHz, CDCl3, TMS, ppm) 8.62
(2H, d, J = 9.5 Hz), 8.37 (2H, d, J = 7.6 Hz), 8.30 (2H, d,
J = 7.7 Hz), 8.23–8.08 (11H, m), 8.03 (2H, t, J = 7.5 Hz),
7.85 (2H, d, J = 7.7 Hz). 13C-NMR (100 MHz, CDCl3, TMS,
ppm) 159.52, 136.57, 135.98, 131.46, 131.43, 130.94,
128.75, 127.99, 127.92, 127.87, 127.46, 126.02, 125.35,
125.12, 125.07, 125.04, 124.90, 124.89, 124.02. EI–MS (m/
z) calcd. 479.57; found 479. Elemental analysis calcd. for
C37H21N: C, 92.67; H, 4.41; N, 2.92; found: C, 92.61; H,
4.33; N, 2.93.
3.5. FL1

A mixture of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-yl)-9,9-dimethylfluorene (2.8 g, 8.8 mmol), 3,5-dib-
romopyridine (0.95 g, 4.0 mmol), tetrakis(triphenyl-
phosphine)palladium(0) (0.46 g, 0.40 mmol), potassium
carbonate (3.32 g, 24.0 mmol), water (12 ml), ethanol
(40 ml), and toluene (80 ml) was degassed and placed un-
der nitrogen, and then heated at 80 �C for 12 h. The mix-
ture was allowed to cool to room temperature and then
chloroform was added. The organic layer was washed with
water, dried over magnesium sulfate, and filtered. The sol-
vent was removed and the residue was purified by column
chromatography over silica using a chloroform as eluent to
give a white solid (1.76 g, 3.80 mmol, 95%). The product
was purified again by train sublimation. Tg 88 �C. Td5%

360 �C. Ip 6.4 eV. Eg 3.59 eV. 1H-NMR (400 MHz, CDCl3,
TMS, ppm) 8.89 (2H, d, J = 2.3 Hz), 8.15 (1H, t, J = 2.1 Hz),
7.86 (2H, d, J = 8.2 Hz), 7.80–7.77 (2H, m), 7.71 (2H,
d, J = 1.4 Hz), 7.65 (2H, dd, J = 7.7, 1.8 Hz), 7.49–7.47
(2H, m), 7.40–7.34 (4H, m), 1.57 (12H, s). EI–MS (m/z)
calcd. 463.61; found 464. Elemental analysis calcd. for
C35H29N: C, 90.67; H, 6.30; N, 3.02; found: C, 90.97; H,
6.36; N, 3.07.
3.6. FL2

A mixture of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-yl)-9,9-dimethylfluorene (2.8 g, 8.8 mmol), 3,5-dib-
romopyridine (0.95 g, 4.0 mmol), tetrakis(triphenyl-
phosphine)palladium(0) (0.46 g, 0.40 mmol), potassium
carbonate (3.32 g, 24.0 mmol), water (12 ml), ethanol
(40 ml), and toluene (80 ml) was degassed and placed un-
der nitrogen, and then heated at 80 �C for 12 h. The mix-
ture was allowed to cool to room temperature and then
chloroform was added. The organic layer was washed with
water, dried over magnesium sulfate, and filtered. The sol-
vent was removed and the residue was purified by column
chromatography over silica using a toluene:n-hexane mix-
ture (2:3) as eluent to give a white solid (1.48 g,
3.19 mmol, 80%). The product was purified again by train
sublimation. Tg 84 �C. Td5% 340 �C. Ip 6.3 eV. Eg 3.33 eV.
1H-NMR (400 MHz, CDCl3, TMS, ppm) 8.25 (2H, d,
J = 1.3 Hz), 8.16 (2H, dd, J = 8.1, 1.8 Hz), 7.87–7.75 (7H,
m), 7.49–7.47 (2H, m), 7.40–7.33 (4H, m), 1.59 (12H, s).
EI–MS (m/z) calcd. 463.61; found 464. Elemental analysis
calcd. for C35H29N: C, 90.67; H, 6.30; N, 3.02; found: C,
90.74; H, 6.36; N, 3.02.
Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.orgel.2009.04.020.
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Fig. 1. Transfer characteristics of the P3HT OTFTs made with different
vapor annealing conditions, measured at a source-drain bias of 60 V.
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P3HT is still under development, and it is uncertain
whether the specialized film-forming techniques for
achieving high mobility in P3HT OTFTs will be compatible
with the to-be-determined manufacturing process. There-
fore, it is important that more options for controlling the
P3HT morphology to obtain high field-effect mobility are
available, so that the commercial applications of the
P3HT OTFTs can be facilitated.

In this study, we explore the plausibility of manipulat-
ing the morphology of P3HT films with a post-casting sol-
vent–vapor exposure treatment (vapor annealing) to
achieve high field-effect mobility in P3HT OTFTs. Vapor
annealing has been shown to enhance the crystallization
and thus improves the carrier mobility of P3HT molecules
in bulk-heterojunction solar cells, but its effects on P3HT-
based OTFTs have not been reported [12]. We analyze the
film morphology and the OTFT characteristics resulting
from exposing P3HT films to unsaturated and saturated
solvent vapor conditions, based on which we determine
the vapor annealing conditions that achieve optimal OTFT
characteristics. We also characterize the lifetime of the
OTFT devices, a property important to practical use, as a
function of the vapor annealing condition, and we then
demonstrate encapsulation methods capable of sufficiently
extending the lifetime.

2. Materials and methods

P3HT (regioregular ratio 98.5%, molecular weight 87 k)
was purchased from Sigma–Aldrich Co. and used as re-
ceived. The substrates were p-type heavily-doped silicon
wafers with a 200 nm thermal oxide capping layer that
was used as the gate dielectric. The OTFTs used in this
study were bottom-gate, bottom-contact devices, and the
fabrication process is as follows. First, the SiO2 gate dielec-
tric was treated with octadecyltrichlorosilane (OTS) to
form a self-assembled monolayer (SAM) [9]. Second, a
100 nm gold layer was thermally evaporated through a
shadow mask onto the substrates to form the source and
drain electrodes, whose channel length/width (L/W) was
100 lm/1500 lm. Third, a P3HT layer was spin-coated
from a 1 wt% dichlorobenzene (DCB) solution at 800 rpm
to complete the devices. Conditions of the various sol-
vent–vapor annealing treatments applied to the P3HT film
are as follows. For the control, the P3HT film was spun to
dry for 60 s, followed by a 30 min bake at 130 �C. The
unsaturated solvent–vapor annealing treatment consisted
of the following steps: (1) spin-cast a P3HT film with a
30 s spin, when it was partially dry, (2) transfer the film
to a partially sealed volume maintained at 25 �C, which
was controlled so that the film was dried after 10 min,
(3) bake the film at 130 �C for 30 min. The saturated sol-
vent–vapor annealing treatment was similar except that
the partially dried P3HT films were placed in a fully sealed
volume filled with saturated DCB vapor, where it was
stored for 60 min before being retrieved. All steps of the
fabrication process were performed in a nitrogen-filled
glove box. The I–V characteristics of the devices were mea-
sured in air using a Keithley 4200-SCS Semiconductor
Characterization System. The mobility values reported
were effective mobility that neglected the effects of con-
tact resistance. The morphology of the P3HT films was ob-
served using a Nanoscope 3D Controller Atomic Force
Microscope (AFM) (Digital Instruments) operated at the
tapping mode and a X-ray diffraction graph was observed
using Rigaku TTRAXIII X-ray diffractometer (XRD).

3. Results and discussion

The saturated and unsaturated solvent–vapor annealing
treatments improved the field-effect mobility of the P3HT
OTFTs in two distinct manners, as shown in Fig. 1 and
Table 1. With unsaturated annealing (which results in slow
drying), the mobility increased by �9 folds, from 0.0013 to
up to 0.012 cm2/V s. With saturated annealing, however, a
drastic increase in the mobility occurred, raising the mobil-
ity to 0.11 cm2/V s. With unsaturated vapor annealing, the
increase in the mobility was found to result from enhanced
crystallization of the P3HT molecules, as can be seen in the
AFM micrographs in Fig. 2 and in the XRD patterns in Fig. 3.
The AFM micrographs show that fiber-like features, which
are characteristic of crystalline P3HT [7,8], were indistinct
in the unannealed samples but were significantly more de-
fined and larger in size upon unsaturated vapor annealing.
Similarly, the XRD pattern of the unsaturated-vapor-an-
nealed samples shows an increase in the intensity of the
peak corresponding to the (1 0 0) lattice plane of the
P3HT crystal unit cell. The observed effects of solvent–va-
por annealing in this stage were similar to what have been
reported for P3HT-containing bulk-heterojunction photo-
voltaic cells and P3HT thin films, i.e., enhanced crystalliza-
tion and increased hole mobility [8,12]. It should be noted
that the rather high and positive threshold voltages of the
devices are due to the p-doping effects of H2O/O2 from air
as well as the low capacitance of the thick SiO2/OTS gate
insulator, and are characteristic of P3HT OTFTs with similar
insulator materials. [4,5,9,13]

With saturated solvent–vapor annealing treatment, a
change in the appearance of the P3HT films accompanied
the drastic increase in the mobility. Upon saturated
annealing (prior to the final bake), the films started to re-
flow as they fully absorbed the solvent vapor, and because
of the greater affinity of P3HT to itself and to the gold con-



Table 1
Electrical characteristic of P3HT OTFTs made with different vapor annealing conditions.

Mobility (cm2/V s) On/off ratio Threshold voltage (V)

No vapor annealing 0.0013 1.5 � 104 22
Unsaturated solvent annealing 0.012 6.7 � 104 28
Saturated vapor annealing 0.11 1.9 � 106 18

Fig. 2. AFM topography images of P3HT films: (a) without solvent vapor annealing, (b) annealed in unsaturated solvent vapor, and (c) annealed with
saturated solvent vapor (reflowed); inset: a scan showing the thickness of the reflowed film, where the scan was made over a scraped line through the film.
(d) AFM topography image of the SiO2–OTS surface.
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tacts than to the SiO2–OTS surface of the FET channel area,
the P3HT films reflowed out of the FET channels into a few
isolated drops on the large gold contact pads in the non-
device area, leaving the FET channels free of visible P3HT
film. A schematic drawing illustrating this process is given
in Fig. 4. Despite showing no visible P3HT film, the FET
channels did retain a thin layer of P3HT that was �2 nm
in thickness as determined by AFM (see Fig. 2c inset),
which corresponded to 2–3 monolayers; moreover, the
FET characteristics of the reflowed devices (Fig. 5) showed
that the thin P3HT layer was functional as the semiconduc-
tor layer. The normal FET function of the thin P3HT layer
was consistent with the knowledge that charge transport
in OTFTs proceeds mostly via the 1–2 monolayers of the
organic semiconductor adjacent to the gate dielectric. The
mechanism that resulted in the high mobility of the re-
flowed P3HT may be that the reflow motion caused the
P3HT chains to extend horizontally along the surface, so
that charges were better able to transport along the chains
(intramolecular charge transport) rather than across the
chains (intermolecular charge transport) (see Fig. 4). This
mechanism may be similar to that of the dip coating tech-
nique reported by Cho et al. and Wang et al. [4,5], where
the dipping motion applied to coat P3HT films helped to
extend the P3HT chains along the surface, producing 2–
3-monolayer P3HT thin films with similarly high FET
mobility. Consistent with the fibril/grain-like crystal mor-
phology observed for the dip-coated P3HT films, the sur-
face of the reflowed films also appeared to consist of
small fibrils and grains, as can be seen by comparing the
AFM images of the reflowed P3HT layer and the SiO2–
OTS surface (on which the P3HT layer was coated) in
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Fig. 2c and d). In terms of uniformity of the OTFTs pro-
duced by the reflow process, the uniformity in the mobility
was slight better than that of the pristine devices on
Fig. 4. Schematic drawing of the reflow process during saturated va
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Fig. 5. (a) Transfer and (b) output characteristics of the P3HT OTFTs annealed
measured at a source-drain bias of 60 V.
1.5 � 2.0 cm2 square substrates with 10 devices: The stan-
dard deviation was 10% of the average mobility for the re-
flowed device, as opposed to 14% for the non-reflowed
devices. This good uniformity, despite the randomness of
the reflow process, was attributed to the large affinity dif-
ferential between P3HT–gold and P3HT–SiO2/OTS, which
ensured that the bulk of the P3HT film retreated to the
large gold contact pads, where it could be easily removed.
It should be noted that the mobility values observed for the
reflowed devices may have been underestimated due to
the high contact resistance [13,14]; however, the deviation
should have been small, as devices with a different gate
length/width ratio showed identical mobility values (see
Supplementary Materials).

Some interesting phenomena arose when the reflowed
and non-reflowed (unsaturated-vapor-annealed) OTFTs
were observed after various times of being stored in air:
In terms of the mobility, the reflowed devices degraded
much more rapidly than that of non-reflowed devices,
while the opposite was observed in terms of the off cur-
rent, as shown in Fig. 6. P3HT OTFTs are susceptible to
degradations induced by O2 and H2O via two main mecha-
nisms: photo-oxidation and p-type doping, the former of
which disrupts the conjugation of P3HT to impede charge
por annealing: Top row: top views; bottom row: side views.
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in saturated solvent vapor (reflowed). The transfer characteristics were
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transport and the latter of which introduces charge carriers
that contribute to high off current [15–17]. The different
stability in air of the two types of P3HT OTFTs can be
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Fig. 7. FTIR spectra of unsaturated-vapor-annealed P3HT layer (a) before
and (b) after being stored in air for 24 h under sunlight.
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Fig. 8. Mobility and on/off ratio of reflowed P3HT OTFTs as a function of storage
with adhesive-sealed glass lid.
accounted for by considering the effects of their drastically
different thickness on the two degradation mechanisms
described above. In photo-oxidation, the reflowed P3HT
film’s ultra thinness (�2 nm) allowed the whole of itself
to be quickly photo-oxidized, thereby showing rapid de-
cline in the mobility; the non-reflowed P3HT film, on the
other hand, was of regular thickness (25 nm) and therefore
required more time for photo-oxidation to propagate
through the film. Evidence of photo-oxidation was ob-
served in the FTIR spectra of the non-reflowed film
(Fig. 7), where a carbonyl stretching peak at 1650 cm�1

appeared after air exposure; the reflowed film was too thin
to have measurable IR signal. As to doping by O2 and H2O,
the reflowed film had far smaller capacity to absorb the do-
pants than the non-reflowed film, and therefore its doping-
induced off current was of a much smaller magnitude.

The air-induced degradation of the reflowed P3HT
OTFTs was greatly reduced by encapsulating them with
either an adhesive-sealed glass plate or with a bilayer poly-
mer film composed of a poly(methyl methacrylate)
(PMMA) and a poly(vinylidene chloride-co-acrylonitrile)
(PVDC-co-PAN) layer, as can be seen by comparing Fig. 6
with Fig. 8, which shows that the mobility and on/off ratio
of the encapsulated devices degrade slowly (with PMMA/
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PVDC-co-PAN) or remain stable (with glass/adhesive) with
time. The lifetime of the reflowed P3HT OTFTs, which is the
time required to reduce the mobility by one-half of the
pristine mobility, increased from 3 h without encapsula-
tion to �3000 h with PMMA/PVDC-co-PAN encapsulation;
moreover, the devices encapsulated with adhesive-sealed
glass showed only slight degradation upon 4000 h of stor-
age in air. However, the PMMA/PVDC-co-PAN encapsula-
tion caused pronounced upon-encapsulation decline in
the mobility to the reflowed devices, from 0.11 down to
0.014 cm2/V s. This degradation was attributed to the di-
rect contact of the P3HT layer with the PMMA film, which
may interfere with charge transport in P3HT through inter-
mixing or stress, and because the reflowed P3HT layer
contained only 2–3 monolayers, the effects of the PMMA
film were magnified. The encapsulation-induced degrada-
tion of the reflowed devices was avoided by the glass
encapsulation, where the P3HT layer was not contacted
by the encapsulation materials. The above results indicate
that, although the reflowed P3HT films offer high mobility,
their encapsulation or passivation requires special atten-
tion to prevent encapsulation- or passivation-induced
degradations.

4. Conclusion

Room-temperature solvent–vapor annealing of spin-
coated P3HT films improved the field-effect mobility of
the resultant OTFT devices in two distinct manners. With
unsaturated solvent vapor annealing, the mobility in-
creased moderately, from 0.0013 to 0.012 cm2/V s, because
the solvent vapor enhanced crystallization of P3HT. With
saturated solvent vapor annealing, the P3HT films liquefied
and reflowed, leaving an ultra-thin film of 2–3 monolayers
in the device area, where the P3HT chains were extended
by the reflowing motion so that the mobility was greatly
increased, to 0.11 cm2/V s. Upon exposure to air, the re-
flowed P3HT films showed more quickly declined mobility
yet more slowly increased off current due to their ultra-
thin thickness, as the small thickness allowed rapid and
thorough photo-oxidization but low air-doping uptake.
The reflowed P3HT OTFTs’ lifetime were extended to more
then 3000 h when they were encapsulated with either a
bilayer polymer film or with an adhesive-sealed glass
plate; and upon-encapsulation degradation was avoided
by keeping the encapsulant from direct contact with the
P3HT films, which were susceptible to intermixing with
or stress exerted by a directly contacting encapsulant due
to their small thickness.
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only observed at low temperatures and high current levels
in a conventional Alq3-based device. This leads us to sug-
gest that temperature and driving current would play
important roles in the magnetic field effects (MFEs) on EL
as mentioned above.

In this letter, we presented detailed studies on the influ-
ence of temperature and driving current upon the mag-
netic-field modulated EL to further investigate the MFEs
in Alq3-based OLEDs with the structure of ITO/copper
phthalocyanine (CuPc)/N,N0-di(naphthalene-1-yl)-N,N0-di-
phenyl-benzidine (NPB)/Alq3/lithium fluoride (LiF)/Al. We
found that the EL intensity increases at low fields and
reaches its maximum at about 35 mT. With further
increasing the field, the EL intensity either saturates or de-
creases, depending on the temperature and driving cur-
rent. The low-field-increase, which exists in all the
temperature and driving current measurement range,
was mainly attributed to the magnetic-field dependent
singlet-to-triplet conversion of electron-hole pairs. The
high-field-decrease, evidently observed at low tempera-
tures and high current levels, was demonstrated to be in
fair agreement with the magnetic-field mediated TTA
process.
Fig. 1. (a) The magnetic field effects on EL and voltage for the device
driven by 400 lA at 15 K, (b) the magnetic field effects on EL and current
for the device driven by constant voltage (27.35 V) at 15 K.
2. Experimental

The OLEDs with the structure of ITO (100 nm)/CuPc
(15 nm)/NPB (60 nm)/Alq3 (80 nm) LiF (1 nm)/Al
(100 nm) were fabricated, where CuPc is buffer layer,
NPB is the hole transport layer, and Alq3 is the electron
transport/emission layer, respectively. LiF was used to im-
prove the electron injection into Alq3. All the organic mate-
rials were used as received without additional purification
and deposited by thermal evaporation under high vacuum
(�10�6 Pa). The evaporation rate and thickness of the
deposited layers were detected by a calibrated quartz crys-
tal monitor. Hundred nanometer Al cathode was thermally
evaporated on the LiF film through a shadow mask (active
areas: 2 � 3 mm2). After preparation, the samples were
mounted on the cold finger of the close-cycle cryostat (Ja-
nis CCS-350s) with variable temperature that was located
between the pole pieces of an electromagnet (Lakeshore
EM647). The magnetic field with the maximum strength
of 0.5 T was applied parallel to the device surface and mea-
sured by Hall probe GaussMeter (Lakeshore 421) which
was placed close to the sample. The devices were driven
by a Keithley 2400 SourceMeter and the EL intensity was
measured by using a silicon photodetector and a Keithley
2000 apparatus. The photodetector was tested to make
sure there was no field dependence on its output.
3. Results and discussion

Fig. 1a shows the magnetic field effects on EL and volt-
age for the device driven with constant current of 400 lA
at 15 K. It is seen that a sharp increase in EL at low mag-
netic fields followed by a significant decrease at high fields
larger than about 35 mT. While the behavior of voltage
shows a saturation at high fields after its sharp decrease
at low fields. Similar MFEs in EL at constant voltage (the
voltage bias of 27.35 V gives an injection current of
�400 lA) at 15 K is shown in Fig. 1b. The low-field increase
in EL (low field effect, LFE) and high-field decrease in EL
(high field effect, HFE) is the common feature of the stud-
ied devices at low temperatures. The MFEs on current at
constant voltage bias is also shown in Fig. 1b. The current
increases rapidly at low fields but then tends to saturate at
high fields. The two distinct behaviors of EL at low fields
and high fields suggest that the LFE and HFE should be
caused by different mechanisms. This is also indicated by
the different field dependences between the EL and current
at high fields mentioned above.

According to the qualitative formula EL1 gI [8], where
g is the quantum efficiency of EL and I is the current, one
can deduce a simple relationship as: DEL/EL = Dg/g + DI/I.
It means that the variation of the EL reflects the combina-
tion of the field induced variations of both current and
quantum efficiency [18]. For simplicity, in this work we fo-
cused on the constant-current driving experiment, i.e.
DI = 0, to exclude the extra effects caused by the field-en-
hanced current on EL. Fig. 2 shows the evolution of MFEs
on EL over a temperature range from 15 to 150 K. The rel-
ative change of EL is described by DEL/EL= [EL(B) � EL(0)]/
EL(0), where EL(B) and EL(0) are the EL in the presence and
absence of a magnetic field B. As shown in Fig. 2, for the
current level at both 50 and 400 lA the LFE exists at all
the temperature range and the lower the temperature is,
the weaker LFE is observed. However, the HFE shows more
remarkable temperature dependence. As the temperature
is increased, the HFE becomes weaker and finally disap-
pears at 150 K at current level of 50 lA. The MFEs with dif-
ferent driving currents at 15 and 150 K are demonstrated



Fig. 2. Relative change of EL as a function of applied magnetic field at
different temperatures between 15 and 150 K, (a) the driving current is
50 lA, (b) the driving current is 400 lA.
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in Fig. 3a and 3b, respectively. All the curves show both LFE
and HFE at 15 K. It’s discernible that large driving current
results to weak LFE and strong HFE. Furthermore, at
150 K the HFE becomes weaker compared to that at 15 K
and completely vanishes at driving currents less than
200 lA while the LFE still survives. The different tempera-
ture and driving current dependences between the LFE and
Fig. 3. Relative change of EL as a function of applied magnetic field in the
driving current range from 50 to 400 lA. (a) The working temperature is
15 K, (b) the working temperature is 150 K.
HFE confirm the conclusion drawn from Fig. 1 that LFE and
HFE are controlled by different mechanisms.

In our case the LFEs displayed in Figs. 1–3 are somewhat
similar to those observed by Kalinowski et al. [8]. In their
work sharp increases in EL and also in current were ob-
served within a small field range and these effects were
attributed to the magnetic-field affected hyperfine mixing
of electron-hole pairs. According to Kalinowski’s pioneer
interpretation, singlet intermolecular electron-hole pairs
can evolve into triplet pairs via the hyperfine interaction.
The spin conversion between the singlet and triplet states
would be efficient between the degenerate states [19]. In
the absence of a magnetic field, the singlet and triplet pairs
nearly degenerate because of the negligible exchange
interaction due to the large distances between the holes
and electrons. So the spin conversion from the singlet to
triplet pair states is efficient. When an external magnetic
field greater than the hyperfine coupling strength is ap-
plied, the Zeeman splitting of triplet states removes the
degeneracy between T+, T� and S states, leading to a de-
crease in singlet-to-triplet conversion and an increase in
singlet electron-hole pairs. On one hand, some of the net
singlet pairs would evolve into singlet excitons and then
enhance the EL intensity due to their radiative decay [8].
On the other hand, the current would also be enhanced
when the other net pairs dissociate into free carriers [15].
These positive MFEs on EL and current are expected to sat-
urate at high fields when the energy splitting between T0

and T± states becomes much greater than the hyperfine
coupling energy. This is consistent with our observed
behaviors of EL at current level of 50 lA at 120 and
150 K as shown in Fig. 2a. However, at low temperature
of 15 K, the EL intensity decreases significantly at high
fields larger than about 35 mT as shown in Fig. 3a. This
high-field decrease of EL is not expected by Kalinowski’s
model, and it might originate from other reason.

Triplet-charge annihilation (TQA) has also been pro-
posed to explain the MFEs [5]. This mechanism was well
illustrated by Ern and Merrifield [6]. The TQA process
may increase with decreasing temperature and rising driv-
ing current due to an increase in triplet excitons and car-
rier density in the device. However, in our experiment
the TQA process could be neglected because of the follow-
ing reasons: TQA process increases the free-to-trapped
charge concentration ratio and leads to the enlargement
of the current; a magnetic field-induced monotonous de-
crease in TQA rate constant would result in a decrease in
the current [6] which is at variance with our experiment
results. Fig. 1b clearly shows that the current increases
with increasing magnetic field strength. It is also reported
that the interaction of the triplet exciton with a deep-
trapped carrier would produce phosphorescence in Alq3

at low temperature [20], while this phosphorescence was
found to be not dependent on magnetic field [10]. More-
over, the TQA process should be minimized for balanced
charge injection [2,4]. Considering the hole mobility in
NPB is higher than the electron mobility in Alq3, we insert
15 nm CuPc between ITO and NPB as buffer layer to reduce
the holes injection from anode and balance it with the
electrons injection from cathode [21]. So we believe that
the TQA process is unimportant in the MFEs in our devices.



Fig. 4. (a) Composite model for the MFEs on EL. The Kalinowski’s effect
component (solid squares) dominates the low-field increase, while the
filed mediated TTA process part (solid circles) causes the high-field
decrease; (b) effects of the pure field mediated TTA process at 50 lA at
temperature range from 15 to 120 K.
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Another possible mechanism of MFEs on EL is based on
TTA process which has been widely reported in molecular
crystals [16,17], polymer-based OLEDs [22] and also Alq3-
based OLEDs [3,23]. According to Merrifield’ theory [24],
TTA process can be modulated by a magnetic field and pro-
duce a small rise of EL at low fields and a subsequent fall at
high fields. These results are similar to our observed phe-
nomena at 15 K in which the EL contains a low-field in-
crease and a high-field decrease (as shown in Fig. 3a).
However, we fail to observe consistent behavior of EL
when the temperature and driving current are varied. With
elevating the temperature and lowering the driving cur-
rent the HFE becomes weaker and the LFE gets larger.
Interestingly, as the temperature is increased to 150 K
and the driving current is decreased to 50 lA, the HFE dis-
appears completely while the LFE still survives and even
gets larger as shown in Fig. 2a. This suggests that the
low-field increase in EL, that is, LFE in our devices can
not be well explained by magnetic-field mediated TTA
process.

Since no single mechanism can explain all the observed
MFEs on EL, a composite model is proposed here, contain-
ing both the magnetic-field dependent singlet-to-triplet
conversion (Kalinowski’s effect) and magnetic-field medi-
ated TTA process. In principle, the Kalinowski’s effect leads
to a saturation of EL at high fields while the field mediated
TTA process induces a significant decrease. Thus the de-
crease of EL at high fields confirms that the field mediated
TTA process is dominant in the HFEs in our devices. Both
the Kalinowski’s effect and field mediated TTA process
can cause an increase in EL at low fields but the former ef-
fect is believed to be most important. This is supported by
the fact that LFE survives and even gets larger while the
HFE disappears (suggesting that TTA process is suspended)
at higher temperature and lower driving current, as shown
in Fig. 3b. Moreover, the DEL/EL curves at low current level
of 50 lA and high temperature of 120 and 150 K all sharply
increase at low fields and then tend to saturate at high
fields as shown in Fig. 2a, suggesting that the DEL/EL
caused by Kalinowski’s effect approximately have the same
magnetic-field dependence under these conditions. So the
DEL/EL curves should show a sharp low-field-increase
and a high-field-saturation at low temperature if the TTA
process does not occur. The DEL/EL trace measured at
150 K with 50 lA driving current is selected to characterize
how the LFE would change with increasing field. Because
the delayed EL caused by TTA process was observed to fall
below its zero-field level at about 125 mT in OLEDs with
amorphous Alq3 films [10], we therefore regard the DEL/
EL value at 125 mT of the experiment curve as the satu-
rated magnitude of Kalinowski’s effect in our Alq3-based
devices. By subtracting the MFE’s component due to Kali-
nowski’s effect from the measured DEL/EL data, the contri-
bution from the field mediated TTA process is obtained (as
shown in Fig. 4a). The component due to field mediated
TTA process reaches its maximum at B0 = 17 mT which cor-
responds to energy of about 1.7 leV (EB = glBB0), which is
very close to the zero-field splitting parameter in Alq3

measured to be 1.4 leV by Cölle et al. [3]. The great simi-
larities between our results with those field modulated de-
layed EL due to TTA observed in anthracene crystal [17]
and Alq3-based OLEDs [10] strongly support our TTA inter-
pretation for high-field decrease of DEL/EL.

Interestingly, Davis and Bussman observed anthracene
crystal-like MFEs in some special OLEDs and suggested
that magnetic-field modulated TTA process would be oper-
ative in the MFEs [2]. But in later publication [25],
enhancements of EL exceeding 14% at low magnetic field
(�80 mT) were found at low drive levels (the drive levels
so low that TTA process is unimportant). Thus, they ex-
cluded TTA mechanism for MFEs and attributed the low
fields increase to a field-induced preference for charge-pair
(electron-hole pair) state to form singlet exciton. Their re-
sults also confirm the conclusion that the field dependent
singlet-to-triplet conversion, that is, Kalinowski’s effect is
dominant in the LFE. Fig. 4b shows the evolution of DEL/
EL caused by field mediated TTA process at 50 lA over a
temperature range from 15 to 120 K. The anthracene crys-
tal-like MFEs become more remarkable as temperature is
decreased, suggesting that stronger TTA process exhibits
at low temperature. This is consistent with the experiment
results observed by Cölle et al [3] that the intensity of the
delayed luminescence caused by TTA shows an increase
with the decreasing temperature.

It’s generally believed that in OLEDs triplet excitons
have much longer lifetime than singlet excitons and there-
fore are able to diffuse larger distance. The dissociation of
the triplet excitons at the interface between Alq3 and cath-
ode can enhance the charge injection. Such an effect is
called excitonic injection [8]. A magnetic field reduction
in TTA rate constant reduces the number of quenched trip-
lets, their flux towards the cathode increases the current
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tending to saturation as shown in Fig. 1b. Although the
triplet excitons can be increase by applying a magnetic
field to decrease the interaction rate constant of TQA pro-
cess, it is not a dominant process in our device because
TQA has been minimized by balanced charge injection as
previously discussed.

Further investigation of the temperature and driving
current dependences of the HFE and LFE was demonstrated
in Fig. 5. The value of the HFE is defined as HFE =
[EL(450 mT) � EL(35 mT)]/EL(35 mT), while the magnitude
of LFE is defined as LFE = [EL(35 mT) � EL(0 mT)]/EL(0 mT).
As shown in Fig. 5a, the magnitude of the HFE becomes
smaller with the increasing temperature and completely
disappears at 150 K. Another feature of the HFE is that high-
er current level leads to larger HFE at a certain temperature.
The magnitude of the LFE decreases by a factor of �1.7 at
15 K when increasing the current from 20 to 400 lA (as
shown in Fig. 5b). Similar driving current dependence of
the LFE can also be seen at other temperatures. As men-
tioned above, the magnetic-field mediated TTA process is
responsible for the HFE in our devices. The probability of
TTA process is expected to be proportional to the square
of the triplets density considering its bimolecular process
[3]. And the density of triplets is proportional to the cur-
rent. Therefore, it is reasonable to conclude that TTA pro-
cess should be much stronger at larger driving current,
leading to a more significant decrease in EL at high fields.
With further decreasing the temperature, the lifetime of
the triplets increases due to a reduced phonon-assisted de-
cay [3], thus increasing the triplet density and also the total
annihilation rate ctot, as proposed by Merrifield [24]. This is
why one can observe large HFE at low temperature and
Fig. 5. The dependence of (a) high field effect and (b) low field effect on
temperature in the OLED (ITO/CuPc/NPB/Alq3/LiF/Al) at different driving
currents between 50 to 400 lA.
large current levels. The driving current dependence of
the LFE as shown in Fig. 5b is in agreement with Kalinow-
ski’s equation [8] DEL/EL = [jST(0) � jST(B)]/[j�1 + jC +
jST(B)], where j�1 is the dissociation rate of singlet elec-
tron-hole pair, jC is the condensation rate from singlet
pairs to singlet excitons, jST(B) and jST(0) are the intersys-
tem crossing rate between singlet and triplet states with
and without external magnetic field B, respectively. Accord-
ing to the assignment of Kalinowski et al. [8], jC, jST(B), and
jST(0) are assumed to be constant while j�1 is varying with
applied voltage. At a low applied voltage, j�1 is small thus
almost no contribution to DEL/EL. However, at a high ap-
plied voltage the j�1 increases and contributes markedly
to the denominator of the equation, leading to a decreasing
in DEL/EL. Given the fact that large applied voltage corre-
sponds to high current level in the OLEDs, it is reasonable
that the decrease in DEL/EL, that is, the lower LFE would oc-
cur at larger driving current.
4. Conclusions

In summary, we have presented detailed studies on the
MFEs on EL in Alq3-based OLEDs driving by different cur-
rent levels and over a broad range of temperature (15–
150 K). We found that at low temperature the MFEs consist
of a sharp increase in EL at low fields and a significant de-
crease at high fields. The HFE becomes weaker and even
disappears at higher temperatures and lower driving cur-
rents while LFE always survives, suggesting that the LFE
and HFE would be caused by different mechanisms. We
propose a composite model to explain the observed MFEs
and attribute the HFE mostly to the magnetic-field medi-
ated TTA process while the LFE mainly to the magnetic-
field dependent singlet-to-triplet electron-hole pairs
conversion.
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Fig. 1. Molecular structures of (a) P13 and (b) HMDS and (c) a schematic
diagram of a transistor under bias conditions.
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have shown high field-effect mobilities in thin-film states.
For example, pentacene-based transistors show a hole
mobility on the order of ca. 1.0 cm2/Vs that corresponds
to a performance close to that of hydrogenated amorphous
silicon-based transistors. Nevertheless, in comparison to a
variety of p-type devices, there have only been a few n-
type OTFTs reported to date [12–18]. This dearth in study
is ascribed to the fact that most n-type organic compounds
are sensitive to environmental contaminants such as mois-
ture and oxygen that can penetrate into the active channel
region. Therefore, the transistor characteristics of most n-
type OTFTs have been obtained either under inert atmo-
sphere or under vacuum. Since power-efficient logic ele-
ments use complementary circuits that require both p-
and n-type transistors, it is desirable to improve perfor-
mance of the n-type devices to match that of the p-type de-
vices in fabricating all organic-based electronics. Among
the n-type materials such as Cn (n = 60, 70), metallopht-
halocyanines and perylene derivatives, a series of perylene
compounds have attracted particular attention given their
good transport and high electron affinities. Recently, Tate-
michi et al. reported the characteristics of transistors based
upon N,N0-ditridecylperylene-3,4,9,10-tetracarboxylic dii-
mide (P13) which is an extended p-conjugated molecule
with a strong electron affinity (3.4 eV) [12]. The P13 tran-
sistors whose active layers were thermally annealed at
140 �C displayed a high electron mobility of 2.1 cm2/Vs un-
der vacuum. Typical electron mobilities of other perylene
derivatives-based transistors have been reported ranging
between 2.5 � 10�3 and 1.7 � 10�2 cm2/Vs [14,17,18].

In this article, we report our first application of the
NCBD method to prepare P13-based, n-type OTFTs with a
top-contact structure (Fig. 1). A systematic analysis was
carried out to examine the influence of surface modifica-
tion and thermal post-treatment on device characteristics
and operational stability. The structure-device perfor-
mance relationship is also discussed. In addition, we pres-
ent the comparative characteristics of transport
mechanisms responsible for the conduction of electron
carriers as a function of temperature from 300 down to
10 K for various devices. To the best of our knowledge,
no mechanistic study of the transport phenomena of the
P13-based OTFTs has been reported thus far.
2. Experiment

Fig. 1 shows the molecular structures of the P13 and
HMDS, and a schematic diagram of a transistor along with
the bias condition. The substrates consisted of a highly
doped, n-type Si wafer coated with an aluminum layer as
the gate electrode and thermally grown 2500 Å-thick
SiO2 layers as the gate dielectric. A rigorous procedure for
cleaning the substrates was adopted. The substrates were
first cleaned by a series of sequential ultrasonic treatments
in acetone, hot trichloroethylene, acetone, HNO3, metha-
nol, and deionized water, and then blown dry with dry
N2 [19]. The substrates were finally exposed to UV
(254 nm) for 15 min [20]. Such a cleaning procedure
turned out to be very efficient in significantly increasing
device performance. For surface modification, the cleaned
substrates were immersed in HMDS for 10 h at room
temperature.

The P13 active layers were prepared by a homemade
NCBD system [1]. The apparatus consisted of an evapora-
tion crucible, a drift region, and the substrate. The as-re-
ceived P13 sample was placed inside the enclosed
cylindrical crucible cell (with a 1.0-mm diameter, a
1.0 mm-long nozzle) and sublimated by resistive heating
between 550 and 580 K. At a working pressure of approx-
imately 4.5 � 10�6 Torr, the P13 vapor underwent adia-
batic supersonic expansion into the high-vacuum drift
region. Highly directional, weakly bound P13 neutral clus-
ter beams were formed at the throat of the nozzle and di-
rectly deposited onto the substrates with an average
thickness of ca. 500 Å, at a rate of 0.5–0.8 Å/s. For thermal
post-treatments, the active layers were heated to 100 �C in
a vacuum oven for 1 h and then slowly cooled down to
room temperature. Thickness, contact angle, surface mor-
phology, and structural properties of the P13 active layers
were characterized using an alpha-step surface profile
monitor, a contact-angle goniometer, atomic force micros-
copy (AFM), and X-ray diffractometry (XRD).

To produce the transistors with a channel width (W) of
500 lm and a channel length (L) of 200 lm in a top-contact
configuration, electron-beam evaporation using a rectangu-
lar-shaped shadow mask was utilized to produce a 500 Å-
thick Au source and drain electrodes. The optimized thick-
ness and deposition rate of Au were 500 Å and 6–8 Å/s,
respectively. The current–voltage (I–V) characteristics of
the transistors and their temperature-dependence were
measured by an optical probe station connected to a
HP4140B pA meter-dc voltage source unit and a 10 K-closed
cycle refrigerator, over the temperature range of 10–300 K
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and at a base pressure of 1 � 10�2 Torr. Various parameters
were derived from the fits of the I–V characteristics.
3. Results and discussion

Characterization of the surface morphology for various
NCBD-based P13 films prepared at room temperature
was performed using an AFM apparatus in the non-contact
mode. The 2-dimensional AFM micrographs at a nominal
thickness of 500 Å are shown in Fig. 2. These P13 films
exhibited complete substrate coverage with grain crystal-
lites with the thermal post-treatment increasing grain
crystallite size in both hexamethyldisilazane (HMDS)-un-
treated and -pretreated films. The four root-mean-square
roughness (Rrms) average-values for the P13 films depos-
ited on the untreated, thermally post-pretreated, HMDS-
pretreated, and HMDS-pretreated/thermally post-treated
SiO2 substrates were measured 71 ± 8, 20 ± 4, 41 ± 2, and
23 ± 2 Å, respectively. The low surface Rrms observed in this
study clearly exhibited that the weakly bound P13 cluster
beams undergo efficient fragmentation into energetic indi-
vidual molecules, leading to uniform, highly packed thin
films. The entire HMDS-pretreated films showed lower
roughness and high packing densities, suggesting that the
amphiphilic HMDS molecules provided favorable deposi-
tion conditions at the early stages of grain growth. In addi-
tion, in the case of thermally post-treated films, substantial
improvement in the surface roughness due to thermal
annealing has been observed. The annealing process ap-
pears to favor formation of larger grain crystallites. The ef-
fect of thermal post-treatment is more clearly displayed in
the XRD measurements below.

Fig. 2 also shows the whole XRD diffractograms for four
different kinds of 500 Å-thick P13 thin films. According to
the previous crystallographic investigations, P13 crystals
are known to have a triclinic structure. All thin films in
Fig. 2 show a highly ordered structure. The strong and
sharp first- and second-order peaks, as well as distinctive
higher-order multiple peaks, can be fitted to a series of
(0 0 1) reflection lines with multiple d spacing. In the case
of as-deposited, untreated thin films, the four reflection
peaks located at 2h = 3.3�, 6.7�, 10.0�, and 13.3� were as-
signed to (0 0 1), (0 0 2), (0 0 3), and (0 0 4). Based on the
crystallographic parameters of P13, the corresponding d-
spacings were determined to be 26.4, 13.2, 8.8, and 6.6 Å,
respectively, which were in good agreement with the
XRD measurements conducted by Tatemichi et al. [12].
For the thermally and/or surfactant-treated films in
Fig. 2, a higher signal-to-noise in the XRD patterns was ob-
served together with larger (0 0 3) and (0 0 4) reflection
peaks, suggesting that the treatments significantly en-
hanced long-range crystallinity. It should be noted in the
diffractograms that the thermal annealing effect was more
pronounced in comparison to the surfactant-pretreatment
effect. The high-temperature annealing seems to clearly
promote the formation of larger grains with better crystal-
linity through a favorable self-assembling process. The
XRD results are also consistent with the aforementioned
AFM measurements, in which the larger grain crystallites
showed more distinct, sharper reflection peaks.
The organic P13 active layers behaved as n-type semi-
conductors. OTFT performance was examined in the accu-
mulation mode: as the gate electrode is positively biased
with respect to the grounded source electrode, an accumu-
lation of electrons near the SiO2 dielectric�P13 interface is
induced. Typical plots of drain-source current (IDS) as a
function of the drain-source voltage (VDS) for various
gate-source voltages (VGS) are displayed in Fig. 3. Overall
OTFT characteristics were adequately described by the
standard field-effect transistor equations working in the
accumulation mode. At a fixed VGS, IDS increases linearly
with VDS in the low VDS regime while IDS tends to be satu-
rated in the large VDS regime due to the pinch off in the
accumulation layer. In the saturation regime, IDS is given
by Eq. (1):

IDS ¼
WCil

2L
ðVGS � VTÞ2 ð1Þ

where W is the channel width of 500 lm, L is the channel
length of 200 lm, l eff is the field-effect mobility, and VT is
the threshold voltage. The value Ci is the capacitance per
unit area, which is 13.8 nF/cm2 for the thermally-grown,
2500 Å-thick, SiO2 gate dielectric. From the analysis of
the observed I–V characteristics, several device parameters
can be derived and are listed in Table 1. The maximum
mobilities (leff) are listed with the average mobilities
(lavg

eff ) with the standard deviation (r). Here, it should be
noted that before characterizing the performance of the
devices kept in air and N2, the operational stability was
first checked under ambient conditions as a function of
time. Since the P13-based devices were sensitive to mois-
ture and oxygen, device parameters such as mobilities
deteriorated with time as shown in Fig. 4a. To minimize
these environmental effects, the whole parameters in Table
1 were derived as fast as possible within a duration of 2 h
just after device production, as marked with the brackets
in Fig. 4a.

Several characteristic features can be found in Table 1.
Firstly, compared to the typical mobilities reported in the
range between 1.7 � 10�2 and 2.5 � 10�3 cm2/Vs [14,17,
18], all NCBD-based OTFTs showed higher room-tempera-
ture mobilities: 0.16, 0.58, 0.34, and 0.32 cm2/Vs for the
untreated, thermally post-treated, HMDS-pretreated, and
HMDS-pretreated/thermally post-treated thin-film transis-
tors, respectively. A leff of 0.34 cm2/Vs for the HMDS-pre-
treated transistors was found to be comparable to the
value of leff = 0.29 cm2/Vs, measured by Hosoi and Furuk-
awa [14]. Here, it should be noted that unlike the mobili-
ties derived from the devices not working at all when
exposed to the atmosphere [12], the whole field-effect
mobilities for all NCBD-based OTFTs in this study were
measured under ambient conditions. In Table 1, the surface
passivation and thermal post-treatment clearly improved
device performance, including mobilities, current on/off
ratio (Ion/Ioff), threshold voltage (VT), and especially sub-
threshold slope (SS). In particular, the drastic reduction of
the subthreshold slope, generally governed by material
properties, indicated that the treatment significantly im-
proved the quality of the NCBD-based P13 active layers.
It can be concluded that after thermal post-treatment
and/or surfactant pre-treatment, favorable formation of
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the P13 active layers with higher structural organization
and better film connectivity induced more efficient
charge-carrier transport via face-to-face intermolecular
interactions between the p–p stacks. The observed perfor-
mance is also consistent with the results revealed in the
AFM and XRD micrographs.

Secondly, total trap density (Ntrap) strongly correlated
with device performance. The Ntrap value can be obtained
by the relationship (2):

Ntrap ¼
CijVT � VTOj

e
ð2Þ

where VTO is the turn-on voltage and e the elementary
charge [21]. The four trap densities for the untreated,
thermally post-treated, HMDS-pretreated, and HMDS-pre-
Table 1
Device parameters deduced from the OTFT characteristics.

Surface pretreatment leff (cm2/
Vs)

lavg
eff ± r (cm2/

Vs)*

Ion/Io

Untreated 0.16 0.11 ± 0.03 104

Thermally post-treated 0.58 0.42 ± 0.10 105

HMDS-pretreated 0.34 0.28 ± 0.04 105

HMDS-pretreated/thermally post-
treated

0.32 0.28 ± 0.04 105

* The mobility data (leff) in the text represents the best values. Considering the d
(standard deviation).
treated/thermally post-treated devices were estimated to
be 2.70 � 1012, 1.37 � 1012, 1.86 � 1012, and 1.57 � 1012 /
cm2, respectively. The traps can be identified as structural
disorders and/or defects. The observed lower trap densities
of the whole treated thin films can be ascribed to the char-
acteristic growth of well-connected, polycrystalline thin
films produced by the NCBD method, which were directly
reflected in the efficient carrier conduction with high
mobilities especially in the thermally post-treated P13-
based transistors.
ff VT (V) VTO (V) SS (V/
decade)

Ntrap (1012/
cm2)

Ea (meV)

46.32 15 10.18 2.70 28.4
40.93 25 4.43 1.37 17.1
37.50 16 4.29 1.86 21.2
36.25 18 4.00 1.57 21.8

istributions of the OTFT characteristics, the leff values lie within lavg
eff ± 2r
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Thirdly, the temperature-dependence behavior of leff in
the P13 films was measured for the first time to character-
ize the transport mechanism responsible for the conduc-
tion of mobile electron carriers. Fig. 4b shows that the
typical logarithmic plots of leff for the untreated P13 films
in the temperature range of 10–300 K. Two different mech-
anisms were found to exist to account for observed regions
I and II. The temperature-independent region I, below 40 K,
was ascribed to the quantum tunneling mechanism. Con-
versely, the conduction mechanism for region II
(40 K < T < 300 K) corresponded to a thermally activated
transport, where the electron carriers should overcome
the shallow traps present in the P13 active layer through
thermal excitation. The behavior in region II is well de-
scribed by the Arrhenius relationship: leff / exp(�Ea/kT),
where Ea and k are the activation energy and Boltzmann
constant, respectively. From the slope analysis of the loga-
rithmic plots, the four activation energies were estimated
to be 28.4, 17.1, 21.2, and 21.8 meV for the untreated, ther-
mally post-treated, HMDS-pretreated, and HMDS-pre-
treated/thermally post-treated devices, respectively.
Direct comparison cannot be made due to the absence of
a mechanistic study of the transport phenomena for the
P13-based OTFTs. Instead, Chesterfield et al. reported the
activation energies ranging between 39 and 85 meV for
N-alkyl perylene diimide-based OTFTs [15]. The signifi-
cantly lower Ea and Ntrap values observed in this study
strongly suggest that the high quality of the P13 films ulti-
mately lead to a more efficient carrier transport in the
well-connected grains, as well as the excellent mobilities
in the NCBD-based OTFTs.

4. Summary

Our first application of the NCBD method to prepare
P13-based, n-type OTFTs with a top-contact structure is
presented. The effects of surface passivation and thermal
post-treatment on surface morphology, crystallinity, and
device performance were systematically investigated, with
the operational stability as a function of time. A high room-
temperature field-effect mobility of 0.58 cm2/Vs for the
thermally post-treated devices was obtained under ambi-
ent conditions. A comparative study of transport mecha-
nisms in-between 10–300 K indicated that surface
modification and thermal post-treatment decreased the to-
tal trap density and activation energy for carrier transport
by reducing structural disorder. The fabrication of several
P13-based devices, including unipolar and ambipolar
light-emitting OTFTs through the NCBD method, is under-
way. We hope these investigations to provide further in-
sights into the organic-based optoelectronic devices at
the molecular level.
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moieties are formed either from the defects already pre-
sented in the polymer (when monoalkylated fluorenes
are present as impurities and incorporated into the poly-
mer during polymerization) or later by thermal-oxidative,
photo-, or electro-oxidative degradation processes of PFs
[28,29]. Therefore, any method which aims to decrease
the defects or enhance the anti-oxidation capability of
the polyfluorene should help to suppress the green emis-
sion and to improve the stability of the blue emission
[30]. Much efforts had been done through the functionali-
zation at C-9 position of fluorene. Holmes and co-workers
[31] synthesized defect-free 9,9-dioctyl-9H-fluorene via an
alkylative cyclization route, which exhibited minimal
green emission owing to fluorenone formation. Huang
and co-workers [32] introduced spiro-fluorene into poly-
fluorene backbone resulting in narrower emission with a
smaller tail at longer wavelength. Müllen et al. [33] intro-
duced triphenylamine-substituted fluorene at C-9 position
and developed fully arylated poly(ladder-type-pentaphen-
ylene), which suppressed the long wavelength emission.
Alkoxyphenyl substitution fluorene at C-9 position is an
effective way to suppress the long wavelength emission.
Lee and Hwang [34] prepared a homo-poly (9,9-bis(40-n-
octyloxyphenyl) fluorene-2,7-di-yl) (PBOPF), showing a
stable blue emission with the CIE coordinates of
(0.136, 0.162). It is believed that the oxidation probability
of fluorene can be decreased by reducing the electron den-
sity on the reactive site through proper substitution [35]. Li
et al. [36] developed novel fluorene- and phenylene-based
blue light-emitting polymers with sulphonate side group.
The improved spectral stability was attributed to the elec-
tron-deficient sulphonate group substituted on the pheny-
lene backbone. Dibenzothiophene (FS) unit has excellent
hole-injection/transportation character and the dibenzo-
thiophene–fluorene copolymer is a potential blue emitter
[37,38]. Unlike dibenzothiophene, dibenzothiophene-S,S-
dioxide (FSO) possesses strong electron-withdraw ability
and can significantly improve the electron affinity
[39,40]. Perepichka et al. [41] introduced (3,7-diyl)diben-
zothiophene-S,S-dioxide unit into the oligo-fluorenes, in
which there were no green emission observed in the PL
spectra after thermal annealing. Further studies on solva-
tochromic effect for fluorene-dibenzothiophene-S,S-diox-
ide oligomers in polar solvents [42] and the singlet
excited-state dynamics in poly((9,9-dioctylfluorene)-co-
(dibenzothiophene-S,S-dioxide)) copolymers were investi-
gated by steady-state and time-resolved fluorescence
spectroscopies. The studies revealed that the excited state
of F–S co-oligomers/polymers have both excitonic
(denoted as local exciton, LE) and charge transfer (CT)
character depending on the local environment [43]. Our
group also reported the copolymer based on dibenzothio-
phene-S,S-dioxide with alkoxyphenyl-substituted fluorene.
Devices fabricated from these copolymers showed high
efficiency and spectral stability. The excellent perfor-
mances were owed to the combined results from both alk-
oxypheyl substitution at C-9 position of fluorene unit
which suppressed the side chain degradation and elec-
tron-deficient dibenzothiophene-S,S-dioxide unit [44].
Very recently, King et al. show their results of incorporat-
ing FSO at a relatively high content up to 30% into
polyfluorene which lead to broad emission due to the dual
LE/CT fluorescence character [45]. In order to achieve sta-
ble and efficient blue light emission while simultaneously
avoid the probable emission broadened by the CT interac-
tion of FSO unit in high content (up to 20–30 mol%), we
herein incorporated a small amount of dibenzothio-
phene-S,S-dioxide isomers (1–10 mol%) into the backbone
of poly(9,9-dioctylfluorene). The influence of FSO unit on
the photo- and electroluminescent properties of the
copolymers were further investigated.
2. Experimental section

2.1. Materials

Reagents were distilled from appropriate drying agents
prior to use. Commercially available reagents were used
without further purification. 2,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (1) 2,7-dibro-
mo-9,9-dihexyl-fluorene (2), 2,8-dibenzothiophene-S,
S-dioxide (3) and 3,7-dibenzothiophene-S,S-dioxide (4)
were prepared according to literatures. [39–41,44].

2.1.1. General procedures of Suzuki polycondensation taking
PF-3,7FSO10 as an example

To a mixture of monomer 1 (321 mg, 0.50 mmol),
monomer 2 (219 mg, 0.40 mmol), monomer 4 (37.4 mg,
0.1 mmol), Pd(acetate)2 (2.5 mg) and tricyclohexylphos-
phine (5.7 mg) were dissolved in a mixture of toluene
(5 ml) and THF (2 ml) under an argon atmosphere. The
mixture was heated to 70 �C and stirred, then (Et)4NOH
(2 ml) and deionized water (1 ml) were added into the
mixture. The solution was kept in the region of 90–
100 �C with vigorous stirring under argon for 48 h. At the
end of polymerization, polymers were sequentially end-
capped with monomer 1 and bromobenzene to remove
bromine and boronic ester end groups in order to avoid a
possible quenching effect or excimer formation by boronic
and bromine end groups in LEDs. The whole mixture was
then poured into methanol. The crude polymer was fil-
trated through silica gel chromatography with toluene as
eluent to remove catalyst residue. The toluene solution of
polymer was concentrated and reprecipitated into metha-
nol for three times. The pure copolymer was obtained after
drying under vacuum at 50 �C overnight. Yield: 222 mg,
60%. 1H NMR (300 MHz, CDCl3, d): 8.12 (s, Ar-H), 7.88 (br,
2H), 7.68 (br, 4H), 2.14 (br, 4H), 1.16–1.01 (m, 24H), 0.78
(br, 6H). Element Anal. Found: C 87.66%, H 9.51%, S 0.73%.

PF-3,7FSO1: Monomer 1 (321 mg, 0.5 mmol), monomer
2 (268.5 mg, 0.49 mmol), and monomer 4 (3.7 mg,
0.01 mmol). Yield: 224 mg, 58%. 1H NMR (300 MHz, CDCl3)
d (ppm): 7.85 (br, 2H), 7.80 (br s, 2H), 7.70 (br, 2H), 2.10
(m, 4H), 1.21–0.97 (m, 24H), 0.82 (br, 6H). Anal. calcd. for
PF-3,7FSO1, found: C 88.06%, H 10.17%, S 0.25%.

PF-2,8FSO1: Monomer 1 (321 mg, 0.5 mmol), monomer
2 (268.5 mg, 0.49 mmol), and monomer 3 (3.7 mg,
0.01 mmol). Yield: 228 mg, 60%. 1H NMR (300 MHz, CDCl3)
d (ppm): 7.85 (br, 2H), 7.78 (br s, 2H), 7.72 (br, 2H), 2.08
(m, 4H), 1.21–0.95 (m, 24H), 0.86 (br, 6H).Anal. calcd. for
PF-2,8FSO1, found: C 88.61%, H 9.74%, S 0.27%.
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PF-3,7FSO3: Monomer 1 (321 mg, 0.5 mmol), monomer
2 (257.6 mg, 0.47 mmol), and monomer 4 (11.2 mg,
0.03 mmol). Yield: 202 mg, 53%. 1H NMR (300 MHz, CDCl3)
d (ppm): 7.84 (br, 2H), 7.72 (br s, 2H), 7.68 (br, 2H), 2.06
(m, 4H), 1.24–0.97 (m, 24H), 0.83 (br, 6H). Anal. calcd. for
PF-3,7FSO3, found: C 87.17%, H 9.65%, S 0.47%.

PF-2,8FSO3: Monomer 1 (321 mg, 0.5 mmol), monomer
2 (257.6 mg, 0.47 mmol), and monomer 3 (11.2 mg,
0.03 mmol). Yield: 213 mg, 56%. 1H NMR (300 MHz, CDCl3)
d (ppm): 7.86 (br, 2H), 7.71 (br, 2H), 7.29 (s, 2H), 2.13 (br,
4H), 1.16 (br, 24H), 0.86–0.74 (m, 6H). Anal. calcd. for PF-
2,8FSO3, found: C 89.16%, H 10.26%, S 0.29%.

PF-3,7FSO5: Monomer 1 (321 mg, 0.5 mmol), monomer
2 (246.6 mg, 0.45 mmol), and monomer 4 (18.7 mg,
0.05 mmol). Yield: 242 mg, 64%. 1H NMR (300 MHz, CDCl3,
d): 7.87 (br, 2H), 7.73 (br, 4H), 2.09 (s, 4H), 1.18–1.02 (br,
24H), 0.88–0.76 (m, 6H). Element Anal. Found: C 88.89%,
H, 9.79%, S, 0.47%.

PF-2,8FSO5: Monomer 1 (321 mg, 0.5 mmol), monomer
2 (246.6 mg, 0.45 mmol), and monomer 3 (18.7 mg,
0.05 mmol). Yield: 196 mg, 52%. 1H NMR (300 MHz, CDCl3,
d): 7.86 (br, 2H), 7.59 (br, 4H), 2.13 (s, 4H), 1.16–0.99 (br,
24H), 0.84–0.79 (m, 6H). Element Anal. Found: C 89.37%,
H 10.22%, S 0.37%.

PF-2,8FSO10: Monomer 1 (321.0 mg, 0.5 mmol), mono-
mer 2 (219.2 mg, 0.40 mmol), and monomer 3 (37.4 mg,
0.10 mmol). Yield: 196 mg, 53%. 1H NMR (300 MHz, CDCl3,
Scheme 1. Synthetic route

Table 1
Structural characteristics and thermal properties of the copolymers.

Polymer FSO content [mol%] in M

Feed ratio Polymer

PF-2,8FSO1 1 – 5
PF-2,8FSO3 3 3.2 3
PF-2,8FSO5 5 4.4 1
PF-2,8FSO10 10 9.2 1
PF-3,7FSO1 1 – 1
PF-3,7FSO3 3 3.0 1
PF-3,7FSO5 5 5.5 1
PF-3,7FSO10 10 8.5 1
d): 8.17 (s, Ar-H), 7.84 (br, 2H), 7.52 (br, 4H), 7.34 (s, Ar-H),
2.11 (s, 4H), 1.13–0.83 (br, 30H). Element Anal. Found: C
88.48%, H 9.97%, S 0.88%.

2.2. Measurements

1H NMR spectra were recorded on a Bruker DRX 300
spectrometer operating, respectively, at 300 MHz, in deu-
terated chloroform solution with tetramethylsilane as a ref-
erence. The molecular weights of the polymers were
determined by a Waters GPC 2410 with tetrahydrofuran
(THF) as eluent and a calibration curve with standard poly-
styrene as a reference. Cyclic voltammetry (CV) data were
measured on a CHI660B electrochemical workstation using
Bu4NPF6 (0.1 M) in acetonitrile as electrolyte at a scan rate
of 50 mV/s at room temperature under the protection of ar-
gon. A platinum electrode coated with a thin polymer film
was used as the working electrode. A Pt wire was used as
the counter electrode, and a calomel electrode was used
as the reference electrode. Elemental analyses were
performed on a Vario EL elemental analysis instrument
(Elementar Co.). Thermogravimetric analyses (TGA) were
performed on a Netzsch TG 209 at a heating rate of 20 �C/
min. Differential scan calorimetry (DSC) measurements
were perform on a Netzsch DSC 204 under N2 flow at heat-
ing and cooling rates of 20 �C/min. UV–Vis absorption
spectra were recorded on a HP 8453 spectrophotometer.
of the copolymers.

n (�103) PDI Tg (�C) Td (�C)

7 1.7 72 405
1 1.6 88 406
7 1.7 81 405
5 2.2 103 400
7 2.3 74 396
7 1.5 89 400
1 1.7 110 407
7 1.9 – 397
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The PL quantum yields were measured using an Integrating
Sphere IS080 (LabSphere) to collect the emitted light in all
directions under the excitation of 325 nm HeCd laser
(Melles Griot).The luminance (L)-current density (J)-lumi-
nance efficiency (LE) characteristics were collected by using
a Keithley 236 source measurement unit and a calibrated
silicon photodiode. The luminance was calibrated by a PR-
705 SpectraScan spectrophotometer (Photo Research), with
simultaneous acquisition of the EL spectra and CIE coordi-
nates, driven by Keithley model 2400 voltage–current
source. The device fabrication process was described previ-
ously by the literatures [45–47]. After the samples and de-
vices were annealed atop of a hotplate at high temperature
(80–120 �C) for 1–4 h, spectral stability of PL and EL upon
thermal annealing were performed in atmosphere by a
PR-705 SpectraScan spectrophotometer soon after cooling
down to room temperature. The stability of the blue emit-
ting PLEDs was studied in atmosphere by applying a con-
stant current stress with an initial luminance of 150 cd/
m2. Before annealing in atmosphere and stress test, the
PLEDs were encapsulated with a UV-cured epoxy resin.
Fig. 1. UV–Vis absorption (a) and photoluminescence spectra (b) of the
copolymers.
2.3. Theoretical section

Density functional theory (DFT) calculation was carried
out using the Gaussian 03 series of programs. The ground
state optimization were performed by DFT at B3LYP/6-
31g* level [48–50]. The sketch map of HOMO and LUMO
orbital were generated by GaussView software.

3. Results and discussion

3.1. Synthesis and characterization

The synthesis route is shown in Scheme 1. Monomers 1,
2, 3 or 4 were polymerized via Suzuki polycondensation.
The monomer feed molar ratios of F/2,8FSO as well as F/
3,7FSO are 99:1, 97:3, 95:5, 90:10 and the corresponding
polymers were referred to PF-2,8FSO1, PF-2,8FSO3,
PF-2,8FSO5, PF-2,8FSO10 and PF-3,7FSO1, PF-3,7FSO3,
PF-3,7FSO5, PF-3,7FSO10, respectively. The calculated val-
ues of FSO unit in copolymers were resulted from elemen-
tal analysis and listed in Table 1. The copolymers are
soluble in common organic solvents, such as THF,
Fig. 2. PL spectra of PF-2,8FSO5 (a) and PF-3,7FSO1 (b) under thermal
annealing in air at varied temperatures.
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chloroform, and toluene at room temperature. The num-
ber-average molecular weights (Mn) of these polymers,
using THF as an eluent and polystyrene standards for cali-
bration are between 10,000 and 50,000 g/mol with a poly-
dispersity index (PDI) in the range of 1.5–2.3. The thermal
properties of the polymers were determined by differential
Scheme 2. Modeling pentamer molecules for theoretical ca

Table 2
Photo-physical and electrochemical properties of the copolymers.

Polymer Eox (V) Ered (V) HOMO (eV) LUMO (

PFOa 1.36 �2.24 �5.76 �2.16
PF-2,8FSO1 1.44 �1.61 �5.84 �2.79
PF-2,8FSO3 1.39 �1.63 �5.79 �2.77
PF-2,8FSO5 1.40 �1.54 �5.80 �2.86
PF-2,8FSO10 1.43 �1.38 �5.83 �3.02
PF-3,7FSO1 1.41 — �5.81 —
PF-3,7FSO3 1.44 �1.64 �5.84 �2.76
PF-3,7FSO5 1.43 �1.58 �5.83 �2.82
PF-3,7FSO10 1.48 �1.45 �5.88 �2.95

EHOMO = �(Eox + 4.40) eV; ELUMO = �(Ered + 4.4) eV.
a From Ref. [37].
b Onset of the absorption spectra.
c Measured in solid states.

Fig. 3. Contour plots of the frontier mo
scanning calorimetry (DSC) and thermal gravimetric anal-
ysis (TGA) measurements. The decomposition tempera-
tures (Td, corresponding to 5 wt% loss) are over 395 �C.
The glass transition temperatures (Tg) of PF–FSO copoly-
mers, ranging from 72 to 110 �C, are higher than PFO
homopolymer (70 �C). The relatively high Tg of these
lculation: FFFFF (a); 3,7-FFSFF (b) and 2,8-FFSFF (c).

eV) Eg
b (eV) kabs

max [nm] kPL
max (nm) QEPL

c (%)

2.90 388 420 80
2.90 388 421 85
2.90 388 422 72
2.91 378 423 72
2.94 374 424 70
2.89 388 439 68
2.89 388 440 73
2.86 388 443 81
2.80 388 447 74

lecular orbitals of the pentamers.
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copolymers are important and desirable for many opto-
electronic applications.

3.2. Photo-physical and electrochemical characteristics

The absorption spectra of PF-3,7FSO and PF-2,8FSO
copolymers in film are displayed in Fig. 1a. The absorption
spectra of PF-3,7FSO copolymers slightly red-shift while
that of PF-2,8FSO copolymers blue-shift with increasing
the FSO content (deducing from absorption edge). The PL
spectra of both PF-3,7FSO and PF-2,8FSO copolymers are
red-shifted with increasing the content of FSO (Fig. 1b).
The absorption and emission spectra shift in different sol-
vents, suggesting an ICT character of PF–FSO copolymers.
(See supporting information)

The PL spectral stability of the copolymers PF–FSO was
studied by annealing the films in air at 80, 120 and 200 �C
for 4 h and then measuring the fluorescent spectra after
cooling down to room temperature. Fig. 2 shows the PL
spectra of the polymers PF-2,8FSO5 and PF-3,7FSO1 before
and after annealing. It can be seen that the PL spectra of
Fig. 4. EL spectra of the copolymers.
copolymers remain nearly identical after annealing, indi-
cating a highly stable spectra upon thermal annealing.

The electrochemical behaviors copolymers are exam-
ined by cyclic voltammetry (CV). The onset of oxidation
potentials (Eox) of copolymers are recorded with respect
to the saturated calomel electrodes (SCE) as the reference
electrode [51]. The highest occupied molecular orbit
(HOMO) and the lowest unoccupied molecular orbit
(LUMO) energy levels of the copolymers are calculated
according to the empirical formula EHOMO = �e(Eox + 4.40)
eV and ELUMO = �e(Ered + 4.40) eV, respectively. The esti-
mated HOMO and LUMO energy levels lies in the range
of �5.80 to �5.90 eV and �2.77 to �2.95 eV, respectively.
The detailed CV data of copolymers were summarized in
Table 2.

3.3. Theoretical computation

To understand the frontier molecular orbitals and spec-
tral properties of the copolymers, density functional theory
(DFT) were carried out to calculate the following penta-
mers: fluorene (FFFFF), fluorene/2,8-FSO (2,8-FFSFF) and
Fig. 5. EL spectra of PF-2,8FSO1 (a) and PF-3,7FSO5 (b) under different
applied current densities.



Fig. 6. EL spectra of PF-2,8FSO1 (a) and PF-3,7FSO5 (b) under varied
thermal annealing temperatures for 1 h.

Fig. 7. Evolution of EL spectral stability of PF-3,7FSO5 during continuous
luminance.
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fluorene/3,7-FSO (3,7-FFSFF) as shown in Scheme 2.
Through computation, the energy band of dibenzothio-
phene-S,S-dioxide (4.85 eV) is lower than that of fluorene
(5.04 eV). The HOMO–LUMO energy gaps for three penta-
mers decrease in the order: FFFFF (3.59 eV) > 2,8-FFSFF
(3.57 eV) > 3,7-FFSFF (3.36 eV). The HOMO and LUMO orbi-
tals of fluorene pentamers are plotted in Fig. 3. The LUMO
orbital characters of the pentamers with and without FSO
unit show significant differences. The HOMOs of penta-
mers are delocalized all over the backbone while the LU-
MOs of the 2,8-FFSFF and 3,7-FFSFF pentamers are
strongly confined to the FSO unit. The emission transition
from LUMO to HOMO in fluorene pentamer FFFFF is mainly
from the fluorene to fluorene units, while the LUMO ? HO-
MO transitions of 3,7-FFSFF and 2,8-FFSFF basically arise
from FSO unit, and thus reduce the possibility of the distri-
bution of fluorene in excitation.

3.4. Electroluminescent properties

The devices with the configuration of ITO/PED-
OT:PSS(40 nm) /polymer(80 nm)/Ba(4 nm)/Al(120 nm)
were fabricated. Fig. 4 shows the EL spectra of the copoly-
mers. The EL spectra of PF-3,7FSO10 peaked around
450 nm is 12 nm red-shifted compared with PF-2,8FSO10.
The similar trend can be observed in other PF-3,7FSO and
PF-2,8FSO polymers with same amounts of FSO units. In
order to testify the spectral stability, the experiments con-
cerning on the dependence of EL spectra on current densi-
ties and annealing temperatures were carried out. The EL
spectra of PF-2,8FSO1 and PF-3,7FSO5 copolymers remain
nearly identical with variation of current densities from 6
to 120 mAcm�2 (Fig. 5) or after annealing at 80 and
120 �C for 1 h (Fig. 6), respectively. No long wavelength
emission as usually observed in fluorene-based polymers
appears. In addition, the evolution of spectral stability un-
der continuous stress has been carried out for the device
with an initial luminance of 150 cd m�2. It is revealed by
the online spectrophotometer, after 45 h continuous stress
despite the luminance reduced by 50%, no obvious change
was observed in the EL spectra of the device based on PF-
3,7FSO5 (Fig. 7). Therefore, it is safe to conclude that the
EL spectra of the PLEDs based on the copolymer are highly
stable with a lifetime of at least 45 h. It is important to note
that, longer lifetime can be expected if the initial lumi-
nance was set as a typical luminance of 100 cd m�2 and a
more reliable encapsulation technology was used.

Table 3 shows the device performances of PF-2,8FSO
and PF-3,7FSO co polymers. All of the devices exhibit high
efficiencies, especially, the device based on PF-3,7FSO5
exhibits the best overall performances, in terms of low turn
on voltage of 4.4 V, a maximal luminous efficiency(LE) of
4.6 cd A�1 (corresponding to an EQE of 3.8%) with the CIE
coordinate of (0.15, 0.12). The devices based on PF-
2,8FSO copolymers show even bluer emission with the
CIE coordinates of (0.16, 0.07-0.08). For the device based
on PF-2,8FSO1, a moderate turn on voltage of 5.4 V, and
maximum LE of 3.7 cd A�1 (EQE = 3.6%) with the CIE coor-
dinate of (0.16, 0.07) are realized. The typical CIE coordi-
nates of the devices for PF-2,8FSO and PF-3,7FSO
copolymers are in the range of (0.16, 0.07-0.08) and
(0.15, 0.10-0.13), respectively, very close to the National
Television System Committee (NTSC) standard (0.14,



Table 3
Device performances of copolymers.

Polymer Vth (v) Lmax (cdm�2) LEmax
a (cdA�1) QEmax

a (%) J = 100 mAcm�2 CIEb

V (v) L (cdm�2) LE (cdA�1) QE (%) x y

PF-2,8FSO1 5.4 6631 3.72 3.64 10.5 2782 2.64 2.59 0.16 0.07
PF-2,8FSO3 5.7 4947 2.80 2.61 9.4 2555 2.33 2.16 0.16 0.08
PF-2,8FSO5 5.7 5678 2.40 2.23 11.2 1523 1.64 1.52 0.16 0.08
PF-2,8FSO10 4.3 2070 1.03 0.90 5.9 886 0.91 0.79 0.16 0.08
PF-3,7FSO1 4.2 1390 1.73 1.38 15.4 894 0.99 0.80 0.16 0.13
PF-3,7FSO3 6.0 1292 1.34 0.93 10.4 531 0.51 0.35 0.15 0.10
PF-3,7FSO5 4.4 4561 4.63 3.84 10.5 2198 2.13 1.76 0.15 0.12
PF-3,7FSO10 3.5 3754 3.28 2.80 6.8 1649 1.65 1.41 0.15 0.12

Vth, The turn on voltage, calculated with a luminance of 1 cd/m2; Lmax, the maximum luminance; LEmax, the maximum luminance efficiency; QEmax, the
maximum quantum efficiency.

a Collected at low current density (<5 mA/cm2).
b Measured at 12 mA/cm.

Fig. 8. L–J–LE characteristics of the device based on the copolymers.
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0.08). The turn-on voltages of the devices decline with
increasing the content of FSO unit in the polymers, indicat-
ing that the FSO unit may improve the carrier injection and
transportation. Compared with the homo-polyfluorene
PFO, there are reductions of 0.14 and 0.17 eV in LUMO lev-
els of PF-2,8FSO10 and PF-3,7FSO10, respectively, which
lowers the injection barrier of electron, and therefore im-
proves the device performances. Moreover, the devices
are able to maintain considerably high efficiencies at high
current density (100mAcm�2), mostly of which drop less
than 40% of the maximum quantum efficiencies. (As shown
in Table 2) Fig. 8 shows the luminance-current density-
luminous efficiency (L–J–LE) characteristics of PF-2,8FSO1
and PF-3,7FSO10 copolymers. The device efficiencies of
PF-2,8FSO1 and PF-3,7FSO10 remain as high as 2.0 and
0.8 cd A�1 at an even higher current density of
500 mA cm�2 with the luminance over 6800 and
3000 cd m�2, respectively. The luminous efficiencies de-
cline slightly with increasing the current density, also indi-
cating that the materials and devices have a good stability.

4. Conclusion

Fluorene-co-dibenzothiophene-S,S-dioxide copolymers
with spectral stability and high efficiency were prepared.
The electron-withdraw FSO unit enhances the intramolec-
ular charge transfer in polyfluorene backbone, which ben-
efits the spectral stability by decreasing the possibility of
the formation of exciton on fluorene units. Moreover, the
FSO unit lowers the LUMO energy level, balances the injec-
tion and transportation both electron and hole in the poly-
mers, and therefore improves the device efficiencies.
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grain boundaries in thin films and lead to higher device
performance. They are beneficial to the studies of the
intrinsic transport property and the integration of organic
single crystals to micro- and nanoelectronic devices. The
micro- and nanometer-sized single crystals are grown by
either vapor or solution processes. The solution process is
easier to carry out and potentially offers a cost-effective
method for fabricating large-area electronic components
from organic materials. Therefore, there is a growing need
to explore organic single crystals with micro- and nano-
structures for the solution-processable materials. The solu-
bility and the high performance of thiophene-based hybrid
materials make them good candidates for the studies of
solution-processed single-crystal transistors.

So far, the intrinsic charge-transport properties of thio-
phene-based hybrid materials have seldom been studied.
In this paper, we study the optical and the single-crystal
FET properties of three new thiophene-based hybrid mate-
rials: 5-(9-butyl-3-carbazolyl)terthiophene (BCTT), 2,5-
bis(9-butyl-3-carbazolyl)thiophene (BBCT) and 2-(9-bu-
tyl-3-carbazolyl)-5-(2-dibenzothienyl)thiophene (BCDT).
Compared with BCTT, the molecular rigidity in BBCT and
BCDT is enhanced by introducing fused-rings in the one
side of thiophene, which is intended to maximize the inter-
chain interaction by reducing the freedom of rotation in
the oligomer. This variation causes significant differences
in interchain aggregation, morphology and electronic
properties. Beyond our expectation, BCTT shows the high-
est carrier mobility in both thin-film and single-crystal FET
devices. The enhanced rigidity in the molecules of BBCT
and BCDT is not in favor of the carrier transport.
2. Experimental

2.1. Chemicals and instruments

All chemicals were purchased from Aldrich and Acros
and used as received without further purification. 9-Bu-
tyl-3-bromocarbazole, 9-butyl-3-carbazolylboronic acid
and 2-bromodibenzothiophene were prepared according
to the published procedures [26,27]. Solvents were purified
and dried according to the standard procedures.

1H NMR and 13C NMR spectra were recorded on a Bru-
ker Avance 400 spectrometer. Elemental analyses were
performed using a German Vario EL III elemental analyzer.
Absorption measurements were carried out on a TU-1800
spectrophotometer. Photoluminescence (PL) measure-
ments were recorded on a Hitachi F-4500 fluorescence
spectrophotometer with a 150 W Xe lamp. Thermogravi-
metric analyses (TGA) were measured on a SDT Q600
V8.0 calorimeter, under nitrogen atmosphere with a heat-
ing rate of 10–600 �C/min. The atomic force microscopy
(AFM) images were obtained by using a Digital Instru-
ments (DI) Dimension 3100 operating in tapping mode.
Scanning electron microscope (SEM) measurements were
performed on a Hitachi S-4800 field emission scanning
electron microscope. The X-ray diffraction (XRD) investiga-
tions were carried out on a Bruker D8 advanced diffrac-
tometer equipped with Cu Ka radiation (k = 1.5406 Å).
The data were collected using a Ni-filtered Cu-target tube
at room temperature in the 2h range from 2� to 40�. Sin-
gle-crystal X-ray diffraction measurements were con-
ducted on a Bruker Smart APEX2 CCD area-detector
diffractometer with graphite-monochromated Mo Ka radi-
ation (k = 0.71069 Å). Processing of the intensity data were
carried out using the Bruker SMART routine, and the struc-
ture was solved by direct methods and refined by a full-
matrix least-squares technique on F2 using SHELXL-97 pro-
grams [28]. CCDC reference number 691,496. For crystallo-
graphic data in CIF or other electronic format, see http://
www.ccdc.cam.ac.uk.

Organic thin-film transistors were fabricated in the top
contact configuration. Organic semiconductors were
deposited at a rate of 0.1 Å s�1 under a pressure of about
5.0 � 10�4 Pa. Gold electrodes were deposited using sha-
dow masks with width-to-length ratio (W/L) of ca. 60/1.

The single-crystal transistors were fabricated as fol-
lows: A minimum volume of chlorobenzene solution of
sample (1 mg/mL) was injected on the octyltrichlorosilane
(OTS)-pretreated SiO2/Si substrate in a closed chamber.
After the slow evaporation of the solvent, the microribbons
were obtained. Then Au electrodes were thermally evapo-
rated by laying a copper grid on the microstructures as the
mask. OFET characteristics were obtained at room temper-
ature in air on Keithley 4200 SCS.

2.2. Synthesis

5-tributylstannylterthiophene. n-BuLi (2.5 M in hexane,
1.6 mL, 4.0 mmol) was added dropwise into a solution of
terthiophene (1.10 g, 4.44 mmol) in THF (20 mL) at
�78 �C under nitrogen. After stirring at �78 �C for 1 h, tri-
butyltin chloride (1.1 mL, 4.05 mmol) was added dropwise.
The reaction mixture was slowly warmed up to room tem-
perature and stirred for another 1 h. Then the mixture was
partitioned between Et2O (100 mL) and brine (150 mL) and
the organic layer was dried over anhydrous Na2SO4. The
solvent was removed under reduced pressure to give a blue
viscous liquid. The product was used instantly for the next
step without further characterization or purification.

5-(9-butyl-3-carbazolyl)terthiophene (BCTT). 5-Tributyl-
stannylterthiophene was dissolved in dry toluene
(25 mL). 9-Butyl-3-bromocarbazole (1.2 g, 3.97 mmol)
and Pd(PPh3)4 (20 mg) were added under nitrogen. Then
the mixture was refluxed for 24 h. After cooling to room
temperature, the mixture was poured into H2O (40 mL)
and extracted with HCCl3. The organic phase was com-
bined and dried over MgSO4. Evaporation of the solvent,
the product was chromatographed on silica gel (petroleum
ether/THF = 14:1) to afford the yellow solid (1.33 g,
2.84 mmol, 71.5% yield). 1H NMR (CDCl3, 400 MHz) d:
0.96 (t, J = 7.3 Hz, 3H), 1.41 (m, 2H), 1.88 (m, 2H), 4.32 (t,
J = 7.1 Hz, 2H), 7.04 (dd, J = 3.6, 5.1 Hz, 1H), 7.11–7.12 (m,
2H), 7.18–7.20 (m, 2H), 7.22–7.28 (m, 3H), 7.40 (d,
J = 5.1 Hz, 1H), 7.41(d, J = 4.7 Hz, 1H), 7.47–7.51 (m, 1H),
7.72 (dd, J = 1.7, 8.5 Hz, 1H), 8.14 (d, J = 7.7 Hz, 1H), 8.31
(d, J = 1.5 Hz, 1H). 13C NMR (CDCl3, 100.62 MHz) d: 13.86,
20.55, 31.17, 43.00, 108.94, 109.05, 117.62, 119.13,
120.53, 122.63, 122.77, 123.34, 123.60, 123.77, 123.93,
124.37, 124.40, 124.65, 125.21, 126.03, 127.87, 135.09,
135.79, 136.68, 137.29, 140.16, 140.98, 144.96. Anal. Calcd

http://www.ccdc.cam.ac.uk
http://www.ccdc.cam.ac.uk
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for C28H23NS3: C, 71.60; H, 4.94; N, 2.98; S, 20.48. Found: C,
72.05; H, 5.01; N, 2.86; S, 20.63.

2,5-bis(9-butyl-3-carbazolyl)thiophene (BBCT). To a
mixture of 2,5-dibromothiophene (0.32 mL, 2.78 mmol),
9-butyl-3-carbazolylboronic acid (1.8 g, 6.8 mmol), sodium
carbonate (6.0 g, 56.6 mmol) and palladium Pd(PPh3)4

(20 mg) were added a degassed mixture of THF and water
(3:1 in volume,75 mL). The mixture was stirred at 80 �C for
30 h. After the mixture was cooled to room temperature,
the organic layer was separated, dried over sodium sulfate
and evaporated to dryness. The crude product was chro-
matographed on silica gel (petroleum ether) to afford the
pale yellow solid (0.46 g, 0.875 mmol, 31.5% yield). 1H
NMR (CDCl3, 400 MHz) d: 0.97 (t, J = 7.3 Hz, 6H), 1.42 (m,
4H), 1.87 (m, 4H), 4.33 (b, 4H), 7.24–7.28(m, 2H), 7.34 (b,
2H), 7.42 (d, J = 7.9 Hz, 4H), 7.49 (t, J = 7.2 Hz, 2H), 7.78
(b, 2H), 8.16 (d, J = 7.7 Hz, 2H), 8.37 (b, 2H). 13C NMR
(CDCl3, 100.62 MHz) d: 13.87, 20.57, 31.17, 43.00, 108.88,
108.98, 117.48, 119.01, 120.54, 122.87, 123.32, 123.93,
125.90, 139.97, 140.97, 143.88. Anal. Calcd for C36H34N2S:
C, 82.09; H, 6.51; N, 5.32; S, 6.09. Found: C, 82.61; H,
7.05; N, 5.305; S, 6.52.

2-Thienyldibenzothiophene. From 2-bromothiophene
(2.86 g, 17.55 mmol) and Mg turnings (0.64 g, 26.7 mmol)
in Et2O (30 mL), the corresponding Grignard reagent was
prepared and coupled with 2-bromodibenzothiophene
(3.35 g, 12.74 mmol) and Ni(dppp)Cl2 (0.36 g, 0.67 mmol)
in THF (30 mL). The reaction mixture was refluxed for
6 h. After cooling to room temperature, the solution was
poured into water and extracted several times with Et2O.
The organic phase was combined and dried over MgSO4.
Evaporation of the solvent, the product was chromato-
graphed on silica gel (petroleum ether) to afford the solid
(1.7 g, 6.4 mmol 50.3% yield). 1H NMR (CDCl3, 400 MHz)
d: 7.14 (dd, J = 3.6, 5.1 Hz, 1H), 7.33 (dd, J = 1.1, 5.1 Hz,
1H), 7.42 (dd, J = 1.1, 3.6 Hz, 1H), 7.47–7.50 (m, 2H), 7.72
(dd, J = 1.8, 8.3 Hz, 1H), 7.84–7.87 (m, 2H), 8.21–8.23 (m,
Scheme 1. Synthetic routes to
1H), 8.36 (d, J = 1.8 Hz, 1H). 13C NMR (CDCl3, 100.62 MHz)
d: 118.28, 121.25, 122.45, 122.64, 122.76, 124.02, 124.31,
124.55, 126.53, 127.67, 130.62, 134.84, 135.64, 138.08,
139.48, 143.97. Anal. Calcd for C16H10S2: C, 72.14; H,
3.78; S, 24.07. Found: C, 72.54; H, 3.59; S, 24.19.

2-(9-butyl-3-carbazolyl)-5-(2-dibenzothienyl)thiophene
(BCDT). BCDT was prepared according to the same proce-
dure as that for BCTT from 2-thienyldibenzothiophene
(0.26 g, 0.98 mmol) and 9-butyl-3-bromocarbazole (0.3 g,
0.99 mmol). The product was chromatographed on silica
gel (petroleum ether) to afford the pale yellow solid
(0.25 g, 0.51 mmol, 52.4% yield). 1H NMR (CDCl3,
400 MHz) d: 0.97 (t, J = 7.3 Hz, 3H), 1.43 (m, 2H), 1.89 (m,
2H), 4.33 (t, J = 7.1 Hz, 2H), 7.25–7.27(m, 1H), 7.37(d,
J = 3.6 Hz, 1H), 7.42–7.44 (m, 3H), 7.48–7.51 (m, 3H),
7.77–7.80 (m, 2H), 7.86–7.88 (m, 2H), 8.16 (d, J = 7.7 Hz,
1H), 8.24–8.26 (m, 1H), 8.38 (d, J = 1.5 Hz, 1H), 8.42 (d,
J = 1.4 Hz, 1H). 13C NMR (CDCl3, 100.62 MHz) d: 13.40,
20.08, 30.68, 42.52, 108.45, 108.56, 117.14, 117.79,
118.61, 120.05, 121.26, 122.33, 122.45, 122.47, 122.62,
122.86, 123.47, 123.65, 124.01, 124.12, 125.05, 125.52,
126.49, 130.85, 134.91, 135.69, 137.79, 139.52, 139.63,
140.50, 141.79, 144.72. Anal. Calcd for C32H25NS2: C,
78.81; H, 5.17; N, 2.87; S, 13.15. Found: C, 78.52; H, 4.87;
N, 2.76; S, 13.10.
3. Result and discussion

3.1. Synthesis and characterization

Scheme 1 illustrates the synthesis routes for the hybrid
materials BCTT, BBCT and BCDT. BBCT was prepared by the
Suzuki coupling. Both BCTT and BCDT were obtained by
the Stille coupling. In comparison with BCTT, the ended
bisthienyl is replaced by a carbazolyl in BBCT and a dib-
enzothienyl in BCDT. These hybrid materials are readily
BCTT, BBCT and BCDT.



Fig. 1. Normalized optical absorption (UV/vis) and emission (PL) spectra in toluene solution and as thin-film of BCTT (a), BBCT (b) and BCDT (c). The PL
spectra were obtained by exciting at 400 nm for BCTT, 353 nm for BBCT and BCDT.
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soluble in common solvents such as THF, dichloromethane
and chloroform, allowing them to be easily purified by col-
umn chromatography. The intermediate precursors and
the final products were characterized by elemental analy-
sis, 1H and 13C NMR spectra. The results are consistent with
the predicted chemical structures. All three compounds are



Table 1
Crystal data, diffraction data, and refinement data of BCTT.

Empirical formula C28H23NS3

Formula weight 469.65
Crystal system Monoclinic
Space group P21/n
b (Å) 9.0422(2)
a (�) 90
b (�) 92.4110(10)
c (�) 90
Crystal size 0.34 � 0.27 � 0.11 mm
Volume (Å3) 2324.72(8)
Z 4
Dc (g cm�3) 1.342
F (0 0 0) 984
T (K) 293(2) K
Radiation k (Å) Mo Ka, 0.71073
Absorption coefficient (mm�1) 0.336
2hmax (�) (completeness) 54.46 (99.6 %)
Reflections collected/unique 17374/5185 [R(int) = 0.0326]
Data/restraints/parameters 5185/0/291
R1, wR2 [I > 2r (I)] 0.0677, 0.1915
R1, wR2 (all data) 0.1005, 0.2140
Goodness of fit, F2 1.275
Largest diff. peak/hole (e Å�3) 0.706/�0.524
Transmission ratio 0.9640/0.8944

Fig. 2. (a) Molecular structure of BCTT with thermal ellipsoids con-
structed at the 50% probability level. (b) The crystal packing diagram
along the long axis of molecules. Hydrogen atoms are omitted for clarity.

914 Y.-X. Li et al. / Organic Electronics 10 (2009) 910–917
stable under 300 �C as revealed by thermogravimetric
analysis (TGA) measurements.

3.2. Photophysical properties

Optical absorption and fluorescence emission spectra of
compounds BCTT, BBCT and BCDT were measured both in
toluene solution (concentration 1 � 10�5 mol L�1) and as
thin films (see Fig. 1). The absorption maxima of BCTT,
BBCT and BCDT in solution state are located at 396, 353
and 353 nm, respectively. BCTT exhibits the highest kmax

due to its long effective intramolecular conjugation length.
Comparison of the absorption spectra between the solution
and the corresponding films reveals two drastically differ-
ent behaviors. The film absorption spectrum of BCTT dis-
plays blue shift as compared with that in solution
suggesting H aggregation. In the type of H aggregation,
two interacting molecules have their long axes parallel to
each other. The coupling between the transition dipoles
leads to Davydov splitting of the excited level into two
exciton bands, in which the low-energy transitions are for-
bidden. The major absorption band in the solid state corre-
sponds to the allowed high-energy transitions of
interacting molecules [10,29]. In contrast, the film spectra
of BBCT and BCDT show bathochromic shift, indicating J
aggregation with adjacent molecules presenting head-to-
tail alignment. For this type of aggregation, the low-energy
transition is allowed, which leads to a red shift of the
absorption spectrum. The aggregation mode of BBCT and
BCDT was further proved by powder XRD. The interlayer
spacing of BBCT and BCDT is about 16 Å from the diffrac-
tion peak at the low angle. Based on the similarity of three
compounds in molecule structure and the crystal structure
of BCTT, the molecular length of BBCT and BCDT is esti-
mated to be 21 Å. Thus, the tilt angle between the dipole
direction and the line of molecule centers is about 49.6�,
which is lower than 54.7�. According to the molecular exci-
ton coupling model of Kasha et al. [30], the molecules form
J-like aggregates in the solid state of BBCT and BCDT. This
result is in accordance with bathochromic shift in the
absorption spectra. Therefore, the change of substitution
at the one end of thiophene leads to totally different aggre-
gation modes in the solid state. The HOMO–LUMO gaps ob-
tained from the end-absorption are 2.7 eV for BCTT, 3.0 eV
for BBCT and BCDT, respectively. All films showed red shift
of the emission maxima compared with those of the di-
luted solutions. The fine structure appearing in the fluores-
cence spectra is possibly due to vibronic coupling that is
typical for oligothiophenes [31].

3.3. Crystal structure

The single crystal of BCTT was obtained by slow evapo-
ration from chloromethane solution. Unfortunately, we
were unable to obtain millimeter-sized single crystals of
BBCT and BCDT despite numerous attempts. The crystal
data and intensity collection parameters of BCTT are sum-
marized in Table 1. Fig. 2 shows the molecular structure
and packing diagram of BCTT. Compound BCTT crystallizes
in the P21/n space group and has four inequivalent mole-
cules per unit cell. The molecules adopt a typical herring-
bone packing motif and the two long axes of interacting
molecules are aligned with each other, which leads to the
blue shift of the major band in the absorption spectrum
of the film in comparison with the solution. The torsion an-
gle between the carbazole ring and the adjacent thiophene
ring is 20.6�, which is larger than that of the two external
thiophene rings (13.6�). There exist C–H� � �p and C� � �S
interactions between the carbazole portion and the outer
thiophene ring of two closely packed molecules. These re-
sults indicate that the molecules of BCTT in the crystal
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have high packing property with a large overlap of inter-
molecular p-orbitals, which is beneficial to carrier
transport.

3.4. Investigations on the morphology

Fig. 3 illustrates the SEM images of BCTT, BBCT and
BCDT directly precipitated on the SiO2/Si substrate from
1 mg/mL chlorobenzene solution. The BCTT molecules eas-
ily assembled into 1D microribbons, which indicate that
the growth of BCTT from solution is mainly governed by
the intermolecular interactions between the p-conjugated
molecules. Compared with BCTT, the microstructures of
BBCT and BCDT show high flexibility. The precipitations
of BBCT and BCDT from solution formed flexible microrib-
bons. They can even bend themselves into cycles. The dif-
ference in the flexibility is closely related to the variation
in the intermolecular aggregation. The weak intermolecu-
lar interaction in the J aggregation of BBCT and BCDT
may result into the highly flexible microstructures.

The OFET performance is considered to have a close
relationship with the film morphology. Fig. 4 shows the
AFM images of the vacuum-deposited film. The film of
BCTT reveals highly crystalline microstructure with plate-
like grains in good connectivity. However, the images of
BBCT and BCDT show amorphous characteristics. The mor-
phology difference of these films would have great influ-
ence on the OFET performance.
Fig. 3. SEM images of BCTT (a), BBCT (b) and BCDT (c). The microribbons were
substrate.

Fig. 4. AFM images of films deposited on bare SiO2 at 5
The orientation of the vacuum-deposited films was also
investigated by XRD. Fig. 5 shows the XRD patterns of
BCTT, BBCT and BCDT, deposited on SiO2/Si at 50 �C. In
the case of BCTT, the sharp and strong peaks, assignable
to multiple (0 0 l) reflections, indicate a high degree of
lamellar ordering and crystallinity. The d-spacing obtained
from the first reflection (2h = 4.04�) is 21.9 Å, which is
nearly one-half the distance of the unit cell c-axis from
the single-crystal structure. This result suggests that the
molecules of BCTT potentially adopt an edge-on orienta-
tion on the substrate, which is an ideal molecular arrange-
ment for carrier transport. On the other hand, the films of
BBCT and BCDT show no discernible reflection peak, sug-
gesting a disorder orientation on the Si/SiO2 substrate.

3.5. OFET properties

Organic thin-film transistors of BCTT, BBCT and BCDT
were fabricated using top-contact geometry. Among the
three materials, both BBCT and BCDT display no transistor
activities. Only BCTT shows moderate hole transport prop-
erties and the results are shown in Table 2. The differences
in OFET performance of these hybrid materials are mainly
due to the great differences in film morphology as shown
by the XRD patterns and AFM micrographs. The carrier
mobility strongly depends on the strength of the electronic
coupling between the HOMO levels of adjacent molecules
for the hole transport. The stronger intermolecular interac-
obtained by drop-casting 1 mg/mL chlorobenzene solution on the SiO2/Si

0 �C (3 lm�3 lm): (a) BCTT; (b) BBCT; (c) BCDT.



Fig. 5. XRD patterns of films deposited on bare SiO2 at 50 �C: (a) BCTT; (b)
BBCT; (c) BCDT.

Table 2
The performance of FETs based on the single-crystal and thin-film of BCTT,
BBCT and BCDT.

Compound Transistor Tsub

(�C)
SiO2 Mobility

(cm2 V�1 s�1)
Ion/Ioff

ratio

BCTT Thin-film 50 bare 6.5 � 10�4 103

50 OTS 3.8 � 10�3 105

90 bare 2.3 � 10�3 103

90 OTS 5.8 � 10�3 105

BCTT Single-
crystal

– OTS 5.9 � 10�2 104–105

BBCT Single-
crystal

– OTS 4.1 � 10�3 102–103

BCDT Single-
crystal

– OTS 3.3 � 10�4 10–102
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tion in organic crystalline films is more helpful for carrier
transport [9].

The 1D microtransistors of BCTT, BBCT and BCDT were
also fabricated and studied. A minimum volume of chloro-
benzene solution of sample was injected on the OTS-pre-
treated SiO2/Si substrate in a closed chamber. After the
Fig. 6. (a) Schematic diagram of a microtransistor based on an individual micro
formed by copper grid mask. Inset: The magnification image of the microribb
transistor based on the individual BCTT microribbon.
slow evaporation of the solvent, the 1D microribbons were
obtained by the self-assembly of molecules along the p–p
stacking direction. The powder XRD peaks and the polar-
ized optical microscopic images (POM) showed clearly that
all these 1D microstructures were ordered crystal [32,33].
Then Au electrodes were thermally evaporated by laying
a copper grid on the microribbons as the mask [25].
Fig. 6A shows the schematic of a typical structure of an
FET based on a single microribbon. Fig. 6B is a representa-
ribbon. (b) SEM image of an individual BCTT microribbon and electrodes
on near the electrode. (c) Output and (d) transfer characteristics of the
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tive SEM image of a top-contact device constructed from a
single microribbon of BCTT. The channel length and width
of the FET device are estimated according to the length of
the BCTT single-crystal ribbon between the Au electrodes
and the width of the ribbon, respectively. As shown in Ta-
ble 2, the carrier mobilities of the single-crystal BCTT
microtansistors are much higher than those of the thin-
film transistors because of the elimination of disorder
and grain boundaries, which always exist in the thin films.
Fig. 6C and D show the transfer and output characteristics
of the single-crystal FET. The average field-effect mobility
is 0.059 cm2 V�1 s�1 with an on/off current ratio of 104–
105. The highest mobility was found to be
0.094 cm2 V�1 s�1 with a very low threshold voltage of
1.1 V. The carrier mobility of BCTT is much higher than
those of BBCT and BCDT. The main reason for this improve-
ment is probably the stronger interchain interaction in the
BCTT crystal with H aggregation than those in the BBCT
and BCDT crystals with J aggregation. Furthermore, the de-
vices made from single-crystal BCTT show good environ-
mental stability. The carrier mobility and on/off ratio
were still on the same order of magnitude as those of the
freshly prepared devices after the microtransistors were
exposed to ambient environment for 45 days. The good de-
vice stability is possibly due to the stability of crystals un-
der ambient conditions and the good contact at the
interface between the semiconductor and the dielectric.

4. Conclusion

Three new hybrid materials based on fused-ring and
thiophene were synthesized and characterized. The slight
change of substituent at the one end of thiophene leads
to the dramatic differences in morphology, optical and
electronic properties. Molecules of BCTT adopt H aggrega-
tion. Whereas, both BBCT and BCDT exhibit the formation
of J aggregation. The microstructures of BBCT and BCDT
display high flexibility. The microtransistors of these mate-
rials were easily fabricated by direct solution process. The
carrier-transport properties of BCTT are much higher than
those of BBCT and BCDT, probably due to the stronger
interchain interaction in the solid. These results would be
beneficial to understanding the structure-property rela-
tionships and related studies on the intrinsic transport
properties of hybrid materials.
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Liq molecules in excited state would recombine with
ground Liq molecules to form excimers in LEL, and also
with hole transporting molecules to form exciplexes at
interface between LEL and hole-transporting layer (HTL),
which would induce red-shifted of electroluminescence
(EL) spectra, blue-green light emitting, lowered current
efficiency, and shortened lifetime of OLED [11,12].

To solve above problems, a novel Liq-derived blue-light
OEM, bis[(8-hydroxyquinolin)lithium�8-hydroxyquinolin]
sodium ([Liq�q�]2�2Na+), was synthesized and character-
ized as the blue-light OEM with better properties than Liq.
N

O

N

O
N

N
O-

O-

LiLi

2

2Na+

Fig. 1. The molecular structure of [Liq�q�]2�2Na+.
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Fig. 2. The fluorescence spectra. (a) [Liq�q�]2�2Na+ in methanol solution;
(b) Liq in methanol solution.
2. Experimental section

2.1. Synthesis

All chemicals and reagents were used and received from
commercial sources without further purification. All reac-
tions were carried out under a nitrogen atmosphere using
standard Schlenk techniques. Liq was synthesized accord-
ing to the literature route [13]. 8-Hydroxyquioline acetone
solution (0.5 mol L�1, 50 ml) and lithium hydroxide (LiOH)
water solution (1 mol L�1, 12.5 ml) were poured into a
two-necked flask under nitrogen. The mixture was heated
(t = 50 �C) and stirred for nearly 1 h. Then, sodium hydrox-
ide (NaOH) water solution (1 mol L�1, 12.5 ml) was
dropped into the flask, the mixture was kept on stirring
for about 6 h. After reaction, the reaction mixture was fil-
tered, and solid residue was gained. The solid residue
was washed with acetone several times and further puri-
fied by acetone recrystallization. The final residue was
dried in oven and purified by vacuum sublimation. Finally,
[Liq�q�]2�2Na+ was gained as light gray-green powder in
84% yield. 1H NMR (300 MHz, DMSO, d): 6.52, 6.61, 7.20,
7.29, 8.07, 8.44. IR (KBr): m = 1570, 1497, 1466, 1385,
1321, 1105, 824, 521, 445 cm�1. Anal. calcd for
C36H24O4N4Li2Na2: C 67.92, N 8.81, H 3.77; found: C
66.82, N 8.68, H 3.79.

2.2. Properties characterization

Fluorescence spectra were recorded on LS-50B fluores-
cence spectrometer, and test solutions were [Liq�q�]2�2Na+

methanol solution (10�5 mol L�1) and Liq methanol solu-
tion (10�5 mol L�1). Fluorescence quantum yield was cal-
culated according to method introduced in literature [14–
16], standard sample was tris(8-hydroxyquinoline)alumi-
num chloroform solution (10�5 mol L�1, Ufs = 0.116). The
voltammetric curve was recorded on Autolab/PG STAT302
electrochemical system at room temperature in a solution
of tetrabutylammonium perchlorate (n-Bu4NClO4,
0.1 mol L�1) in dimethyl formamide (DMF) at a scan rate
of 50 mV s�1, the voltage increased from 0 to 1.5 V. Two
platinum chips and a calomel electrode were used as work-
ing electrode, counter electrode and reference electrode,
respectively, and test solutions were [Liq�q�]2�2Na+ metha-
nol solution and Liq methanol solution. Fluorescence life-
time was recorded on Edinburgh Analytical Instruments
F900 single-electron counting fluorescence lifetime testing
instrument. Thermogravimetric (TG) and differential ther-
mal analysis (DTA) were recorded on NETZSCH STA409C
thermal analyzer, protection gas and purge gas were argon
at gas flow-rate between 10 and 30 ml min�1, respectively,
and heating rate was 10 �C min�1. The atomic force micro-
scope (AFM) image of [Liq�q�]2�2Na+ film was recorded on
SPA-300HV AFM. The X-ray photoelectron spectra (XPS) of
[Liq�q�]2�2Na+ film was recorded on ESCALAB250 X-ray
electron spectrometer.



Table 1
Test data of fluorescence lifetime.

A B1 s1 (ns) B2 s2 (ns) s (ns)

[Liq�q�]2�2Na+ 0.6730 2.117 � 103 13.00 3.009 � 103 26.97 23.43
Liq 0.4960 2.266 � 103 20.66 2.710 � 103 8.486 16.64
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2.3. OLED fabrication and measurements

Prepatterned indium tin oxide (ITO) substrates with an
area of 4 mm � 5 mm were cleaned with deionized water,
anhydrous alcohol, and anhydrous acetone in turn, and
dried by nitrogen gas flow. In OLEDs, copper phthalocya-
nine (CuPc), N,N0-Di-[(1-naphthalenyl)-N,N0-diphenyl]-
(1,10-biphenyl)-4,40-diamine (NPB) and aluminum (Al)
were used as hole-injection layer, HTL and cathode, respec-
tively. OLEDs were fabricated by vacuum deposition of
5 nm of CuPc, 30 nm of NPB film, 30 nm of [Liq�q�]2�2Na+

or Liq and 30 nm of Al on ITO in turn. The luminance–cur-
rent density–voltage–current efficiency (L–J–U–gC) charac-
teristic of OLED was recorded on a Keithley 2400 source
meter equipped with ST-900PM optical meter and inte-
grating sphere. Electroluminescence spectra were recorded
on SPR-920D fluorescence spectrometer.
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3. Results and discussion

According to reported literature, it is suggested that the
molecular structure of [Liq�q�]2�2Na+ is nearly identical
with that of [(Clq)(ClqH)Na]2 [17]. The Li+ can also conjunct
with 8-hydroxyquinoline and form a similar structure of
[(Clq)(ClqH)Na]2, owing to its bigger electronegativity
(v = 1.0) than that of Na+ (v = 0.9) and smaller ionic radius
(r = 0.68 Å) than that of Na+ (r = 0.95 Å). In addition, it had
been reported that the actual molecular specie of Liq is
[Liq2]�[Li]+ [8]. During synthesis of [Liq�q�]2�2Na+, Li+ con-
juncts with 8-hydroyquinoline to form [(Liq)Hq]2 initially
since the molecular ratio of LiOH to 8-hydroxyquinoline
is 1:2. Then, [(Liq)Hq]2 reacts with NaOH under heating
and stirring, the H+ ions of [(Liq)Hq]2 are neutralized by
OH- ions, the Na+ ions adhere around [Liq�q�]2 owing to
existence of big steric hindrance in the center of [Liq�q�]2,
and [Liq�q�]2�2Na+ formed eventually. Hence, the molecu-
lar structure of [Liq�q�]2�2Na+ is present in Fig. 1.

As shown in Fig. 1, it can be seen that [Liq�q�]2�2Na+ is
of stereo structure, which is distinguished from planar
Table 2
Test data of electrochemical property.

E0
o x (V) EHOMO (eV)a ELUMO (eV)c Eg (eV)b

[Liq�q�]2�2Na+ 0.92 �5.66 �2.81 2.85
Liq 0.84 �5.58 �2.60 2.98

a The HOMO level was calculated according to the equation: EHOMO

(eV) = �4.74 eV � e E0
o x.

b The band gap (Eg) was evaluated by the energy value of crossover
point of linear excitation band energy and energy axis in (hma)2 vs hm
curve.

c The LUMO level was calculated according to the equation: ELumo

(eV) = EHOMO + Eg.
structure of Liq. Therefore, [Liq�q�]2�2Na+ molecules pos-
sess large steric hindrance and long intermolecular dis-
tance between adjacent molecules.

3.1. Photophysical property

The fluorescence spectra of [Liq�q�]2�2Na+ are shown in
Fig. 2. In excitation spectrum, the peak at 413 nm (Fig. 2a)
attributes to transition absorption between the Highest
Occupied Molecular Orbit (HOMO) located in phenol ring
and the Lowest Unoccupied Molecular Orbit (LUMO) lo-
cated in pyridine ring of 8-hydroxyquinoline, and so does
the peak at 373 nm for Liq (Fig. 2b) [10]. It is indicated that
2.7 2.8 2.9 3.0 3.1 3.2 3.3
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Fig. 3. The electrochemical property. (a) The oxidation curves:
[Liq�q�]2�2Na+ (—j—), Liq (—h—); the differential oxidation curves
(inset): [Liq�q�]2�2Na+ (—j—), Liq (—h—); (b) The (hma)2 vs hm curves:
[Liq�q�]2�2Na+ (—j—), Liq (—h—). The (hma)2 vs hm curve is determined by
fluorescence excitation spectra with relationship: hma = B (h�Eg)n, where
a is intensity, h is Planck’s constant, m is light wave frequency, Eg is band
gap, n is usually 0.5 and B is a coefficient relevant to material.
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[Liq�q�]2�2Na+ present a 40 nm red-shift relative to Liq in
long wavelength range.

It is interesting that Liq also shows an absorption peak
at 265 nm which attributes to p ? p* transition absorption
located in benzene ring [8], while this peak nearly disap-
pears for [Liq�q�]2�2Na+. In Jablonski energy level diagram
of Liq, the peaks between 265 and 373 nm attribute to
S0 ? S2 and S0 ? S1 transition, respectively [18]. Similar
to the case for inorganic semiconductor, Na+ ions in
[Liq�q�]2�2Na+ are reasonably regarded as n-dopant that
can generate a donor level (ED). When [Liq�q�]2�2Na+ is ex-
cited, the excited electrons from S0 level are nearly all
bounded by ED level at first and transfer to S1 level imme-
diately, with few transfer from S0 level to S2 level [19].
Therefore, the peak at 265 nm attributing to S0 ? S2 transi-
tion is very weak in excitation spectrum of [Liq�q�]2�2Na+.
It is suggested that Na+ ions in [Liq�q�]2�2Na+ ensures that
most of excitation energy is consumed in HOMO ? LUMO
transition to increase fluorescence quantum yield (Uf)
eventually. Meanwhile, the maximum emission peak at
Fig. 5. The AFM image of [Liq�q�]2�2Na+ film.
518 nm in fluorescence emission spectrum of
[Liq�q�]2�2Na+ which is similar to Liq, indicates that intro-
duction of Na+ ions into Liq molecules had little influence
on fluorescence emission.

The Uf value of [Liq�q�]2�2Na+ and Liq were calculated
as 0.25 and 0.14, respectively, by the method introduced
in literature [14–16]. Owing to stereo structure,
[Liq�q�]2�2Na+ molecules in solution exhibit small molecu-
lar degree of freedom, low probability of molecular colli-
sion and thus low energy loss for radiationless transition.
Moreover, Na+ ions in [Liq�q�]2�2Na+ can also increase Uf.
Therefore, Uf of [Liq�q�]2�2Na+ is higher than that of Liq.

The fluorescence decay curves of [Liq�q�]2�2Na+ and Liq
were recorded consulting Time-Correlated Single-Photo
Counting (TCSPC) testing method and were fitted by Eq.
(1). The fluorescence lifetime (s) was given by Eq. (2) [20].

NcðtkÞ ¼ Aþ B1 expð�tk=s1Þ þ B2 expð�tk=s2Þ ð1Þ

s ¼ B1s2
1 þ B2s2

2

B1s1 þ B2s2
ð2Þ

Table 1 lists the corresponding test data. For planar
structure and small intermolecular distance, excimers,
which are mainly fluorescence quenching centers, are
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Fig. 6. The XPS spectrum of [Liq�q�]2�2Na+ film.
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generated when Liq is excited. However, stereo structure
and big intermolecular distance of [Liq�q�]2�2Na+ hinder
generation of excimers and prolong s eventually [21].
Hence, it can be seen that s of [Liq�q�]2�2Na+ (23.4 ns) is
longer than that of Liq (16.64 ns).

3.2. Electrochemical property

The electrochemical property of [Liq�q�]2�2Na+ was
studied according to method introduced in literature, the
test results were summarized in Table 2 and Fig. 3 [22–
24]. Compared with Liq, [Liq�q�]2�2Na+ shows smaller band
gap (2.85 eV) than that of Liq (2.98 eV), which results in
red-shift in fluorescence excitation spectrum, in good
agreement with the conclusion gained from fluorescence
spectra analysis. Wherein, the LUMO level of [Liq�q�]2�2Na+

(�2.81 eV) is 0.21 eV lower than that of Liq (�2.60 eV) and
the HOMO level of [Liq�q�]2�2Na+ (�5.66 eV) is only
0.08 eV lower than that of Liq (�5.58 eV), indicating that
the electron cloud density around pyridine ring of
[Liq�q�]2�2Na+ is much lower than that of Liq, but the elec-
tron cloud density around phenol ring of [Liq�q�]2�2Na+ is a
little smaller than that of Liq [25]. Therefore, it is presumed
that Na+ ions in [Liq�q�]2�2Na+ molecules locate in the area
between adjacent molecules and near pyridine ring.
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3.3. Thermal property and film property

Thermal property of [Liq�q�]2�2Na+ was investigated by
TG and DTA (Fig. 4). [Liq�q�]2�2Na+ presents a melting tem-
perature (Tm) of 364 �C in DTA curve and an onset sublima-
tion temperature (Ts) of 403 �C in TG curve. At the
temperature lower than Ts, [Liq�q�]2�2Na+ is stable and
has no weight loss process, which ensures the probability
that [Liq�q�]2�2Na+ forms amorphous film by vacuum
deposition.

Additionally, the much higher molecular weight of
[Liq�q�]2�2Na+ than Liq, may also play a role in raising its
glass transition temperatures (Tg) [26]. It is presumed that
the thermal stability of [Liq�q�]2�2Na+ film is much better
than that of Liq film, which would reduce film crystalliza-
tion by Joule heat and prolong device lifetime when
[Liq�q�]2�2Na+ is used as LEL in OLED.

By observation of AFM image, the film formability of
[Liq�q�]2�2Na+ was characterized. [Liq�q�]2�2Na+ film is
very compact and homogeneous (Fig. 5). Because of the
connection between adjacent molecules by Na+ ions,
[Liq�q�]2�2Na+ molecules overlap each other adhesively
and deposit onto substrate uniformly during film forma-
tion by vacuum deposition. Consequently, [Liq�q�]2�2Na+

possesses excellent film formability.
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In order to identify the presence of Na+ ions in
[Liq�q�]2�2Na+ film, the XPS of [Liq�q�]2�2Na+ film was mea-
sured, as presented in Fig. 6. The peak at 1071.06 eV is
attributed to Na1s binding energy, suggesting the existence
of Na+ ions in [Liq�q�]2�2Na+ film.

3.4. Electroluminescence property

To illustrate electroluminescence property of
[Liq�q�]2�2Na+, two OLEDs with [Liq�q�]2�2Na+ and Liq as
LEL separately were fabricated. The device structures were:
ITO/CuPc (5 nm)/NPB (30 nm)/[Liq�q�]2�2Na+ (30 nm)/Al
(30 nm) (Device A) and ITO/CuPc (5 nm)/NPB (30 nm)/Liq
(30 nm)/Al (30 nm) (Device B).

Owing to large steric hindrance and long intermolecular
distance, it is difficult to generate excimers and exciplexes
with [Liq�q�]2�2Na+ as LEL in OLED. The maximum emis-
sion wavelength (kmax) in EL spectrum of Device A
(Fig. 7a) is 489 nm, which exhibits a 25 nm blue-shift rela-
tive to Device B (kmax = 514 nm). It is indicated that
[Liq�q�]2�2Na+ can emit bluer light than Liq when used as
LEL in OLED [8,9]. Meanwhile, it can also be seen in
Fig. 7a that the EL spectrum of Device B exhibits a 24 nm
red-shift relative to photoluminescence (PL) spectrum of
Liq film, which is due to the presence of excimers and exci-
plexes in Device B. However, the EL spectrum of Device A is
nearly identical with PL spectrum of [Liq�q�]2�2Na+ film,
verifying the fact that it is difficult to generate excimers
and exciplexes when [Liq�q�]2�2Na+ is used as LEL in OLED.

It has been identified by XPS that [Liq�q�]2�2Na+ film
contains Na+ ions. In Device A, Na+ ions act as electron
traps. Electrons injected from cathode are captured by
Na+ ions at first, and recombine with holes injected from
HTL to realize blue-light emission after neutralization of
Na+ ions [27]. Hence, it can be seen in Fig. 7b that the
turn-on voltage (Uth) of Device A (8.5 V) is about 1 V high-
er than that of Device B (7.5 V) and the luminance of De-
vice A is a little lower than that of Device B. In OLED,
excimers and exciplexes also act as fluorescence quench-
ing centers. With increasing voltage, more excimers and
exciplexes are generated in Device B, and correspondingly
the luminance increment of OLED Device B is reduced.
The luminance of Device A (1654 cd m�2) becomes higher
than that of Device B (1570 cd m�2) when voltage in-
creases to 27 V.

Compared with Liq, [Liq�q�]2�2Na+ exhibits lower elec-
tron mobility owing to its large steric hindrance and long
intermolecular distance. Hence, the current density (J) of
Device A is much smaller than that of Device B (Fig. 7c).
The lower electron mobility of [Liq�q�]2�2Na+ would bene-
fit effective recombination of electrons and holes in LEL,
and result in high inter quantum efficiency and current
efficiency (gC) of OLED [28,29]. Moreover, it is more diffi-
cult in generating of excimers and exciplexes in Device A
than in Device B with increasing J. As a result of the above
two reasons, gC stability of Device A is better than Device B,
that is to say, the drop in gC of Device A is much slower
than that of Device B with increasing J. As presented in
Fig. 7d, with increasing J, the gC of Device A drops from
6.80 cd A�1 to above 4 cd A�1, however, that of Device B
drops remarkably from 7.08 cd A�1 to below 1 cd A�1.
4. Conclusions

In summary, [Liq�q�]2�2Na+ was synthesized by a simple
route and its properties were characterized. Different from
planar structure of Liq, stereo structure of [Liq�q�]2�2Na+

results in higher Uf and longer lifetime. Taking Liq as refer-
ence, the presence of Na+ ions between adjacent
[Liq�q�]2�2Na+ molecules induces 40 nm red-shift in fluo-
rescence excitation spectrum, 0.21 and 0.08 eV lowering
of LUMO and HOMO, respectively. [Liq�q�]2�2Na+ exhibits
excellent thermal stability and film formability. When
[Liq�q�]2�2Na+ is used as LEL in OLED, its kmax in EL spec-
trum is 489 nm and exhibits a 25 nm blue-shift relative
to Liq, its luminance is higher than Liq above voltage of
27 V, and its gC stability is better than that of Liq. In one
word, [Liq�q�]2�2Na+ is a novel blue-light OEM with excel-
lent properties. In addition, [Liq�q�]2�2Na+ also exhibits
excellent electron injection property since [Liq�q�]2�2Na+

molecules contain Na+ ions. It is prospected that
[Liq�q�]2�2Na+ can be used as EIL in OLED to improve de-
vice performance as Liq does. This work will be published
in future report.
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Scheme 1. Chemical structures of luminescent compounds based on indolo[3,2-b]carbazole: TPAP–ICZ and DBFP–ICZ.

Scheme 2. Synthetic route of indolo[3,2-b]carbazole luminescent compounds. Reagents and conditions: (a) DMF/POCl3, 1,2-dichloroethane; (b) t-BuOK, 4-
bromobenzyl(triphenyl)-phosphonium, dichloromethane; (c) Pd(PPh3)4, THF, 2 M Na2CO3, 4-(diphenylamino)-phenylboronic acid or 9,9’-di-n-butylfluor-
enyl-2-boronic acid.

926 H.-P. Zhao et al. / Organic Electronics 10 (2009) 925–931
(as shown in Scheme 1). Electroluminescent devices using
the two luminescent materials as the emitting layer were
fabricated and the devices performances were reported.

2. Results and discussion

As shown in Scheme 2, three types of reactions, including
Vilsmeier reaction, Wittig reaction, and Suzuki coupling
reaction, were performed to the synthesis of luminescent
materials based on indolo[3,2-b]carbazole. Firstly, aldehyde
group was readily introduced to 6-position of indolo[3,2-
b]carbazole through Vilsmeier reaction performed on
compound 1. And the structure of the obtained aldehyde,
compound 2, was further confirmed by X-ray single crystal
analysis. Secondly, compound 3 was facilely synthesized
with very high yield through Wittig reaction in dry dichlo-
romethane solutions at room temperature under ambient
atmosphere. Finally, two new luminescent compounds,
TPAP–ICZ and DBFP–ICZ, were obtained through Suzuki
coupling reaction of compound 3 with the corresponding
boronic acid. All the intermediate precursors and the final
products were fully characterized by 1H NMR, 13C NMR,
MS, and elemental analysis, and the results were well con-
sistent with the predicted structures. The thermal proper-
ties of TPAP–ICZ and DBFP–ICZ were investigated by
thermogravimetric analysis (TGA). TGA results shown the
decomposition temperatures (Td, which is corresponding
to a 5% weight loss) all above 400 �C, indicating the com-
pounds have good thermal stabilities. However, no obvious
glass transition phenomena were observed for both the two
compounds according to the DSC results.

The optical properties of TPAP–ICZ and DBFP–ICZ were
measured in toluene solutions (1 � 10�5 M) and in the thin
films deposited on quartz substrates. All the results are
listed in Table 1. TPAP–ICZ and DBFP–ICZ exhibited maxi-
mum absorptions at 342 and 340 nm, respectively, in tolu-
ene solutions, which were very similar to the to the
absorption maximum of 5,11-dioctylindolo[3,2-b]carba-
zole [17]. According to the literature [19], the UV absorp-
tion maximum of conjugated molecule is closely
associated with its conjugation length. The very similar
absorption maximum of TPAP–ICZ and DBFP–ICZ may indi-
cate that the introduction of functional groups on 6-posi-
tion of indolo[3,2-b]carbazole almost have no effect on
the conjugation length of the whole molecule even though
the functional groups were linked on 6-position of indo-
lo[3,2-b]carbazole through double bond. Therefore, the
absorption characteristics of TPAP–ICZ and DBFP–ICZ
should be mainly accounted to the indolo[3,2-b]carbazole
core. The absorption maximum of TPAP–ICZ and DBFP–
ICZ is assigned to the second electronic excitation, while
the weak absorption around �420 nm is correspond to
the S0–S1 electronic transition [20]. The optical bandgaps
(Eg) of TPAP-ICZ and DBFP–ICZ were 2.62 and 2.63 eV,



Table 1
Optical properties, energy band gaps and thermal stability of TPAP–ICZ and DBFP–ICZ.

Compounds kmax
ab (nm) kmax

cm (nm) Eopt
g (eV)b Eonset

ox (V) HOMO (eV)c LUMO (eV) Td (�C)d

Solutiona Film Solutiona Film

TPAP–ICZ 342 346 499 498 2.62 0.95 �5.10 �2.48 420
DBFP–ICZ 340 330 499 503 2.63 0.94 �5.10 �2.47 408

a In dilute toluene solution (1 � 10�5 M).
b Eopt

g values were determined from UV–vis absorption spectra in solution with toluene.
c The HOMO levels of the compounds were determined by using the onset positions of the oxidation.
d Decomposition temperature observed from TGA correspond to a 5% weight loss at 10 �C min�1 under nitrogen.

Fig. 1. Photoluminescent and UV–vis absorption spectra of TPAP–ICZ and
DBFP–ICZ both in solutions and in thin films.

Fig. 2. The band diagram of the ITO/NPB/TPAP–ICZ or DBFP–ICZ/TPBI/LiF/
Al EL devices.
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respectively, which were estimated from the long-wave-
length absorption edge. The photoluminescent (PL) spectra
of TPAP–ICZ and DBFP–ICZ are shown in Fig. 1. The two
compounds were highly fluorescent both in solution and
in the solid state. The fluorescent quantum yields of
TPAP–ICZ and DBFP–ICZ were 0.40 and 0.45, respectively,
in solution with 9,10-diphenylanthracene (/F = 1.0) as the
reference. According to the PL spectra, they all exhibit nar-
row emission peaks located at 499 nm in toluene solution.
Maybe we can presumed that the emission and absorption
wavelengths are controlled mostly by the indolo[3,2-b]car-
bazole unit according to their very similar optical proper-
ties. Moreover, the two compounds exhibited similar kmax

of emission both in solution and in the thin films, which
indicated that there were minimal intermolecular interac-
tions in the ground state in the films [21]. Furthermore, the
two compounds showed narrow FWHM (full width at half
maximum) in the thin films (which are 55 nm for TPAP–
ICZ and 57 nm for DBFP–ICZ, respectively.), thus had good
color purity.

The electrochemical properties of TPAP–ICZ and DBFP–
ICZ were studied by cyclic voltammetry (CV) in dichlorom-
etane solutions with Ag/AgCl as reference electrode. All the
two compounds are electrochemically reversible (as shown
in Figs. S1 and S2). We also measured measured the CV
properties of 5,11-dioctylindolo[3,2-b]carbazole (Fig. S3).
According to the CV of 5,11-dioctylindolo[3,2-b]carbazole,
the first and third pair of reversible peaks of TPAP–ICZ and
the first and second pair of reversible peaks of DBFP–ICZ
should be accounted to 5,11-dioctylindolo[3,2-b]carbazole,
the second pair of reversible peak of TPAP-ICZ should be as-
signed to the triphenylamine group. The onset oxidation
potentials Eonset

ox

� �
of TPAP–ICZ and DBFP–ICZ were both

0.70 V. Accordingly, the highest occupied molecular orbital
(HOMO) energy levels of TPAP–ICZ and DBFP–ICZ were
estimated to be both 5.10 V HOMO ¼ Eonset

ox þ 4:4 eV
� �

. The
lowest unoccupied molecular orbital (LUMO) energy levels
of TPAP–ICZ and DBFP–ICZ were estimated to be �2.48 and
-2.47 eV, respectively, which were calculated from the
HOMO energy level and energy bandgap (Eg) determined
from the threshold of the optical absorption (LUMO =
HOMO + Eg eV).

To evaluate the utility of the two indolo[3,2-b]carbazole
derivatives as the emitting layer (EML) in the EL devices,
we fabricated EL devices with the configuration of indium
tin oxide (ITO)/4,40-bis[N-(1-naphthyl)-N-phenylamino]-
biphenyl (NPB) (30 nm)/EML (40 nm)/1,3,5-tris(N-phen-
ylbenzimidazol-2-yl)benzene (TPBI) (40 nm)/LiF (1 nm)/Al
(80 nm). NPB (HOMO = �5.70 eV, LUMO = �2.60 eV) [22]
was used as the hole-transporting layer (HTL); the indo-
lo[3,2-b]carbazole derivatives were used as the emitting
layer (EML); TPBI (HOMO = �6.20 eV, LUMO = �2.70 eV)
[23] was used as the electron-transporting layer, and LiF



Fig. 4. The current density–voltage–luminescence (J–V–L) characteristics
of the EL devices: (a) TPAP–ICZ; (b) DBFP–ICZ.

Fig. 3. The EL spectra of (a) TPAP–ICZ and (b) DBFP–ICZ.

Table 2
Summary of EL devices performances.

Compounds TPAP–ICZ DBFP–ICZ

Turn-on voltage (V)a 2.9 2.65
Maximal brightness (cd m�2) 65739b 68729c

Maximal luminance efficiency (lm W�1) 6.74 7.92
Maximal current efficiency (cd A�1) 6.90 7.06
Maximal external quantum efficiency

(%)
2.39 2.79

EL kmax (nm)d 502 503
CIEd (x, y) (0.224,

0.562)
(0.214,
0.568)

fwhm (nm) 70 67

a Recorded at 1 cd m�2.
b Recorded at 13.5 V.
c Recorded at 13 V.
d Recorded at 8.
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was the electron-injection layer. The hypothetical band
diagrams of the EL devices were depicted in Fig. 2. Accord-
ing to the band diagrams, there were hole transport barri-
ers about 0.60 eV both at the NPB/TPAP–ICZ and NPB/
DBFP–ICZ interfaces. In contrast, the barrier at the TPAP–
ICZ/TPBI and DBFP–ICZ/TPBI interfaces for the electron
transport were �0.22 and �0.23 eV, respectively. There-
fore, for both TPAP–ICZ and DBFP–ICZ, the electrons could
be more easily injected to the emitting layer than the
holes. This is beneficial to the improvement of the balance
of charge carrier injection and transport, and thus the hole-
electron recombination becomes more efficient in emitting
layer.

The EL spectra from the device are illustrated in Fig. 3.
No changes are observed in the EL spectra upon being
operated at various driving voltages. Notably, all the EL de-
vices show similar peaks with that in PL spectra of the thin
films. The EL maximum emission was 502 nm with narrow
FWHM of 67 nm for TPAP–ICZ, while 503 nm and 70 nm
for DBFP–ICZ, respectively. This indicates that both PL
and EL originate from the same radiative-decay process
of the single excitons [24–26].

The current density–voltage–luminescence (J–V–L)
characteristics of the EL devices are illustrated in Fig. 4.
The EL devices exhibited excellent EL performances and
all the results are summarized in Table 2. The EL devices
exhibit very low turn-on voltages (brightness = 1 cd m�2)
with 2.90 V for TPAP–ICZ and 2.65 V for DBFP–ICZ, respec-
tively. The maximum luminance efficiency and maximum
brightness of the EL device using TPAP–ICZ as the emitter
are 6.90 cd A�1 and 65739 cd m�2 (at 13.5 V), respectively,
with the external quantum efficiency of 2.39% and the
Commission Internationale de L’Eclairage (CIE) color coor-
dinates located at (0.224, 0.562), while those of the EL
device using DBFP–ICZ as the emitter were 7.06 cd A�1

and 68729 cd m�2 (at 13 V), respectively, with the external
quantum efficiency of 2.79% and the CIE color coordinates
of (0.214, 0.568). Given that the entire device fabrication
and characterization were carried out in air without encap-
sulation, the unoptimized EL efficiency values reported
here were remarkably high. Further improvements would
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likely be obtained through the optimization of the device
architectures and layer thickness. Therefore, we concluded
that indolo[3,2-b]carbazole is a very promising block for
highly efficient electroluminescent materials.

3. Conclusions

In summary, new efficient luminescent materials have
been designed and synthesized through peripheral substi-
tutions at 6-position of indolo[3,2-b]carbazole. They are
highly luminescent both in solutions and in films. Electro-
luminescent devices with indolo[3,2-b]carbazole lumines-
cent materials as the emitting layer were fabricated and
exhibited excellent EL performance with low turn-on volt-
age, high brightness, and high efficiency. Our results dem-
onstrated that indolo[3,2-b]carbazole is a very promising
building block for the design of new efficient electrolumi-
nescent materials.
4. Experimental

4.1. Materials and characterization

5,11-di-n-octylindolo[3,2-b]carbazole (1) [17],
4-(Diphenylamino)phenylboronic acid [27], and 9,90-di-n-
butylfluorenyl-2-boronic acid [28] were synthesized
according to the literature. The 1H NMR and 13C NMR spectra
were obtained on a Bruker AV400 spectrometer. Elemental
analyses were performed with a PE2400 elemental analyzer.
UV–vis spectra were measured on a TU-1800SPC spectro-
photometer. The fluorescence spectra measurements were
performed with a Hitachi 4500 FL spectrophotometer. Ther-
mal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements were carried out under a
nitrogen atmosphere at a heating rate of 10 �C min�1 with
a Perkin–Elmer Diamond thermogravimetric analyzer and
a Perkin–Elmer Diamond DSC thermal analysis system,
respectively. Electrochemical experiment were performed
by using an EG&G model 283 electrochemical system. A
platinum-disk working electrode, a platinum-wire auxiliary
electrode, and an Ag/AgCl reference electrode were used in a
three electrode configuration. The concentration of the sam-
ples in dichloromethane was 1.0 mM and Bu4NClO4 (0.1 M
in dichloromethane) was used as supporting electrolyte
with 50 mV/s scan speed.

4.2. Synthesis of 5,11-di-n-octyl-6-formyl-indolo[3,2-
b]carbazole (2)

POCl3 (0.22 mL, 2.4 mmol) was slowly dropped into a dry
100 mL flask, which contained DMF (0.19 mL, 2.4 mmol)
and has been cooled with ice water bath in advance. The
mixture was stirring while POCl3 was dropping. A whole
white solid bulk appeared in the flask soon end of dropping.
5,11-Di-n-octylindolo[3,2-b]carbazole (1) (962 mg, 2.0 mmol)
dissolved in 30 mL 1, 2-dichloroethane was added to the
flask, then ice water bath was removed. After the white solid
bulk disappeared under room temperature, the reaction
mixture was stirred and refluxed for about 24 h. The 1, 2-
dichloromethane was evaporated out after completion of
the reaction. The remains were poured into 100 mL ice
water. Sodium carbonate aqueous solution was added to
modify the pH under vigorously stirring. After the pH at 8,
continuously stirring was kept for about 1 h. The suspension
was extracted with dichloromethane and washed with
water and brine. The organic extracts were dried over anhy-
drous sodium sulfate. After removing the solvents under
reduced pressure, the residue was purified by flash chroma-
tography with light petroleum/dichloromethane (4:1) as
eluent, and gave compound 2 (Yield: 477 mg, 40.8%) as
orange solid. 1H NMR (CDCl3, 400 MHz, ppm) d: 0.83-0.86
(m, 6H), 1.23–1.46 (m, 20H), 1.79–1.83 (m, 2H), 1.90–1.95
(m, 2H), 4.42–4.46 (t, J = 7.29 Hz, 2H), 4.55–4.59 (t,
J = 7.80 Hz, 2H), 7.28–7.32 (m, 2H), 7.45–7.56 (m, 4H),
8.19 (d, J = 7.66 Hz, 1H), 8.27 (s, 1H), 8.61 (d, J = 8.14 Hz,
1H), 11.35 (s, 1H). 13C NMR (CDCl3, 100.61 MHz, ppm) d:
13.65, 22.11, 26.32, 26.88, 28.20, 28.44, 28.70, 28.83,
28.92, 31.27, 31.32, 42.68, 46.79, 104.82, 108.27, 109.33,
115.54, 118.34, 119.04, 119.35, 121.25, 121.83, 122.20,
124.41, 124.90, 126.13, 135.19, 135.48, 141.65, 142.92,
189.81. Anal. Calcd for C35H44N2O: C, 82.63; H, 8.72; N,
5.51. Found: C, 82.61; H, 8.69; N, 5.50. Crystal structure
of compound 2: C35H44N2O, M = 508.72, monoclinic,
space group P21/c, a = 15.566(5) Å, b = 5.434(5) Å, c =
18.950(5) Å, b = 102.089(5)�, V = 1567.4(16) Å3, Z = 2, T =
293(2) K, Dc = 1.078 g/cm3. Unique 3592 reflections were
measured by Bruker APEX2 CCD area-detector diffractome-
ter using graphite monochromated Mo–Ka radiations
(k = 0.71069 Å, 2h < 55�). The structure was solved by a di-
rect method and refined by full-matrix least-squares calcu-
lations against F2 with absorption corrections (SAD–ABS)
using a program package SHELXL-97 (Sheldrick, 1997).
Non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms were placed in geometrically idealized positions
and constrained to ride on their parent atoms with C–H
distance in the range 0.93–0.97 Å. The final R1(F) = 0.0779
and wR(F2) = 0.2117, for 1156 (I > 2r(I)) and independent
3592 reflections, respectively. Parameters were 182 and
S = 0.919. Max shift/esd = 0.000. CCDC Reference Number
626638.
4.3. Synthesis of 5,11-di-n-octyl-6-(4-bromo-
phenylethylenyl)indolo[3,2-b]carbazole (3)

Compound 2 (1.275 g, 2.5 mmol) and 4-bromoben-
zyl(triphenyl)phosphonium bromide (1.926 g, 3.75 mmol)
was added to a dry 250 mL flask, and then added 100 mL
dried dichloromethane. The mixture was stirred at room
temperature and t-BuOK (2.526 g, 22.55 mmol) was slowly
added to the mixture. The reaction mixture was stirred at
room temperature for about 24 h. Then the suspension
was extracted with dichloromethane and washed with
water and brine. The organic extracts were dried over
anhydrous sodium sulfate. After removing the solvents,
The crude product was chromatographed on silica gel
using petroleum/dichloromethane (4:1) as eluent, and
gave compound 3 (Yield: 1.431 g, 86.3%) as yellow solid.
1H NMR (CDCl3, 400 MHz, ppm) d: 0.84–0.88 (m, 6H),
1.14–1.31 (m, 16H), 1.38–1.39 (m, 2H), 1.45–1.47 (m,
2H), 1.73–1.76 (m, 2H), 1.93–1.97 (m, 2H), 4.38–4.41 (t,
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J = 7.32 Hz, J = 7.23 Hz, 2H), 4.45–4.39 (t, J = 8.02 Hz,
J = 7.88 Hz, 2H), 6.93–6.97 (m, 1H), 7.04–7.08 (m, 1H),
7.21–7.25 (m, 1H), 7.37–7.47 (m, 4H), 7.49–7.61 (m, 4H),
7.97–8.02 (m, 2H), 8.18–8.25 (dd, J = 7.65 Hz, J = 7.94 Hz,
2H). 13C NMR (CDCl3, 100.61 MHz, ppm) d: 14.06, 22.61,
27.07, 27.42, 28.76, 29.22, 29.25, 29.46, 31.74, 31.84,
43.19, 45.08, 97.88, 108.21, 108.77, 115.76, 117.84,
118.30, 119.97, 120.98, 121.94, 122.86, 123.21, 123.79,
125.26, 125.39, 125.88, 127.95, 132.14, 133.30, 134.85,
135.96, 136.01, 141.80, 142.65. MALDI-TOF, m/z: cal:
660.31, found: 660.2. Anal. Calcd for C42H49BrN2: C,
76.23; H, 7.46; N, 4.23. Found: C, 76.60; H, 7.56; N, 4.12.

4.4. Synthesis of 5,11-di-n-octyl-6-[4-(triphenylamino)-
phenylethylenyl]indolo[3,2-b]-carbazole (TPAP–ICZ)

Compound 3 (500 mg, 0.76 mmol), 4-(Diphenylamino)-
phenylboronic acid (289 mg, 1 mmol), tetrakis(triphenyl-
phosphine)palladium (0.116 g, 0.1 mmol), 20 mL THF and
10 mL (2 M) sodium carbonate aqueous solution under
nitrogen, were added to a three-necked flask equipped
with a magnetic stirrer, a reflux condenser, and a nitrogen
input tube. The reaction mixture was refluxed in an oil
bath under nitrogen. A yellow product was obtained after
heating and stirring for about 24 h. The mixture was cooled
to room temperature, extracted with 100 mL dichloro-
methane, washed with water and dried over anhydrous so-
dium sulfate. After removing the solvent under reduced
pressure, the crude product was chromatographed on silica
gel using petroleum/dichloromethane (4:1) as eluent, and
gave TPAP–ICZ (Yield: 588 mg, 93.6%) as a yellow solid.
1H NMR (CDCl3, 400 MHz, ppm) d: 0.78–0.81 (m, 3H),
0.84–0.88 (m, 3H), 1.12–1.35 (m, 16H), 1.37–1.45 (m,
2H), 1.47–1.51 (m, 2H), 1.75–1.77 (m, 2H), 1.93–1.96 (m,
2H), 4.37–4.41 (t, J = 7.11 Hz, J = 7.12 Hz, 2H), 4.49–4.53
(t, J = 7.70 Hz, J = 7.76 Hz, 2H), 7.01–7.08 (m, 4H), 7.14–
7.18 (m, 7H), 7.26–7.30 (m, 4H), 7.37–7.47 (m, 4H), 7.54–
7.56 (m, 2H), 7.66–7.71 (m, 4H), 7.96–8.03 (m, 2H), 8.19
(d, J = 7.65 Hz, 1H), 8.34 (d, J = 7.93 Hz, 1H). 13C NMR
(CDCl3, 100.61 MHz, ppm) d: 14.05, 14.07, 22.61, 22.63,
27.09, 27.44, 28.77, 29.23, 29.28, 29.32, 29.48, 29.49,
31.75, 31.86, 43.18, 45.10, 97.67, 108.11, 108.76, 116.33,
117.84, 118.21, 119.95, 121.10, 122.92, 123.03, 123.07,
123.35, 123.72, 123.83, 124.21, 124.52, 125.19, 125.80,
126.95, 127.05, 127.59, 129.31, 133.40, 134.44, 135.58,
135.65, 136.05, 140.28, 141.80, 142.65, 147.37, 147.66.
MALDI–TOF, m/z: cal: 825.5, found: 825.5. Anal. Calcd for
C60H63N3: C, 87.23; H, 7.69; N, 5.09. Found: C, 87.62; H,
7.75; N, 5.01.

4.5. Synthesis of 5,11-di-n-octyl-6-[4-(9,90-di-n-
butylfluorenyl)phenylethylenyl]-indolo[3,2-b]carbazole
(DBFP–ICZ)

DBFP–ICZ was obtained by a similar procedure as for
TPAP–ICZ. Yield: 567 mg, 86.8%. 1H NMR (CDCl3,
400 MHz, ppm) d: 0.63–0.72 (m, 8H), 0.79–0.82 (m, 3H),
0.85–0.88 (m, 3H), 1.06–1.16 (m, 5H), 1.19–1.34 (m,
16H), 1.36–1.44 (m, 2H), 1.46–1.50 (m, 2H), 1.53 (s, 1H),
1.76–1.80 (m, 2H), 1.92–2.00 (m, 2H), 2.04–2.06 (m, 4H),
4.41–4.54 (m, 4H), 7.06–7.10 (m, 2H), 7.30–7.50 (m, 8H),
7.64–7.67 (m, 2H), 7.74–7.81 (m, 6H), 7.98–8.09 (m, 2H),
8.21 (d, J = 7.70 Hz, 1H), 8.36 (d, J = 7.95 Hz, 1H). 13C NMR
(CDCl3, 100.61 MHz, ppm) d: 13.82, 13.85, 14.06, 14.08,
22.59, 22.61, 22.63, 33.10, 26.02, 27.11, 27.45, 28.81,
29.24, 29.50, 31.73, 31.86, 40.29, 43.17, 45.06, 55.12,
108.16, 108.80, 117.87, 118.27, 119.77, 120.01, 121.22,
122.91, 123.05, 123.36, 124.40, 125.19, 125.81, 126.83,
126.98, 127.11, 127.63, 135.69, 135.91, 139.42, 140.66,
140.75, 141.31, 151.00, 151.47. MALDI–TOF, m/z: cal:
858.59, found: 858.6. Anal. Calcd for C63H74N2: C, 88.06;
H, 8.68; N, 3.26. Found: C, 88.44; H, 8.77; N, 3.17.

4.6. Device fabrication and characterization

Triple-layer devices were fabricated with a configura-
tion of indium tin oxide (ITO)/NPB (30 nm)/EML (40 nm)/
TPBI (40 nm)/LiF (1 nm)/Al (80 nm). The ITO glass was
cleaned in ultrasonic baths of detergent, deionized water
and acetone in sequence, and followed oxygen plasma
cleaning. The organic films and metal electrode were
sequentially deposited on the substrate by thermal evapo-
ration under a vacuum of 10�6 Torr. The deposition rates
were 2–3 Å/s for the organic materials and 5–7 Å/s for
the cathode metals. The emitting area of the device was
4 mm2. The thickness of films was measured by a Dektak
surface profilometer. The EL spectra and current–voltage–
luminance (J–L–V) characteristics were measured with a
Spectrascan PR650 photometer and a computer-controlled
DC power supply. All the measurements of the devices
were carried out under ambient conditions.
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It is advantageous, or may even be essential, to certain
applications to employ materials with large band gap as
transport or host materials. For instance, N,N0-bis(1-naph-
tyl)-N,N0-diphenyl-1,10-biphenyl-4,40-diamine (a-NPD),
4,40-Bis(N-carbazolyl)-1,10-biphenyl (CBP) and other aro-
matic diamine or carbazole derivatives are commonly used
as hole transport materials and/or as ambipolar wide band
gap hosts for phosphorescent dopants in organic light
emitting diodes (OLEDs) [13]. P-type doping of these mate-
rials with F4-TCNQ has been demonstrated, but is not as
efficient as in the phthalocyanines. For a-NPD, the HOMO
energy is 280 meV lower than the LUMO energy of F4-
TCNQ, resulting in a 40% lower doping efficiency when
compared to F4-TCNQ doping of ZnPc [8]. Only little effect
on the electrical conductivity is expected when doping CBP
and other carbazole-derivatives with ionization energies
(IE) significantly larger (�1 eV) than the electron affinity
(EA) of F4-TCNQ, as was demonstrated for 4,40,400-tris(N-
carbazolyl)-triphenylamine (TCTA) [14].

Transition metal oxides have been the subject of recent
studies on charge transport and injection in organic elec-
tronic devices, and have been found to have a significant
impact on their performance. Tokito et al. used thin sput-
tered metal oxide as anode interlayer for OLEDs and ob-
served a significant decrease in driving voltage [15]. Their
results were subsequently confirmed and attributed to a
reduction in charge injection barrier [16–21]. Other appli-
cations of these high-work function materials have in-
cluded electrodes for organic thin-film transistors [22]
and charge injection layers for admittance spectroscopy
[23]. Thin layers of MoO3 or WO3 have also been used as
interconnecting units in tandem OLEDs [24,25] and organic
photovoltaic (OPV) cells [26], demonstrating the high rele-
vance of transition metal oxides for organic device applica-
tions. However, despite numerous papers related to the
application of transition metal oxides in organic electronic
devices, the underlying physical mechanisms pertaining to
their electronic structure remain somewhat undefined.

We present in this paper a comprehensive study of p-
type doping of a-NPD and CBP via co-evaporation with
MoO3. Doping of these materials is confirmed by charge
carrier transport measurements and ultraviolet and in-
verse photoelectron spectroscopy (UPS/IPES) on MoO3

and MoO3-doped a-NPD and CBP thin films deposited on
various substrates. The latter two techniques provide a
conclusive explanation for the observed doping.
Fig. 1. I–V characteristics of hole-only CBP devices as a function of Mo3O9

concentration. Doping concentration from bottom to top: 0/0.5/0.8/1.4/
2.6/13.6/22.1 (mol%).
2. Experimental

Doping was performed by co-evaporation of organic
molecules and MoO3. MoO3 (99.99% purity) and a-NPD
were purchased from Sigma–Aldrich. Sublimed-grade CBP
was obtained from Universal Display Cooperation. For
thermal evaporation of MoO3, we used a shielded high
temperature evaporation source (CreaTec HTC) to mini-
mize radiative heating of the sample. The organic materials
were evaporated from resistively heated quartz crucibles.
Deposition rates were measured by a quartz crystal micro-
balance (QCM) and controlled by the applied temperature.
The deposition rate for the organic materials was �0.1 nm/
s and for MoO3 set according to the targeted doping con-
centration. Characteristic film thicknesses were 50 nm for
the I–V measurements and 10 nm for UPS and IPES
experiments.

Device preparation for the I–V measurements and Kel-
vin Probe (KP) characterization was carried out at the TU
Braunschweig in a multi-chamber vacuum system, with
separate chambers for organic molecular beam deposition
(OMBD, p < 10�8 Torr) and metal electrode deposition
(p < 10�6 Torr). In-vacuo KP measurements were accom-
plished using a KP 6500 from McAllister Technical Services.
I–V characteristics were recorded by a computer-con-
trolled Keithley 2400 source-measure unit.

UPS and IPES spectra were taken at Princeton University
using an ultra-high vacuum UPS/XPS/IPES analysis system
(p < 5 � 10�10 Torr), which was connected to a growth
chamber (p < 5 � 10�9 Torr) for the thermal evaporation
of MoO3 and the organic materials.

We used the He I (hm = 21.22 eV) and He II (hm =
40.81 eV) lines of a He discharge lamp to measure the
occupied electronic states. The experimental resolution
for UPS was 0.15 eV, determined from the width of a Au
Fermi step. The intensity of the He lamp photon line and
the sample exposure time were kept to a minimum in or-
der to reduce photo-induced damage. Unoccupied states
were measured via IPES with a resolution of 0.5 eV [42].
The Fermi level reference for UPS and IPES measurements
was determined for both techniques on a Au surface. The
vacuum level was obtained from the secondary-electron
cutoff as seen in the low kinetic-energy regime of the He
I UPS spectra. EA and IP were approximated by the inter-
section of a linear extrapolation of the LUMO and HOMO
edges, respectively, and the background signal.

3. Results and discussion

Single-carrier (‘‘hole-only”) devices were fabricated,
consisting of an intrinsic or doped molecular film of CBP
or a-NPD sandwiched between a hole-injecting electrode,
i.e. indium tin oxide (ITO) covered with a 5 nm thin
MoO3 layer, and aluminum, i.e. a blocking contact. Another
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5 nm thin MoO3 layer is introduced between Al and the or-
ganic semiconductor. Fig. 1 displays the current density vs.
electric field (J–E) characteristics of CBP devices as a func-
tion of doping concentration (0–22.1 mol%). The device
structure is given in the inset. Positive bias was applied
to the bottom ITO contact, from which holes are injected
into the device. Electron injection from the cathode can
be neglected, due to the large electron injection barrier,
which is even increased by inserting a MoO3 interlayer.
Thus, charge transport in this device is limited to holes.
The current density for a given voltage increases with dop-
ing concentration, up to five orders of magnitude at the
highest doping concentration investigated here. A compa-
rable increase in current density is observed for doped a-
NPD devices (not shown here).

As it has been reported before that the formation of a
conducting path through transport via the dopant does
not occur [14], the observed increase in current density
can have two different origins: (1) a reduction in barrier
height for hole injection, as already observed for MoO3-
doped a-NPD intermediate injection layers designed to
facilitate hole injection into intrinsic a-NPD thin films
[16], (2) a doping-induced increase in bulk conductivity.
It was previously reported [3] that both effects must be ta-
ken into account when discussing transport characteristics
of doped organic thin films. As the devices presented in
Fig. 1 already include thin MoO3-interlayers to facilitate
charge injection [18,20,21], most of the observed increase
in current density can be attributed to higher bulk conduc-
tivity in the doped samples.

The doping mechanism is investigated by comparing
the electronic structure of MoO3, a-NPD and CBP via UPS
and IPES. The filled (valence) and empty state spectra of
a 30 nm thick MoO3 film on Au are shown at the bottom
of Fig. 2a. Both spectra are referenced to the vacuum level.
The density of filled states (valence band) of MoO3 was re-
corded with the He II line because of a significant parasitic
background due to the He I* line (23.09 eV) in the He I
spectrum. The shape and position of the valence band,
which are dominated by O 2sp electrons, are in agreement
Fig. 2. (a) UPS and IPES spectra of a MoO3 film (bottom), and UPS spectra of CB
level alignment derived from UPS and IPES measurements, unfilled bars represe
with published results [27–29]. In oxygen-deficient
MoO3�x, photoemission from Mo 4d orbitals would appear
within the gap. The absence of gap-states suggests that the
MoO3 film is fully oxidized. In addition, the binding energy
of the Mo 3d5/2 core level (232.1 eV) determined via X-ray
photoemission spectroscopy (XPS, data not shown here) is
found to be in good agreement with that of the Mo6+ spe-
cies characteristic of stoichiometric MoO3 [29,30]. The top
of the valence band of the MoO3 film, determined by linear
extrapolation of the leading edge of the valence spectrum,
is at 9.68 ± .1 eV below vacuum level.

In the context of p-doping, the energy of the unoccupied
states of the acceptor dopant, are of major interest. The
IPES data from the MoO3 film, plotted at the bottom of
Fig. 2a, show the conduction band (CB) edge at 6.7 eV be-
low vacuum level (the relevance to the doping process of
measurements on a MoO3 film is discussed below). Com-
bined with the UPS results, these IPES data define a band
gap of 2.98 eV, in very good agreement with the band
gap determined by optical measurements [31]. The posi-
tion of the Fermi level appears to be pinned slightly below
the CB edge, giving a work function U of 6.86 eV. The elec-
tronic structure reported here (IE = 9.68 eV and
EA = 6.7 eV) is significantly different from that commonly
cited in the literature (IE = 5.3 eV and EA = 2.3 eV)
[20,22]. While these latter numbers do not result from di-
rect experimental evidence, our results are confirmed by
two independent, direct measurements, techniques (UPS
and KP), which yield very similar work functions for
MoO3. Furthermore, different preparation and analytical
conditions can severely affect the experimental result, as
any contamination on a high-work function surface is
likely to decrease the work function.

The UPS spectra of intrinsic CBP and a-NPD thin films
are also included in Fig. 2a. The low binding energy edges
of the HOMO features give ionization energies (IE) of
5.47 eV and 6.23 eV for a-NPD and CBP, respectively. The
dashed area within the plots indicates the overlap between
the unoccupied states of MoO3 and the occupied states of
a-NPD or CBP. The corresponding energy level diagrams
P (top) and a-NPD (middle) films, referenced to vacuum level, (b) Energy
nt the empty states, filled bars represent the occupied states.



Fig. 3. (a) UPS spectra of MoO3-doped CBP thin films for various Mo3O9

doping concentrations, (b) Energy difference between Fermi level and
HOMO edge vs. Mo3O9 doping concentration in CBP (left) and a-NPD
(right) films on ITO substrate, (c) Fermi level position in the gap of the
organic semiconductor for an intrinsic/low doped film (left) and in the
Fermi level pinning regime (right).

M. Kröger et al. / Organic Electronics 10 (2009) 932–938 935
(Fig. 2b and [32]) indicate that electron transfer from the
HOMO of CBP or a-NPD to the unoccupied states of
MoO3 is energetically favorable, with likely p-doping of
these organic materials. The amount of MoO3 incorporated
into the organic thin film, the nature of the incorporated
oxide species, and their impact on the electronic structure
of the film, must be investigated. The analysis of MoO3 sub-
limation from a Knudsen cell via mass spectroscopy has
shown a predominance of polymeric species, i.e. (MoO3)n,
n > 2, with a major fraction of the vapor consisting of
Mo3O9 clusters [33]. In this work, we therefore assume that
mainly Mo3O9 clusters are embedded into the organic ma-
trix, an assumption that is largely validated below, and we
refer to doping concentrations as the molar concentration
of Mo3O9 clusters. In that context, one should consider that
the electronic structure of Mo3O9 clusters may differ from
that of the MoO3 thin film discussed in Fig. 2, thus putting
in question the energy diagram of Fig. 2b. However, theo-
retical calculations on transition metal oxide clusters
based on density functional theory (DFT) have been pub-
lished by several groups and have been used to predict
the geometry and electronic structure of these clusters
[34–36]. In particular, bulk-like properties have been pre-
dicted for W4O12 and larger clusters, with a band gap of
3.5 eV [36]. These results were confirmed by UPS experi-
ments on single Mo3O�9 anions and ionized tungsten oxide
clusters in a mass spectroscopy setup. In the neutral clus-
ter, O 2p derived states make up the HOMO, while the
LUMO is derived from Mo 4d orbitals. Furthermore, for
the Mo3O�9 anion, a gap of 3.2 eV was measured between
the singly occupied Mo 4d derived states and the doubly
occupied O 2p derived states [35]. Although the neutral
cluster undergoes a change in geometry upon ionization,
[34] a change which may also cause a difference in energy
gap, the reported gap of 3.2 eV for the anion cluster should
give a fairly good estimate of the band gap of the neutral
Mo3O9 cluster. Hence, the energy gap of Mo3O9 clusters
(�3.2 eV) is only slightly larger than the gap we measure
on MoO3 thin films (�3.0 eV). Therefore we suggest that
the energy level alignment given in Fig. 2b gives a reason-
able approximation of the electronic structure of the sys-
tem, and justifies the electron transfer from the organic
molecules to the Mo3O9 clusters.

The UPS spectra of 10 nm CBP films with various Mo3O9

doping concentrations are shown in Fig. 3a. The center plot
represents the full valence spectrum recorded under He I
excitation. Zoom-in plots of the secondary-electron cutoff
and HOMO region are displayed on the left and right side,
respectively. Vertical dotted lines mark the onset of photo-
emission, one of the valence features and the HOMO edge
as a function of doping concentrations. A rigid shift of all
these features towards lower binding energy occurs as
the doping concentration increases, indicating a corre-
sponding shift of the Fermi level within the gap towards
the HOMO edge. Similar UPS measurements (not shown
here) were conducted on MoO3-doped a-NPD thin films,
and produced very similar results. A summary of these
UPS experiments on p-doped CBP and a-NPD thin films is
given in Fig. 3b, where the position of the Fermi level with
respect to the HOMO edge is plotted against the doping
concentration. Two different regimes can be identified.
For low doping concentrations (<2 mol%), the Fermi level
rapidly shifts towards the HOMO edge. This regime corre-
sponds to a very large (relative) increase in carrier concen-
tration, as the organic film changes from nearly intrinsic to
fairly highly doped. In the second regime, further increase
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of the doping concentration (>2 mol%) results in a compa-
rably small Fermi level shift, as the Fermi level approaches
regions of large density of states and is finally pinned at
about 0.5 and 0.4 eV above the CBP and a-NPD HOMO
edge, respectively. Similar results were previously ob-
tained for the p-doping for a-NPD with F4-TCNQ [8]. In that
system, the difference between EF pinning position and
HOMO edge was explained by (i) the doping barrier for
the a-NPD:F4-TCNQ pair and (ii) the structural reorganiza-
tion of ionized a-NPD molecules, which causes energetic
relaxation of the molecular state above the HOMO. In the
two present cases, the doping barrier should not be an is-
sue, the EA of MoO3 being larger than the IE of the two or-
ganic materials. A likely explanation for the observed
Fermi level pinning involves therefore structural and ener-
getic disorder of thermally evaporated molecular thin
films, as depicted in Fig. 3c. Charge carriers in amorphous
organic solids are relatively strongly localized to single
molecules and polarization significantly affects the elec-
tronic structure of these solids [37]. Structural disorder
will cause energetic disorder due to differences in the
polarization energy for individual molecules. Energetic dis-
order in organic solids is often considered by assuming a
Gaussian distribution of HOMO states, as indicated in
Fig. 3c. In contrast, the HOMO edge is approximated by a
linear extrapolation of the experimental data (Fig. 3c: dot-
ted line). Depending on the distribution of the density of
states close to the gap, there may be a significant density
of tail states above the so-called HOMO edge. For low dop-
ing concentrations (here: < 2 mol%), the Fermi level rapidly
shifts towards the HOMO edge. As the Fermi level ap-
proaches the HOMO edge (>2 mol%), a small shift is suffi-
cient to induce a large change in the population of the
tail states.

The difference in the magnitude of Fermi level shift be-
tween CBP and a-NPD (Fig. 3b) can be traced to the initial
Fig. 4. Energy level diagrams of interfaces between various substrates
and intrinsic or MoO3-doped a-NPD thin films, as derived from UPS and
KP.
position of the Fermi level in the gap of the material
(Fig. 4), which in turns depends on the energy level align-
ment, i.e. the interface HOMO and LUMO positions, for the
specific substrate. In the cases presented here, the Fermi
level position in the gap is mainly determined by the work
function of the underlying substrate and the IE and EA of
the organic semiconductor, as only a small dipole is ob-
served at the interface. Upon doping, the position of the
Fermi level is pinned less than 0.5 eV above the HOMO
edge of the organic film, and nearly independent of the
substrate work function. Since the Fermi level is deeper
in the gap of undoped CBP (larger IE), the shift upon doping
is expected to be larger, as indeed observed.

The effect of doping on the electronic structure and the
conductivity of the molecular films can, in part, be derived
from the I–V measurements presented in Fig. 1. The ‘‘hole-
only” devices consisted of a single layer of either intrinsic
or MoO3-doped CBP, sandwiched between two inorganic
electrodes. Using thin interlayers of neat MoO3 greatly re-
duces the hole injection barrier at the ITO electrode, and
increases the electron injection barrier at the Al electrode,
insuring unipolar transport [21]. Although injection on the
ITO/MoO3 side may still limit the device characteristics to a
certain extent, we assume ohmic charge injection. The
slope of the current density vs. electric field (log–log plot)
is nearly equal to unity in the low-field regime, indicating
ohmic conduction. A linear fit of the ohmic regime can then
be used to evaluate the conductivity. The essence of these
I–V measurements is displayed in Fig. 5a, which shows the
conductivity plotted against Mo3O9 concentration, along
with the change in surface work function U measured by
UPS and KP. As noted before, the Fermi level rapidly shifts
towards the HOMO for low dopant concentrations
(<2 mol%), inducing a rapid increase in work function.
Higher doping levels lead to Fermi level pinning, which is
reflected in a slower increase in U. A very similar relation
is found for the electrical conductivity r. For low doping
concentrations, r drastically increases upon doping. High
doping concentrations still lead to an increase in conduc-
tivity but the slope of this increase is significantly reduced.
The transition between the two regimes is around 2 mol%,
in excellent agreement with the transition towards Fermi
level pinning observed in UPS and KP measurements.

To understand this point, we model the DOS with a
Gaussian distribution

gHOMOðEÞ ¼
NHOMO

w
ffiffiffiffiffiffiffi
2p
p e�

E
2wð Þ

2

; ð1Þ

where NHOMO is the density of HOMO states and w is the
Gaussian standard deviation. The energy E is referenced
to the HOMO peak position, which was measured at
6.8 eV below the vacuum level. NHOMO can be estimated
at 3.8 � 1021 cm�3 by assuming a film density of 1.5 g/
cm3 and taking two HOMO states per molecule into ac-
count. The conductivity can be expressed as a function of
Fermi energy following

rðEFÞ ¼ elhnhðEFÞ ð2Þ

with e as the elementary charge, lh the hole mobility and
nh the hole carrier density. Applying expression (1) and
Fermi statistics, Eq. (2) can be written as



Fig. 5. (a) Evolution of conductivity and WF vs. MoO3 doping concentration in CBP thin films, (b) Conductivity vs. Fermi level position for the same samples.
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We assume here a constant hole mobility lh to simplify the
expression. Knowing that the carrier mobility in organic
semiconductors may well depend, among other parame-
ters, on the carrier concentration, [38] we expect a certain
error within our calculations. The significance and impact
of this error will be discussed later. In Fig. 5b we compare
the experimental results for the conductivity to a calcula-
tion corresponding to Eq. (3). The experimental data was
extracted from Figs. 3b and 5a by correlating the measured
Fermi level position for a given doping concentration with
the interpolated conductivity (see dotted line in Fig. 5a) at
the same doping concentration. A close match between Eq.
(3) and experiment can be established using the Gaussian
standard deviation and the carrier mobility as fitting
parameters. Only the intrinsic sample conductivity is much
higher than predicted, which will be discussed later. The fit
shown in Fig. 5b corresponds to w = 0.35 eV and
lh = 2 � 10�6 cm2/Vs. The standard deviation w is slightly
larger than the corresponding value for similar calculations
on n-doped pentacene (0.3 eV) [6]. Considering the lower
degree of disorder in polycrystalline pentacene, both val-
ues appear very reasonable.

The discrepancy between the above CBP hole mobility
and the higher mobilities determined by time-of-flight
(TOF) measurements [39,40] or admittance spectroscopy
(AS) [23] merits further discussion. The TOF and AS num-
bers were obtained for intrinsic CBP films, except for the
work of Matsusue et al. [39] which included a study of
electron transport in Ir-phosphor doped CBP. For these
measurements, a doping concentration of a less than one
percent leads to a dramatic mobility decrease to less than
10�6 cm2/Vs. Although the interaction between matrix
and dopant is clearly different for phosphor-doping (neu-
tral dopant) than for electrochemical doping (ionized dop-
ant), the effect of doping on charge transport should in
both cases be modeled by a dopant-induced change in
the DOS. Theory predicts that in disordered electronic sys-
tems, the interaction between dopant and matrix mole-
cules leads to additional broadening of tail states [41].
Furthermore, Coulomb-trapping of excess carriers at ion-
ized dopant sites affects the carrier mobility. Depending
on the initial width of the density of states distribution, a
decrease in mobility of several orders of magnitude was
calculated for high doping levels. Compared to the refer-
ence, our model calculations overestimate the initial width
of the DOS by a factor of three or less, since broadening of
the DOS due to p-doping is not been considered for reasons
of simplicity. Still the mobility obtained from a model
involving a Gaussian DOS is well within range of what
can be expected when Coulomb trapping is considered.

Our calculations yield a carrier concentration which is
equivalent to a dopant activation of about 0.5% or even
less. Estimating the carrier concentration from the width
of the depletion layer at the electrode interface (data not
shown here) confirms a dopant activation of �0.4%. Yet,
a much larger dopant activation could be expected from
the energy level alignment depicted in Fig. 2b. This dis-
crepancy may just be a result from the strong interaction,
which is implied by the energy levels. The exchange of
charge between the acceptor and the matrix molecules
presumably leads to a strongly bound charge-transfer
(CT) state, and only a small fraction of the exchanged
charges participates in the current transport. As previ-
ously reported, the increase in near-infrared absorption
in WO3-doped TCTA may be an indicator for such a CT
state [14].

There are two reasons for the calculated fit not to agree
with the data obtained for the undoped CBP sample. As al-
ready mentioned, the carrier mobility should be a function
of doping concentration, and is expected to be about three
orders of magnitude higher for the undoped sample. Given
the fact that a constant mobility is used in our calculation,
the fit is likely to underestimate the real conductivity of
intrinsic thin films. Furthermore, we showed that the posi-
tion of the Fermi level in undoped thin films is not an
intrinsic property of the film itself, but is strongly affected
by the underlying substrate. Consequently, the position of
the data point for the intrinsic sample becomes arbitrary
with respect to the energy scale.
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4. Conclusions

In conclusion, p-doping of organic large band gap mate-
rials using MoO3 has been demonstrated and further inves-
tigated by photoemission spectroscopy. Very high EA
(6.7 eV) and work function (6.86 eV) were measured on
MoO3 thin films. These values are assumed to give a good
approximation of the electronic structure of Mo3O9 clus-
ters, leading to a prediction of energetically favorable elec-
tron transfer from the HOMO of many hole transport
materials to the deep-lying acceptor state of embedded
Mo3O9 clusters. At low doping concentration (<2 mol%) in
CBP and a-NPD, a rapid shift of the Fermi level towards
the HOMO states and a steep increase in conductivity are
observed. Further increase of the doping concentration
leads to Fermi level pinning several 100 meV above the
HOMO edge. The experimental results were modeled using
a Gaussian distribution of the DOS, which yields a reason-
able explanation for the observed phenomena. Due to a
similar electronic structure, our results may possibly be va-
lid for other transition metal oxides (e.g. WO3), either
being used as thin interlayer to enhance charge injection
or as p-dopants for large IE host materials. Further, the
observation of an extremely high-work function of MoO3

may have a severe impact on other applications in related
fields, for instance hybrid organic–inorganic photovoltaics.
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performance in EL devices with related terbium
complexes. DPPOC is synthesized by modification of the
chemically active C3 and C6 positions on carbazole. Phenyl
substitution at the 9-position of carbazole also has little ef-
fect on the photophysical characteristics of its derivatives
[17,18]. We chose diphenylphosphine oxide moieties as
building blocks to synthesize TPPO derivatives for both
their coordinating abilities and carrier transport proper-
ties. Thermal stability was improved by 4-tert-butylphenyl
substitution at the 9-position on carbazole. The complex
Tb(PMIP)3DPPOC was also synthesized and characterized.
The high molecular weight of the complex precludes direct
thermal evaporation so the terbium complex film was
formed by co-deposition of complex B and DPPOC in vac-
uum for the OLED application. This technique was similar
to previously reported work [19]. Stable pure green elec-
troluminescence with high efficiency based on the multi-
layer emission structure of terbium complexes is thus
demonstrated.
2. Experimental

2.1. General information

AlQ was synthesized according to literature procedures
[20] and sublimed twice prior to use. NPB and BCP were
purchased from Aldrich and used after a single sublima-
tion. Tb(PMIP)3(H2O)2 and Tb(PMIP)3(TPPO)2 were synthe-
sized as in our previous report [13]. Chromatographic
separation was carried out on silica gel (200–300 mesh).
The 1H NMR spectra were recorded on a Varian 400 MHz
instrument using Me4Si as an internal reference. Mass
spectra were recorded on a ZAB-HS and BIFLEX III. Elemen-
tal analyses were performed on a VARIO EL analyzer. Ther-
mogravimetric and differential thermal analyses were
carried out on Q600SDT and Q100DSC instruments at an
elevation temperature rate of 10 �C/min under
100 ml min�1 nitrogen. The IR spectra were recorded with
a Magna-IR 750. PL spectra and phosphorescence decay
lifetimes were recorded with an Edinburgh Analytical
Instruments FLS920 spectrometer after removing oxygen
in the solution by a vacuum technique (3 or 4 freeze–
pump–thaw cycles). Absorption spectra were measured
on a Shimadzu UV-3100 UV–visible spectrometer. Cyclic
voltammetry was performed with a computer controlled
EG&G potentiostat/galvanostat model 283. All measure-
ments were carried out at room temperature with a con-
ventional three electrode configuration consisting of a
one compartment electrolysis cell with a platinum button,
a platinum wire, a Ag/AgCl working electrode, counter
electrode and reference electrode. Cyclic voltammograms
were obtained at a scan rate of 50 mV s�1 in HPLC-grade
dichloromethane. The concentration of the complexes
was 1.0 mM and each solution contained 0.1 M tetrabutyl-
ammonium hexafluorophosphate (TBAP) as an electrolyte.
The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) energy levels
were calculated by reference to the ferrocene/ferrocenium
energy level of �4.8 eV. Fluorescence microscopy images
were taken on an OLYMPUS BX51.
2.2. OLED fabrication and measurement

EL devices were fabricated by sequentially depositing
organic layers using thermal evaporation in one run under
high vacuum (<8 � 10�5 Pa) onto a cleaned indium tin
oxide (ITO) glass substrate with a sheet resistance of 7 X/
sq. The active device area was 3 � 3 mm. The cathode
was made of a 200 nm thick layer of Mg0.9Ag0.1 alloy with
an 80 nm thick Ag cap. The thickness of the deposited layer
and the evaporation speed of the individual materials were
monitored in a vacuum with quartz crystal monitors.
Deposition rates were maintained at 0.05–0.2 nm s�1 for
organic materials and 0.2–0.3 nm s�1 for the Mg0.9Ag0.1

alloy. All electrical testing and optical measurements were
performed under ambient conditions. The EL spectra were
measured with a Spectra Scan PR650. The current–voltage
(I–V) and luminance–voltage (L–V) characteristics were
measured with a computer controlled Keithley 2400 Sour-
cemeter unit with a calibrated silicon diode.

2.3. Materials

The synthetic route leading to DPPOC is presented in
Scheme 1.

9-(4-tert-butylphenyl)carbazole (1): A suspension of car-
bazole (1.67 g, 10 mmol), 1-bromo-4-tert-butylbenzene
(2.13 g, 10 mmol), copper (2.56 g, 40 mmol), K2CO3

(11.04 g, 80 mmol) and 18-crown-6 (0.53 g, 2 mmol) in
1,2-dichlorobenzene (100 ml) was stirred at 190 �C in an
oil bath for 36 h under nitrogen. The solvent was evapo-
rated and the solid residue was extracted with benzene.
The combined organic extracts were evaporated and the
crude product was purified via column chromatography
on silica gel using a mixture of dichloromethane/petro-
leum ether (1/2) as eluent. The compound was further
purified by recrystallization from a mixture of benzene–
ether to give a white powder (2.09 g, yield 70%). 1H NMR
(400 MHz, CDCl3, d): 8.14 (d, J = 4 Hz, 2H), 7.60 (d,
J = 4 Hz, 2H), 7.48 (d, J = 4 Hz, 2H), 7.37–7.43 (m, 4H),
7.27 (d, J = 8 Hz, 2H), 1.43 (s, 9H). EIMS (m/z (%)): 299
(100) [M+].

9-(4-tert-butylphenyl)-3,6-dibromocarbazole (2): Com-
pound 2 was synthesized according to the literature proce-
dure [21] in a yield of 82%. EIMS (m/z (%)): 457 (100) [M+].
1H NMR (400 MHz, CDCl3, d): 8.18 (d, J = 2 Hz, 2H), 7.61 (d,
J = 4 Hz, 2H), 7.47–7.50 (m, 2H), 7.41 (d, J = 6 Hz, 2H), 7.26
(d, J = 4 Hz, 2H), 1.42 (s, 9H).

9-(4-tert-butylphenyl)-3,6-bis(diphenylphosphino)-carba-
zole (3): Compound 2 (2.0 g, 4.37 mmol) was dissolved in
tetrahydrofuran (THF, 150 ml) under a nitrogen atmo-
sphere. The reaction vessel was immersed in a dry ice/ace-
tone bath until the temperature was about �78 �C. To this
solution 8.17 ml (13.1 mmol) of 1.6 M n-BuLi solution in
hexane was added dropwise and stirred for 1 h. Chlorodi-
phenylphosphine (2.39 ml, 13.1 mmol) was then added to
the solution and stirred for 3 h in a dry ice/acetone bath.
The mixture was allowed to gradually warm to room tem-
perature overnight and then quenched with water. The de-
sired product was extracted with dichloromethane and
purified by column chromatography on silica gel with
dichloromethane/petroleum ether = 1/4 as eluent produc-



Scheme 1. Synthetic route of DPPOC and chemical structures of the terbium complexes.
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ing a white solid product (1.46 g, yield 51%). EIMS (m/z
(%)): 667 (100) [M+]. 1H NMR (400 MHz, CDCl3, d): 8.06
(d, 2 Hz, 2H), 7.57 (d, J = 6 Hz, 2H), 7.44 (d, J = 4 Hz, 2H),
7.37–7.40 (m, 4H), 7.33 (d, 20H), 1.40 (s, 9H).

9-(4-tert-butylphenyl)-3,6-bis(diphenylphosphineoxide)-
carbazole (DPPOC): Compound 3 (1.33 g, 2 mmol) was dis-
solved in dichloromethane (50 ml) and excess 30% H2O2/
H2O (10 ml) was added with stirring to the ice bath for
1 h. The mixture was extracted with dichloromethane
and dried with MgSO4. The solution was concentrated by
rotary evaporation and the crude product was purified by
high vacuum thermal gradient sublimation to get the final
product as a white solid (1.26 g, yield 90%). EIMS (m/z (%)):
699 (100) [M+]. 1H NMR (400 MHz, CDCl3, d): 8.43 (d, 6 Hz,
2H), 7.66–7.74 (m, 10H), 7.61 (d, 4 Hz, 2H), 7.52–7.54 (m,
4H), 7.42–7.48 (m, 12H), 1.41 (s, 9H). IR ([cm�1], KBr):
3042 (s, m(C–H)); 1622, 1592 (benzene ring); 1436 d(p-
C6H5); 1198 m(P@O); 1365, 1394, 1465 (t, d(C–H)).

Tb(PMIP)3DPPOC: To a 1.0 mmol solution of Tb(PMI-
P)3(H2O)2 in 20 ml ethanol was added (dropwise) 1.0 mmol
DPPOC in 50 ml ethanol while stirring and the mixture was
heated to reflux for 4 h. The product was purified by
recrystallization from ethanol with a yield of 80%. Anal.
calcd for C90H90N7O9P2Tb: C 66.54, H 5.33, N 6.17; Found:
C 66.44, H 5.41, N 6.04. MALDI-TOF MS (m/z): 1344
(Tb(PMIP)2(DPPOC)+, 100%), 1289 (45%). IR ([cm�1], KBr):
cm�1: 3057 (s, m(C–H)); 1614, 1593 (benzene ring); 1439
d(p-C6H5); 1172 m(P@O).

3. Results and discussion

3.1. Absorption, fluorescence and phosphorescence

Fig. 1 shows the room temperature absorption (CH2Cl2,
10�5 M), fluorescence (CH2Cl2, 10�5 M) and phosphores-
cence (ethanol, 10�5 M) of TPPO, DPPOC and related ter-
bium complexes. The distinct absorption of DPPOC at
shorter wavelengths of 254 and 278 nm with e around
5 � 104 dm3 mol�1 cm�1 may be assigned to the localized
benzene p ? p* transition and the broad absorption bands
at 325–350 nm are attributed to the carbazole-based low-
est p ? p* transitions which resemble the absorption of
the carbazole monomer [18]. Complex A with absorption
peaks at around 253 and 277 nm has similar UV–visible
characteristics to DPPOC but a much higher e of about
1.2 � 105 dm3 mol�1 cm�1. This indicates that the absorp-
tion is due to both the anionic ligand PMIP and the neutral
ligand DPPOC.

The PL spectra of the complexes showed strong terbium
ion emission at k = 488 nm (5D4 ?

7F6), 548 nm
(5D4 ?

7F5), 582 nm (5D4 ? 7F4) and 617 nm (5D4 ? 7F3).
The fluorescence spectrum of DPPOC with peaks at 353



Fig. 1. Absorption spectra of TPPO, DPPOC and related complexes (10�5 M in CH2Cl2) at room temperature (a), fluorescence (solid line, 10�5 M in CH2Cl2)
and phosphorescence spectra (dotted line, 10�5 M in ethanol) of neutral ligands and related terbium complexes (b).
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and 370 nm as well as its gadolinium complex’s phospho-
rescence spectrum (at 78 K) with a peak at 405 nm (see
Fig. 1) are similar to those of the unsubstituted carbazole
monomer. These peaks may be attributed to the lowest
p–p* transitions of the central carbazole chromophore in
DPPOC [17]. The phosphorescence spectrum reveals the
lowest triplet energy level of DPPOC which is estimated
to be 24,691 cm�1 (3.04 eV). The 4300 cm�1 energy differ-
ence allows energy transfer between DPPOC and the 5D4

level (20,400 cm�1) of Tb(III). The lowest triplet energy
level of TPPO is at 27,933 cm�1 (3.46 eV). The overall lumi-
nescent quantum yields of the three terbium complexes
are 10.4%, 14.6% and 16.7% for Tb(PMIP)3(H2O)2,
Tb(PMIP)3(TPPO)2 and Tb(PMIP)3DPPOC, respectively (see
Table 1). DPPOC thus performs better than TPPO as a neu-
tral ligand because of its better suited triplet energy level
[22].

The deposited DPPOC film exhibits a different emission
spectrum compared with its CH2Cl2 solution and a new
broad peak at 424 nm is observed (Fig. 2). There is little
overlap between the absorption spectrum of the Tb(PMIP)3

film made by vacuum deposition of complex B [13] and the
emission spectrum of the DPPOC film. When a vacuum co-
deposited film of complex B and DPPOC (molar ratio = 1:1)
was made, the fluorescence of DPPOC film at 424 nm is
quenched as the emission is mainly observed from the
5D4 ?

7Fj (j = 3–6) transitions of the terbium ion. The data
thus confirms that the energy absorbed by DPPOC is trans-
ferred to a terbium ion and thus sensitizes it efficiently
upon coordination. The emission is very weak with a peak
at 420 nm which is due to unchelated DPPOC in the co-
deposited film as reported previously [19].

3.2. IR spectra

To confirm chelation the IR spectra of the co-deposited
Tb(PMIP)3 and DPPOC film and the deposited DPPOC film
(both 800 nm thick) were measured and compared to solid
powder samples of Tb(PMIP)3DPPOC and DPPOC which
were synthesized as described in the experimental section.



Table 1
Photophysical data for TPPO, DPPOC and the terbium complexes.

Compounds kmax (abs) [nm] kem [nm] (s [ls]) Ud (%)

(e [dm3 mol�1 cm�1]) 298 Ka 78 Kb Filmsc

DPPOC 254 (56,810) 353 (5.6 ns) 405 (12.2) 424
278 (57,100) 370 (5.7 ns) 432 (11.3)

TPPO 273 (34,200) 283 (1.5 ns) 357 (11.1)
Complex A 254 (120,420) 488, 548 (223.2), 582, 617 488, 542 16.7

276 (128,320) 581, 618
Complex B 263 (70,280) 489, 547 (36.4), 582, 617 491, 543 10.4

584, 619
Complex C 273 (112,623) 488, 548 (204.7), 582, 617 490, 543 14.6

583, 619

a Measured in CH2Cl2 solution at 298 K.
b Measured in ethanol solution at 78 K.
c Deposited (complexes B and C) or co-deposited film (complex A) of 100 nm.
d 298 K in CH2Cl2 measured by using Ru(bpy)3Cl2 as Ref. [21].

Fig. 2. Absorption (dotted line) spectrum of the Tb(PMIP)3 film and PL spectra (solid lines) of the vacuum deposited DPPOC film and the co-deposited
Tb(PMIP)3 and DPPOC film.
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The characteristic P@O stretching vibration of DPPOC pow-
der is found at 1198 cm�1. There are two P@O stretching
vibration bands of Tb(PMIP)3DPPOC powder at 1195 cm�1

(similar to free DPPOC) and at 1172 cm�1 which is
25 cm�1 red shifted and shows that chelation between
P@O and the terbium ion occurred. This data is similar to
that for TPPO and related terbium complexes as previously
reported [23]. The two different m(P@O) absorption bands
indicate that both the P@O donors in DPPOC did not che-
late simultaneously. The absorption bands of m(P@O) in
the deposited DPPOC film was found at 1194 cm�1 and is
similar to the DPPOC powder. In the co-deposited
Tb(PMIP)3 and DPPOC film two peaks at 1168 and 1195
cm�1 were observed which agrees with the Tb(PMIP)3DP-
POC powder data. The chelation of DPPOC and complex B
thus occurs when they are co-deposited on the substrate
and the emitting material produced after co-deposition
may be a mixture of polymeric materials that are linked
by DPPOC bridges. This vacuum co-deposition technique
is favorable for EL device fabrication.
3.3. Cyclic voltammetric studies

Cyclic voltammetry (CV) was conducted to investigate
electrochemical properties of the compounds. The highest
occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) energy levels of the materi-
als were estimated by CV and UV–visible. Only oxidation
potentials of the terbium complexes were measured as
CH2Cl2 can not be used to determine reduction potentials
from �2.7 to �3.5 V [24]. The three complexes have the
same first oxidation potential and the same lowest energy
absorption edge as shown in their UV–visible absorption
spectra (Fig. 1). This indicates that they have similar HOMO
and LUMO energy levels of 5.4 and 1.9 eV, respectively.

3.4. Thermal properties and morphological stabilities

Thermal properties were determined by thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC). The melting point (Tm) of DPPOC is about 301 �C and



Fig. 4. The EL device structure and chemical structures of the materials
employed.
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the thermal decomposition temperature (Td) is 440 �C with
a Tg of 137 �C, which shows that DPPOC exhibits better
thermal stability than TPPO (Tm 156 �C, Td 228 �C and no
Tg observed). The complex Tb(PMIP)3DPPOC also shows
higher thermal stability (Td 440 �C) than Tb(PMIP)3(TPPO)2

(Td 350 �C) and Tb(PMIP)3(H2O)2 (Td 253 �C). The
morphological stability of the material was confirmed by
fluorescence micrographs and these are shown in Fig. 3.
The co-deposited Tb(PMIP)3DPPOC film (image A) was sta-
ble and showed no apparent crystallization or aggregation
at 120 h after fabrication. The Tb(PMIP)3(TPPO)2 film (im-
age B) showed obvious dewetting after 24 h, and serious
crystallization (bright spots in B3 and B4) after 48 h. These
morphological changes of the amorphous films are caused
by poor thermal stability of the unchelated TPPO. In accor-
dance with our molecular design we substituted DPPOC for
TPPO which produced a morphologically stable amorphous
film and would thus significantly improve OLED’s stability.

3.5. Electroluminescence properties

By introducing NPB and AlQ as hole and electron trans-
porting materials respectively and BCP as a hole blocking
material devices A1–A4 were fabricated. The structures
were ITO/NPB (30 nm)/co-deposited Tb(PMIP)3DPPOC
(A1: 20 nm, A2: 30 nm, A3: 40 nm, A4: 60 nm)/BCP
(10 nm)/AlQ (30 nm)/Mg0.9Ag0.1. Different thicknesses of
co-deposited Tb(PMIP)3DPPOC were used as the emitting
layer (Fig. 4). All of the devices showed the characteristic
green emission from Tb3+ at low voltage. At practical
brightness an emission from NPB was observed and device
A1 only showed a small amount of emission from the ter-
bium complex (Fig. 5). This indicates that DPPOC has fairly
good electron transport properties and that the small en-
ergy gap between the LUMO of the terbium complex and
of NPB allows electron transport into the NPB layer. By
increasing the thickness of the complex layer from 20 to
Fig. 3. Fluorescence microscopy images of vacuum co-deposited complex A
different times after fabrication at room temperature.
60 nm the emissive area changed from NPB layer to the
terbium complex layer at high voltage. The power efficien-
cies increased from 2.6 lm W�1 (6.0 V) for device A1 to
5.2 lm W�1 (7.0 V) for device A4 (Fig. 6). Because DPPOC
has both electron and hole transporting groups, the carri-
ers mainly recombined in the co-deposited Tb(PMIP)3DP-
POC layer when its thickness was increased. The higher
PL quantum yield of the lanthanide complexes led to high-
er EL efficiencies. The greater thickness of the EML (emis-
sion layer), however, resulted in lower current density
which limited the luminance of the devices. Device A2
had the highest luminance of 1331 cd m�2 at 19 V. A small
improvement in efficiency at high voltage was observed
but the current density and the luminance decreased sig-
nificantly when the EML thickness was increased beyond
30 nm.

Devices B1–B3 with configurations of ITO/NPB (10 nm)/
Tb(PMIP)3 (B1: 10 nm; B2: 15 nm, B3: 20 nm)/co-depos-
ited Tb(PMIP)3DPPOC (30 nm)/BCP (10 nm)/AlQ (20 nm)/
(Tb(PMIP)3DPPOC) and complex C (Tb(PMIP)3(TPPO)2) films on glass at



Fig. 5. Intensity normalized EL spectra of devices A1–A4 at 100 cd m�2 (inset: intensity normalized EL spectra at highest brightness).

Fig. 6. Power efficiency (solid symbols) and luminance (open symbols) versus voltage of devices A1–A4.
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Mg0.9Ag0.1 were fabricated to confine carriers in the emit-
ting layer for better EL performance. Co-deposited
Tb(PMIP)3DPPOC layer was kept at 30 nm and Tb(PMIP)3

complemented as hole-transporting material. With a
Tb(PMIP)3 layer thickness increased from 10 to 20 nm the
carriers were confined within the layers of the complexes
and thus more excitons contributed to the lanthanide
luminescence process. Compared to device A4, from which
the emission of NPB was observed at practical luminance
(Fig. 5), device B3 showed pure emission that originated
from the terbium complex even at the highest applied volt-
age (Fig. 7). The maximum brightness improved from
1020 cd m�2 (16 V) for A4 to 2256 cd m�2 (16 V) for B3
and the power efficiency from 5.2 lm W�1 (7 V) to
16.1 lm W�1 (5 V), respectively. This also confirmed that
the carrier recombination zone was confined well within
the complex layers so the maximum brightness and high-
est efficiency were both achieved in device B3. At a practi-
cal brightness of 119 cd m�2 (11 V) the efficiency remained
above 4.5 lm W�1, 15.7 cd A�1 (Fig. 8). The EML with a
multilayer structure for the lanthanide ions is quite differ-
ent from that of other phosphor materials such as iridium
complexes. Multilayer structures with EMLs usually emit
hybrid light which are used in white emitting OLEDs
[25]. For lanthanide complexes extremely pure light is
achievable because their emission is due to electronic tran-
sitions of the central ions and this emission is different to
the MLCT emission of iridium complexes. Lanthanide com-
plexes are advantageous as their sharp emission bands are
maintained while ligands are modified to improve PL



Fig. 7. EL spectra of device B3 at different applied voltages.

Fig. 8. Power efficiency (open squares), current efficiency (solid circles) and voltage characteristics of device B3 (inset: luminance, current density and
voltage characteristics of device B3).
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efficiencies. Based on this multilayer EMLs devices, recom-
bination zone was limited and pure emission from lantha-
nide ions was achieved with a high efficiency.

4. Conclusions

We have synthesized new diphenylphosphine oxide
substituted carbazole derivative (DPPOC) that retains suit-
able triplet energy level while exhibiting enhanced mor-
phological stability with a high glass transition
temperature. By the vacuum co-deposition technique a ter-
bium complex (Tb(PMIP)3DPPOC) film was formed and
OLED devices were fabricated. Electroluminescent perfor-
mance revealed that the multilayered emission structure
helped to capture all the injected charges to form excitons
in a confined zone. Highly pure Tb3+ ion emission was
achieved even at the highest applied voltage and high effi-
ciency was obtained. The modification for suitable ligands
and multilayered EML structures may improve lanthanide
EL properties for future use in devices.
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devices with different gate metals were studied by the
repetitive gate voltage sweep of OTFTs, and capacitance–
voltage (C–V) and trap loss-voltage (Gp/x�V) measure-
ments of metal–insulator–semiconductor (MIS) devices. It
showed that the hysteresis in OTFTs was associated with
electron injection from gate electrode to insulator. The
application of gate metal with high work function in-
creased the injection barrier between gate and insulator.
As a result, low hysteresis OTFTs were obtained.

2. Experimental

2.1. Materials

The Corning 7059 alkali-free glass substrates were pur-
chased from Chengdu Guangming Optoelectronic Co. (Chi-
na). The glass substrates were cleaned in two sequential
steps with chromic acid lotion and deionized water in
ultrasonic bath. BCBO derivatives (Fig. 1a) were synthe-
sized according to Ref. [18]. BCBO derivatives were dis-
solved in tetrahydrofuran, and the solution was filtered
three times through a 0.22 lm glass syringe filter. The van-
adyl-phthalocyanine (VOPc) was purchased from Aldrich
Company (USA). The para-sexiphenyl (p-6P) sample was
synthesized according to a described method [19]. Both
of the samples were purified twice by thermal gradient
sublimation prior to deposition.

2.2. Fabrication of vanadyl-phthalocyanine (VOPc) TFTs and
MIS diodes

Fig. 1b shows the schematic structure of VOPc thin-film
transistors. Before the deposition of the metals, 140 nm
Fig. 1. (a) The structure of VOPc organic thin-film transistors with Ta2O5/BCB

Fig. 2. The AFM images of (a) glass/Al, (b) gl
BCBO films were spin-coated onto glass substrates to
smooth the rough glass surfaces. Thermal-evaporated Al
and Au films about 100 nm and magnetron-sputtered Cr
film about 200 nm were deposited on the glass substrates
respectively, and were used as gate electrodes. The room-
meat-square (rms) roughness of Al, Cr and Au are 1.3 nm,
1.2 nm and 1.3 nm measured by atomic force microscopy
(AFM). The 200 nm Ta2O5 films were deposited by magne-
tron-sputter on the gate electrodes. The rms roughness of
Ta2O5 on Al, Cr and Au is 2.7 nm, 2.5 nm and 2.6 nm,
respectively. These surfaces are too rough for the growth
of organic semiconductors [20]. One percent benzocyclob-
utenone (BCBO) thin layer was spin-coated onto the Ta2O5

film to obtain preferable interface. Then, the BCBO film
about 140 nm was cross-linked by ultraviolet exposure
and formed double-layer insulator. As shown in Fig. 2,
the double-layer insulator exhibits very smooth surfaces
with rms roughness about 6 Å. The reduction of rms rough-
ness for double-layer insulator is caused by the viscous
BCBO solution which fills up the valley regions of the rough
metal/Ta2O5 substrate [21]. The rms of Al and Al/Ta2O5 are
also given in Fig. 2. Three nanometers p-6P and a 30 nm
VOPc were successively deposited on the double-layer
insulator by vacuum thermal deposition at a substrate
temperature of 180 C under the pressure of 10�4 Pa. We se-
lected VOPc as the active layer because it is a kind of organ-
ic semiconductor with good physics and chemistry
stability [22,23]. During the analysis of hysteresis, the
influence from active layer can be excluded. VOPc showed
weak epitaxy growth (WEG) behavior on the ordered p-6P
layer [22]. The growth mode of VOPc film is changed to be
layer-by-layer growth behavior rather than the island
O double-layer gate insulators, and (b) the chemical structure of BCBO.

ass/Al/Ta2O5, (c) glass/Al/Ta2O5/BCBO.



Fig. 3. Transfer characteristics of VOPc OTFTs (drain voltage, VD = �20 V)
using the Ta2O5/BCBO double-layer insulators with different metals as
gate electrodes: (a) Al, and (b) Cr, and (c) Au. The gate voltage swept in
both directions.

Fig. 4. The transfer characteristics obtained with repetitive gate voltage
sweep (drain voltage, VD = �20 V) from VOPc OTFTs with different metals
as gate electrodes: (a) Al, and (b) Cr, and (c) Au.
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growth. The weak epitaxy growth (WEG) of VOPc mole-
cules on the p-6P layer lead to their high in-plane orienta-
tion. In addition, the VOPc films are consisted of lamellar
crystals, which are intimately connected with each other.
Therefore, the traps at grain boundaries and interface are
quite less. Finally, 40 nm Au source/drain electrodes were
thermally evaporated onto the VOPc films by a shadow
mask. The defined channel width (W) and length (L) were
1000 and 150 lm, respectively. The current–voltage mea-
surements were carried out by two Keithley 236 source
measurement units at room temperature. Circular dots of
metal films with 2 mm diameter were also deposited onto
VOPc films by the shadow mask to fabricate the MIS de-
Table 1
The work functions of metals, other involved device parameters.

Gate electrode Work functiona (eV) Barrier heightsb (eV)

Al 4.3 0.9
Cr 4.5 –
Au 5.1 1.34

a The values of metal work function are obtained from Ref. [36].
b The values of barrier heights are obtained from Ref. [34].
c The threshold voltage shift of hysteresis of I–V.
vices. The Electrical characterization of the MIS devices
was performed with an Agilent E4980A LCR meter at room
temperature in a dark electromagnetic shielding box.

3. Results and discussion

Fig. 3 shows the transfer characteristics of VOPc TFTs
with different metals Al, Cr and Au as gate electrodes at
the drain voltage VDS of �20 V. All of the involved data
are listed in Table 1. The leakage current of all TFTs is at
the 10�9 A level. This low leakage current is owing to the
excellent insulation of Ta2O5/BCBO double-layer. There-
fore, the analysis below is not affected by the leakage cur-
rent. Devices with low work function metals Al and Cr as
Threshold voltage shiftc (V) Threshold voltage (V)

1st 5th DVT

2.6 �7.9 �4.0 3.9
2.5 �9.2 �6.2 3.0
0.7 �15.1 �15.0 0.1
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gate electrodes exhibited large hysteresis when the gate
bias swept from 10 V to �50 V and back from �50 V to
10 V. The average threshold voltage shift was 2.6 V for Al
as gate electrode and 2.5 V for Cr as gate electrode, respec-
tively. But the devices using high work function metal Au
as gate electrode showed a lower hysteresis under the
completely same range of voltage scans. Fig. 3c shows
the representative current–voltage (I–V) curves of OTFTs
with Au as gate electrode. The average threshold voltage
shift of several devices was 0.7 V. So, the lower hysteresis
OTFTs have been realized by using Au as gate electrode in-
stead of Al or Cr as gate electrodes.

There are several arguments as to the origin of the hys-
teresis of OTFTs: (1) charge injection, movement, and stor-
age in the dielectrics [11,24–28], (2) channel/dielectric
interface trap [23,29–31], (3) slow polarization of gate
dielectric [24,32,33]. Slow polarization and channel/dielec-
tric interface trap are not the dominant mechanism of the
hysteresis in this case, because these devices have the
same insulator materials and channel/dielectric interface.
Therefore, electron injection is likely to be the dominant
mechanism of hysteresis.

Repetitive gate voltage sweep of VOPc TFTs was used to
analyze the reason for the variation of hysteresis, as shown
in Fig. 4. Fig. 4a and b shows the transfer characteristics of
the devices using Al and Cr as gate electrodes. Threshold
voltage moved to more positive side until the gate voltage
sweep was repeated up to five times, from�7.9 V to�4.0 V
for Al as gate electrode and from �9.2 V to �6.2 V for Cr as
gate electrode. It is presumed that electrons have been in-
jected to the insulator from Cr and Al gate electrodes under
the applied electric fields during the repeated voltage
Fig. 5. Capacitance–voltage characteristics of VOPc MIS devices with different m
Ta2O5/BCBO, and (c) Al–Ta2O5/BCBO, and (d) Au–Ta2O5/BCBO. The gate voltage s
sweep [25]. However, for the transistor in which Au was
used as gate electrode, the fifth transfer curve almost coin-
cided with the first transfer curve (Fig. 4c). The negligible
threshold voltage shift demonstrates that electron injec-
tion decreases in a great extent compared with devices
using Al and Cr as gate electrode. Robertson and coworkers
have calculated the electron schottky barrier height of var-
ious metals including Al and Au on Ta2O5, which are 0.9 eV
for Al and 1.34 eV for Au on Ta2O5 [34]. The work function
of Cr (about 4.5 eV) is slightly higher than the work func-
tion of Al (about 4.3 eV), and is lower than the work func-
tion of Au (about 5.1 eV). From the results of I–V and the
work function value of the three metals, the barrier height
of Cr on Ta2O5 should be slightly higher than the value of Al
on Ta2O5 and is lower than the value of Au on Ta2O5. In
other words, the electron barrier heights of Al and Cr on
Ta2O5 are lower than the electron barrier height of Au on
Ta2O5. Therefore, Al and Cr give electrons to Ta2O5 insula-
tor more easily compared with Au. In this case, it exhibited
more threshold voltage shift using Al and Cr as gate elec-
trodes. Based on the comprehensive analysis of the hyster-
esis characteristics, the electron injection from gate
electrode to insulator may be the reason of hysteresis in
these devices.

Capacitance–voltage (C–V) measurement is another
effective approach to analyze the hysteresis characteristics
of devices. In order to verify the place where hysteresis
took place, another kind of MIS devices consisting of Cr/
BCBO/6P/VOPc/Au were fabricated. Fig. 5a–d show the C–
V curves of MIS diodes, in which the gate bias sweep is
from 20 V to �20 V and back from �20 V to 20 V. As shown
in Fig. 5a and b, the hysteresis is negligible for Cr/BCBO/6P/
etals as gate electrodes and different insulators: (a) Cr–BCBO, and (b) Cr–
wept in both directions.



Fig. 7. The trap loss Gp/x of VOPc MIS diodes with Al, Cr and Au as gate
electrode versus gate voltage at the constant frequency of 50 Hz.
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VOPc structure while it is obvious in Cr/Ta2O5/BCBO/6P/
VOPc structure. This indicates that the hysteresis comes
from the Ta2O5 layer rather than the interface between
BCBO and active layer. So, the use of BCBO as second-layer
insulator eliminated the effect of the interface charges and
interface traps of Ta2O5 on hysteresis [15–17]. As shown in
Fig. 5b–d, the hysteresis decreases with increasing work
function of gate electrodes, which is consistent with the
I–V characteristic of OTFTs. For the closed loop of C–V
curves, the integral corresponds to the stored charge after
a sweep cycle. For the Cr and Al as gate electrodes, the inte-
gral of closed loop of C–V curves are not equal to zero.
Obviously, from Fig. 4b and c we can see the charge is neg-
ative. According to the reasoning above, this negative
charge is owing to the electron injection from Cr and Al
electrodes to Ta2O5.

Fig. 6 shows the C–V curves of MIS diodes using Ta2O5/
BCBO double-layer insulator with Al, Cr and Au as gate
electrodes, the gate bias is repeatedly swept from 20 V to
�20 V. The C–V curves moved to more positive voltage
when Al or Cr was used as gate electrode, which also indi-
cated that electrons had been injected to Ta2O5 insulator
[35]. However, the C–V curve almost didn’t move for de-
vices with Au as gate electrode. It indicates electrons in-
jected to Ta2O5 insulator were decreased. Fig. 7 shows
the Gp/x�V curves of MIS diodes with different metals as
gate electrodes at the constant frequency of 50 Hz. At neg-
Fig. 6. Capacitance–voltage characteristics obtained with repetitive gate
voltage sweep from VOPc MIS devices with different metals as gate
electrodes: (a) Al, and (b) Cr, and (c) Au.
ative voltage, extra energy loss peaks were observed when
Cr or Al was used as gate electrodes compared with Au as
gate electrode. Combined with experiment of repetitive
gate bias sweep of C–V for devices with different metals
as gate electrodes, we can conclude the generation of en-
ergy loss peaks originated from the electron injection from
gate metal to Ta2O5 [35]. When Au was used as gate elec-
trode, the electron barrier between gate electrode and
Ta2O5 was enhanced. The higher electron barrier reduced
the amount of electron injection from Au to Ta2O5. There-
fore, there were no peaks in Gp/x�V curves at negative
voltage region. These experiments about MIS structure also
proved that the hysteresis originated from the electron
injection from gate metal to Ta2O5. Therefore, choosing
high work function metal as gate electrode is an effective
method to fabricate low hysteresis devices.

4. Conclusion

In conclusion, we have demonstrated the influence of
work function of gate electrode on the hysteresis charac-
teristics of VOPc devices with Ta2O5/BCBO as double-layer
gate insulator. Hysteresis was caused mainly by electrons
injection from gate electrodes to Ta2O5 insulator when
low work function metals, such as Cr and Al, were used
as gate electrodes. Using high work function Au as gate
electrode could enhance the barrier and weaken the elec-
tron injection between gate electrode and Ta2O5 insulator.
Thus low hysteresis organic thin-film transistors were ob-
tained. It is a simple and effective way to decrease
hysteresis.
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thyl-containing molecule which was used as light emitting
material in OLED with a turn-on voltage of 2.2 V, a maxi-
mum luminance of 8315 cd m�2, and a maximum lumines-
cence efficiency of 1.95 cd A�1.

One of the significant properties of the electrolumines-
cence (EL) devices is the durability. The degradation mech-
anisms in the OLEDs are not yet fully understood, but
several studies indicate that one reason of the degradation
is the morphological changes of the organic layers [20,21],
such as dimerization and crystallization which seem to be
caused by joule heating during device operation [22]. The
organic materials tend to dimerize or crystallize when they
are allowed to stand at ambient temperature or heated
above their glass-transition temperature (Tg) [23]. Thus
organic materials with high Tg is propitious to realize high
stability OLEDs [23–27]. In addition, it was found that the
lower the energy barrier of hole injection at the interface of
the ITO/hole-transporting layer (HTL), the lower joule heat
produced at the interface [6,28]. For this reason, the energy
barrier between the ITO/HTL interface should be as small
as possible in order to implement high stable OLEDs, which
means the HTM should have a proper the highest unoccu-
pied molecular orbital (HOMO) energy level for hole injec-
tion [6]. Therefore, the ideal HTM should have excellent
solubility, good film forming property from solution, high
thermal stability, proper HOMO energy level for efficient
hole injection and high mobility.

Along this respect, in this paper, we reported two solu-
tion-processable and thermal-stable hole-transporting tri-
phenylamine-based dendrimers whose structures are
shown in Scheme 1 [29]. As compared to those of reported
cases, the dendrimers showed high thermal stability with
high Tg of 115 �C for Tr-TPA3 and 140 �C for Tr-TPA9 and
the Tr-TPA9-based device exhibited the turn-on voltage
of 2.5 V, the maximum luminance of about 11,058 cd m�2

and the maximum current efficiency of 4.01 cd A�1. The
dendrimers also exhibited excellent solubility, good film
Scheme 1. Chemical structu
forming property, and proper HOMO energy level for hole
injection.

2. Experimental

2.1. Materials and measurements

The synthesis of two truxene-centered dendric triphen-
ylamine derivatives Tr-TPA3 and Tr-TPA9 have been de-
scribed in our previously work [29]. Poly-(3,4-ethylene-
dioxy-thiophene):poly-(styrenesulphonic acid) PEDOT:PSS
was purchased from Bayer AG. Alq3 and NPB were synthe-
sized in our laboratory and purified by train sublimation.

Differential scanning calorimetry (DSC) measurements
and thermogravimetric analysis (TGA) were performed
on a NETZSCH (DSC-204) and a Perkine Elmer Pyris 1 ana-
lyzer under N2 atmosphere, respectively. Photolumines-
cence (PL) and absorption spectra were recorded by a
Shimadzu RF-5301PC fluorescence spectrophotometer
and a Shimadzu UV-3100 spectrophotometer, respectively.
Electrochemical measurements of these derivatives were
performed with a Bioanalytical Systems BAS 100 B/W elec-
trochemical workstation.

2.2. OLED fabrication and measurement

A double-layer devices with a configuration of ITO/den-
drimers (70 nm)/Alq3 (60 nm)/LiF (0.6 nm)/Al were fabri-
cated, in which dendrimers were used as HTL and Alq3
was used as the electron-transporting layer (ETL) and
emitting layer. The indium-tin oxide ITO-coated (20X/h)
glass substrates were cleaned by ultrasonic treatment in
detergent solutions, rinsed with acetone, boiled in isopro-
pyl alcohol, rinsed with methanol, and then with de-ion-
ized water. The dendrimers was spin-coated on the pre-
cleaned ITO glass at the speed of 2000 cycles/min for 30 s
from the 10 mg/ml chloroform solution. The thickness of
res of the dendrimers.



Fig. 1. Normalized absorption spectra of Tr-TPA3 and Tr-TPA9 in dilute
chloroform solution (1 � 10�6 M) and solid films.
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the dendrimer layer was �70 nm, measured by the Ambios
Technology XP-2. A 60 nm-thick Alq3 was deposited onto
the hole-transporting layer (HTL) at a rate of 0.1–0.3 nm/
s as the ETL and emitting layer through a mask at a pres-
sure of 3 � 10�4 Pa. The devices were completed by evapo-
rating a 0.6 nm LiF layer protected by 100 nm of Al at a
base pressure of 5 � 10�4 Pa. A device with similar config-
uration but using NPB evaporation film as HTL was also
prepared under the identical conditions. The hole-only de-
vices with a general structure of ITO/PEDOT:PSS/dendri-
mers (70 nm)/Au (60 nm) were fabricated in the same
way for hole mobility measurement by space-charge-lim-
ited current (SCLC) method. The EL spectra and current–
voltage–luminescence characteristics were measured with
a Spectrascan PR 650 photometer and a computer-con-
trolled direct-current (DC) power supply. All the measure-
ments were performed under ambient atmosphere at room
temperature.
3. Results and discussion

3.1. Thermal properties

The thermal stabilities of dendrimers were examined by
DSC and TGA analysis. From the DSC thermograms of den-
drimers measured at a scanning rate of 10 �C/min in nitro-
gen, the dendrimers exhibited glass-transition at 115 �C for
Tr-TPA3 and 140 �C for Tr-TPA9, respectively. The Tg of the
dendrimers enhanced with the increase of the generation
because the multibranched molecules with higher genera-
tion tend to hinder translational, rotational, and vibrational
motions of the molecule. The Tg of dendrimers is higher by
19 �C for Tr-TPA3 and 44 �C for Tr-TPA9, respectively, than
that of the widely used HTM NPB (96 �C), suggesting better
morphological stability of the dendrimers. In addition, the
dendrimers shows excellent decomposition temperature
by TGA measurement (Td, which corresponded to a 5%
weight loss) at 409 �C for Tr-TPA3 and 426 �C for Tr-
TPA9, respectively. To investigate the dendrimers mor-
phology, we prepared thin films of the dendrimers through
spin-coating from chloroform solution onto ITO substrates
and imaged them using atomic force microscopy (AFM,
Supplementary Fig. S3). The surface topographies clearly
revealed that the spin-coated films exhibited fairly smooth
morphologies with a root-mean-square (RMS) surface
roughness of 0.58 nm for Tr-TPA3 and 1.06 nm for Tr-
TPA9. The films had smooth surfaces with no obvious crys-
tallized aggregation or cracks which demonstrate that Tr-
TPA3 and Tr-TPA9 are capable of forming amorphous films
through solution processing.

3.2. Photophysical properties

The absorption of dendrimers in dilute chloroform solu-
tions and solid films are presented in Fig. 1. For the UV–vis
absorption spectra in chloroform solution, Tr-TPA3 dis-
plays two absorption peaks at 311 and 392 nm, respec-
tively. The first absorption peak in the short wavelength
region at 311 nm was attributed to the triphenylamine
moiety. The second absorption peak at 392 nm was as-
cribed to the TPA-vinylene modified truxene unit [30,31].
A red-shift in the absorption maximum of Tr-TPA3 was ob-
served in comparison with the triphenylbenzene core den-
drimer (TPB-TPA3, kmax = 384 nm) [30] and truxene linked
with vinylene (TM3, kmax = 311 nm) [31], which was indic-
ative of enhanced effective conjugation length. While Tr-
TPA9 displays two absorption peaks at 310 and 413 nm,
which exhibit similar behavior to Tr-TPA3. These results
also demonstrate that the effective conjugation length im-
proves with the increasing generation of the dendrimers.
The absorption behaviors of Tr-TPA3 and Tr-TPA9 in the
solid films are quite similar to those in solution. The
absorption maxima of Tr-TPA3 and Tr-TPA9 in the films
are red-shifted 4 and 1 nm, which demonstrates that the
higher of the generation, the smaller the red-shift in the
absorption. The absorption of the dendrimers indicates
that there is no aggregation in the dendrimers because of
the large size of the molecules with six butyl substituents
in truxene and lots of noncoplanar triphenylamines den-
drons. There is no significant ordering of the dendrimers
either from aggregation or crystallization, and hence the
dendrimers films are in good amorphous states [32], which
are very important for the application of materials in opti-
cal and electronic devices such as OLEDs.

Fig. 2 illustrates the PL spectra of dendrimers in dilute
chloroform solutions and solid films. For the emission
spectra in dilute chloroform solutions, Tr-TPA3 and Tr-
TPA9 display similar behaviors. The emission peaks of Tr-
TPA3 and Tr-TPA9 locate at 445 and 476 nm, respectively.
The red-shifted of 31 nm of the emission peak of Tr-TPA9
from that of Tr-TPA3 shows that there is obvious p–p*

delocalization and the significant increase of the effective
conjugation length with the increase of the generation of
dendrimers [33]. The two peaks in PL of Tr-TPA3 film can
be ascribed to the S1–S0 0–0 transition at about 440 nm
(about 22,750 cm�1) and the vibronic satellites with an
appr. 1200 cm�1 vibration, respectively. In solution the
vibronic splitting is less obvious because the individual
components are broadened. Tr-TPA9 displays similar
behaviors to Tr-TPA3. Actually, the principal character of
the PL spectra is the same for film and solution.



Fig. 2. Normalized fluorescence spectra of Tr-TPA3 and Tr-TPA9 in dilute
chloroform solution (1 � 10�6 M) and solid films.

Fig. 3. Cyclic voltammograms of Tr-TPA3 and Tr-TPA9 in 0.1 M Bu4NPF6/
CH2Cl2, scan rate 100 mV s�1.

Fig. 4. Energy levels of the dendrimers, NPB and Alq3.
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3.3. Electrochemical properties

The electrochemical behaviors of Tr-TPA3 and Tr-TPA9
were examined by cyclic voltammetry measurement. As
shown in Fig. 3, two reversible oxidation potentials for Tr-
TPA3 and Tr-TPA9 were observed. The first oxidation poten-
tials of Tr-TPA3 and Tr-TPA9 are 0.57 and 0.53 V, and the
second oxidation potentials are 0.94 and 0.71 V, suggesting
a successive formation of the cation radical and then dica-
tion species [10]. All of the oxidations should be attributed
Table 1
Electrochemical properties of the dendrimers.

Compound Eg
a (eV) Eox

onset
b (V)

Tr-TPA3 2.84 0.46
Tr-TPA9 2.69 0.29

a Determined from UV–vis absorption spectra.
b Eox

onset: onset oxidation potential; potentials versus Ag/Ag+, working electrod
c Eox

p1: potential of first oxidation peak; Eox
p2: potential of second oxidation pea

d HOMO (eV) = �e(Eonset
ox þ 4:66; LUMOðeVÞ ¼ HOMO� Eg.
to the removal of electrons from the triphenylamine groups.
The lower oxidation potential of Tr-TPA9 is likely to be re-
lated to the extended p-conjugation length [10].

On the basis of the roughly evaluated onset oxidation
potentials (Eonset

Red ), the HOMO energy levels of Tr-TPA3
and Tr-TPA9 are estimated as �5.12 and �4.95 eV, respec-
tively (HOMO = �e(Eonset

ox + 4.66)) [34–36]. The LUMO en-
ergy levels of Tr-TPA3 and Tr-TPA9 are �2.28 and
�2.26 eV, respectively, calculated from the HOMO energy
level and energy bandgap (Eg) determined from the UV–
vis absorption threshold (LUMO = HOMO � Eg). The elec-
trochemical properties as well as the energy level parame-
ters of the dendrimers are listed in Table 1. From Table 1 it
can be seen that the electron donating ability of the den-
drimers increased with the increase of the number of tri-
phenylamine units and resulted in the enhancement of
the HOMO energy level. Fig. 4 shows the energy levels of
the dendrimers and that of NPB and Alq3. It can be seen
that the HOMO energy level of Tr-TPA3 and Tr-TPA9 are
higher than that of NPB [37], which means that the energy
barrier at the interface of ITO and dendrimers is smaller
than that of ITO and NPB resulting in the better hole injec-
tion from ITO to dendrimers than to NPB and lower joule
heat produced at the interface during device operation.

3.4. EL properties

To investigate the hole-transport ability of triphenyl-
amine-based dendrimers, double-layer OLEDs with the
Eox
p1

c (V) Eox
p2

c (V) HOMO/LUMOd (eV)

0.57 0.94 �5.12/�2.28
0.53 0.71 �4.95/�2.26

e glassy carbon, 0.1 M Bu4NPF6/CH2Cl2, scan rate 100 mV s�1.
k.



Fig. 5. The current density–luminance–voltage curves of the ITO/Tr-TPA3
or Tr-TPA9/Alq3/LiF/Al device and the ITO/NPB/Alq3/LiF/Al standard
device.

Fig. 6. The current efficiency–current density characteristic of the ITO/Tr-
TPA3 or Tr-TPA9/Alq3/LiF/Al device and the ITO/NPB/Alq3/LiF/Al standard
device.
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configuration of ITO/dendrimers (70 nm)/Alq3 (60 nm)/LiF/
Al were fabricated, where dendrimers as HTL and Alq3 as
emitting layer and ETL. As comparison, a standard device
with the similar structure but using NPB as the HTL was
also prepared. The devices based on dendrimers showed
green emission from Alq3 with a peak at 528 nm, suggest-
ing that the charge recombination is localized in the Alq3

layer and dendrimers act primarily as HTM without
causing exciplex formation at the interface with Alq3. The
density–voltage (J–V) and luminance–voltage (L–V) charac-
teristics of the devices are shown in Fig. 5. The Tr-TPA3-
based device turns on at a voltage of 3 V, and the
brightness of the device is 4265 cd m�2 at 10 V. The Tr-
TPA9-based device turns on at a voltage of 2.5 V, and the
brightness of the device reach 11,058 cd m�2 at 10 V. It is
clear that the brightness of the Tr-TPA9-based device is
comparable with the NPB standard device. The low turn-
on voltage of the Tr-TPA3 and Tr-TPA9 devices is attribute
to the lower hole injection barrier from ITO to dendrimers
than that from ITO to NPB.

Fig. 6 shows the current efficiency–current density
characteristics of the dendrimers devices. The Tr-TPA9-
based device gives a maximum current efficiency of
4.01 cd A�1, which is substantively higher than that
(3.24 cd A�1) of the Tr-TPA3-based device. The current effi-
ciency for the Tr-TPA3-based device decreases more rap-
idly with increasing current density above 25 mA cm�2.
While the current efficiency for the Tr-TPA9-based device
remains almost constant with current density up to
150 mA cm�2 and shows only a small decline even when
the current density increases to 620 mA cm�2. The EL prop-
erties of the devices are summarized in Table 2. Signifi-
cantly, even at the present stage when the device has not
Table 2
Summary of device performances.

HTL EL (nm) Von (V) Lmax (cd m�2) Maximum

NPB 528 3.5 10,220 3.45
Tr-TPA3 528 3 4265 3.24
Tr-TPA9 528 2.5 11,058 4.01
yet to be optimized, the EL performances of the Tr-TPA9-
based device are already comparable to those of the NPB/
Alq3 device, which suggests that Tr-TPA9 is at least as good
as NPB when used as a HTM in EL devices, apart from its
high Tg, good solubility and film forming property from
solution.

We also evaluate the hole mobilities of the dendrimers
by analyzing space-charge-limited current (SCLC) from the
hole-only device with the configuration of ITO/PEDOT:PSS/
dendrimers/Au [38–41], where L varied between 50 and
100 nm. The hole mobilities of the dendrimers were calcu-
lated according to the following equations [42]:

JSCLC ¼
9
8
e0erl0

ðVappl � VbiÞ2

L3 exp 0:891c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vappl � Vbi

L

r #"

ln
JL3

ðVappl � VbiÞ2

#"
¼ ln

9
8
e0er þ lnl0 þ 0:891c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vappl � Vbi

L

r

The results are plotted as ln(JL3/V2) versus (V/L)0.5, as
shown in Fig. 7. The hole mobilities of Tr-TPA3 and Tr-
TPA9, calculated from the intercepts of the corresponding
lines, are about 10�5 cm2/Vs and 10�4 cm2/Vs, respectively.
The hole mobilities of dendrimers are comparable to those
of well-known triphenylamine derivatives [11]. The spatial
geometry of the dendrimers could be beneficial for intra-
and intermolecular hole transportation and the excellent
hole mobility observed in Tr-TPA9 than Tr-TPA3 is likely
to be related to the extended p-conjugation length which
may enhance the capability of the effective interchromo-
phore interaction between the neighboring molecules
[38,43].
current efficiency (cd A�1) Maximum power efficiency (lm W�1)

1.78
2.91
3.60



Fig. 7. Current–voltage data from the device of ITO/PEDOT:PSS/Tr-TPA3
or Tr-TPA9/Au, plotted in the format ln(JL3/V2) versus (V/L)0.5, where J is
the current density, L is the thickness of Tr-TPA3 or Tr-TPA9 layer. The
lines are the fit to the respective experimental data points. (a) Tr-TPA3
and (b) Tr-TPA9.

Z. Yang et al. / Organic Electronics 10 (2009) 954–959 959
4. Conclusions

To summarize, two novel solution-processable dendri-
mers, Tr-TPA3 and Tr-TPA9, were used as HTM in OLEDs.
The photophysical properties of dendrimers demonstrate
that the films of dendrimers are in good amorphous states.
The dendrimers possess excellent solubility and good film
forming property. The Tg of dendrimers is higher than that
NPB, suggesting better thermal stability of the dendrimers.
The Tr-TPA9-based double-layer device exhibited similar EL
brightness, slightly higher maximum current efficiency and
lower turn-on voltage comparing with the NPB-based de-
vice. Therefore, the triphenylamine-based dendrimers with
truxene as cores can be good candidates for HTM in OLEDs.
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time scale. In order to determine the rate-limiting process,
transient or ac response of a rectifier may be studied. Rec-
tifiers in the radio-frequency range are also required for
applications as radio-frequency identification tags (RFID).

Operation of organic rectifiers under ac voltage has re-
cently been reported [13–16]. In this article, we present
results from an assembly between a donor and an acceptor
molecule (donor/acceptor assembly) under ac voltage.
Here, we have varied frequency of ac voltage and studied
the characteristics of the rectifier. From the frequency-re-
sponse of rectification, we comment on the process that
limits molecular rectification.

2. Experimental

The donor/acceptor system for the present study
consists of a phthalocyanine derivative and a xanthene
molecule as a donor and an acceptor, respectively. Fig. 1
shows the energy diagram and structural formulae of the
components of the diode. Molecular orbitals of such
assemblies favor electron flow in the A to D direction.
Briefly, the donor/acceptor (D/A) assemblies were formed
by electrostatic adsorption of tetrasodium salt of copper
phthalocyanine (CuPc), an inert polycation, and (sodium
salt of) fluorescein in sequence. As the polycation, we have
used poly(allylamine hydrochloride) (PAH, MW = 70,000).
Due to anionic nature of CuPc derivative and fluorescein
in water solution, the CuPc/PAH/fluorescein assemblies
could be formed via LbL method. Adsorption of the mole-
cules has been confirmed from the electronic absorption
spectra of the LbL films on quartz substrates. In practice,
a highly doped single crystalline Si wafer (1 1 1) with a
resistivity of 3 mX.cm was first dipped in a CuPc bath.
After a through rinse in three water baths to wash-off extra
molecules that were not bound electrostatically, the sub-
strate was dipped in a PAH bath followed by the same rins-
ing procedure. To complete a D/A assembly, a layer of
fluorescein was deposited by dipping the slide in a fluores-
cein bath followed by the same rinsing protocol. The mech-
anism of LbL adsorption process, that is, surface charge
reversal during every layer adsorption, assured that only
Fig. 1. Energy diagram and structural formulae of the components of a
CuPc/fluorescein diode.
one monolayer was deposited during each dipping event.
All the dipping baths were water-based with a dye or poly-
cation concentration of 10 mM. The deionized water for
the solution and washing baths, obtained from Milli-Q Aca-
demic, had a resistivity of 18.2 MX.cm.

The D/A assemblies were annealed in vacuum at 120 �C
for 1 h. Electrical characteristics of the assemblies were re-
corded with mercury as the other electrode. The assemblies
were placed in a bell-jar under vacuum (10�3 Torr) with the
film facing downwards. Mercury blob in a metal syringe was
pushed from outside the chamber to touch the film. Cur-
rent–voltage (I–V) characteristics were recorded by apply-
ing a bias to the mercury electrode with respect to the
doped Si substrate. As control experiments to rule out any
role of interfaces, monolayers of the components, namely
CuPc and fluorescein, were characterized. In addition, and
more importantly, a reverse junction, that is, a junction
based on monolayers of fluorescein and CuPc in sequence,
was formed and characterized under the same experimental
conditions. Characteristics from Si/CuPc/fluorescein/Hg and
Si/fluorescein/CuPc/Hg were compared to eliminate any ef-
fect of the interfaces. For both the assemblies and their com-
ponents, I–V characteristics were recorded at different
points on the films to check the reproducibility of the
results. While absolute value of current depended on the
size of mercury blobs, rectification ratio calculated from
different measurements remained unaltered.

For dc measurements, a Yokogawa model 7651 pro-
grammable source provided the voltage. A Keithley model
486 picoammeter measured the dc current. Real time
response of current under ac voltage and the voltage itself
were recorded with a Hewlett–Packard model 5600B dou-
ble-channel digital oscilloscope. A Hewlett–Packard model
3245A universal source provided sinusoidal voltages. Fre-
quency of the ac voltage was varied between 50 Hz and
1 MHz (2 points per decade). To record time response of
current through the junctions, voltage drop against a
known resistor was recorded with the oscilloscope.
3. Results and discussion

I–V characteristics under dc voltage of a D/A junction
with CuPc and fluorescein monolayer in sequence are
shown in Fig. 2a. Characteristics from a reverse junction
(A/D) are also shown in the same figure. In both the cases,
doped-Si and Hg were the electrodes. Both the characteris-
tics show rectifying behavior; direction of rectification in
one case is opposite to that in the other. Opposing nature
of rectification in D/A and A/D junctions first of all rules
out any effect of interfaces in the observed characteristics.
The results show that electron flow was always favorable
from A to D moiety and hence clearly bring out rectifying
nature of a D/A assembly. Further control experiments
with the components of the junctions, that is, a CuPc
monolayer and a fluorescein monolayer separately, re-
turned mostly symmetric I–V characteristics. The results
are presented in Figs. 2b and 2c, respectively. The little
variation from the symmetric nature that may be present
in the characteristics can be due to different work
functions of the electrodes.



Fig. 2. Current–voltage characteristics of (a) D/A and A/D assemblies with the same set of electrodes (doped-Si and Hg). Characteristics from the
components are shown in (b) and (c). Legends specify the monolayer that has been characterized.
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We studied the rectifying assemblies under ac voltage.
Frequency of sinusoidal voltage was varied between 50 Hz
and 1 MHz. Typical examples for D/A assemblies under
100 Hz and 100 kHz are shown in Fig. 3a and b, respectively.
Current response, along with the ac voltage, is shown in
each of the figures. The assemblies act mostly as half-wave
rectifiers. Current in the forward bias segment of ac voltage
is much higher than that in the reverse bias segment. It
should be noted here that considering the biasing arrange-
ment, application of a negative voltage to Hg contact of Si/
D/A/Hg structure meant a forward-biased D/A rectifier.
We also have characterized the A/D assemblies under ac
bias of different frequencies. Again, results from A/D assem-
blies under two typical frequencies (100 Hz and 100 kHz)
are shown in Fig. 4a and b, respectively. The A/D assemblies
also behaved as half-wave rectifiers. Here, current under
positive-segment of sinusoidal ac voltage (forward-bias) is
much higher than that in the negative-voltage segment (re-
verse-bias). The results hence show that the donor/acceptor
assemblies based on a junction between a monolayer of do-
nor molecules and a monolayer of acceptor molecules act as
a rectifier under ac voltage or a half-wave rectifier. The
components of the assemblies, namely a monolayer of CuPc
or a monolayer of fluorescein expectedly did not behave as
a rectifier under ac voltage (figure not shown).

It is important to know the phase-lag between the ac
voltage and current. When current response is compared
with the sinusoidal voltage, there is little or no phase lag
in the low frequency region. At higher frequencies, the cur-
rent lagged the voltage. The phase-lag rose to 40� at the
highest frequency of measurement (Fig. 5). Capacitive com-
ponent of the D/A assembly, which can be represented as a
parallel combination of a resistor and a capacitor (CP–RP),
may also give rise to a phase lag. Such a phase-lag between
the real and imaginary components of complex impedance
as a function of ac test-frequency saturated within 1 kHz.
The phase-lag of current with respect to sinusoidal voltage,
on the other hand, increased monotonically with the fre-
quency of the voltage (Fig. 5). This shows that one of the
steps/processes of electron flow through the donor/accep-
tor composite is slower than the time-scale of a half-wave
of the sinusoidal voltage. It may be recalled that in the for-
ward bias the three steps of electron movement from an
electrode to the other are (1) addition of an electron from
an electrode to the LUMO of acceptor moiety, (2) with-
drawal of an electron from the HOMO of donor moiety to
the other electrode, and (3) electron transfer from the anio-
nic-acceptor to the cationic donor moiety of D/A complexes.
The Fig. 6 shows that band-diagram of a donor/acceptor
assembly under forward bias with the following steps:

Step 1 : M1=D�r� A=M2 !M1=D�r� A�=Mþ
2

Step 2 : M1=D�r� A�=Mþ
2 !M�

1 =Dþ �r� A�=Mþ
2

Step 3 : M�
1 =Dþ �r� A�=Mþ

2 !M�
1 =D�r� A=Mþ

2



Fig. 3. Current and sinusoidal voltage as a function of time for D/A
assemblies at two different frequencies as mentioned in the legends.

Fig. 4. Current and sinusoidal voltage as a function of time for A/D
assemblies at two different frequencies as mentioned in the legends.

Fig. 5. Phase-lag of current with respect to sinusoidal voltage of a D/A
assembly as a function of frequency of sinusoidal voltage. The line is to
guide the eye.
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In the reverse-bias, neither addition of an electron to
the donor moiety nor withdrawal of an electron from the
acceptor is favorable; current in the reverse-bias is hence
small. Since the former two steps may occur simulta-
neously, it could be interesting to know if the latter process
(step 3) or the former ones (steps 1 and 2) limits the recti-
fier at high frequencies.

In order to find the rate-limiting process, we have plot-
ted amplitude of forward and reverse current as a function
of frequency (Fig. 7). Frequency response of rectification
ratio has also been plotted in the same figure. The ratio
in the D/A assembly is as such low since the ultrathin film
could not withstand much bias voltage due to possibility of
a breakdown under a high electric-field. The plot shows
that the rectification ratio starts to decrease at higher fre-
quencies. The decrease in the ratio is in fact due to increase
in current under reverse-bias section of the voltage; the
current in the forward bias remained invariant with the
increase in frequency in the range of our measurement.
Increase in the reverse-bias current with frequency implies
that there must have been a residual effect at high-fre-
quencies. That is, in a Si/CuPc/fluorescein/Hg rectifier at
high-frequencies and under forward-bias (mercury elec-
trode being negative), electron transfer from all the anio-
nic-acceptors to the cationic-donors may not have
become complete; upon reversal of bias at this stage, elec-
trons may have back-flowed from fluorescein-anion to Hg
electrode (oxidation of reduced fluorescein). Similarly,
electrons from the Si-electrode may have neutralized the



Fig. 6. Band diagram of a donor/acceptor assembly with doped-Si and Hg
electrodes under forward bias showing the three steps (as mentioned in
boxes).

Fig. 7. Current under forward- and reverse-bias at 2.0 V and –2.0 V,
respectively, of a D/A assembly as a function of frequency of sinusoidal
voltage. Rectification ratio of the assembly at 2.0 V is shown in the lower
panel of the figure. Lines are to guide the eye.
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CuPc cations. These electron-movements would seem like
a current flow in the external circuit. This extra current
due to residual carriers along with current due to injection
of carriers (electron-injection to the donor and hole-injec-
tion to the acceptor moieties) yield an increase in current
in the reverse-bias at higher frequencies. The step (3) of
molecular rectification, namely the charge-transfer
between A� and D+, meant oxidation of reduced fluores-
cein; this process, which involves conformational-change
of fluorescein molecules, might be a slow one leading to
residual or left-over A� and D+ species for the next half-cy-
cle. These species have yielded a higher reverse-bias cur-
rent in high-frequencies.
4. Conclusions

In conclusion, we have shown that a donor/acceptor
assembly between a molecular layer of donor molecules
and another molecular layer of acceptor molecules, when
sandwiched between two electrodes, acts as a half-wave
rectifier under ac voltage. In a reverse junction, that is, in
an acceptor/donor assembly with the same set of elec-
trodes, the direction of rectification also reversed ruling
out any effect of interfaces in the observed rectification.
At higher frequencies, the current lagged the applied sinu-
soidal voltage. From the frequency dependence of rectifica-
tion, we have commented on the time response of the
three steps that are responsible for a molecular rectifica-
tion. We show that the charge-transfer between an anio-
nic-acceptor and a cationic-donor may be a slow process
since a change in its conformation is involved during oxi-
dation of the reduced-acceptors. The results show that
high-frequency half-wave (molecular) rectifiers can be fab-
ricated and characterized from an assembly of a donor and
an acceptor molecule.
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Fig. 1. Typical current–voltage (I–V) curves for organic bistable device
with the structure ITO/Al (5 nm)/Alq3 (120 nm)/Al2O3 (5 nm)/Al
(100 nm).
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The switching from OFF to ON state could be realized in
milliseconds by applying a voltage between Vth and Vmax,
while the switching from ON to OFF state could be achieved
in microseconds by applying a voltage close to Vmin, as is
described in our recent work [23]. In previous reports, most
research efforts focused on the voltage V within the switch-
ing range, Vth < V < Vmin, while less attention was paid to the
electrical properties beyond this range, i.e., in the voltage
regions of V < Vth and V > Vmin. Recently, we have found that
when biased at voltages below the threshold voltage Vth,
i.e., V < Vth, the OBDs can automatically switch from OFF
state to ON state after a certain period of time. Such ‘‘switch
time” scales from a few seconds to about 104 s, depending
on the biased voltage [23]. However, there have been no re-
port so far to investigate the electrical properties of OBDs in
the voltage range of V > Vmin to show the effect of such high-
er voltage on OBDs.

In the present work, we systematically investigate the
effect of higher voltage V > Vmin on OBDs. It is found that
when the scan termination voltage VT exceeds Vmin, the
bistable effect of OBDs gets worse and worse with the
increasing VT in the following scan. When the voltage
reaches a very high value of about 2Vmin, the device com-
pletely loses its bistability. However, it is found that the
lost bistability can be recovered by applying a voltage
pulse close to Vmin for milliseconds or longer. The possible
underlying mechanism of the OBDs studied is suggested
based on the existence of micro-conducting channels in
the organic layer.
2. Experimental

We fabricated OBDs with structure of indium tin oxide
(ITO)/Al (5 nm)/tris (8-hydroxyquinoline) aluminum (Alq3)
(120 nm)/Al2O3 (5 nm)/Al (120 nm). The 5 nm Al layer on
the ITO electrode acts as the anode to form symmetrical
OBDs. Alq3 used in the present study is one of the most
important organic electron-transporting materials in or-
ganic light-emitting diodes. Experiments showed that
insertion of 5 nm Al2O3 between the organic layer and Al
electrode improved the electrical stability of the devices,
which means the device can endure more bistability loss
and recovery cycles before being damaged. The devices
were fabricated on pre-cleaned glass substrates coated
with transparent conducting ITO of sheet resistance about
17 X/square. The substrate was heated to 150 �C in air
after solvent cleaning and then loaded into a high vacuum
chamber (�5 � 10�6 Pa). A 5 nm-thick aluminum (Al) layer
was first deposited onto the ITO substrate with a deposi-
tion rate of 0.3 Å/s, followed by deposition of Alq3 layer
of about 120 nm with deposition rate of 1.0 Å/s, which is
the optimized thickness to make the device show good
NDR effect, ON/OFF ratio (the conductance comparison)
and electrical stability. Then a 5 nm-thick Al layer was
deposited on the Alq3 layer without breaking the vacuum.
Subsequently, the sample was transferred into another
chamber to get the thin Al layer oxidized. Finally the sam-
ple was sent back into the vacuum chamber and a top Al
electrode of 120 nm was deposited with a deposition rate
of 1 Å/s. The area of the organic bistable device was
9 mm2, defined by 3 mm-wide ITO stripes over-crossed
by 3 mm-wide top Al stripes. The current–voltage (I–V)
characteristics of the devices were measured by Keithley
236. The scan step was 0.2 V and each step lasted for about
500 ms. All the measurements of bistability and switching
characteristics of the devices were carried out at room
temperature in a glove box (O2 < 1 ppm, H2O < 1 ppm).
The micrograph of the devices was observed with an opti-
cal microscope.
3. Results and discussion

Fig. 1 shows the typical I–V characteristics of a bistable
device with the structure of ITO/Al (5 nm)/Alq3 (120 nm)/
Al2O3 (5 nm)/Al (120 nm). The device was initially set to
the ON state and then the applied voltage was scanned,
first from 0 to 6 V, next from 0 to 8 V and so on, finally from
0 to 14 V, i.e., the termination voltage VT increased step-
wise. As shown in Fig. 1, NDR effect exists in the region be-
tween Vmax (the voltage corresponding to the local current
maximum) and Vmin (the voltage corresponding to the local
current minimum). Intermediate states, i.e., those between
the ON and OFF resistance values, are obtained in the re-
gion V < Vth (Vth is the threshold voltage, at which the cur-
rent increases abruptly). The larger the VT (Vmax < VT < Vmin)
is, the lower the conductance of the device in the region of
V < Vth in the next scan will be. With the increase of termi-
nation voltage VT, the current peak value and the corre-
sponding voltage Vmax show little change. The typical I–V
characteristics are essentially the same as those reported
before by us [23] and other groups [3,4,21,22]. However,
how the I–V characteristics and bistable effect of the OBDs
will change when VT exceeds Vmin has not been addressed.

Fig. 2 shows the I–V characteristics of another device
with the same structure but different VT exceeding Vmin.
For this device, when the device shows complete bistabil-
ity, Vth, Vmax and Vmin are 2, 5 and 14 V, respectively. In or-
der to investigate the effect of high voltage exceeding Vmin

on the OBDs, the device was first set to the OFF state and
then the applied voltage was scanned, first from 0 to
14 V, next from 0 to 16 V and so on, finally from 0 to
28 V. Here the curve of solid squares shows the result of



Fig. 2. I–V characteristics of device ITO/Al (5 nm)/Alq3 (120 nm)/Al2O3

(5 nm)/Al (120 nm) with VT exceeding Vmin. The device was first set to the
OFF state and then the applied voltage was scanned, first from 0 to 14 V,
next from 0 to 16 V and so on, finally from 0 to 28 V.

Fig. 3. I–V characteristics of a bistability-lost device by applying a voltage
of 28 V. Two 0–14 V scans were sequentially applied.
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scan from 0–14 V, with a current maximum of 4.5 mA at
Vmax � 5 V. During the subsequent scanning from 0 to
16 V, shown by the hollow circle curve, the peak current
deduced to 2.4 mA, while the corresponding voltage Vmax

increased to 5.5 V. With the VT increasing from Vmin � 14 V
to 2Vmin � 28 V, the peak current decreased from 4.5 to
0.31 mA, while Vmax increased from 4.5 to 14.5 V and the
ON/OFF ratio of bistable effect got worse. In the last scan
of 0–28 V, shown by the hollow left-triangle curve, the cur-
rent increased with voltage monotonously, i.e., the NDR ef-
fect almost disappeared. Meanwhile, when the device was
tested by applying voltage pulse with an amplitude
exceeding Vmin instead of a voltage scan 0 � VT, similar re-
sults were obtained, i.e., the device showed the same I–V
characteristics. That means the termination voltage VT of
the scanning process determined the I–V characteristics
of the device in the next scan.

In order to test whether the device could switch from
OFF state to ON state after experiencing a high voltage of
28 V, a write voltage of 5 V was applied to the device for
about 20 min. Under the write voltage of 5 V, the current
was very small, of the order of 10�4 mA, and showed little
change with time. The device did not switch from the OFF
state to the ON state in 20 min. This means the device lost
bistability completely. Therefore, for such kind of OBDs,
after applying high voltage (about 2Vmin), the device can
not realize the function of writing and hence loses bistabil-
ity completely.

Further investigation shows that the bistability
destroyed by high voltage can be recovered by certain
method, rather than lost forever. In our experiment, it is
demonstrated that for the device which has lost bistability
by high voltage (28 V), a voltage pulse of Vmin � 14 V
applied for milliseconds or longer can recover its bistability,
i.e., the device can then be switched from OFF state to ON
state by applying voltage pulse in the region of
Vth < V < Vmax (2–5 V). Therefore, it is concluded that the
bistability-lost devices can recover their bistability upon
the application of a voltage pulse of Vmin. Indeed, in our
experiments, it is shown that the first scan from 0–14 V
on a bistability-lost device does not show NDR effect and
bistability, while the next scan of 0–14 V shows NDR effect
and bistability again, shown in Fig. 3. If the scan changes
from V (V P Vmin) to 0 V, for instance, from 28 to 0 V, even
in the first scan, NDR effect reappears, showing the bistabil-
ity recovered. This is because in such a scan process, the de-
vice experienced a voltage pulse of 14 V, resulting in
immediate recovery of the bistability. Meanwhile, a series
of voltage pulses with amplitude of Vmin and shorter dura-
tion applied on the device can also recover the device bista-
bility, although gradually. The sum of pulse durations
approximately equals to the longer voltage pulse of similar
amplitude with the same effect of bistability recovery. That
means the effect of applied voltage pulse is accumulative
over time.

In addition, applied voltage in the region of Vmax (the
maximum voltage for the device showing complete bista-
bility, shown in Fig. 1, which does not change with the
increasing termination voltage)�Vmin can partly recover
the bistability. Fig. 4 shows the I–V characteristics of an-
other bistability-lost device which had experienced a cer-
tain voltage between Vmax (5 V) < V < Vmin (12 V). First
voltage of 2Vmin (24 V) was applied on the device to de-
stroy its bistability, then different voltage 7, 8, 10, or
12 V was applied for about 5 s on the device, and voltage
was then scanned over 0–12 V. The solid square curve
shows 0–12 V scan of the device after applying a constant
voltage of 7 V on the device. The device did not show any
NDR effect or any electrical transition (an abrupt current
increase) in the region of 2–5 V either. However, constant
voltage 8 V can partly recover the lost bistability – the I–
V curve shows weak NDR effect, as shown by the hollow
circle curve in Fig. 4, with very low ON/OFF ratio (the con-
ductance comparison). Similarly, constant voltage 10 V
made the NDR effect much more obvious and better recov-
ery of the bistability. Meanwhile, constant voltage as high
as 12 V applied on the device resulted in complete recov-
ery of the bistability, shown by the most obvious NDR ef-
fect with the highest current peak value.

We have previously suggested a phenomenological
mechanism involving localized conducting micro-channels
to account for the bistability [23]. These micro-channels
are, in principle, similar to those existing in inorganic me-
tal–insulator–metal structures [13], formed by incorpora-
tion of metallic nanoparticles into the organic layer
during deposition of the top electrode [3,4]. The ON and



Fig. 4. I–V characteristics of a bistability-lost device after being applied a
constant voltage V between Vmax and Vmin. The device was initially set to
lose its bistability by an applied voltage of 24 V, then different voltages 7,
8, 10, or 12 V were applied for about 5 s each, and then 0–12 V was
scanned.
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OFF states of the device are respectively related to open
and close of the channels, and Vth mentioned above is the
threshold voltage needed for the channels to be opened.

The existence of the conducting micro-channels is con-
firmed by the fact that the protection by the oxygen-free
glove box is necessary for the measurements of the bista-
bility and switching characterization. It is found that the
appearance and the amplitude of the NDR are dependent
on the oxygen content. Once a device is removed from vac-
uum to ambient condition, the current in the NDR region
and bistability region may drop by 3–4 orders of magni-
tude and the device may not show any behavior of the
bistability at all. Block of the conducting micro-channels
due to oxidation is likely the reason for that.

Further evidence for the existence of the conducting mi-
cro-channels is from the examination of the localized path-
ways in Alq3 thin films deposited on ITO substrate by
means of conducting atomic force microscopy (CAFM).
During measurements of the current distribution in the
Alq3 thin film, some localized current peaks exist in some
locations of the sample while other locations have very
low current. When measuring the I–V characteristics
(scanning from �10 to 10 V) at the places where current
peaks exist, NDR effect was observed, as shown in Fig. 5.
Fig. 5. I–V curves measured by CAFM at the location where current peaks
exist in the current distribution map of Alq3 thin films. The scan is from
�10 to 10 V.
No NDR effect was observed at other locations. In this case,
asperities on the bottom ITO electrode rather than nano-
particle from the top electrode should be the origin of
the localized conducting micro-channels.

Given the existence of the localized conducting micro-
channels, the switching ON/OFF behavior of the devices
can be properly explained. Overloading the micro-channels
by applying a voltage higher than Vmin may partly disable
them for conduction. The higher the voltage V > Vmin is ap-
plied, the more the channels are disabled. The disabled mi-
cro-channels will not contribute to the switch-on effect in
the next scan, leading to the appearance of a lowered value
of peak current. When the voltage reaches 2Vmin, almost all
the micro-channels are disabled, corresponding to the
bistability-lost effect. On the other hand, with voltage
pulse of amplitude close to Vmin, the switching characteris-
tics of the micro-channels can be recovered, thus recalling
the bistability. By examining the surface morphology of the
device with an optical microscope, it is found that after the
electrical stress of 28 V applied on the ITO/Al/Alq3/Al2O3/Al
device local damages and bubbles appeared. In addition, it
is found that after many cycles of losing and recovery of
bistability by repeatedly applying high voltage and Vmin,
the device’s bistability could not be recovered any more
even with voltage pulse of Vmin applied. The I–V character-
istics show normal P–N heterojunction characteristics. The
micro-channels might be disabled or destroyed completely
and could not recover any more.

Moreover, typical organic light-emitting diodes (OLEDs)
with structure of ITO/NPB (50 nm)/Alq3 (70 nm)/LiF
(1 nm)/Al were fabricated. The devices also showed typical
bistability in the voltage range of 0–4 V. In the ON state,
the current in the voltage range of 0–4 V was comparable
with the current in the range of 6–10 V, but the devices
showed no electroluminescence in the voltage region of
0–4 V while good electroluminescence was detected in
the voltage region of 6–10 V. This means the high current
in the region of 0–4 V in the ON state does not contribute
to electroluminescence. It might flow through some local-
ized conducting micro-channels rather than through the
entire organic thin film homogeneously. In contrast, the
current in the region of 6–10 V mostly consists of current
flowing through the entire organic thin film homoge-
neously rather than through local micro-channels, and
hence results in electroluminescence.
4. Conclusions

In conclusion, the effect of high voltage stress exceeding
Vmin on OBDs has been investigated. It is found that bista-
bility can be completely destroyed under voltage of about
2Vmin and can be recovered by applying voltage pulse of
amplitude close to Vmin for milliseconds or longer. The
existence of localized conducting micro-channels in the
devices might be the origin of bistability.
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vice. Based on these advantages, SS was studied as a gate
electrode as well as a substrate in this research. Both 304
SS and 430 SS were used and the effect of the surface
roughness was studied using chemical mechanical polish-
ing (CMP) process. Aluminum oxide (Al2O3) insulating
layer was deposited using ALD process and was used as a
gate insulator. Metal/insulator/metal (MIM, Au/Al2O3/304
SS, 430 SS and N++Si) structures were fabricated and char-
acteristics such as dielectric constant and leakage current
of Al2O3 layer were measured. Pentacene TFTs with 304
SS, 430 SS and N++Si (heavily doped n type silicon) as a
substrate were fabricated and performance of them were
compared. Additionally, pentacene TFT with polished 304
SS was characterized in a bent state to check the bending
on the device performance.

2. Experimental

304 SS and 430 SS substrate were supplied by POSCO
and were polished with CMP process (KEMET P25FRS-A3)
with alumina slurry of 0.05 lm diameter for 10, 20, 30
Fig. 1. Surface morphologies of 304 SS and 430 SS polished with an alumina slu
10 min, (c) 20 min, (d) 30 min, (e) 40 min polishing for 304 SS, (f) without polishin
roughness of SS versus the polishing time.
and 40 min, respectively. Then, they were washed with
distilled water and acetone. N++Si substrate (Silicon
Material Inc.) was cleaned in piranha solution (H2SO4:
H2O2 = 7:4 vol%) for 1 h at 100 �C and washed with dis-
tilled water. Al2O3 films of various thicknesses (50, 100,
200 and 500 nm) were deposited in a hot-wall ALD reactor
on 304 SS, 430 SS and N++ Si substrate. Trimethyl alumi-
num and distilled water were employed as a precursor
and a oxidizing reaction gas. The line from the precursor
bottle to the reactor was maintained at 60 �C and the pres-
sure and temperature of the reactor were fixed at 1 Torr
and 150 �C, respectively. N2 (99.999%) gas was employed
as a carrier and purge gas. Flow rate of N2 gas for purging
and for carrying vaporized water was fixed at 100 sccm
and 10 sccm, respectively. The ALD cycle of Al2O3 film
was precursor injection (1 s)–purge (5 s)–water vapor
injection (1 s)–purge (10 s).

Pentacene (purchased from Aldrich Chemical Co.) films
of 50 nm were deposited at R.T. with a deposition rate of
0.2–0.3 Å/sec in an organic molecular beam deposition
(OMBD) system at a pressure of 2 � 10�6 Torr. Au elec-
rry of 0.05 lm diameter for various durations: (a) without polishing, (b)
g, (g) 10 min, (h) 20 min, (i) 30 min, (j) 40 min polishing for 430 SS and (k)
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trodes (50 nm) for MIM structure and pentacene TFT were
formed through a shadow mask using a thermal evapora-
tor. The channel length and width were 150 and
1500 lm, respectively.

The morphology and surface roughness of SS and penta-
cene were investigated with atomic force microscope
(AFM). The crystallinity of pentacene on SS was examined
by X-ray diffraction (XRD) with 3C2 beam line at the Po-
hang Accelerator Laboratory. The dielectric constant (Ci)
at 1 MHz and leakage current of Al2O3 film were measured
using HP 5270A. The current–voltage (I–V) characteristics
of pentacene TFTs were obtained using HP 4284A.

3. Results and discussion

Fig. 1a–j show AFM images of 304 SS and 430 SS which
were polished using CMP process for various times (10, 20,
30 and 40 min) and Fig. 1k shows the change of surface
roughness as a function of the polishing time. Prior to the
CMP process, surface roughness of 304 SS was about
33.8 nm and that of 430 SS was about 19.5 nm. Both were
smoothed down to the level of �2.5 nm after a CMP pro-
cess of above 10 min.
Fig. 2. (a) Metal–insulator–metal (MIM) structure of Au/Al2O3/304 SS, 430 SS
substrate, (c) 304 SS and (d) 430 SS.
Fig. 2a shows the MIM structure and Fig. 2b–d show the
leakage current when the voltage of 0–40 V was applied to
the top electrode on Al2O3 of different thickness (50, 100,
200 and 500 nm) on N++Si substrate, 304 SS and 430 SS.
Al2O3 films thicker than 200 nm on each substrate showed
a leakage current level as low as 10�11 A. But the break-
down voltage was observed in the MIM structure with
100 nm Al2O3 on 304 SS at �5 V and on 430 SS at �30 V.
Al2O3 film of 50 nm on N++Si substrate maintained insulat-
ing properties up to 20 V. The N++Si substrate has a low
roughness of 0.2 nm so that Al2O3 films on N++Si substrate
shows better insulating characteristic than that on bare
304 SS or 430 SS at the same thickness. The insulating
properties of Al2O3 film on SS can be improved with reduc-
ing surface roughness using CMP process and actually,
breakdown voltage was not observed in MIM structures
with Al2O3 film of 100 nm on polished 304 SS and 430
SS. On the other hand, Ci values of Al2O3 films (100 nm)
on each substrate show almost the same value of �65 nF/
cm2 regardless of the substrate type.

Fig. 3a shows the structure of the top-contact pentacene
TFT which was characterized to compare the performance
of the pentacene TFTs on each substrate. Transfer charac-
and Si substrate and current–voltage characteristics of Au/Al2O3/, (b) Si



Fig. 3. (a) Schematic structure of the top-contact pentacene thin-film transistor, (b) comparative transfer characteristics of the pentacene TFT on bare 304
SS and bare 403 SS and (c) comparative transfer characteristics of pentacene TFT on Si, bare 304 SS, 20 min polished 304 SS, 40 min polished 304 SS and
40 min polished 430 SS: log10|ID| versus VG and |ID|1/2 versus VG at �10 V.
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teristics of the pentacene TFTs with bare 304 SS and 430 SS
are shown in Fig. 3b and transfer characteristics of the
pentacene TFTs with N++Si and polished SS are compared
in Fig. 3c. All pentacene TFTs fabricated with SS showed
p-type transistor-characteristics, even though their device
performance was different. Most pentacene TFTs on bare
430 SS showed higher saturation currents at each VG than
those pentacene TFTs on 304 SS, as shown in Fig. 3b, but
current levels were lower than the pentacene TFTs on
N++Si substrate. The saturation currents and transfer char-



Table 1
Summary of the pentacene OTFT characteristics fabricated on the various substrates.

Substrate Field-effect On/off Threshold Substrate Field-effect On/off Threshold
Mobility (cm2/Vs) Current ratio Voltage (Vth) Mobility (cm2/Vs) Current ratio Voltage (Vth)

N++Si 0.17–0.34 �105 ��1.5 OTS treated Al2O3/N++Si 0.63–0.90 �106 ��1
Bare 304 SS 0.005–0.17 103–104 �0.5 to �1.5 OTS treated Al2O3/430 SS 0.45–0.85 �106 ��1
Bare 430 SS 0.11–0.36 �105 �1.0 to �2.0 OTS treated Al2O3/304 SS 0.40–0.70 �106 ��1
304 SS (CMP 10 min) 0.23–0.40 �105 ��1.5 –
304 SS (CMP 20 min) 0.23–0.41 �105 ��1.5 –
304 SS (CMP 40 min) 0.24–0.38 �105 ��1.5 –
430 SS (CMP 40 min) 0.27–0.42 �105 ��1.5
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Fig. 4. AFM images of pentacene (50 nm) grown on Al2O3 (100 nm). (a)
Bare 304 SS, (b) bare 430 SS, (c) 40 min polished 304 SS and (d) 40 min
polished 430 SS and XRD spectrum of pentacene (50 nm) grown on Al2O3

(100 nm)/bare SS and polished SS.
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acteristics of pentacene TFTs on SS were improved with
CMP process close to the pentacene TFT on N++Si substrate
as shown in Fig. 3c. The field-effect mobility in the satu-
rated regime (VD = �10 V) was calculated using the for-
mula given below:

IDS ¼
WCi

2L
ðVG � VTÞ2l ð1Þ

where IDS is the drain current at specific gate voltage (VG),
W is the channel width, L is the channel length, VT is the
threshold voltage, l is the carrier field-effect mobility
and Ci is the capacitance per unit area of the gate insulator
(Ci of 100 nm thick Al2O3 was measured to be 65nF/cm2).
The field-effect mobility (l), on/off ratio and threshold
voltage (VG) of pentacene TFTs on various substrates are
summarized in Table 1. l and on/off ratio of pentacene
TFTs on bare 304 SS are in a wide range of 0.005–
0.17 cm2/Vs and on/off ratio of 103–104 depending on the
location of the substrate. l and on/off ratio of pentacene
TFTs on bare 430 SS are in a range of 0.11–0.36 cm2/Vs
and on/off ratio of �105. Bare 304 SS has a roughness of
33.8 nm and that of 430 SS was about 19.5 nm and so the
variation of the OTFT characteristics was significant for
304 SS but less significant for 430 SS.

Pentacene TFTs on 304 SS and 430 SS polished using
CMP process showed a high mobility of 0.25–0.40 cm2/Vs
and on/off ratios of �105 which is slightly better than
pentacene TFTs on Al2O3/N++Si substrate (l: 0.17–
0.34 cm2/Vs, on/off ratio: �105). The local variation was
not significant for polished substrate.

Fig. 4a and b show the morphology of the pentacene
film grown on Al2O3 (100 nm) deposited on bare 304 SS
and 430 SS and Fig. 4c and d show the morphology of the
pentacene film grown on Al2O3 (100 nm) deposited on pol-
ished 304 SS and 430 SS. Even though the roughness of the
bare SS are much higher than the polished SS, grain shape
and grain size of the pentacene film on bare SS are nearly
the same as on polished SS. Crystallinity of the pentacene
film on Al2O3 (100 nm) deposited on bare SS and polished
SS is shown in Fig. 4e and the peaks show that the crystal-
linity is almost the same for all the pentacene films. XRD
patterns contain the series of (0 0 k), indicating the thin
film phase of material and (0 0 k0), indicating the crystal-
line bulk phase of the material [11,12]. Both the thin film
and the bulk phase mean highly ordered and crystallized
states. Thin film phases of (0 0 k) were mainly observed
at both pentacene films grown on Al2O3(100 nm) deposited
on bare SS and polished SS, and there is no significant
change in intensity of (0 0 k) between pentacene films
grown on Al2O3 (100 nm) deposited on bare SS and pol-
ished SS. Based on above results, it was confirmed that
properties including crystallinity and morphology of
pentacene film grown on Al2O3 (100 nm) deposited on bare
SS are almost similar to that grown on Al2O3 (100 nm)



Fig. 5. (a) Comparative transfer characteristics: log10|ID| versus VG and |ID|1/2 versus VG at �10 V, (b) output characteristics: drain current (ID) versus drain
voltage(VD) of pentacene TFT with and without OTS treatment on Al2O3 (100 nm)/40 min polished 430 SS and (c) field-effect mobility versus polishing time
of SS.
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Fig. 6. (a) Optical image of fabricated pentacene TFT in bent state, (b) half-round glass tubes with different diameters (D = (i) 70, (ii) 45 and (iii) 24 mm) and
(c) comparative transfer characteristics of pentacene TFT with OTS treated Al2O3(100 nm)/40 min polished 304 SS in bent state: log10|ID| versus VG and |ID|1/2

versus VG at �10 V.
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deposited on polished SS. Good pentacene TFTs on bare SS
show mobility of �0.3 cm2/Vs and on/off ratio of �105,
which is nearly at the same level of pentacene TFTs on pol-
ished SS.

OTS monolayer has been widely employed as a buffer
layer to improve the crystallinity of organic semiconductor
grown on it [12–14]. OTS treatment was performed on
Al2O3 layer to improve the performance of the pentacene
TFTs. In Fig. 5a and b, transfer and output characteristics
of pentacene TFT with OTS treated Al2O3/430 SS are com-
pared to the pentacene TFTs with bare Al2O3/430 SS. With
OTS treatment, the saturation currents at the same VG were
increased and the hysteresis between forward and back-
ward transfer curve was removed. As shown in Table 1,
the l and on/off ratio of pentacene TFTs on SS were im-
proved with OTS treatment up to 0.40–0.85 cm2/Vs and
�106, respectively. These values are comparable to the per-
formance of the pentacene TFTs with OTS treated Al2O3/
N++Si substrate (0.63–0.90 cm2/Vs and�106). The mobility
of pentacene TFTs on various substrates are shown all to-
gether in Fig. 5c, and this graph confirms that high perfor-
mance pentacene TFT can be fabricated with polished SS as
with N++Si substrate.

Not like N++Si substrate, SS is bendable and I–V charac-
teristics of the pentacene TFT with OTS treated Al2O3/304
SS were measured in bent state as well as in flat state.
Pentacene TFTs were bent over a half-round glass tube
with bending diameter (D) of 24, 45 or 70 mm during the
I–V measurement. The pentacene TFT in bent state is
shown in Fig. 6a and half-round glass tubes with different
diameters were shown in Fig. 6b. l and Vth of pentacene
TFTs without bending strain is 0.50 cm2/Vs and �0.49 V.
l is decreased by 14% when OTFT was placed on the curved
surface with D = 70 mm, by 16% with D = 45 mm and by
24% with D = 24 mm, and Vth is slightly shifted to the posi-
tive direction. Nevertheless, the device performed well
showing the standard transistor characteristics including
the linear regime and the saturation regime and on/off ra-
tio was also maintained at �106 steadily in bent state, as
shown in Fig. 6c. It was already pointed out that tensile
strain in the FET device induced an increase in the inter-
grain boundaries and the interdomain structural mismatch
leading to the decrease in the mobility of OTFT devices [7].
Also it was pointed out that tensile strain caused a larger
spacing between molecules resulting in a decrease in the
mobility [8].

4. Conclusion

In summary, we fabricated pentacene OTFT with alumi-
num oxide as a gate dielectric on a rough SS substrate and
on a polished SS using CMP process. MIM structures and
pentacene TFTs on a rough and polished SS were fabricated
and characterized. Pentacene TFTs on a rough SS showed a
wide range of device characteristics depending on the loca-
tion at the substrate surface and mostly poorer perfor-
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mance was obtained compared to the device on a flat N++Si
substrate. With polishing using CMP process, performance
of the pentacene TFTs on SS was improved up to the same
level of pentacene TFT on the N++Si substrate. Leakage cur-
rent through Al2O3 layer on SS was also reduced with pol-
ishing. Additionally, mobility and on/off ratio of pentacene
TFT on SS was increased with OTS treatment. Characteris-
tics of the pentacene TFTs on SS in bent state were also
measured and it was confirmed that the mobility was re-
duced with the tensile strain.
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of the emitting layers by the stamp transfer printing meth-
od and an efficiency improvement by the double layer
emitting structure was demonstrated.
2. Experimental

A device structure of indium tin oxide (ITO, 150 nm)/
polyethylene-3,4-dioxythiophene:polystyrenesulfonate
(PEDOT:PSS, 60 nm)/poly(9,90-dioctylfluorene-co-bis-N,N0-
(4-ethoxycarbonylphenyl)-bis-N,N0-phenyl-benzidine (PFO-
co-NEPB, 30 nm)/4,40,400-tris(N-carbazolyl)triphenylamine
(TCTA):tris(2-phenylpyridine)iridium (Ir(ppy)3) (20 nm,
5% doping)/3-(biphenyl-4-yl)-4-phenyl-5-(4-tert-butyl-
phenyl)-1,2,4-triazole (TAZ):Ir(ppy)3 (20 nm, 5% doping)/
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP,
5 nm)/tris(8-hydroxyquinoline)aluminium (Alq3, 20 nm)/
LiF (1 nm)/Al (200 nm) was used to prepare the double
emitting layer device. Single emitting layer devices with
TCTA:Ir(ppy)3 or TAZ:Ir(ppy)3 were also fabricated to
compare the device performances of the double emitting
layer PHOLED. Fig. 1 shows the device structures of the sol-
uble PHOLEDs used in this work. The TCTA:Ir(ppy)3 and the
TAZ:Ir(ppy)3 layers were coated from a 1.0 wt% toluene
solution. The wt% was a concentration of the host material.
The coated emitting layer was baked at 110 �C for 30 min
to remove residual solvent. The stamp transfer printing
of the TAZ:Ir(ppy)3 layer using polymethylsiloxane (PDMS)
stamp was carried out according to the procedure reported
earlier [12]. Detailed process for the stamp transfer print-
ing is described in Fig. 2. Current density–voltage–lumi-
nance characteristics of the devices were obtained by
Keithley 2400 source measurement unit and a CS 1000
spectroradiometer.
3. Results and discussion

A double layer emitting structure was reported in a vac-
uum deposited PHOLEDs and the quantum efficiency was
significantly improved compared with common single
layer PHOLEDs [9–11]. However, the double layer emitting
structure could not be realized in soluble PHOLEDs because
of intermixing of the two emitting layers during spin-coat-
ing. The problem can be avoided by using a dry patterning
method which utilizes a transfer process for the film for-
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Fig. 1. Device structures of the double emitting lay
mation [12,13]. In this work, a stamp transfer printing pro-
cess was used to fabricate the double emitting layer green
PHOLEDs and device performances were investigated. The
transfer process was reproducible and the yield of the de-
vice was over 90%.

Fig. 3 shows the current density–voltage–luminance
curves of the single and double layer green PHOLEDs. The
current density was high in the PHOLED with the double
layer emitting structures, while it was low in the PHOLEDs
with single layer emitting structure. The current density
was greatly enhanced in the green PHOLED with the dou-
ble layer emitting structure. The increased current density
in the double emitting layer device can be explained by the
efficient hole and electron injection from the charge trans-
port layers. Hole injection from the PFO-co-NEPB to the
TCTA:Ir(ppy)3 emitting layer and the electron injection
from the BCP to the TAZ:Ir(ppy)3 layer are efficient because
there is little energy barrier for the charge injection as can
be seen in the energy level diagram (Fig. 4). Compared with
the double emitting layer device, the hole injection is lim-
ited in the TAZ:Ir(ppy)3 device and the electron injection is
hindered in the TCTA:Ir(ppy)3 device, resulting in low cur-
rent density. The luminance–voltage curves were similar
to the current density–voltage curves even though the
luminance of the TAZ:Ir(ppy)3 device was low. The low
luminance of the TAZ:Ir(ppy)3 device is due to electron
leakage from the emitting layer to the hole transport layer
as seen in the EL spectra of the device (Fig. 6).

The quantum efficiency and power efficiency of the
green PHOLEDs are shown in Fig. 5. The efficiency of the
double emitting layer device was much higher than that
of the single layer device. The high efficiency of the double
emitting layer device is due to charge confinement and
charge balance in the emitting layer. Both holes and elec-
trons are effectively injected from the hole and electron
transport layers and charge balance is improved in the dou-
ble emitting layer structure. In the case of the TCTA:Ir(ppy)3

device, the charge balance is degraded because of poor elec-
tron injection. Poor hole injection in the TAZ:Ir(ppy)3 device
disrupts the charge balance, decreasing the quantum effi-
ciency of the TAZ:Ir(ppy)3 device. Therefore, the stacking
of the two emitting layers by the stamp transfer printing
method was effective to enhance the quantum efficiency
of the soluble green PHOLEDs. The quantum efficiency of
the green PHOLEDs was quadrupled by the stacking of the
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Fig. 2. Stamp transfer printing process for the fabrication of the stacked emitting layers.
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two emitting layers. In addition, the power efficiency was
also greatly improved due to the high quantum efficiency
and high current density.

The EL spectra of the soluble green PHOLEDs fabricated
in this work are shown in Fig. 6. The EL spectra were mea-
sured at 1000 cd/m2. The double emitting layer device
showed a typical EL emission of Ir(ppy)3 based green
PHOLEDs. Peak maximum of the EL spectra was observed
at 515 nm and no peak except for the Ir(ppy)3 was detected
in the device. The TCTA:Ir(ppy)3 device exhibited a similar
EL spectrum. However, the EL spectrum of the TAZ:Ir(ppy)3

device was different from those of the TAZ:Ir(ppy)3 and
double emitting layer devices. In addition to the Ir(ppy)3

emission, a broad peak was observed in the blue emission
region. The broad blue emission peak is originated from
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the emission of the PFO-co-NEPB hole transport material.
There is an energy barrier of 0.9 eV between the PFO-co-
NEPB and TAZ, limiting the hole injection from the PFO-
co-NEPB to TAZ emitting layer and hole accumulation at
the interface between the PFO-co-NEPB and TAZ. In addi-
tion to the hole accumulation, TAZ has a strong electron
transport character and electrons can be transported to
the interface between the PFO-co-NEPB and TAZ emitting
layer. The hole accumulation and high electron density
near PFO-co-NEPB induces electron leakage from the TAZ
layer to the PFO-co-NEPB layer in spite of 0.4 eV energy
barrier, leading to hole-electron recombination at the
interface between PFO-co-NEPB and TAZ. Hole blocking
properties of the TAZ due to the highest occupied
molecular orbital of 6.3 eV contribute to the charge accu-
mulation and PFO-co-NEPB emission. The PFO-co-NEPB
emission is responsible for the low current efficiency of
the TAZ:Ir(ppy)3 device.

4. Conclusions

In summary, high efficiency soluble green PHOLEDs
could be developed by using the double layer emitting
structure fabricated by the stamp transfer printing meth-
od. Two emitting layers could be effectively stacked by
the stamp transfer printing process and the current effi-
ciency of the green PHOLEDs could be improved by more
than four times.
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Table 1
Physical and electrical characteristics of the hybrid dielectrics.

Dielectric type Thickness (nm) Dielectric
constant

Surface roughness
(nm)

Capacitance
(nF/cm2)

Dielectric strength
(MV/cm)

15 mol% Zr(OPri)4 hybrid dielectrics (YHD15) 140 5.3 0.242 33 2.3
30 mol% Zr(OPri)4 hybrid dielectrics (YHD30) 105 6.3 0.263 53 2.1
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materials were potential candidates for gate dielectrics in
OTFTs [11]. Choi and Bae also studied methacryloxypropyl
trimethoxysilane and diphenylsilanediol based hybrid
materials for application as gate dielectrics [12]. In our pre-
vious work, we selected 3-methacryloxypropyltrimethoxy-
silane and Zr alkoxide as precursors to design a dielectric
with a high dielectric constant and low leakage current.
The resulting photopatternable hybrid dielectric exhibited
excellent surface morphology, a high dielectric constant
(5.5), and reasonable dielectric strength (1.5–2.0 MV/cm)
[10]. In this letter, we focus on an in-depth investigation
of the microstructural features of hybrid dielectrics as a
function of Zr alkoxide content in an attempt to under-
stand its influence on TFT performance.

2. Experimental

The organic–inorganic hybrid gate dielectric solution
was synthesized by sol–gel reactions between 3-methac-
ryloxypropyltrimethoxysilane (MEMO, Sigma–Aldrich),
zirconium isopropoxide (Zr(OPri)4, 70% in 1-propanol, Sig-
ma–Aldrich), and methacrylic acid (MAA, 97%, Sigma–Al-
drich). In the first step, MEMO solution was mixed with
0.2 M HCl as a catalyst, followed by vigorous stirring for
30 min. A mixture of Zr(OPri)4, MAA, and 1-propanol was
also prepared at a 1:1:1 molar ratio. The Zr(OPri)4 to
MEMO solution ratio was varied to control the dielectric
constant of the resulting gate dielectric. Two different mo-
lar ratios of MEMO:Zr(OPri)4 = 8.5:1.5 (denoted YHD15)
and 7:3 (denoted YHD30) were selected. When Zr(OPri)4

was mixed with MEMO, the alkoxy groups present in both
precursors were partially hydrolyzed. DI-water was then
added to facilitate the hydrolysis and condensation reac-
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Fig. 1. XRD patterns of 15 mol% Zr(OPri)4 and 30 mol% Zr(OPri) hybrid
dielectrics.
tions. After further stirring for 24 h in air, the synthesized
sol–gel solution was diluted with 1-propanol to control
viscosity.

Hybrid dielectric films were obtained by spin coating
the precursor solution at 4000 rpm for 30 s on an n-type
heavily doped silicon wafer substrate. After spin coating,
the films were immediately prebaked at 110 �C on a hot
plate in air for 30 min to evaporate the solvent and im-
prove adhesion to the substrate. A final thermal treatment
was carried out at 170 �C for 3 h. For comparison with the
hybrid dielectric, a PVP dielectric was also prepared from
poly(4-vinylphenol) and poly(melamine-co-formaldehyde)
as a cross-linking agent, in propylene glycol monomethyl
ether acetate (PGMEA). These materials were mixed in
the weight ratio 10:5:85. The PVP dielectric films were ob-
tained by spin coating the precursor solution at 4000 rpm
for 30 s on an n-type heavily doped silicon wafer substrate
and cross-linking at 175 �C for 30 min in air.
Fig. 2. HRTEM images of: (a) 15 mol% Zr(OPri)4 and (b) 30 mol% Zr(OPri)
hybrid dielectrics. The inset shows the diffraction pattern of a selected
area. Arrows indicate the selected particulate crystalline ZrO2 phase
among many nanocrystals.
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To study the electrical performance of gate dielectrics,
capacitance–voltage (C–V) at 1 MHz and leakage current–
voltage (I–V) characteristics were measured using an Agi-
lent 4284A precision LCR meter and an Agilent 5263A
source-measure unit, respectively. Solution-processed
OTFTs based on either the hybrid sol–gel dielectric or
PVP were also fabricated. To fabricate co-planar transis-
tors, Au/Cr electrodes were deposited through a shadow
mask on either the hybrid dielectric or PVP film. The chan-
nel electrodes had the dimension of the width �3 mm and
the length �50 lm. Bis(triisopropylsilylethynyl) pentac-
enes (TIPS–PEN) were then drop-cast as an organic semi-
conductor between the source and drain electrodes, and
the samples were annealed at 100 �C in a vacuum oven
for 20 min. The transistor on–off ratio, mobility, and
threshold voltage were measured in air.

The microstructure and chemical composition of the
hybrid films were observed by X-ray diffraction (XRD,
X’Pert-PRO MRD, Phillips), high-resolution transmission
electron microscopy (HRTEM, JEM-4010, JEOL), and X-ray
photoelectron spectroscopy (XPS, Escalab 220-XL). XPS
spectra were recorded in the constant energy mode at
50 eV. The C 1s lines were taken as internal references with
a binding energy (BE) of 285 eV. The crystal structures and
film morphologies of TIPS–PENs deposited on different
dielectrics were compared by optical mode of confocal
-100
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Fig. 3. XPS spectra of hybrid dielectrics showing Si 2p, Zr 3d, and O
laser scanning microscopy (LEXT OLS3000, Olympus) and
XRD analysis.
3. Results and discussion

An organic–inorganic hybrid precursor solution was
synthesized using a mixture of MEMO and Zr(OPri)4.
MEMO is a silicon-based alkoxide with a three alkoxy
groups and one methacryl group, which can be cross-
linked by either photo- or thermal-energy. Zr(OPri)4 is a
typical zirconium-based alkoxide with four alkoxy groups.
We synthesized hybrid solution containing either 15 or
30 mol% Zr(OPri)4 to control the dielectric properties. The
two different compositions showed slightly different char-
acteristics. The dielectric film properties are summarized
in Table 1. The surface roughness in a 2 � 2 lm scan area
was similar and the average RMS values for YHD15 and
YHD30 were 0.242 and 0.263 nm, respectively. The
YHD30 dielectric film was slightly thinner than the
YHD15 film even though the two films were coated under
identical processing conditions. The leakage current of the
two films was also nearly identical. The dielectric strength,
defined as the electric field at a current density of 10�6 A/
cm2, changed slightly from 2.1 to 2.3 MV/cm with increas-
ing zirconium alkoxide. By contrast, the dielectric constant,
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which is influenced by the Zr concentration, increased
from 5.3 at 15 mol% Zr(OPri)4 to 6.3 at 30 mol% Zr(OPri)4.

XRD patterns of both hybrid dielectric films are shown
in Fig 1. Sharp diffraction patterns observed at 2h = 53.8�
and 55.6� originate from the Si wafer substrate. There are
no other diffraction peaks that can correspond to ZrO2 or
relevant crystalline phases, indicating that the hybrid
material is amorphous regardless of the Zr precursor con-
tent. Further microstructural investigation of the hybrid
dielectrics was performed by HRTEM. As shown in
Fig. 2a, �5 nm crystallites are distributed in the amor-
phous-like matrix in the YHD15 dielectric film. More crys-
tallites of similar sizes are observed in the YHD30 dielectric
film. Because the ZrO2 nuclei are surrounded by a rigidly
grafted siloxane backbone, their growth is limited to a
few nanometer-sized clusters regardless of the difference
in Zr precursor concentration. Selected area diffraction
(SAD) patterns obtained from both samples show the
presence of crystalline ZrO2 as shown in Fig 2a (inset).
Monoclinic ZrO2 is thermodynamically stable, but ortho-
Fig. 4. Schematics showing the formation mechanism of the nanoparticle-dispers
reactions between MEMO and Zr(OPri)4 precursors, leading to ZrO2 and ZrSiO4

represents the organosiloxane matrix.
rhombic ZrO2 exists in a metastable phase due to the sur-
face energy effect. No other diffraction patterns except for
ZrO2 appear. HRTEM analysis confirmed that the hybrid
dielectrics comprised ZrO2 crystallites embedded in an
amorphous organosiloxane matrix; these crystals were
too small to detect using X-ray analysis [13]. Fig. 2b shows
the presence of an increased number of nanocrystallites in
the YHD30 dielectric film.

The chemical composition and bonding nature of the
constituents were studied by XPS. Wide scan spectra of
both YHD15 and YHD30 films contain Zr 3d, O 1s, C 1s
and Si 2p peaks. Nearly identical Si spectra were detected
for both films as shown in Fig. 3. The Si peak could be fitted
to Si 2p with a 102.2 eV BE, which was shifted by 1.2 eV
compared to the Si 2p BE for SiO2. A similar Si 2p BE shift
was observed by Guittet et al. in which the zirconium sili-
cate (zircon, ZrSiO4) Si 2p BE is smaller than SiO2 by a factor
of 1.35 eV [14]. This chemical shift depends on the number
of second nearest neighboring Zr atoms, indicative of the
presence of zirconium silicate in our hybrid films [15,16].
ed hybrid dielectrics via sol–gel reaction: (a) hydrolysis and condensation
particles and (b) the overall microstructure after crosslinking. The spring
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Fig. 5. Transfer characteristics of organic thin-film transistors fabricated
using: (a) 15 mol% Zr(OPri)4, (b) 30 mol% Zr(OPri) hybrid dielectrics and
(c) PVP. Drain voltage was set to �20 V.
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The Zr 3d spectrum consists of doublet peaks in which
Zr 3d3 and Zr 3d5 spin-orbital splitting are characterized
by 185.2 and 182.8 eV BEs, respectively. The Zr 3d BEs
were slightly shifted toward a higher value compared to
ZrO2. These data are consistent with a previous report in
which Zr 3d BEs of ZrSiO4 were 0.5 eV larger than ZrO2

[14,16,17]. An increased Zr 3d BEs also indicates the forma-
tion of zirconium silicate. The Si 2p and Zr 3d BE shifts can
be explained by the principle of electronegativity equaliza-
tion. Electrons are more withdrawn from Zr in zirconium
silicate than ZrO2, because the Si and O electronegativities
are larger than Zr [17]. In addition, the Zr doublet intensity
increases about two-fold as the Zr precursor concentration
increases from 15 to 30 mol%, indicating increased ZrO2

and zirconium silicate concentrations (Fig. 3). The O 1s
spectrum can be resolved into three peaks as shown in
Fig. 3. The peak at a 532.5 eV BE is assigned to oxygen in
the Si–O–Si species, whereas the 530.1 eV is peak consid-
ered oxygen in the Zr–O–Zr species. An additional peak
at a 531.8 eV BE located between the Si–O–Si and Zr–O–
Zr oxygen peaks can be attributed to O in a Zr–O–Si bond-
ing configuration, considering that the peak is shifted
1.6 eV toward a higher energy from ZrO2 [16,17].

The oxygen atoms are commonly involved in three ma-
jor phases in the hybrid dielectric: organosiloxane, ZrO2,
and ZrSiO4. Thus, quantitative analysis of the O 1s three
peaks can provide the relative composition of each phase.
The relative concentration of Si–O–Si, Si–O–Zr, and Zr–O–
Zr species in the YHD15 film was 75.2%, 18.3%, and 6.5%,
respectively, and 59.4%, 26.6% and 14% in YHD30. This re-
sult clearly supports the idea that increased zirconium sil-
icate and ZrO2 form with increased Zr(OPri). The ZrO2

content in YHD15 is approximately two times that in
YHD30.

XPS analysis confirmed that the hybrid dielectrics are
composed of organosiloxane, ZrO2, and ZrSiO4. It is be-
lieved that amorphous ZrSiO4 and ZrO2 crystallites are
present in the amorphous organosiloxane matrix. These
small particulates are uniformly distributed, so that there
is no difference in the film surface roughness, as described
in Table 1, even though the number of particles differs. In
contrast, the dielectric constant (e) increases with increas-
ing Zr precursor concentration. Both ZrSiO4 (e = 12.6) and
ZrO2 (e = 25) have high dielectric constants and are consid-
ered promising alternatives to conventional SiO2 gate
dielectrics [17,18]. Therefore, increased ZrSiO4 and ZrO2

phases would increase the dielectric constant of an organ-
osiloxane matrix. A hybrid dielectric composed of three
phases can be estimated using the following generalized
rule of mixture [19]:

eeff ¼ f1e1 þ f2e2 þ f3e3 þ � � � ¼
X

i

fiei;

where eeff is the dielectric constant of a composite material,
fi is the volume fraction and ei is the dielectric constant of
constituent phase i. Using the volume fraction for each
phase obtained from the O 1s spectra analysis, the calcu-
lated dielectric constants are 5.04 for YHD15 and 6.38 for
YHD15, which agree relatively well with the experimen-
tally measured values in Table 1.
The formation mechanism for sol–gel derived ZrO2/
ZrSiO4 particle-dispersed hybrid material is schematically
depicted in Fig. 4. First, MEMO is partially hydrolyzed in
a pre-mixing step. The resulting silanol group (Si–OH) is
relatively stable under acidic conditions and not subject
to self-condensation. When mixed with Zr isopropoxide,
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the Si–OH group joins with a Zr precursor via hydrolysis-
condensation, producing –Si–O–Zr– networks as an inter-
mediate product. Further re-hydrolysis and polycondensa-
tion of –Si–O–Zr– upon introducing additional water
results in ZrSiO4 formation within the organosiloxane ma-
trix. It is believed that not all Zr precursors undergo poly-
condensation with MEMO. In our synthetic conditions,
variable reactivity toward hydrolysis and condensation of
the two precursors prevent a continuous silica–zirconia
network from forming. Methacrylic acid coordinated with
Zr alkoxide sterically hinders immediate re-hydrolysis
and polycondensation with MEMO. Rather, slow polycon-
densation occurs between the remaining Zr precursor at
a later stage, leading to ZrO2 particles nucleated within
the organosiloxane matrix. As a result, ZrO2 particles and
zirconium silicate coexist in the amorphous matrix as con-
firmed by XPS analysis.

Fig. 5 shows the electrical characteristics of TIPS–PEN
TFTs based on the YHD15 and YHD30 dielectrics. The de-
vices works in the accumulation mode with a well-defined
linear regime at VD < VG followed by a saturation regime at
VD > VG for a given gate voltage VG. Furthermore, the ampli-
fication mode of ID is observed when VG increases. A nega-
tive ID under a negative VD and VG indicates the transport of
Table 2
Electrical performance parameters, off-current (IOFF), on-current (ION), threshold v
hybrid dielectrics.

Dielectric type ION (A)

15 mol% Zr(OPri)4 hybrid dielectrics 2.1 � 10�7

30 mol% Zr(OPri)4 hybrid dielectrics 1.5 � 10�7

PVP dielectrics 1.1 � 10�7
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Fig. 6. (a) X-ray diffraction patterns and (b) film morphologies of TIPS–PENs dep
30 lm.
holes in these devices, therefore, the organic layer behaves
as a p-type semiconductor. The threshold voltage VT and
field-effect mobility l in the saturation region were deter-
mined by plotting the square root of the drain current ver-
sus gate voltage and fitting the data to the following
equation [20]:

ID ¼
WC
2L

l VG � VTð Þ2

where C is the capacitance of the dielectric, W is the chan-
nel width, and L is the channel length. The OTFT based on
the YHD15 hybrid dielectric has an off-current of
4.5 � 10�11 A, an on/off-current ratio of 4.5 � 103, a carrier
mobility of 1.3 � 10�2 cm2 V�1 s�1, and a threshold voltage
of �5 V. The OTFT based on the YHD30 hybrid dielectric
has an off-current of 6.5 � 10�11 A, an on/off-current ratio
of 2 � 103, a carrier mobility of 1.1 � 10�2 cm2 V�1 s�1, and
a threshold voltage of �1 V. The characteristic electric
parameters of these devices are summarized in Table 2.

All electrical parameters except for VT are similar for
both devices. It was clear that using hybrid dielectrics with
a high dielectric constant significantly reduces the thresh-
old voltage from �5 to �1 V. We fabricated OTFT based on
oltage (VT), and field-effect carrier mobility (lFET) of OTFTs fabricated using

IOFF (A) VT (V) lFET (cm2 V�1 s�1)

4.5 � 10�11 �5 1.3 � 10�2

6.5 � 10�11 �1 1.1 � 10�2

4.2 � 10�10 �6 1.2 � 10�2

20 25 30

YHD15

YHD30

PVP

gree)

PVP

osited onto YHD15, YHD30, and PVP dielectric layer. The inserted scale is
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PVP dielectric, a widely investigated organic material, for
comparison. The PVP-based transistor has an off-current
of 4.2 � 10�10 A, an on/off-current ratio of 2.6 � 102, a
carrier mobility of 1.2 � 10�2 cm2 V�1 s�1, and a threshold
voltage of �6 V. Higher off-current in TFT with PVP dielec-
tric layer is attributed to the hydroxyl group in the PVP
dielectric, which acts as trap-sites for charge carriers and
in turn contributes to a high leakage current through a
dielectric layer. In TIPS–PEN TFTs, other electric parame-
ters, such as on-current, mobility, and threshold voltage,
are directly related to the structures of TIPS–PEN [21].
We investigated the crystal structures and film morpholo-
gies of TIPS–PENs deposited onto the dielectric layers. As
shown in Fig. 6, All TIPS–PENs are well-crystallized and ex-
hibit long lamellar structures regardless of the dielectric
material types. This is in agreement with the fact that all
TFTs show similar field-effect mobility values and on-cur-
rents. However, it is noted that VT of each TFT is quite dif-
ferent, depending on the dielectric layer.

The threshold voltage depends on various factors such
as the capacitance of the gate dielectric, the flat-band
voltage caused by the work function difference between
the gate electrode and the semiconductor, and the density
of trap states residing in semiconductor channel [22]. It
can be assumed that the flat-band voltage and the
amount of trap states in the semiconductor are identical
for all transistors tested here, as these parameters are re-
lated to the intrinsic properties of the electrode and the
semiconductor, irrelevant to the dielectrics. Therefore, it
can be suggested that the capacitance difference primarily
influences the threshold voltage shift. Additionally, VT of
TFT with PVP dielectric is also affected by water mole-
cules absorbed from air. The interaction between hydro-
xyl groups in PVP dielectric and water molecules leads
to dissociation of hydroxyl groups and the generation of
mobile ions [23]. The corresponding mobile ions are
drifted by an applied gate voltage, which induces more
charge carriers at semiconductor/dielectric interface and
in turn shifts a threshold voltage toward a zero bias. In
contrast, the hydroxyl group in YHD dielectrics is nearly
eliminated by a proper thermal treatment. Thus, it is con-
sidered that the threshold voltage of TFT based on YHD is
not influenced by water molecules in air. We observed
that when TFT is fabricated using YHD dielectric whose
capacitance is similar to that of a 200 nm-thick ther-
mally-grown SiO2, VT of TFT based on YHD is almost iden-
tical to that of TFT based on a 200 nm-thick thermally-
grown SiO2 [10]. A thermally-grown SiO2 is well-known
for a stable dielectric under air atmosphere.

Taken the consideration of the interaction effect of the
dielectric with water that can shift the threshold voltage
toward a zero voltage, VT of TFT based on PVP dielectric
is still �6 V, whereas TFT based on YHD30 dielectric exhi-
bit �1 V. This observation supports that the influence of
higher capacitance is predominant over a water-induced
VT shift and enables the TFT based on YHD dielectric with
smaller threshold voltage (the capacitance of PVP,
YHD15, and YHD30 is 10, 33, and 53 nF/cm2, respectively).
Both the presence of fewer hydroxyl groups and the incor-
poration of high-k ZrO2 phase make YHD-based dielectrics
better to PVP-based dielectrics, in terms of lower off-cur-
rent, higher on/off current ratio, and threshold voltage clo-
ser to a zero bias.

4. Conclusions

We performed microstructural and chemical investiga-
tions on sol–gel derived organic–inorganic hybrid dielec-
trics. HRTEM revealed that ZrO2 crystallites of
approximately 5 nm are uniformly distributed in the amor-
phous organosiloxane matrix, although these could not be
detected by X-ray. XPS analysis confirmed that another
phase, ZrSiO4, coexists as an amorphous phase in the ma-
trix. The relative ZrO2, ZrSiO4, and organosiloxane compo-
sitions can be estimated by deconvoluting the O 1s
spectrum. The effective dielectric constant of the hybrid
dielectric was calculated using a general rule of mixture.
The calculated values match the experimentally-measured
dielectric constants, indicating that the hybrid dielectric is
composed of three phases. OTFTs based on hybrid dielec-
trics exhibited better electrical performance to those based
on PVP. Using a dielectric with a higher dielectric constant
and fewer hydroxyl groups allowed us to fabricate a tran-
sistor with a lower off-current, higher on/off current ratio,
and lower threshold voltage.
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with low Um metal are needed to understand clearly how
the interaction between the metal and the organic layer af-
fects the energy-level alignment at organic/metal inter-
faces. In this paper, we present the systematic study of
the VL shifts at Cu-phthalocyanine (CuPc)/metal interfaces
over a wide range of Um (=2.5–5.3 eV) using the Kelvin
probe (KP) method. We observed the transition of the en-
ergy-level alignment from Um dependence to Um indepen-
dence by decreasing Um. Our results show that the
injection barrier cannot be shorter than a threshold value.
This transition can be explained by considering that the ID
layer on the metal surface plays two major roles in the en-
ergy-level alignment: the formation of the ID and the pas-
sivation of the metal surface. Considering the roles of the
ID layer, we propose a model of the energy-level alignment
at organic/electrode interfaces that includes clean and pas-
sivated metal substrates.

2. Experimental

CuPc with a quoted purity of 99% and sublimation grade
was purchased from Sigma–Aldrich. We used Au, Ag, Mg,
Ca, and Sm films deposited by vacuum evaporation on sil-
icon wafers as metal substrates. The CuPc films were vac-
uum deposited onto these substrates in ultra-high
vacuum (UHV) (�1 � 10�6 Pa). The thickness and the rate
of deposition (�0.1 nm/min) of the CuPc film were moni-
tored with a quartz crystal microbalance. The deposition
was performed in a stepwise manner with the KP measure-
ments at each step. The KP measurements were also per-
formed in UHV (�8 � 10�8 Pa) using an apparatus
described elsewhere [12].

3. Results and discussion

Fig. 1 shows the VL energy of the CuPc film (eF
vac) rela-

tive to the substrate Fermi level (EF) deposited on metal
Fig. 1. Variation in the eF
vac on Au, Ag, Mg, Ca, and Sm substrates as a

function of the CuPc thickness d. The eF
vac sharply shifts right at the

interfaces when the thickness is less than 1 nm. In the thicker region than
1 nm, the eF

vac were almost independent of the thickness on Au and Ag
substrates. The little VL shifts observed on these substrates within 1–
2 nm may be induced by the changing of the molecular orientation
[13,14]. These shifts are caused by the ID formation; the DID for the CuPc
film on Au substrate is shown.
substrates as a function of the film thickness (d) using
the KP method. The large shifts of eF

vac observed at the
interface (d < 5 nm) of all the substrates were indicated
by the charge redistribution at the interface. The eF

vac shar-
ply shifted right at the interfaces when the thickness was
less than 1 nm. In the thicker region than 1 nm, the eF

vac

were almost independent of the thickness on Au and Ag
substrates. The little VL shifts observed on these substrates
within 1–2 nm may be induced by the changing of the
molecular orientation [13,14]. It should be noted that such
VL shifts are not caused by the final-state screening be-
cause the KP measurement does not use the photoioniza-
tion process [12]. These shifts were caused by the ID
formation [1]. The eF

vacðIDÞ was defined as

eF
vacðIDÞ ¼ Um þ DID ð1Þ

where the DID is the VL shift caused by the ID layer. On the
other hand, gentle downward shifts on the Mg substrate
and sharp upward shifts on Ca and Sm substrates were ob-
served when the thickness increased up to 5 nm. It should
be stressed that such energy-level shifts at the interface
were responsible for the energy-level alignment at the
thick film region because little VL shifts occurred in the
thicker region than 5 nm on all the substrates.

Fig. 2 shows the eF
vacðbulkÞ, which was defined as the eF

vac

of the thick films (d = 14 nm for Ca and d = 20 nm for oth-
ers) against Um of the various metal substrates based on
the results in Fig. 1. Open circles identify results in this
work. Closed circles represent the results taken from Refs.
[14–16]. The eF

vacðbulkÞ depended on Um at the higher Um

above Mg with S = 0.5 ± 0.1 (S = deF
vacðbulkÞ/dUm). On the

other hand, the eF
vacðbulkÞ no longer depended on Um at

the lower Um below Mg with S = 0.0 ± 0.1. The Mg sub-
strate is supposed to remain around the critical value of
Um. In this paper, we refer to the regions with S = 0 and
Fig. 2. The eF
vacðbulkÞ are plotted as a function of Um; the eF

vacðbulkÞ stands
for the eF

vac at 20 nm (Au, Ag, Mg, and Sm) and 14 nm (Ca). Open circles
identify results in this work. Closed circles represent the results taken
from Refs. [14–16]. The dotted lines show the results of fitting analysis by
the least squares method with linear function S. The estimated S
parameters are given in the figure.



Fig. 3. The schematics of the energy-level diagrams in: (a) the noninteger S regime and (b) the EF pinning regime. The DID is caused by the ID formation. The
eF

vacðIDÞ can be regarded as the work function of the passivated metal substrates. In (a) the noninteger S regime, little VL shift occurred in the thicker region
than the ID layer. Therefore the energy-level alignment is mainly determined by the DID, and the eF

vacðbulkÞ satisfies Eq. (2). In (b) the EF pinning regime, the
spontaneous CT from the metal to the CuPc film (CT layer) should occur via tunneling through the ID layer until Eq. (4) is satisfied. The d is the maxima
barrier height for the occurrence of the spontaneous CT.
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S = 0.5 as the ‘‘EF pinning regime” and the ‘‘noninteger S re-
gime,” respectively. The energy-level alignment models for
organic/metal interfaces such as the IDIS model, electro-
negativity model, and MIGS model cannot explain the sep-
arated S regimes and the VL shift in the case of the CuPc/Ca
interface.

The energy-level alignment at CuPc/metal interfaces is
discussed with the simple model depicted in Fig. 3. Fig. 3a
and b represents the energy-level alignments at the CuPc/
Au interface as an example of the noninteger S regime and
the CuPc/Ca interface as an example of the EF pinning re-
gime, respectively. When the CuPc molecule adsorbs on a
metal surface, the ID layer is formed at the interface. It is
still difficult to predict the estimation of the DID quantita-
tively, because the ID layer should be formed from multiple
origins, as shown in Ref. [1]. In this discussion, we consider
the ID layer as a role of passivating the metal surface. Such
passivation of the metal surface by the ID layer prevents the
molecular orbital of the CuPc layer from overlapping the
metal wave functions. It means that the ID layer/metals
are the passivated metal substrates, and the eF

vacðIDÞ is the
work function of the passivated substrates. Consequently,
the energy-level alignment at the thicker film region than
the ID layer/metal interfaces can be described as the system
at organic/passivated substrate interfaces [8–11].

In the noninteger S regime with high Um, little VL shift
occurred in the thicker region than the ID layer as shown in
Fig. 1. Therefore the energy-level alignment is mainly
determined by the DID, and the eF

vacðbulkÞ satisfies the
equation:

eF
vacðbulkÞ � eF

vacðIDÞ ¼ Um þ DID ð2Þ

On the other hand, in the EF pinning regime, the lowest
unoccupied molecular orbital (LUMO) level of the CuPc
layer on the passivated metal substrate stayed below the
substrate EF; for instance, in the case of the CuPc/Ca inter-
face, the LUMO level of the CuPc (d > 1 nm) layer should be
located below the EF by 0.66 eV because eF
vacðIDÞ and the

electron affinity (EA) of CuPc are 2.5 and 3.16 eV [17],
respectively; and the spontaneous charge transfer (CT)
from the metal to the CuPc (d > 1 nm) layer occurred via
tunneling through the ID layer to establish the thermody-
namic equilibrium. The spontaneous CT will take place if
the following condition is found:

eF
vacðIDÞ < EA þ d ð3Þ

where the d is the relaxation energy which is the maxima
barrier height for the occurrence of the spontaneous CT. It
means that the spontaneous CT will occur until the LUMO
level of the CuPc layer is located above the EF by the d. From
the results of the inverse photoemission spectroscopy at
CuPc/Mg, Ca, and Sm interfaces (not presented here), the
d was estimated to be about 0.4 eV [18]. According to the
ICT model, it is supposed to be existed the ICT states just be-
low the LUMO level of molecules. Although the origin of the
ICT states in small molecules such as the CuPc molecule is
still unclear, energy differences between LUMO levels of
molecules (or polymers) and ICT states are good agreement
with the d at CuPc/metals interfaces [8,9]. The complicated
behaviors of the VL shifts at low Um substrates such as Mg,
Ca, and Sm, as observed in Fig. 1, must be caused by the
charge redistribution with the spontaneous CT from the
passivated metal substrates into CuPc layers, and this in-
duced the VL shifts (DCT) from a 1 nm to 5 nm thickness,
i.e., DCT = 0.9 eV and 0.5 eV for Ca and Sm, respectively.
The spontaneous CT no longer occurs and the VL shift is
not observed if the following condition is satisfied:

eF
vacðIDÞ þ DCT ¼ EA þ d ð4Þ

here, the ‘‘eF
vacðIDÞ þ DCT” corresponded to the eF

vacðbulkÞ,
and we can rewrite Eq. (4) as a simpler equation:

eF
vacðbulkÞ ¼ EA þ d ð5Þ
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The eF
vacðbulkÞ is mainly determined by the EA of organic

molecule. We suppose that little VL shifts in the thicker re-
gion than 5 nm at CuPc/Mg, Ca, and Sm interfaces are ob-
served, and the spontaneous CT no longer occurs because
Eq. (5) is satisfied.
4. Conclusion

In conclusion, we investigated the energy-level align-
ment at CuPc/metal interfaces. It was found that there are
separated S regimes with the noninteger S regime and the
EF pinning regime. The organic layer on a metal surface
plays two important roles in the energy-level alignment:
the ID formation and the passivation of the metal surface.
In the noninteger S regime, the energy-level alignment is
mainly determined by the DID because little VL shifts oc-
curred in the thicker region than the ID layer. This shows
that the organic layer on the ID layer is little influenced
by the passivated metal substrate. On the other hand, in
the EF pinning regime, the energy-level alignment is deter-
mined not only by the DID but also by the spontaneous CT
between the organic film and the passivated metal sub-
strate. In this regime, while the DID scattered in various me-
tal substrates, the same energy-level alignments were
realized for the thick film region. In the case of 3,4,9,10-per-
ylene tetracarboxylic dianhydride (PTCDA)/metal inter-
faces, a similar trend has been reported [19]. Although the
obvious differences in interface states depending on the
metals were observed, the same energy-level alignments
for the thick film region were also realized. The model we
suggested can also explain the energy-level alignments at
PTCDA/metal interfaces and other reported results [20,21].

Finally, this model, which deals with the energy-level
alignment between the thicker region than the ID layer
and the passivated metal substrate, provides a new per-
spective on the energy-level alignment at organic/elec-
trode interfaces that include clean and passivated metal
substrates.
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We find W = 0.5 lm, which translates into b = 10�2, in good
agreement with recent theoretical predictions [1].

Before turning to the results obtained on OFETs, we
need to discuss the methodology that enabled us to di-
rectly compare experimental surface potentials to theoret-
ical model predictions.

SKPM offers the unique possibility to look inside opera-
tional electronic devices on truly nanoscopic length scales
[9]. A drawback of SKPM is that the obtained potential
traces do not reflect the real surface potential V(x) but
rather a convolution of V(x) with a usually unknown
instrument response function [10–14]. The physical reason
for this is that not only the tip apex contributes to the sig-
nal but the entire metalized tip, consisting of apex, cone
and lever, interacts with the sample due to the relatively
long range of the electrostatic force [15]. As a result, the
obtained surface potentials are distorted in both shape
and magnitude; the error in the latter may exceed 40%,
even at nominally zero lift height [15]. To surmount these
intrinsic SKPM limitations, two fundamentally different
approaches are possible, i.e. prediction and reconstruction.

Prediction methods aim to convolute a ‘real’ surface po-
tential, which e.g. follows from theoretical considerations,
with a theoretically or experimentally known tip response.
So far, all reported prediction methods are based on a the-
oretical tip response [10,11,15] Reconstruction methods
aim to deconvolute the experimental surface potential
with a theoretically or experimentally known response
function in order to extract the real surface potential
[12,13].

For our present purposes, we developed a flexible and
convenient method for both predicting and reconstructing
SKPM surface potentials. In contrast to previous works, the
entire instrument response is contained in an experimen-
tally determined transfer function. Hence, there is no need
to explicitly evaluate the electrostatic interactions using
either (approximate) analytical expressions [10–12,16] or
brute force numerics [15]. The method is equally valid
for SKPM based on electrostatic force detection, as em-
ployed here, as for SKPM based on force gradient detection
[16].

The hypothesis underlying the (re)construction of SKPM
measurements is that the measured surface potential y is a
convolution of the real surface potential x with a transfer
function h, i.e. y ¼ h� x. For brevity and to stress the gen-
eral nature of the methodology, in the following discussion
signals are denoted as x and y, rather than as V’s. In general,
h will depend on the measurement system, in this case the
tip geometry, its orientation with respect to the sample
and the vertical distance from the sample. Since all electro-
static forces are implicitly contained in the transfer func-
tion h there is no need to quantify any electrostatic
forces. From the convolution theorem we then have [17]

FðyÞ ¼ FðhÞFðxÞ ð2Þ

where F() indicates the Fourier transform. The transfer
function h is experimentally determined from a reference
measurement. This is most conveniently done on a step
edge, for which case the mathematical link between xstep,
ystep and h is simply
FðhÞ ¼ Fðy0stepÞ ð3Þ
where the prime denotes the spatial derivative. Eq. (3) fol-
lows by applying (2) to the step edge, FðystepÞ ¼ FðhÞFðxstepÞ.
Using the property Fðy0Þ ¼ ixFðyÞ and taking the spatial
derivative of both xstep and ystep, one obtains
Fðy0stepÞ ¼ FðhÞFðx0stepÞ. This reduces to (3) by using x0step ¼ d
with d the Dirac delta function and FðdÞ ¼ 1. Once the
transfer function h of a particular configuration is deter-
mined, any experimental surface potential can be inverted
to obtain the ‘real’ surface potential x using x ¼
F�1ðFðyÞ=FðhÞÞ and similarly for prediction from a known
x. Here, F�1 denotes the inverse Fourier transform. Numer-
ical implementation of these equations is relatively
straightforward [18].

In order to be applicable to thin film OFETs, the transfer
function h should formally be determined on a step buried
under a dielectric layer. However, electrostatic finite ele-
ment calculations (not shown) indicate that the effect of
a �100 nm thick polymer layer with er � 3 on the surface
potential is negligible as compared to the experimental
uncertainty.

In order to experimentally determine the step edge re-
sponse, we made a step edge of a few monolayers of Ti on
Au, see top inset of Fig. 1. These reference samples were
manufactured using standard UV photolithography. Start-
ing from chemically cleaned silicon wafers with 200 nm
of thermal SiO2 on top, 5 nm of Ti as adhesion layer and
25 nm of Au were subsequently deposited by electron
beam evaporation under high vacuum conditions. A classi-
cal lift-off procedure was employed to pattern a second Ti
layer on top of the Au. The SKPM-AFM was a Veeco/Dimen-
sion 3100/extended Nanoscope IIIa working in lift mode
under ambient conditions. We used Pt-coated Si tips
(Olympus OMCL-AC240TM-B2, f0 � 70 kHz, k � 2 N/m,
Rapex < 25 nm).

The main panel of Fig. 1 shows typical SKPM measure-
ments on the Ti:Au step edge for different lift heights zlift.
The relatively small difference in work functions observed
between Ti and Au is due to the ambient conditions during
the experiments, but the actual step height does not affect
the procedure. The right inset is the transfer function h for
increasing lift height. The increasing width with increasing
lift height reflects the obvious loss in spatial resolution.
Moreover, the asymmetric shape of h is due to the asym-
metric measurement configuration in which the cantilever
is oriented perpendicular to the step edge. An orientation
parallel to the edge yields a symmetric h [15]. In principle,
additional broadening of h also results from fabrication
imperfections, like the step edge not being perfectly
straight and infinitely steep, while uncertainty in h may
also arise due to inter-tip variations. We estimate the total
resulting effect to be around 50 nm, which is small com-
pared to the broadening by the non-local electrostatic cou-
pling which we are interested in, and aim to correct for.

We now return to the problem of measuring the actual
recombination profile in an ambipolar OFET. The method-
ology described above was applied to surface potentials
measured by SKPM on ambipolar OFETs that have been
extensively described before [8,19]. In short, these devices
consist of a thin nickel dithiolene (NiDT) layer on a Si/SiO2
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(200 nm) substrate with Ti/Au bottom contacts in a circu-
lar transistor configuration with a channel width and
length of 2500 and 10 lm, respectively, see inset to
Fig. 2. By choosing proper bias conditions electron and hole
accumulation regions, separated by a recombination zone,
are simultaneously present. Electron and hole mobilities
that are used in the numerical drift–diffusion calculations
discussed below are obtained from transport characteris-
tics and equal 1 � 10�11 and 2 � 10�12 m2/Vs for holes
and electrons, respectively.

In Fig. 2 two different prediction methods are applied to
a representative surface potential as measured by SKPM on
the NiDT ambipolar transistor. The required input signal, x
in (2), is calculated from the variable range hopping model
discussed in Ref. [19] using Vg � Vth = 5.3 V and Vsd = 9 V
and is shown as blue line. It is important to point out that
this model assumes W = 0, i.e. b ¼ 1. From that, the black
line is calculated using (2) with a transfer function h ob-
tained from (3) as discussed above. Clearly, the predicted
curve follows the experimental one closely. For compari-
son we also used a computationally much more demand-
ing 3D finite element model to predict the SKPM
response of x [15]. The result is shown as red line, and is
in close agreement with the much easier obtained result
of (2). From this we conclude that the transfer function
method provides a convenient way to transform a known
surface potential into an actual SKPM response. However,
a close inspection of both curves in the recombination zone
reveals a maximum field that is significantly higher than
observed experimentally. Below, this will be related to
the nonzero value of W.

In Fig. 3, the experimental response and its recon-
structed surface potential are compared to the theoretical
surface potential for again Vg � Vth = 5.3 V and Vsd = 9 V.
Both the magnitude reduction of the experimental curve
and most of its asymmetric distortion due to the asymmet-
ric tip-channel orientation are removed by the transfer
function procedure outlined above. However, the infinite
field at the point where n- and p-type accumulation re-
gions meet, as implicitly assumed in the model of Ref
[19], is not observed. At this point, it is tempting to take
the width of the derivative profile of the reconstructed sur-
face potential, shown as thin black line in the insets of
Fig. 3, as a measure of the actual recombination zone width
W. However, despite the fact that the analytical model
underlying (1) correctly predicts the recombination profile,
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it makes no predictions of the corresponding potential pro-
file, and the widths of the two profiles are usually not equal
[8]. Since an analytical calculation of the potential profile
in an ambipolar transistor is only possible under assump-
tion of a zero recombination zone width [19], we per-
formed a numerical drift-diffusion analysis as outlined in
Ref. [8]. The (spatial derivative of the) resulting potential
profile is compared to the reconstructed experimental pro-
file in the lower inset of Fig. 3. We find optimal agreement
between the two derivative profiles when parameters that
give rise to a recombination zone width of 0.5 lm are used.
With d = 200 nm and estimating d = 3 nm, it follows from
(1) that b � 10�2, which is also used in the numerical cal-
culations. This implies that the bimolecular recombination
rate is two orders of magnitude below the value predicted
by the Langevin expression. This finding is in good agree-
ment with the results from Monte Carlo simulations by
Groves and Greenham [1] who find values for b between
10�1 and 10�2 for similar parameters as in the present
experiment.

Summarizing, we presented a practical method for pre-
diction and reconstruction of surface potentials measured
by SKPM. The method is based on (de)convolution with a
transfer function containing the whole electrostatic tip-
sample coupling. The transfer function is experimentally
calibrated on an ‘ideal’ step edge. Using this method we
determined a recombination zone width of 0.5 lm for a
NiDT ambipolar OFET, indicating a bimolecular recombina-
tion rate that is two orders of magnitude below the Lange-
vin value.
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(Alq3, 20 nm)/LiF(1 nm)/Al(200 nm). The doping concen-
trations of Ir(pq)2acac were 10%, 15% and 20%. A mixed
host device with TCTA:PH1 host instead of the SPPO2
was also fabricated as a standard device [12]. The SPPO2
host material was synthesized by coupling of diphenyl-
phosphine with spirofluorene unit and detailed synthesis
will be reported in other work. Chemical structure of
SPPO2 and device structure are shown in Fig. 1. Current
density–voltage–luminance and electroluminescence
characteristics of the red PHOLEDs were measured with
Keithley 2400 source measurement unit and CS 1000
spectroradiometer.

The SPPO2 host material has a glass transition temper-
ature of 119 �C and it forms an amorphous film with a sur-
face roughness less than 1 nm due to a twisted structure of
the rigid spirobenzofluorene unit. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the SPPO2 were 6.0 and
2.4 eV, respectively. The HOMO level of SPPO2 is suitable
for hole injection and the electron transporting property
of the phosphine oxide and the spirobenzofluorene unit
is appropriate for balancing holes and electrons in the
emitting layer. The electron transport property of the
SPPO2 was confirmed by the electron only devices and
the SPPO2 electron only device showed higher current
density than the common Alq3 electron only device. In
addition, the triplet energy bandgap of the SPPO2 mea-
sured from low temperature photoluminescence is 2.4 eV
which is suitable for triplet energy transfer from the SPPO2
to red emitting Ir(pq)2acac with a triplet bandgap of 2.2 eV.
Therefore, the SPPO2 can be used as a host material for red
PHOLEDs.

Fig. 2 shows the current density–voltage–luminance
curves of the red PHOLEDs with different doping concen-
tration. The current density of the red PHOLEDs was in-
creased according to the increase of doping concentration
and the luminance showed a similar tendency. The high
current density in the highly doped devices can be ex-
plained by the charge trapping effect of the red dopant.
The LUMO level of the Ir(pq)2acac is 3.0 eV compared with
2.4 eV of the SPPO2. Therefore, electrons are trapped by the
Ir(pq)2acac and electron transport in the Ir(pq)2acac doped
emitting layer is retarded due to the electron trapping ef-
fect [13]. Energy level diagram of the SPPO2 device is
shown in Fig. 3. At low doping concentration, the long hop-
ping distance between dopant materials limits the electron
hopping between the red dopant materials. As the doping
concentration is increased, the hopping distance between
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the red dopants is decreased, resulting in enhanced elec-
tron transport. Therefore, high current density was ob-
tained in the highly doped red PHOLEDs.

Quantum efficiency of the red PHOLEDs is shown in
Fig. 4. The quantum efficiency was decreased at high dop-
ing concentration due to concentration quenching effect
and a maximum quantum efficiency was obtained in the
red PHOLED with 10% doping concentration. The quantum
efficiency of the 10% Ir(pq)2acac doped red PHOLED was
14.3% at 100 cd/m2 with a current efficiency of 20.4 cd/A.
The high efficiency of the SPPO2 red devices can be ex-
plained by the charge balance in the emitting layer. Even
though SPPO2 has an electron transport character, efficient
hole injection from the TCTA to the SPPO2 balances holes
and electrons in the SPPO2 emitting layer. The low quan-
tum efficiency of the highly doped device is due to concen-
tration quenching effect [7].

The quantum efficiency of the SPPO2 device was com-
pared with that of the mixed host device which can bal-
ance holes and electrons in the light-emitting layer.
TCTA:PH1 mixed host structure which was reported in
our previous work was used [13]. Even though an effi-
ciency roll-off was observed in the SPPO2 device, the
SPPO2 device showed better quantum efficiency than the
mixed host device over all luminance range investigated.
This indicates that the SPPO2 host is better than the
TCTA:PH1 mixed host in terms of charge balance in the
emitting layer.

The EL spectra of SPPO2 red devices are shown in Fig. 5.
The SPPO2 devices showed typical EL spectra of Ir(pq)2a-
cac. The peak maximum of the EL spectra was 607 nm
and the spectra were red-shifted at high doping concentra-
tion. There was little charge leakage out of the emitting
layer and only emission from the dopant material was ob-
served. Therefore, it can be concluded that charge confine-
ment and charge balance in the SPPO2 light-emitting layer
are responsible for the improved quantum efficiency in the
SPPO2 red devices.

In summary, a phosphine oxide derivative with a spiro-
benzofluorene backbone structure, SPPO2, was effective as
a red phosphorescent host. A high quantum efficiency of
14.3% and a current efficiency of 20.4 cd/A were obtained
due to a triplet bandgap of 2.4 eV for efficient energy trans-
fer and a charge balance in the light-emitting layer. The
SPPO2 also showed a smooth surface morphology with
an average surface roughness less than 1 nm and a high
glass transition temperature of 119 �C. Therefore, the
SPPO2 is promising as a host in red and deep red phospho-
rescent devices.
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electrode of the O-CMOS devices. These wafers were
cleaned with acetone, ethanol, and de-ionized water. Then,
in order to remove involuntary organic residue, the surface
of the 300-nm-thick SiO2 gate dielectric, which grew by
plasma enhanced chemical vapor deposition on the sub-
strate at a temperature of 250 �C previously, was cleaned
by use of oxygen (O2) plasma. A polyimide (PI, Nissan
RN-1349) layer of 100 nm was spun onto the SiO2 layer.
The PI layer was soft-baked and hard-baked for 5 min at
80 �C and 60 min at 220 �C, respectively. Although the pro-
cessing temperature is slight higher than most of plastic
substrates, it still has an opportunity to apply on polymer
substrate with high glass temperature, e.g. polycarbonate
(PC) which Tg is above 250 �C. Nevertheless, further lower-
ing of the processed temperature is still required to meet
the requirements of most flexible plastics substrate and
in progress. Both the SiO2 and PI layers were acted as the
main gate dielectric with capacitance of �4.0 nF/cm2 mea-
sured at 10 kHz for the O-CMOS devices. The active layers
of p-channel and n-channel are 70-nm-thick pentacene
film and N,N0-dioctyl-3,4,9,10-perylene tetracarboxylic dii-
mide (PTCDI–C8H17) film, respectively, in which the depo-
sition rate are all 0.5 Å/s on the PI layer at sublimation
pressure of 1 � 10�5 torr. The pentacene was purchased
from Aldrich Chem. Co. and the PTCDI–C8H17 was synthe-
sized by us. Finally, the 80-nm-thick silver film was depos-
ited to form source/drain electrodes upon the surface of
the pentacene and PTCDI–C8H17 films through a shadow
mask in order to complete the O-CMOS device under vac-
uum of 4 � 10�6 torr. The channel length (L) of O-CMOS
is 100 lm, but the width (W) of p-type and n-type transis-
tors are 500 and 2000 lm, respectively, for matching per-
formances of these two transistors as shown in Fig. 1. For
comparison, the O-CMOS without the PI modification layer
were fabricated simultaneously with the same processes.
The current–voltage (I-V), transfer, and alternating current
signals of devices were measured by use of a semiconduc-
tor parameter analyzer (Keithley 4200-SCS). To minimize
Fig. 1. The structure of an O-CMOS inverter with PI modification layers
composed of p-type and n-type transistors.
the influence of H2O from the ambient air on the electrical
properties of devices, the electrical characteristics of O-
CMOS were measured in a dry nitrogen-atmosphere glove
box under dark conditions.

Fig. 2 shows the p-type electrical characteristics of the
pentacene-based transistors with and without the PI as
modification layers. The drain current of transistor with
PI is higher than that without PI, as shown in Fig. 2a, when
the gate voltage (VGS) was fixed at �40 V and source-drain
voltage (VDS) was scanned from 0 to �50 V. The current–
voltage characteristics ð

ffiffiffiffiffi
ID
p
� VGSÞ of the device with the

PI layer reveal that the threshold voltage (Vtp) is about
�12.90 V when the source-drain voltage (VDS) was fixed
at �40 V and gate-source voltage (VGS) varied from 20 to
�50 V; however, the Vtp of the device without PI layer
shifts to �16.79 V, as shown in Fig. 2b. The trap states of
pentacene film near the surface of the PI layer were smaller
than that near SiO2 layer due to the non-polar surface of
the PI layer which was appropriate for the growth of the
pentacene film. The grain size for pentacene grown on PI
surface is larger than that grown directly on SiO2 surface,
as shown in Fig. 3a and b. Besides, the pentacene film on
PI has good homogeneity associated with superior molecu-
lar microstructures and larger intermolecular couplings as
compared to that on SiO2 [17]. Low trap states resulted in
low threshold voltage for OTFTs [7]. Therefore, the device
with the PI layer has higher field-effect mobility
(l = 0.921 cm2 V�1 s�1) and lower subthreshold slope
(ss = 4.71 V/decade) than that without PI layer whose l
and ss are 0.221 cm2 V�1 s�1 and 10.79 V/decade, respec-
tively. The PI layer has an additional advantage to suppress
the leakage current of OTFT so that the on/off ratio in-
creases and gate-leakage-current decreases about one or-
der for the device with the PI layer when compared with
the device lacking the PI layer, as shown in Fig. 2c.

Next, the n-type PTCDI–C8H17-based transistors with
and without PI as modification layers were measured by
the semiconductor analyzer in order to investigate the
electrical properties. From the output curves in Fig. 4a,
the drain current of the device with the PI is better than
that without PI when the VGS was fixed at 40 V and VDS

was varied from 0 to 50 V. The superior Vtn of 5.87 V and
l of 0.341 cm2 V�1 s�1 were obtained from transfer curve
in Fig. 4b for the device with the PI layer; however, the de-
vice without the PI layer had negative Vtn and poor
l(0.01 cm2 V�1 s�1). The performance enhancements of
the device when inserting the PI layer were due to the sur-
face energy match for PI (38 mJ/m2) and PTCDI–C8H17

(32 mJ/m2) films obtained from contact angle measure-
ments of H2O and CH2I2. Furthermore, the PTCDI–C8H17

on PI surface displays the larger grain texture than that
on SiO2 surface (surface energy of 60 mJ/m2). Negative shift
Vtn for p-transistor and normally-on n-type transistor with
the PI modification layer were attributed to richly negative
center on the SiO2 surface. The improved on/off ratio and ss
and suppression of leakage current for the n-type transis-
tor with the PI layer when compared to the device without
the PI layer are similar to p-type transistors as shown in
Fig. 4c. Moreover, both the pentacene and the PTCDI TFTs
have fairly large gate leakage currents, about 10 nA, due
to the SiO2 gate-dielectric grown at low temperature.



Fig. 2. The electrical characteristics of the pentacene-based OTFT. (a) Output curves, (b) curves of the field-effect mobilities and threshold voltage (IDS
1/2–

VGS), and (c) curves of the on/off ratio, subthreshold swing (logðIDSÞ � VGS), and leakage currents (logðIGÞ � VGS). Symbols: the devices (j) with and (s)
without PI modification layers.

Fig. 3. Atomic force microscope images of pentacene films deposited on (a) PSPI and (b) SiO2 dielectrics. PTCDI–C8H17 films deposited on (c) PSPI and (d)
SiO2 dielectrics. All images are 2 lm � 2 lm in size.
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Fig. 5 shows the voltage transfer characteristics and
gains of O-CMOS inverters composed of the above-men-
tioned p-transistor and n-transistor. The input voltage
(VI) was varied from 0 to 50 V at VDD of 30, 40, and 50 V.
The O-CMOS inverters demonstrate the switch from high
to low states which correspond to the basic logic bit from
‘‘1” to ‘‘0”. Compared with the O-COMS inverter without
the PI modification layer, the device with the PI layer
has symmetric voltage transfer curves in which the verti-
cal segment occurs at VI = VDD/2 and is bounded by
Vo(A) = VDD/2–Vtp, Vo(B) = VDD/2–Vtn. The performance of
switching an O-CMOS inverter can be generally deter-
mined by noise margins at high and low logic levels. The
noise margins for high (NMH) and low (NML) are defined
as [18]

NMH ¼ VOHðEÞ � V IHðDÞ ð1Þ
NML ¼ V ILðCÞ � VOLðFÞ ð2Þ



Fig. 4. The electrical characteristics of the PTCDI–C8H17-based OTFT. (a) Output curves, (b) curves of the field-effect mobilities and threshold voltage (IDS
1/2–

VGS), and (c) curves of the on/off ratio, subthreshold swing (logðIDSÞ � VGS), and leakage currents (logðIGÞ � VGS). Symbols: the devices (j) with and (s)
without the PI modification layers.

Fig. 5. Hysteresis transfer curves of O-CMOS inverters in both forward (closed symbol) and reverse (open symbol) processed. (a) The device with the PI
layer; (b) the device without the PI layer. (c) The corresponding signal gains. Symbols: the devices with (closed symbol) and without (open symbol) the PI
modification layers. (d) The circuit of O-CMOS. (e) The logic-level diagram of O-CMOS. The applied VDS: (N) triangle 30 V, (d) circle 40 V, and (j) square
50 V.
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where VOH(E) and VOL(F) are maximum and minimum out-
put voltages, respectively; VIH(D) and VIL(C) are input volt-
ages at @VO=@VI ¼ �1 as shown in Fig. 5a. The NMH and
NML are estimate to be 45% and 47.4% of VDD = 50 V, respec-
tively. Especially, the noise margin at high level matches
that at low level. The voltage of transition region between
VIH and VIL is below 10% of the VDD as shown in Fig. 5e.
However, the noise margins of organic complementary



Fig. 6. The dynamic characteristics operation of O-CMOS inverters employing (a) the PI, (b) without the PI at 1 kHz and various VDD. The close symbol
represents the input signal (VI) and open symbol represents the output (Vo).
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inverters exceed 50% in literature reports, in which the dif-
ference of NMH and NML is greater than 10% for some re-
ports [12,19,20]. Therefore, the characteristics of the
device with the PI modification layer have the potential
for applications in organic inverter circuit designs. More-
over, the small hysteresis phenomenon was observed in
the device with the PI layer because of the good matches
of drain-currents in both transistors. For obtaining the
drain-currents match, the W/L of p- and n-transistors were
adjusted to optimize the voltage transfer curve and noise
margin of O-CMOS as shown in Fig. 5a and b. The gain of
CMOS device was defined as the slope @VO=@VI of the
transfer curve. When the O-CMOS was fabricated on a
SiO2 surface, it showed a very low gain as shown in
Fig. 5c. The gain was improved by above five times of mag-
nitude when the O-CMOS was fabricated on the PI surface.

The generally studied CMOS demonstrates an important
application of MOSFET, namely, its use as a voltage-con-
trolled switch. The characteristics for dynamically operat-
ing the O-CMOS inverters are shown in Fig. 6. When the
amplitude of alternating input VI (1 kHz) was fixed at 4 V
and VDD varied from 30 to 50 V at step of 10 V, the ampli-
tude of the alternating output Vo for the O-CMOS with the
PI layer is almost the same as the input. However, the
amplitude of the alternating Vo for the O-CMOS without
the PI layer is half of the input because of the mismatch
of the drain current and field-effect mobility between n-
type and p-type transistors. The propagation delay time
(tp) decreases with the increase of VDD (tp inversely propor-
tional to l and VDD) for all O-CMOS inverters, in which the
definition of delay time is the same as inorganic CMOS
inverter [18]. The propagation delay time of 52 ls was
obtained for the O-CMOS inverter at VDD = 50 V among all
devices; furthermore, it behaved as an ideal CMOS inverter.

In summary, organic semiconductors pentacene and
PTCDI–C8H17 were used to fabricate O-COMS inverters
integrated with the PI as surface modification layer on
dielectric. The performances of the devices were dramati-
cally improved by introducing PI films. An ideal O-CMOS
inverter has been achieved and the n-type organic semi-
conductors with various alkyl groups are in progress.
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donor/acceptor combination using pentacene/PTCDI-C8 thus
can harvest light efficiently throughout the visible solar spec-
trum. PTCDI-C8 thin film also shows high electron mobility
(0.6 cm2 V�1s�1) [18], which ensures balanced field-effect
mobilities for n- and p-channels within the device.

In this letter, we report on the photovoltaic properties
of an efficient donor/acceptor combined pentacene/
PTCDI-C8 heterojunction. Solar cell parameters precisely
estimated using the model recently reported by Ishibashi
et al. [19] are reported.

The photovoltaic devices were fabricated on patterned
indium tin oxide (ITO) coated glass substrates. The sheet
resistance of the ITO anode was 10 X/h. All organic mate-
rials were purchased from Sigma–Aldrich. Prior to organic
layer deposition, ITO substrates were cleaned thoroughly
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Fig. 1. (a) The chemical structure of pentacene and PTCDI-C8, (b) AFM micro
substrates, (c) AFM micrograph of the 40 nm thick PTCDI-C8 film deposited o
pentacene/PTCDI-C8 heterojunctions deposited on ITO/PEDOT:PSS substrates.
in acetone, isopropyl alcohol and de-ionized water in se-
quence using an ultrasonic cleaner followed by drying with
nitrogen gas. Cleaned ITO anodes were treated with micro-
wave oxygen plasma for 30 s. A 40 nm thick poly(3,4-eth-
ylenedioxythiophene)–poly(styrenesulfonate) (PEDOT:PSS)
layer was spin coated on ITO anodes from a 2.8 wt% water
solution. Spin coated PEDOT:PSS substrates were annealed
at around 110 �C for 1 h to remove the solvent completely.
A 50 nm thick pentacene (99.9%) layer was thermally evap-
orated with a deposition rate of �0.5 Å/s followed by the
deposition of a 40 nm thick PTCDI-C8 (98%) layer. A
10 nm thick electron transporting layer (ETL) of Tris-(8-
hydroxyquinolinato) aluminum (AlQ3) was then deposited
on the top of the PTCDI-C8 layer to prevent it from being
damaged during metal deposition and to enhance the
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graph of the 50 nm thick pentacene film deposited on ITO/PEDOT:PSS
n ITO/PEDOT:PSS/pentacene substrates, (d) X-ray diffraction pattern of
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Fig. 2. (a) Absorption spectrum of a 50 nm thick pentacene film, 40 nm
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erojunctions deposited on glass substrates, (b) photocurrent action
spectra of the device; EQE reaches �60% at the PTCDI-C8 peak absorption.

1008 S. Karak et al. / Organic Electronics 10 (2009) 1006–1010
electron collection efficiency from the PTCDI-C8 layer to
the Al cathode [20]. Finally, an 80 nm thick aluminum
top electrode strip was deposited by thermal evaporation
through a shadow mask to define a square shaped active
area of 4 mm2. Base pressure during the thermal evapora-
tion was 5 � 10�6 mbar. The thickness of different layers
was monitored by quartz crystal monitor and was verified
by stylus profilometer (Veeco Dektak3). Atomic force
microscopy (AFM) (Veeco Nanoscope-IV) in tapping mode
was used to study the surface morphology of different
layers of the device. The crystallinity of the pentacene/
PTCDI-C8 bilayer was studied using a Philips X-Pert PRO
MRD X-ray diffractometer with CuKa radiation
(k = 0.15418 nm). The absorption spectra of the penta-
cene/PTCDI-C8 heterojunctions were investigated in the
wavelength range 300–1100 nm using a UV–VIS–NIR spec-
trophotometer (Perkin–Elmer Lambda 45). Current den-
sity–voltage (J–V) characteristics of the devices were
measured using a Keithley 4200-SCS measurement unit
in dark and under AM 1.5 illumination (Newport 67005 so-
lar simulator) with a power density of 100 mW/cm2. The
photocurrent action spectrum was measured under short
circuit condition at a chopping frequency of 180 Hz with
a lock-in amplifier (Standford research system-SR830
DSP) during illumination with the monochromatic light
from a broadband source. All the device characterizations
have been carried out under ambient condition.

The performance of the organic photovoltaic devices
depends significantly on the morphology of the active lay-
ers. Active layers with small and disordered grains may
limit the cell performance due to the large number of de-
fect states and recombination losses. Several factors
including deposition rate, substrate temperature and the
nature of the substrate can influence the film morphology
and crystallinity [21,22]. Here pentacene films were depos-
ited at a slow evaporation rate of �0.5 Å/s to realize larger
crystalline domains [21]. For investigating the morphology
of the different layers of the device, taping mode AFM was
performed on both pentacene and PTCDI-C8 layers. Fig. 1a
shows the morphology of pentacene film deposited on ITO/
PEDOT:PSS substrates. The film contains crystalline grains
of 800–1100 nm sizes with layered structures. Fig. 1b
shows the morphology of PTCDI-C8 layer deposited on
ITO/PEDOT:PSS/pentacene substrates, with uniform and
densely packed structures. For further analysis, X-ray
diffraction (XRD) experiments were performed on penta-
cene/PTCDI-C8 heterojunctions deposited on ITO/PED-
OT:PSS substrates under conventional (h–2h)
configuration. Fig. 1c shows the corresponding XRD pat-
terns. PTCDI-C8 film shows strong diffraction peak at 4.2�
with a d-spacing of 2.10 nm corresponding to the (0 0 1)
plane [23] whereas pentacene exhibits a predominant thin
film phase with a d-spacing of 1.56 nm at 5.6�, 11.3� and
17.2� corresponding to the (0 0 1), (0 0 2) and (0 0 3)
planes, respectively [22,24–26]. Prominent diffraction
peaks of pentacene and PTCDI-C8 layers ensure the higher
degree of crystallinity of both the p- and n-channels,
resulting in low recombination losses and reduced micro-
scopic shorts within the device.

To compare the spectral response of heterojunction de-
vice, we have investigated the independent absorption
spectra of a 50 nm thick pentacene film, 40 nm thick
PTCDI-C8 film and the combined pentacene/PTCDI-C8 het-
erojunctions in 300–1100 nm wavelength range using a
UV–VIS–NIR spectrophotometer. Fig. 2a represents the cor-
responding absorption spectra of different layers. PTCDI-C8

shows significant absorption in the wavelength range 400–
600 nm with peaks at 488, 523 and 567 nm. On the other
hand pentacene has strong absorption properties in the
range of 500–700 nm with peaks at 583 and 667 nm and
visible kinks at 501, 543 and 629 nm. Altogether, the penta-
cene/PTCDI-C8 heterojunctions show strong absorption
throughout the visible solar spectrum. Fig. 2b shows the
photocurrent action spectrum of the device. It closely fol-
lows the absorption profile of pentacene/PTCDI-C8 hetero-
junctions with maximum external quantum efficiency
(EQE) of �60% at 493 nm, which is one of the highest, re-
ported so far for organic photovoltaic devices. External
quantum efficiency (EQE) was measured using the relation:

EQEð%Þ ¼ 100� 1240� Jsc

kP0

� �
; ð1Þ
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where P0 is the incident light intensity of the source (mW/
cm2), JSC is the short-circuit current density (mA/cm2), and
k is the wavelength (nm) of incident radiation. It is quite
interesting to note that the highest peak of the photocur-
rent action spectrum corresponds to the maximum absorp-
tion peak of the PTCDI-C8 films. This reveals the significant
contribution of PTCDI-C8 layer to the device performance
in terms of strong light absorption and efficient exciton
dissociation at the pentacene/PTCDI-C8 interface.

Fig. 3a shows the J–V characteristics of ITO/PEDOT:PSS/
pentacene (50 nm)/PTCDI-C8 (40 nm)/AlQ3 (10 nm)/Al de-
vices under dark and 100 mW/cm2 AM 1.5 simulated solar
irradiation conditions. The device exhibits a short-circuit
current density (JSC) of 3.0 mA/cm2, an open-circuit voltage
(VOC) of 0.60 V, and a high fill factor (FF) of 65%. These de-
vice parameters lead to power conversion efficiency (g) of
1.2%. Similar results have been found using PTCDI-C13, an-
other derivative of PTCDI, as acceptor materials by Pandey
et al. [27]. The high fill factor indicates reduced recombina-
tion loss and high shunt resistance (RSH) of the device [28].
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Fig. 3. (a) J–V characteristics of ITO/PEDOT:PSS/pentacene (50 nm)/PTCDI-C8

simulated solar irradiation conditions, (b) the analysis of the J–V curve under illum
of (�dV/dI) as a function of fIsc � I � ½V � RsðIsc � IÞ � nkBT=q�=RSHg�1 for the esti
These may be due to the excellent morphology and high
charge carrier mobilities of both the p- and n-channel of
the devices. For further clarification, the precise measure-
ment of all solar cell parameters have been made by ana-
lysing the J–V curve, shown in Fig. 3a under A.M 1.5
illumination, using the model given by Ishibashi et al.
[19]. Shunt resistance (RSH) has been independently de-
rived from the slope of the J–V curve at J = JSC (V = 0).
Fig. 3b shows the experimental data together with the cal-
culated RSH of the device. Other parameters have been esti-
mated from the y-intercept and the slope of the plot of
(�dV/dI) as a function of fIsc � I � ½V � RsðIsc � IÞ�
nkBT=q�=RSHg�1, as shown in Fig. 3c, where ISC, RS, RSH, q,
n, kB and T are the short-circuit current, series resistance,
shunt resistance, electron charge, the ideality factor, the
Bolzmann constant and the temperature, respectively.
The plot of (�dV/dI) exhibits a good linearity in agreement
with the model [19]. The device shows a series resistance
(RS) of 18 X cm2, a shunt resistance (RSH) of 2.5 kX cm2

with an ideality factor (n) of 1.6. Low ideality factor
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(<2.0) confirms reduced recombination losses within the
device. The saturation current (I0) and photocurrent (IPh)
of the cell have been estimated to be 53.8 pA and
118.3 lA, respectively.

To conclude, we have demonstrated the operation of an
efficient solar cell based on pentacene/PTCDI-C8 discrete
heterojunctions. The absorption spectrum and the photo-
current action spectrum of the device confirm that
PTCDI-C8 can be a more suitable choice as an acceptor
material than C60 for photovoltaic applications. The most
promising point with this donor/acceptor combination is
that the device exhibits efficient light harvesting through-
out the visible region of the solar spectrum. Further
improvement of the device performance may be achieved
by post- or pre-fabrication annealing treatments and by
optimizing the active layers thickness.
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of the load capacitance are very strict. Also, the supply
voltage needed to drive an organic circuit has to be consid-
ered. It has been estimated that a rectifier based on an or-
ganic diode would need to deliver a supply voltage of 10 V
and a current of 100 lA from an incoming RF signal at
13.56 MHz [9].

In order to exploit the opportunities associated with or-
ganic electronics, rectifier diodes based on organic semi-
conductors should be manufactured with technologies
that offer high throughput and reliable processing. So far
most of the work has concentrated on evaporated semi-
conductors and evaporated or sputtered metal electrodes
patterned by shadow masking [8,9]. Photolithographic pat-
terning has also been used to define the metal structures
[10]. In some studies, spin casting has been used either
to deposit the organic semiconductor layer or to deposit
an intermediate layer, such as PEDOT:PSS (poly(3,4-ethyl-
enedioxythiophene) poly(styrenesulfonate)), on top of one
of the electrodes [7–9]. Spin casting, though it is based on
solution processing, cannot be considered a high through-
put process. High throughput processes, such as coating
and printing technologies, need to be demonstrated to
manufacture organic rectifier diodes on a scale that can
be of industrial interest.

In this letter we report an organic diode rectifier that
delivers excellent DC output at AC input frequencies
approaching the RFID HF standard and was made using
only mass printing based patterning methods. No shadow
mask, ink jet, photolithography or other fine patterning
processes were used. The semiconductor layer was sand-
wiched between copper and silver electrodes and diodes
with different semiconductor thicknesses were character-
ized with respect to their J–V and rectifying properties.
Contrary to most of the previous studies where the devices
have been fabricated either in vacuum or inert atmosphere,
the processing and characterization was performed in
ambient laboratory conditions. This was enabled by using
PTAA (poly(triarylamine)) as the semiconducting layer.
PTAA is a well-known amorphous conjugated polymer
whose electrical properties have been shown not to de-
grade in air [12,13].

The diodes were fabricated on metallized polyester
(poly(ethylene terephthalate), PET) film, Melinex ST506
from Dupont Teijin Films, using printing processes that
are compatible with roll-to-roll fabrication. A 100 nm cop-
per layer was sputtered onto the PET film. The copper was
subsequently patterned using a wet etching process in
which the etch resist, UV-curable XV1000-2 from Sun
Chemical, was printed using rotary screen printing. After
etching, the samples were cleaned by rinsing with de-ion-
ized water and 2-propanol. The diodes were fabricated in a
dust-free environment (non-certified but close to ISO
14644-1 class 5) at room temperature and RH of 40–50.

The patterned semiconductor layer, poly(triarylamine)
PTAA, was single printed with a laboratory-scale automatic
gravure printing press, Labratester Automatic from Nor-
bert Schläfli Maschinen, and cured at 115 �C for 5 min.
Although the press is sheet-fed, it imitates roll-to-roll
printing closely. The anode material, silver ink PM460A
from Acheson Industries Ltd., was also deposited with the
gravure press and cured at 115 �C for 5 min. Orthogonal
solvents were chosen to avoid interfacial dissolving or mix-
ing of the layers. The resistance of the printed silver lines
was measured to be 0.3 X/h. Diodes with three different
PTAA thicknesses were fabricated. Film thicknesses were
measured with a Veeco diCaliber Scanning Probe Micro-
scope in the non-contact mode.

The DC J–V characteristics of the diodes were measured
using a Keithley 236. The DC output signals were measured
for AC supply signals of zero-to-peak amplitude of 10 V.
The diode capacitance was measured with HP4192A, and
rectification properties with an SRS DS345 30 MHz func-
tion generator and Tektronix TDS 3014B oscilloscope. A
47 nF discrete capacitor was used as the load capacitor.
The oscilloscope had a 1 MX || 16 pF input impedance.
The internal load of the oscilloscope was used as the load
resistor. The circuit performance was confirmed by testing
a few different capacitor and resistor values. All measure-
ments were made in laboratory conditions in dark.

Thicknesses measured by AFM for the PTAA layers were
400 nm, 600 nm and 1100 nm. These values were con-
firmed by capacitance–frequency measurements. As the
frequency is increased, the initially high capacitance de-
creases. At low frequencies, the interface states follow
the alternating current signal while at high frequencies
they cannot follow the signal. At this region, the capaci-
tance is constant indicating that the semiconductor is fully
depleted and the capacitance is the bulk capacitance of the
semiconductor. Using the relative permittivity of the semi-
conductor (er = 3) and the active area 4 mm2, the capaci-
tance values of 90, 160 and 220 pF translate into
thicknesses of 1200 nm, 700 nm and 500 nm, respectively.
Although the capacitance measurements gave systemati-
cally slightly higher values for the film thicknesses com-
pared to the AFM measurements, the thickness values are
in the same range. The difference can be attributed to a
thickness variation between the edge of the PTAA (mea-
sured thickness by AFM) and the centre (diode area). Also
the relative permittivity value is only an estimate for PTAA
semicondutors.

In the Schottky diodes reported here, a printed silver
layer acted as the anode and a patterned copper layer as
the cathode. The forward current in the diodes depends
on the quality of the ohmic contact, and thus the energy
barrier between the silver and the highest occupied molec-
ular orbital (HOMO) of the semiconductor. The reverse cur-
rent depends on the Schottky barrier height between the
copper and the highest occupied molecular orbital of the
semiconductor. The current in the devices is carried almost
exclusively by holes.

In a vertical rectifier diode structure, the semiconductor
thickness needs to be thick enough to sustain the voltage
applied across the diode but thin enough for charge carri-
ers to move in the semiconducting material at high fre-
quencies. The printing process and the surface properties
of the substrate pose restrictions on how thin a layer can
be printed. In gravure printing, the resulting film thickness
is determined by the printing cylinder cup depth and line
density. The rheology of the ink, surface energies of the
ink and the substrate, printing pressure and speed also af-
fect the ink transfer from the cup to the substrate. In the
diodes reported here, the yield of working devices was im-
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proved when the semiconductor layer was double printed
with shallow printing cups compared to single printed
with deep cups. However, by optimizing the substrate
smoothness and ink properties the semiconductor does
not need to be double printed.

The log J–V characteristics are depicted in Fig. 1. At 5 V,
the samples showed a current density of 2000 lA/cm2,
800 lA/cm2 and 280 lA/cm2 for semiconductor thick-
nesses of 500 nm, 700 nm and 1200 nm, respectively. In
the reverse bias regime, the currents slowly increased for
the two diodes with thinner semiconductors, with the cur-
rent density values at �5 V of 60 nA/cm2 and 30 nA/cm2. In
the thickest diode, the current density at �5 V is 1–3 nA or
lower; this is close to the detection limit of the measure-
ment unit. The rectification ratio for all diodes was over
10,000. The diode characteristics showed no significant
degradation when the performance was followed for
4 weeks after fabrication. During this period, the diodes
were stored and characterized in ambient laboratory
conditions.

Rectified output voltages at frequencies up to 10 MHz
for diodes with three different PTAA thicknesses are shown
in Fig. 2. In these measurements, the input AC zero-to-peak
signal was 10 V. The output voltages were constant at
approximately 7.4 V, 6.6 V and 5.4 V for PTAA thicknesses
of 500 nm, 700 nm and 1200 nm, respectively, for frequen-
cies up to 10,000 Hz and decayed slowly at higher frequen-
cies. At 1 MHz, the output voltage for the thinnest diode
was approximately 5.4 V and at 10 MHz approximately
2.7 V. When the AC zero-to-peak signal was increased to
25 V, the thinnest diode gave a DC voltage of 18 V at
1 MHz. This yields a maximum field over the diode of
0.87 MV/cm. At AC voltages larger than 25 V, the diode
started to degrade and the output DC voltage decreased.
At frequencies over 1 MHz the impedance mismatch of
the circuit and the available measurement instruments
caused a decrease in the effective input voltage, which lead
to a lowering of the rectifier output voltage in Fig. 2; in
other words, optimized input circuitry would be expected
to yield better rectification performance.
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The measured AC response for a printed PTAA diode in a
configuration where the diode was connected to a load
capacitor (47 nF) and load resistor (1 MX) is shown in
Fig. 3. The input signal was provided by a function genera-
tor. At 1 MHz, the diode was able to rectify an input signal
with 10 V zero-to-peak amplitude into a 5.4 V stable DC
current. To power an organic circuit, the rectified DC volt-
age should be as high as possible and the voltage drop
across the diode should be as small as possible. Since the
organic layer is already relatively thin (500 nm) for a mass
printed layer on an inherently non-flat substrate, the chal-
lenges in forming thinner films and thus achieving higher
frequency rectification are considerable. However, the re-
sult achieved here shows the potential of completely
printed diodes at MHz frequencies.

To operate as high efficiency DC converters at frequen-
cies required for HF RFID tags, the diode characteristics still
need to be improved. This can be done by reducing the
diode area, improving the ohmic contact of the diode or
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modifying the mobility and thickness of the semiconductor
[14]. The active diode area, 4 mm2, is rather large, which
resulted in a high capacitance over the diode. Secondly,
the contact between silver and PTAA is most probably
not completely ohmic, resulting in injection limited rather
than space charge limited current. The contact could be
improved by choosing an anode with a lower Schottky bar-
rier with the HOMO level of PTAA. Such a gravure printable
anode could be for example modified PEDOT–PSS. How-
ever, there are concerns related to the stability and high
acidity of PEDOT–PSS which can affect the diode perfor-
mance [15]. The third option to improve the rectification
properties of the diode is to improve the mobility of the
semiconductor or reduce the printed thickness. Although
materials with higher mobilities are being developed, for
printable semiconductors it is also of importance that the
materials can be formulated to an ink that has the right
properties for mass printing. This poses some limitations
in terms of suitable solvents and the rheological properties
of the ink. Additionally, the printing process will most
likely introduce inhomogenities in the organic film thick-
ness. Here, the surface roughness of the underlying pat-
terned metal (and also the polyester substrate) will also
have an effect.

With regard to the semiconductor thickness, rectifying
properties at high frequency will improve if the thickness
is reduced, as shown in equation [8]:

fmax ¼
lðVAC � VDCÞ

L2 ð1Þ

where VAC = supply AC voltage amplitude, VDC = output DC
voltage, l = carrier mobility, and L = film thickness, yields
the maximum operating frequency (fmax) of the diode.
The frequency is inversely proportional to the square of
the semiconductor thickness. Extrapolating from Fig. 2 that
a diode with a semiconductor thickness of 400 nm gives an
initial output DC voltage of 8 V, a diode with this thickness
would operate at a frequency in the range of 13.56 MHz
with an output DC voltage of 4.5 V. This is the frequency
needed for RFID applications. Here, it has to be pointed
out that when the thickness is reduced also the reverse
current of the device will increase, as depicted in Fig. 1.
This will worsen the rectification ratio. However, the in-
crease in reverse current may be relatively small when
the diode is operated at high frequencies.
In conclusion, a roll-to-roll compatible mass printing
process was demonstrated for the fabrication of organic
diodes for use in a high frequency rectifier. A PTAA diode,
manufactured and measured in air, showed rectification
up to 10 MHz with an active layer thickness of 500 nm.
By optimizing the device geometry, electrodes, printing
parameters and semiconductor properties, the diodes pre-
sented here can be improved to rectify at frequencies re-
quired for HF RFID applications. The diodes also showed
a stable J–V performance under ambient room conditions.
This study thus shows the possibility of RF-compatible or-
ganic rectifier diodes that can be manufactured with roll-
to-roll printing processes.
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Fig. 1. (a) Absorption (top panel) and photoluminescence (PL) (bottom
panel) of 15 nm thick SY and SY:PtOEP thin films with various compo-
sitions. The molecular structure of PtOEP is shown as an inset to the
bottom panel. (b) Absorption (top panel) and PL (bottom panel) of 15 nm
thick SY and SY:OEP thin films with various compositions. The molecular
structure of OEP is shown as an inset to the bottom panel. (c) The
formation pathways of excitons generated in doped SY. Following
absorption in SY to excite a molecule from the ground state (S0) to the
first excited singlet state (S1,SY) there is singlet energy transfer to the
guest at a rate kset. For the guest PtOEP (blue dashed arrows), intersystem
crossing converts singlet excitons to triplet excitons from S1,Guest to
T1,Guest at a rate kisc. Finally, the lower triplet energy of SY (T1,SY) quenches
the PtOEP triplets with a rate ktet. In the case of an OEP guest (red dotted
arrow), the lack of an efficient ISC pathway results in singlet emission.
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Organic photovoltaic devices utilizing phosphorescent
materials have previously been demonstrated, either by
employing directly a phosphorescent small molecular or
polymer layer [11–14], or by inducing phosphorescence
in a fluorescent host via a proximity effect of a heavy-
metal-atom containing phosphor dopant [15]. However,
because phosphorescent organic semiconductors are typi-
cally characterized by low mobilities and absorption that
do not overlap well with the solar spectrum [13], their
use as active, absorbing layers may be difficult to realize.
One notable exception [2] is the acceptor C60, which has
a high charge carrier mobility of 5 � 10�2 cm2/Vs, and
LD � 40 nm owing to its near unity ISC efficiency [16],
albeit with an absorption spectrum still focused in the blue
wavelength range.

Here, we demonstrate enhanced photocurrent from a
fluorescent material via the process of sensitized phospho-
rescence. We employ a host:guest system where a fluores-
cent host material continues to be used for light absorption
as well as for charge and exciton transport. The guest
serves only to convert initially generated host singlet exci-
tons into triplet excitons, as its low concentration prevents
efficient transport and absorption. An advantage of this ap-
proach to create triplet excitons on a fluorescent host
stems from the fact that due to the lack of an efficient trip-
let decay pathway, triplet states in fluorescent materials
[17,18] generally possess significantly longer lifetimes
compared with phosphors containing heavy-metal atoms
[19] (e.g. ms compared to ls). To allow for the above pro-
cesses to occur, the host:guest system needs to obey the
following criteria: First, that the lowest excited singlet
state of the dopant is lower than that of the host material
(S1,dopant < S1,host), and there is sufficient overlap between
the emission of the host and absorption of the guest to al-
low for efficient singlet energy transfer (SET). Second, that
the triplet energy of the dopant molecule is greater than
that of the host (T1,dopant > T1,host) for efficient triplet en-
ergy transfer (TET) to occur. In addition, care should be ta-
ken to allow for efficient charge transport of
photogenerated carriers through the host material. There-
fore, an additional criterion for a donor material is that
the highest occupied molecular orbital (HOMO) of the dop-
ant is greater than that of the host to prevent holes from
being trapped on the guest material which would ulti-
mately reduce photocurrent. In the case of an acceptor
material, care should be taken that the lowest unoccupied
molecular orbital of the dopant is lower than that of the
host material to prevent electron trapping.

To demonstrate that the process of sensitized phospho-
rescence can be used to increase the photocurrent of an
absorbing layer, we use as an example the phenyl-substi-
tuted poly(p-phenylene vinylene) (PPV) donor polymer
Super Yellow (SY) doped with the phosphorescent mole-
cule platinum octaethylporphyrin (PtOEP). Furthermore,
we investigate the effect of doping with the Pt-free ana-
logue octaethylporphyrin (OEP) to demonstrate the oppo-
site effect: a dopant that allows SET but not TET is
expected to actually reduce the photocurrent. Fig. 1a
shows the absorption (Shimadzu UV-1601PC) and emis-
sion (Shimadzu RF-5301PC) of a pure SY film as well as
films doped with PtOEP, whereas Fig. 1b shows SY films
doped with OEP. The absorption shoulders of PtOEP and
OEP are present in the doped films, at wavelengths of
k = 385 and 535 nm for PtOEP and at k = 410 nm for OEP,
and the intensity of these peaks increases with doping con-
centration. The SY emission (excitation at k = 385 nm),
with its peak at k = 540 nm, is quenched rapidly as a result
of the introduction of either dopant. Significantly, PtOEP
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phosphorescence [20] at k = 650 nm is not present,
whereas OEP fluorescence at k = 625 nm is observed. This
suggests the excitonic pathways illustrated schematically
in Fig. 1c, where for the case of PtOEP there is efficient
SET from SY to PtOEP molecules, followed by ISC, and final-
ly TET back to SY owing to the lower triplet energy of SY
(�1.6 eV) compared to that of PtOEP (�1.9 eV), a phenom-
enon which has been shown previously for PtOEP in PPV
hosts [21]. In the case of OEP, SET onto the OEP dopant oc-
curs, but since OEP is a fluorescent molecule, ISC efficiency
is very low and singlet OEP emission is observed.

For the demonstration of sensitized phosphorescence
in a solar cell, we use the following device structure: in-
dium–tin–oxide (ITO)/poly(3,4-ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT) (30 nm)/SY (15 nm)/C60

(30 nm)/bathocuproine (BCP) (8 nm)/Al (80 nm). Here,
ITO/PEDOT serves as the anode, SY as the donor layer, C60

as the acceptor layer, BCP as an exciton blocking layer,
and Al as the cathode. The reason for employing only a
15 nm thick SY layer is because the use of thicker layers
led to a rapidly increasing series resistance for the device,
reducing the fill factor (FF) as well as, and even more sig-
nificantly, the short circuit current density JSC. The ITO
coated glass substrates were solvent cleaned followed by
UV/O3 treatment for 10 min. The PEDOT (H.C. Starck, Bay-
tron P VPAI4083) solution was spincast at 3000 rpm for
60 s, followed by baking at 120 �C. The SY was dissolved
in toluene at a concentration of 1.7 mg/ml, with doping
of PtOEP or OEP by weight, followed by spincasting at
2000 rpm for 60 s. The C60, BCP, and Al layers were then
deposited in an ultrahigh vacuum chamber (base pressur-
e < 5 � 10�9 Torr). The device area was measured with an
optical microscope, with an average area of 3.3 mm2. The
current density vs. voltage (J–V) characteristics were mea-
sured using an Agilent 4156C parameter analyzer with illu-
mination from a LOT-Oriel 1000 W Xe arc lamp fitted with
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AM 1.5D filters. Calibration was performed by a KG3 band
pass filter and a calibrated Si detector.

The schematic energy diagram of this device is shown
in the inset to Fig. 2, where we also show the J–V character-
istics of devices with undoped SY, SY:PtOEP(5%) and
SY:OEP(5%) donor layers in the dark and under 100 mW/
cm2 AM1.5D simulated solar illumination. The undoped
SY-based device has JSC = 3.2 mA/cm2, open circuit voltage
VOC = 0.86 V, FF = 0.54, and power conversion efficiency
gP = 1.5%. The doped devices have the same value of VOC,
which indicates that the host SY acts as the charge con-
ducting material, a property which is expected for films
containing a low concentration of dopant (<10%) and also
owing to the shallower HOMO of SY (5.2 eV) with respect
to that of either PtOEP (5.3 eV) or OEP (5.5 eV). The
PtOEP-doped device has a dark current almost identical
to that of the undoped device, and JSC = 3.5 mA/cm2,
FF = 0.52, and gP = 1.6% under illumination. In this case,
the photocurrent is increased by almost 10%, whereas the
FF is slightly decreased, which could indicate that the pres-
ence of the PtOEP dopant molecule interrupts charge car-
rier transport in the SY matrix, making the collection of
photogenerated charges more difficult. For the case of 5%
OEP doping, JSC = 2.8 mA/cm2, FF = 0.41, and gP = 1%. Here,
the OEP dopant increases the series resistance of the cell,
as reflected in the lower dark current at V P 0.7 V as com-
pared to the other devices. This has the effect of reducing
the FF, but does not significantly impact JSC, as an equally
reduced photocurrent can be observed even for negative
voltages, where photogenerated carriers are efficiently ex-
tracted by the applied field.

To understand better the influence of the dopant and
whether sensitized phosphorescence plays a role in the de-
vice operation, we show in Fig. 3 the dependence of JSC on
dopant concentration for either PtOEP or OEP doping. It
should be noted that the roughness and therefore interfa-
cial area of the donor–acceptor heterojunction does not in-
crease with doping concentration, as measurements by
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atomic force microscopy of doped (8%) and undoped SY
films have smooth surface morphologies with root mean
square roughnesses of 0.6 nm (data not shown). With an
increase in PtOEP concentration, JSC increases by approxi-
mately 10%, peaking at a dopant concentration of 5%, be-
yond which the increase in JSC is reduced. In contrast, the
addition of OEP to the SY matrix always results in a de-
crease of JSC, which appears to saturate at a reduction of
approximately 15–18%. This can be understood by consid-
ering again the results of Fig. 1, where SY singlets are
immediately quenched by the addition of small amounts
of the dopant. Once a sufficient doping level has been
reached in order to quench a large percentage of the SY
excitons, increasing the dopant concentration only sup-
presses further the transport of charges and/or triplet exci-
tons in the SY layer, resulting in a decreased performance
and therefore the presence of an optimal PtOEP concentra-
tion. Indeed, the fact that both dopants efficiently quench
SY excitons but only PtOEP doping leads to an enhance-
ment of JSC provides significant evidence that excitons are
returned to SY in that case, whereas with OEP doping they
are lost.

As further evidence of the sensitized phosphorescence
mechanism, we consider the external quantum efficiency
(gEQE) spectra of doped and undoped devices, as shown in
Fig. 4a. To highlight the relative contributions from SY
and C60, we also show the calculated absorption efficiency
(gA) spectra for SY and C60 (using a transfer-matrix based
calculation). The SY contribution is centered at
k = 455 nm, whereas C60 is responsible for the shoulder at
k = 435 nm and the tail extending to k = 650 nm. The
reduction of gEQE at k 6 375 nm is due to reflection and
absorption from the glass/ITO substrate, resulting in a
‘‘false peak” in the measured gEQE at k = 375 nm. The gEQE

spectrum of the cell with a pure SY donor layer shows dis-
tinct features of both SY and C60. From gA, it is clear that
there is a larger contribution to the photocurrent originat-
ing from the C60 acceptor layer compared to that of SY,
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Fig. 4. (a) Measured external quantum efficiency (gEQE) spectra for the device
SY:PtOEP(5%) (filled blue squares), or SY:OEP(5%) (open red circles). The solid line
data points. The dashed lines show the calculated absorption efficiencies (gA) of
difference in gEQE between devices with doped and pure SY donor layers. The blu
line with open circles shows the device with OEP as a dopant. The dotted lines r
references to color in this figure legend, the reader is referred to the web versio
which contributes approximately 15% of the total current,
and which is consistent with the fact that OEP doping re-
sults in a reduction of JSC by approximately the same
amount (cf. Fig. 3). The calculated gEQE spectrum for the
undoped device closely fits that of the measured data,
and yields an estimate of LD = 4 ± 1 nm, in excellent agree-
ment to that of other PPV derivatives [22]. For the device
with a SY:OEP(5%) donor layer, the contribution from SY
is barely visible, functioning instead almost completely
on C60. Indeed, spectral fitting for this device requires
LD � 1 nm, indicating that only SY excitons formed at the
interface with C60 are able to contribute. This is consistent
with the fact that OEP quenches most SY excitons and con-
fines them to the OEP dopant (where emission is observed,
cf. Fig. 1b), eliminating the opportunity to dissociate at the
donor–acceptor interface.

The gEQE spectrum of the SY:PtOEP(5%) shows instead
an enhancement of the SY signal, peaking at k = 450 nm
to gEQE = 45%. Here, SY contributes approximately 21% of
the total current, an increase of about 40% compared to
the undoped SY donor layer. In this case, LD of SY triplet
excitons is longer than that of singlet excitons, and there-
fore a larger percentage of photons absorbed in the SY
layer are able to contribute to photocurrent. We are again
able to obtain an excellent spectral fit, and this provides
an estimate of LD = 9 ± 1 nm, significantly greater than
that of the pure SY film. Indeed, the reported fluorescence
lifetime of SY is 400 ps [23], whereas the triplet lifetime
has been estimated from delayed fluorescence to be
5.6 ms [17], and therefore an increase in LD could be ex-
pected. If we take the difference between gEQE of doped
and undoped devices, we obtain the curves as shown in
Fig. 4b. Here the difference between the PtOEP-doped
and pure SY devices is a result of increased signal from
SY, as well as small contributions from PtOEP at k = 385
and 535 nm. These contributions from PtOEP provide fur-
ther evidence of the triplet transfer process, as direct
absorption of PtOEP generates triplet excitons which
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transfer to SY and are transported to the donor–acceptor
interface, contributing to photocurrent. By contrast, the
difference between the OEP-doped device and pure SY is
negative and corresponds to a loss in the SY spectral re-
sponse. Also in this spectrum, no additional contribution
from the OEP dopant is observed, as would be expected
for these immobile singlet excitons.

In conclusion, we have experimentally demonstrated an
organic solar cell with a donor layer enhanced by the pro-
cess of sensitized phosphorescence. By converting optically
excited singlet excitons to triplet excitons efficiently, LD

was more than doubled, from 4 ± 1 to 9 ± 1 nm, which in
turn increased the signal from this layer by 40%. In con-
trast, a similar dopant which lacks the ability to convert
host singlet excitons to triplet excitons was shown to re-
duce the photocurrent from the host material. The ability
to increase LD, ideally toward distances equal to the
absorption length in organic materials will allow simplified
bilayer architectures to possess efficiencies approaching
that of BHJ devices, or will at least relax the restrictions
placed on the phase separation of blends. The design rules
and methodology demonstrated here should lead to the
development of new materials with suitable mobility
and absorption spectra in order to optimize sensitized
phosphorescent organic solar cells.
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Fig. 1. Cross-section scanning electron microscope (SEM) image showing
the layer structure of the substrate. The insert shows a higher
magnification.
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published by several companies and research groups. The
most common carrier surface is still plastic film, but pa-
per-based substrates are gaining increasing attention. E-
Ink Corp. has demonstrated an electrophoretic display with
an ink-on-paper-like appearance and contrast [8]. How-
ever, the display was constructed on metal foil, instead of
on paper. Linköping University and Acreo AB have pre-
sented a fully functional all-polymer electrochromic dis-
play on polyethylene-coated fine paper [9]. While RFID
tags on paper are already available on the market, the tags
are produced by laminating an aluminum foil on paper in-
stead of by printing [10]. The recyclability of such lami-
nated or extrusion coated substrates is poor. The
substrate presented in the current work is recyclable,
which could be one of the main advantages when develop-
ing paper-based printed electronics.

We have developed a multilayer-coated paper-based
substrate that is suitable for printed electronics and func-
tionality. The multilayer structure consists of the following
layers: precoating, smoothing layer, barrier coating and a
top coating (Figs. 1 and 2) [11]. Each of the layers has its
specific function that allows a printed device to operate
Fig. 2. Atomic force microscope (AFM) images (20 � 20 lm2) of each layer show
from 100 � 100 lm2 images.
successfully. The precoated basepaper (90 g/m2) was first
blade-coated with a 7 g/m2 kaolin layer to decrease the root
mean square (RMS) surface roughness from ca. 600 to
300 nm (Fig. 2). On this smoothing layer a barrier layer
was coated, consisting of acrylic or styrene acrylic copoly-
mer latex either as 100% latex or blended with mineral pig-
ments (coat weight 0.5–20 g/m2). The surface was made
polar by blending mineral pigments (PCC) with the barrier
latex, which makes it possible to coat an aqueous top coat
on the barrier layer. The total surface energy of the barrier
layer was 33.0 mN/m (apolar component 27.4 mN/m and
polar component 5.6 mN/m). If improved barrier properties
are aimed for, then high aspect ratio platy pigments are
preferred. The top layer is thin and smooth (coat weight
0.7–5 g/m2, layer thickness 0.8–6 lm and RMS surface
roughness 55–75 nm) consisting of mineral pigments
blended with 7–12 pph of styrene-butadiene latex as bin-
der. PCC and Kaolin were studied for use in this layer in or-
der to provide as different absorption properties as
possible; PCC giving high and Kaolin low porosity. How-
ever, a whole range of other pigments such as fine GCC
and Talc or blends of them could also be considered for
use in this layer [12,13]. The sorption properties can be ad-
justed through controlled thickness and porosity enabling
optimized printability of given functional materials. The
materials in the coating structure were chosen in order to
retain the recyclability and sustainability of the substrate.

The RMS surface roughness was measured as an aver-
age of three 100 � 100 lm2 images for every layer and
compared with a 50 lm thick Mylar� A substrate, which
is known to be a fairly rough plastic surface on which
working organic transistors have been printed [14,15].
After calendering, multilayer-coated paper samples with
RMS roughness as low as 55 nm were obtained. Respec-
tively, the roughness of Mylar� A was ca. 30 nm. Rough-
ness levels around 100 nm can in the paper industry be
considered relatively smooth [16,17].

The barrier layer both controls the absorption of the
inks and enables the functioning of the printed device.
An example of a sorption test for a semiconductor ink,
ing the changes in surface roughness The RMS roughness was measured
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regioregular poly(3-hexylthiophene) P3HT dissolved in
ortho-dichlorobenzene (DCB), is shown in Fig. 3. Compared
with commercial paper substrates, the multilayer-coated
paper shows superior barrier properties. Additionally, the
printability (ink spreading) of the P3HT solution was much
better controlled than e.g., on Mylar� A. The amount of ink
applied was the same for each sample (5 ll), and the
P3HT
Ag Ag

Multilayer
coated paper

PEDOT:PSS

PVP

a

b

c

Fig. 4. Optical (a) and schematic (b) images of the HIFET. Current–voltage char
relative humidity of 19% (c).
scanned areas were 25 � 25 mm2 except for the Mylar� A
where an area of 35 � 35 mm2 was needed because of
the excessive droplet spreading. Note also the clearly visi-
ble undesired coffee stain effect of P3HT on Mylar� A. The
barrier layer withstands solvents such as water, alcohols,
ethanediol, DCB, chlorobenzene, xylene, toluene and ethyl
acetate.
acteristics for the transistor on paper measured in room atmosphere at a
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If printing with silver-based inks, sintering with suffi-
cient thermal energy is required. During sintering the insu-
lating organic stabilizing agents are decomposed from the
surface of the nanoparticles, ensuring high conductivity. If
low-cost plastic films, such as Mylar� A are used as sub-
strate, sintering can be carried out in an oven (e.g.,
60 min at 120 �C). A more efficient way to sinter is to use
infrared radiation (IR) (e.g., 10 s at 180 �C). An advantage
of IR is that it rapidly increases the temperature in the sin-
tering layer, and also makes roll-to-roll processing possi-
ble. IR could not be used for Mylar� A, because it
immediately deformed when exposed to the required
amount of IR radiation. In the current study, IR sintering
did not have any effect on the barrier properties of the pa-
per substrate.

A hygroscopic insulator field effect transistor (HIFET)
[14,15,18] was chosen as the printed device as a proof of
concept of the substrate (Fig. 4). The transistor consists of
inkjet printed (drop spacing 25 lm) silver (Ag) source
and drain electrodes/contacts, P3HT as semiconductor,
poly(4-vinylphenol) (PVP) as insulator and poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
as gate electrode. The semiconductor and insulator layers
were spin-coated and the gate was drop-cast. The paper
substrate consisted of precoating (GCC), smoothing layer
(Kaolin), barrier layer (styrene-acrylate) and a 2.1 lm thick
top coating (Kaolin blended with styrene-butadiene bin-
der, Tg 8 �C and particle size 140 nm, RMS roughness
74 nm). Fig. 4 demonstrates a working transistor with out-
put curves showing current modulation at low voltages
and is similar to the characteristics of a corresponding
transistor on a PET substrate [15]. The measurement was
done at a rather low relative humidity (19%) and the HIFET
has earlier been shown to work at a relative humidity
around 20–60% showing faster response at higher humid-
ity levels [19]. Hygroscopic properties of the top coating
can be adjusted by use of hydrophilic dispersants, such
as commonly used Na-salts of polyacrylic acids [20]. The
paper substrate can also be used for printed chemoresis-
tors, such as biosensors or chemical sensors [21]. In princi-
ple, the functionalised material itself can be a conductive
ink, an organic conductor, semiconductor or insulator, dis-
solved in a suitable solvent.

In summary, we have demonstrated a recyclable paper-
based substrate where good barrier properties have been
combined with controlled printability, as well as smooth-
ness necessary for printed functionality. The multilayer-
coated papers were produced in laboratory scale using
blade, rod and reverse gravure coating in three steps. For
large scale manufacturing, curtain coating could be consid-
ered as a potential manufacturing method. As long as the
base substrate is a standard paper or board, the developed
paper substrate is easily recyclable along with other waste
paper.
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Fig. 3. Time-to-breakdown vs. applied voltage for a 115 nm thick
parylene device for different device areas.
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2. Experiment

Bottom contact pentacene TFTs with parylene as the
gate dielectric were photo-lithographically fabricated and
evaluated. The process steps involved in the fabrication
of our pentacene TFTs have been discussed in detail previ-
ously [16,17]. The resulting TFTs used for this study
showed mobilities of 0.2 ± 0.02 cm2/V-s with very stable
threshold voltages of �2.5 ± 0.2 V and on/off ratio of
5 � 104 ± 1 � 104 [17]. Drive current was 0.12 lA/lm at
�20 V gate bias. For the CVS studies, we used the metal–
insulator–metal (MIM) capacitor structure shown in
Fig. 1 to evaluate the time dependent breakdown charac-
teristics of the devices described above. The MIM capaci-
tors were fabricated on Si wafers coated with Si3N4

followed by 50 nm thick chromium films deposited by e-
beam evaporation to form the bottom metal electrode.
The parylene C used in our work was deposited using a
Specialty Coating Systems PDS Model 2010 Labcoater 2.
Parylene C was deposited by chemical vapor deposition
(CVD) at room temperature by passing parylene through
a vaporizing zone (175 �C), a pyrolysis zone (690 �C) and
Fig. 1. MIM capacitor schematic cross-section used in the evalauation of
TDDB characteristics of parylene.

Fig. 2. Current–time response of parylene capacitor (115 nm) showing
three different regimes of operation.
into the chamber where parylene polymerizes on the sub-
strate which is held at room temperature. The base pres-
sure of the system was 5 mTorr and the deposition
pressure was 15–22 mTorr. Three different parylene thick-
nesses were evaluated in this work: 53 nm, 115 nm and
164 nm. Parylene thicknesses were determined by ellip-
sometery and profilometry. Top metal contacts were
formed using a shadow mask process by evaporating
100 nm of Au followed by 250 nm of Cr.

3. Results and discussion

Time dependent dielectric breakdown (TDDB) charac-
teristics [18] of the parylene capacitors were obtained by
monitoring the current–time response using an HP
Fig. 4. Time-to-breakdown vs. parylene film thickness obtained at
different electric fields.



Fig. 5. (a–d) Distribution of number of failures as a function of applied electric field for capacitor areas 1.96 � 10�3, 7.07 � 10�4, 3.14 � 10�4 and
7.85 � 10�5 cm2, respectively, indicating a shift towards intrinsic breakdown at higher electric fields.
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4155A Semiconductor Parameter Analyzer controlled with
a Labview data acquisition system. For these measure-
ments, the bottom electrode was negatively biased with
respect to the top electrode. A typical current–time
response curve of a parylene capacitor is shown in Fig. 2.
These data show that the parylene capacitor response for
�15 V applied voltage can be divided into three regimes:
(a) regime where the current density decreases from an
initially high value due to the displacement current from
charging the capacitor, (b) a steady state region where cur-
rent density is almost constant over a period of time, and
(c) a breakdown region where the current rapidly increases
several orders of magnitude. In this study we define time-
to-breakdown (tb) of the capacitor as the time needed for
the current density to increase 10� from the minimum
current density value [18].

Fig. 3 shows the mean time-to-breakdown for a 115 nm
thick parylene film. Three areas (3.1, 7 and 19 � 10�4 cm2)
and three stress voltages (�15 V, �18 V and �22 V) were
used to fully characterize the time-to-breakdown. As ex-
pected, for a given area the time-to-breakdown decreases
as applied voltage increases, where as for a given applied
voltage the time-to-breakdown increases as the area of
the capacitor decreases. This indicates that the breakdown
mechanism is defect dominated. Fig. 3 also indicates a
power law dependence of tb with applied voltage, given
by Eq. (1) [18]

tbaV�n ð1Þ

where V is the applied voltage and n is a positive integer
with a value in the range of 5–9. Similar power law depen-
dence is observed for 53 nm and 164 nm thick parylene
films. In Fig. 4 we compare tb as a function of film thickness
at different electric fields and a given device area. For thin-
ner parylene films, tb is less dependent on applied electric
field than for thicker films. In other words, tb for thinner
films is predominantly determined by the number of de-
fects in the dielectric, rather than the applied electric field.
tb shows a power law dependence of capacitor area. Given
the fact that tb shows a power law dependence for both ap-
plied voltage and device area we estimated (by extrapola-
tion of curves) the lifetime of pentacene-based TFTs with
respect to gate dielectric reliability for a parylene thickness
of 115 nm. For this estimate we used a W/L ratio and fixed
gate bias of 1000 lm/6 lm and �10 V, respectively. Re-
sults show a lifetime of �945 h operating continuously un-
der these conditions. We note that, besides the impact of
gate dielectric in device lifetime, some other factors such
as drain-source voltage induced stress and pentacene deg-
radation due to moisture and oxygen could also result in
reduced operating lifetime.

Defect density in the parylene thin film (164 nm) was
experimentally determined using the time-zero-break-
down technique [19]. In this technique several parylene
capacitors with different areas are stressed by varying the
applied voltage until dielectric breakdown is observed.
The defect density is then calculated by dividing the total
number of failures by the total area of the capacitors tested.
Using this technique, we evaluated a 164 nm thick parylene
film and calculated a defect density of approximately
1.2 � 103 defects/cm2. Fig. 5a–d shows the distribution of
the number of failures at different applied electric fields
for different device areas. It is observed that as device area
decreases, the number of devices failing at the higher elec-
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tric fields increases. As device area decreases there are few-
er defects in that area and the capacitor breaks down at
higher fields. This indicates a shift from extrinsic break-
down towards intrinsic breakdown [19]. Using the defect
density above we estimate the number of defects in the
dielectric to be 0.075 for a transistor size of 1000 lm/6 lm.
4. Conclusion

In summary, the time dependent breakdown character-
istics of parylene used as a gate dielectric in pentacene-
based TFTs was evaluated. The time-to-breakdown is
determined to have a power law distribution over the ap-
plied voltage and device area and is shown to be driven
by the number of defects in the dielectric. Defect density
in our parylene thin films was calculated to be
1.2 � 103 defects/cm2. The impact of parylene reliability
on pentacene-based TFT lifetime is estimated based on
the power law dependence and is found be 945 h. It is
shown that the use of parylene C (as gate dielectric) does
not limit the pentacene TFT device lifetime as pentacene
degradation due to moisture and oxygen is more likely to
have a larger effect on TFT device lifetime than parylene
degradation [4].
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Fig. 1. (a) The chemical structure of C60TH-Hx and (b) schematic
structure of a top-contact OTFT device ink-jet-printed with C60TH-Hx.
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dielectric layer, as well as metal electrodes, exhibited
mobilities of up to 0.1 cm2 V�1 s�1 [11].

Here we report a new C60 derivative, which contains an
alkylated thiophene unit, for solution-processable OTFTs.
More importantly, we have fabricated high-performance
n-type OTFT devices by means of the ink-jet-printing
method. The fabrication process was carefully optimized
in order to achieve a uniform morphology and the desired
molecular orientation. The chemical structure of C60-fused
N-methyl-2-(3-hexylthiophen-2-yl)pyrrolidine (C60TH-Hx)
is shown in Fig. 1a. C60TH-Hx was newly synthesized in our
laboratory via a Prato reaction between C60 and 3-
hexylthiophene-2-carboxaldehyde with N-methylglycine.
The material dissolves well in a variety of organic
solvents and is hence suitable for solution-processable
OTFT devices.

The redox behavior of C60TH-Hx was studied by means
of cyclic voltammetry experiments performed at a
scan rate of 50 mV/s in a three-electrode cell using a
platinum-plate working electrode, a platinum-wire
counter electrode, and an Ag/Ag+ (0.1 mol/L) reference
electrode. Tetrabutylammonium tetrafluoroborate (Bu4-
NBF4, 0.1 mol/L) in o-dichlorobenzene was used as the sup-
porting electrolyte. The potentials are quoted relative to
the ferricenium/ferrocene couple. By combining the optical
data obtained from UV/vis spectroscopy studies with the
electrochemical measurements, the values of the lowest
unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO) levels were estimated
to be 3.8 and 5.3 eV, respectively. Thus, the calculated
HOMO–LUMO energy band gap is 1.36 eV. The reported
LUMO and HOMO values for C60 derivatives including
PCBM are in the range of 3.5–3.8 eV and 5.7–6.1 eV, respec-
tively [12,13]. It was noticed that upon introducing a thio-
phene unit, the HOMO energy level increased whereas the
LUMO energy level remained relatively constant due to its
highly localized state around C60.
Table 1
Performance of PCBM- and C60TH-Hx-based OTFTs fabricated by means of spin-c
substrates.

Sample Processing method Top electrodes Surface treatment

PCBM Spin-coating Mg/Al HMDS
OTS

C60TH-Hx Spin-coating Mg/Al HMDS
OTS

C60TH-Hx Ink-jet printing Mg/Al HMDS
Top-contact transistors shown in Fig. 1b were fabri-
cated on a common gate of heavily doped n-type silicon
wafers covered with a 3000 Å-thick silicon dioxide (SiO2)
dielectric layer. The substrates were treated with hexam-
ethyldisilazane (HMDS) or octadecyltrichlorosilane (OTS)
to produce hydrophobic dielectric surfaces. Amounts of
0.5 and 1.0 wt% of C60TH-Hx were dissolved in chloroben-
zene for spin-coating and ink-jet printing, respectively. A
film thickness of 30 nm was obtained at a spin rate of
2000 rpm for 60 s. For the ink-jet method, the printer con-
sisted of a single-nozzle drop-on-demand piezoelectric
print head and a two-axis motorized positioning system
with a CCD camera for visualization of the droplet ejection.
Uniform droplet ejection was achieved by applying a
25 ls-long 35 V pulse at a frequency of 600 Hz. At this
time, the ejecting solution volume was controlled to 15–
20 picoliters from the nozzle, which has a diameter
30 lm. The vertical separation between the nozzle and
the substrate was typically 0.5 mm. Bilayer top-contact
electrodes consisting of Mg/Al (10 nm/120 nm) were evap-
orated under high vacuum (10�6 mbar) through a shadow
mask. The channel length (L) and width (W) of the transis-
tors were 50 lm and 3 mm, respectively.

All the OTFT devices were encapsulated by a glass can
and getters in an inert argon environment inside a glove
box system. Electrical measurements were performed at
room temperature under Ar atmosphere using an
HP4156C semiconductor parameter analyzer. Parameters
such as mobility, IOn/IOff ratio, and threshold voltage were
calculated based on standard semiconductor FET equations
in the saturation-current regime [14], see Table 1. All
OTFTs showed very well-defined linear and saturation-re-
gime output characteristics. As an example, the current–
voltage characteristics of a C60TH-Hx OTFT obtained by
ink-jet printing on a Si/SiO2 substrate treated with HMDS
are shown in Fig. 2a. Fig. 2b shows the transfer character-
istics of ink-jet-printed C60TH-Hx. For comparison, the
characteristics of spin-coated C60TH-Hx are also shown.
The ink-jet-printed C60TH-Hx devices exhibited an excel-
lent n-channel performance with a highest mobility of
2.8 � 10�2 cm2 V�1 s�1, an IOn/IOff ratio of about 1 � 106,
and a threshold voltage of 7 V. In the case of the spin-
coated C60TH-Hx devices, a maximum mobility of
1.8 � 10�2 cm2 V�1 s�1 was achieved on the HMDS-treated
substrates.

On the contrary, the PCBM devices showed a maximum
mobility of 5.8 � 10�3 cm2 V�1 s�1, also on HMDS-treated
substrates. These results indicate that the newly synthe-
sized C60TH-Hx material has better properties than PCBM,
with high electron mobility, for n-type OTFTs. In addition,
oating and ink-jet printing after different surface treatments of the Si/SiO2

Mobility (cm2 V�1 s�1) IOn/IOff ratio Threshold voltage (V)

5.8 � 10�3 �1 � 104 18
3.3 � 10�3 �1 � 105 7
1.8 � 10�2 �1 � 105 14
1.4 � 10�2 �1 � 105 29
2.8 � 10�2 �1 � 106 7



Fig. 2. (a) ID–VD characteristics of a C60TH-Hx OTFT processed by ink-jet
printing. (b) ID–VG and ID

1/2–VG plots of ink-jet-printed (closed circles) and
spin-coated (open circles) C60TH-Hx.

Fig. 3. 3 � 3 lm2 AFM images of (a) spin-coated and (b) ink-jet-printed
C60TH-Hx films on an HMDS-treated SiO2/Si substrate. The images were
taken in the contact mode.
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the performance of OTFT devices was found to depend on
the type of top electrode. When a high work-function
electrode such as a gold is employed in spin-coated
C60TH-Hx devices, the electron mobility decreases to
3.1 � 10�3 cm2 V�1 s�1 while the IOn/IOff ratio increases to
about 1 � 106. Since the energy level of the LUMO of
C60TH-Hx is 3.8 eV, the electron-injection current can be
limited to high work-function Au (�5.1 eV) by the con-
tacts. Similar effects have also been reported for other sys-
tems based on different materials [15,16]. All the results
reported herein are highly reproducible; further optimiza-
tion of the device performance by using different annealing
conditions, as well as an assessment of the long-term sta-
bility of the devices, is underway. Interestingly, the perfor-
mance of ink-jet-printed C60TH-Hx devices is superior to
those of spin-coated and PCBM-based devices, with the
ink-jet-printed C60TH-Hx devices showing increased
mobility and on/off current ratio as well as a reduced
threshold voltage. This result indicates that the processing
conditions significantly affect the OTFT device perfor-
mance due to the different evaporation behaviors of the
solvents during the drying process, which plays a key role
in controlling the film morphology and crystalline
structure.

Fig. 3 shows AFM images of spin-coated and ink-jet-
printed C60TH-Hx films on HMDS-treated SiO2/Si sub-
strates. Rough surface and inhomogeneous grain sizes with
a diameter of about 200–600 nm are observed in the spin-
coated film. However a smoother surface and less grain
boundaries are observed for the ink-jet-printed C60TH-Hx
films compared to the spin-coated ones. To obtain a well-
ordered crystalline structure and a uniform surface, suffi-
cient time must be available for evaporation of the solvent
at the contact line so that nucleation can occur. Cho et al.
demonstrated the influence of an evaporation-induced
flow within a droplet on the crystalline microstructure of
an ink-jet-printed pentacene derivative, namely, 6,13-
bis(triisopropylsilylethynyl)pentacene, by varying the
composition of the solvent [17]. The choice of an appropri-
ate solvent provided a uniform morphology as well as the
desired molecular orientation required to improve the
effective field-effect mobility. Therefore, we believe that
ink-jet-printed C60TH-Hx devices used with a chloroben-
zene solvent can provide more time for the molecules to
assemble into large crystalline domains during solvent
drying. The resulting highly crystalline C60TH-Hx devices
with smooth surfaces exhibit excellent electron mobilities.

In summary, we have demonstrated high-performance
n-type OTFTs based on a newly developed material,
C60TH-Hx. The devices were fabricated using the ink-jet-
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printing method, and a better film quality was obtained in
this case as compared to devices fabricated by spin-coat-
ing; this has led to improved OTFT performance. The best
performance achieved with the ink-jet-printed devices
was characterized by an electron mobility of
2.8 � 10�2 cm2 V�1 s�1, an IOn/IOff ratio of about 1 � 106,
and a threshold voltage of 7 V. These results support the
use of C60TH-Hx in future organic electronic applications.
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equilibrium conditions, and so, in contrast to previous
studies, precise thin film growth is possible at a monolayer
level [9–14]. As a result, p–n junctions can be formed on a
single molecular scale and charge transfer between adja-
cent molecules can be expected.

Molecular superlattices were fabricated on Si substrates
with thermally oxidized surface layers (SiO2) in a high vac-
uum (�10�6 Pa). The deposition rates were less than
0.03 molecular layers (MLs) per min. Atomic force micros-
copy (AFM) images (SII SPI-4000, dynamic force mode) and
X-ray reflection (XRR) spectra (Bruker AXS, D8 Discover, Cu
Ka; k = 0.154 nm) [15,16] were obtained from various films
grown at different substrate temperatures with a view to
optimizing the growth conditions and examining the mor-
phology, thickness and molecular orientation. By using
XRR fitting, the layer densities were estimated to be in
the 1.3–1.5 g/cm3 range, which is comparable to the values
reported in previous studies [17,18].

First, we verified the growth of the first PTCDI-C8 mono-
layer on the SiO2 surface. The molecular structure is shown
in Fig. 1a. Fig. 1b shows the XRR spectrum of the PTCDI-C8

monolayer grown at an optimized substrate temperature
of 140 �C [8]. The measurement was carried out immedi-
ately after the deposition. The thickness was estimated to
be 2.7 nm (±0.1 nm) from the fitting curve, indicating that
the long axis of the molecule (2.97 nm) was oriented verti-
cally to the surface normal with a small tilting angle
[8,17,18]. A schematic illustration is shown in the inset of
Fig. 1b. Fig. 1c is an AFM image of PTCDI-C8 (0.6 ML), which
clearly shows two-dimensional growth with flat terraces.
The surface profile of the AFM images (a typical profile is
shown in the inset) revealed that the terraces had an aver-
age height of 2.2 nm, which is smaller than that estimated
with XRR, and involved a certain fluctuation of about
±0.2 nm. We found that the thickness (height) had a ten-
dency to decrease with time. For example, the reduction
in thickness to approximately 1.8 nm (±0.2 nm) was con-
firmed by XRR and AFM 2 months after the deposition
(not shown here). These results imply that the PTCDI-C8

monolayer on the SiO2 is unstable and the molecular orien-
tation inclines gradually.
Fig. 1. (a) Chemical structure of PTCDI-C8 molecule. (b) XRR spectrum of PTCDI
line) revealed a layer thickness of 2.8 nm. The molecular orientation is shown in
shows the PTCDI-C8 layer is 2.2 nm thick, suggesting the layer undergoes a grad
this figure legend, the reader is referred to the web version of this article.)
Next, we examined the surface morphologies, thickness
and molecular orientation of quaterrylene/PTCDI-C8 dou-
ble layers (see Fig. 2a). The AFM images in Fig. 2b–d shows
the surface morphologies of the quaterrylene layers depos-
ited on the underlying PTCDI-C8 monolayer. A clear depen-
dence on the substrate temperature was observed.
Quaterrylene layers tended to grow in a three-dimensional
manner below 150 �C. Meanwhile, the substrate tempera-
ture at 160 �C produced 2D layers at the monolayer level.
As a result, a well-defined quaterrylene/PTCDI-C8 bilayer
was formed. The surface profile shown in the inset proves
that the quaterrylene molecules have an upright orienta-
tion, i.e., the long axis of the molecule (1.8 nm) is perpen-
dicular to the SiO2 surface normal.

To examine the total thickness of the quaterrylene/
PTCDI-C8 bilayer, the XRR spectrum was measured as
shown in Fig. 3a. It should be noted that the total thickness
estimated with the XRR measurement was only 3.0 nm,
which was less than the sum for the two molecules
(2.8 + 1.8 nm). We speculate that the reduction in the total
thickness can be attributed to the instability of the PTCDI-
C8 layer as already mentioned. The orientation of the
PTCDI-C8 layer changed during the quaterrylene deposition
presumably as a result of heating the substrate. To confirm
this presumption, we investigated the effect of tempera-
ture on the PTCDI-C8 orientation by thermally treating a
PTCDI-C8 single layer on SiO2 at 160 �C for 3 h after the
deposition. The XRR spectrum in Fig. 3b reveals that the
thickness was reduced to 1.2 nm. This result means that
the thermal treatment caused the molecules to lie flat as
shown in the inset. Based on these analyses, we concluded
that the quaterrylene/PTCDI-C8 bilayer consisted of a verti-
cally orientated quaterrylene layer (1.8 nm) on a prostrate
PTCDI-C8 layer (1.2 nm), which yielded a total thickness of
3.0 nm.

Subsequent layers were deposited and the molecular
orientations of each layer were examined. The substrate
temperatures were optimized to 160 �C for all the upper
layers (2nd–4th layers), in a similar way to that shown in
Fig. 2. AFM images were obtained to confirm the surface
flatness as shown on the right in Fig. 4a. The XRR spectra
-C8 monolayer. The experimental result (red circles) and fitted line (blue
the inset. (c) 5 � 5 lm2 AFM image of 0.6 ML PTCDI-C8. The surface profile
ual change in orientation. (For interpretation of the references to color in



Fig. 2. (a) Chemical structure of quaterrylene molecule. (b–d) 5 � 5 lm2 AFM images of quaterrylene layers grown on the PTCDI-C8 monolayer at various
substrate temperatures. The optimum substrate temperature for growing a 2D layer was 160 �C.

Fig. 3. (a) XRR spectrum of a PTCDI-C8/quaterrylene double layer. The experimental result (red circles) and fitted line (blue line) revealed a total thickness
of 3.0 nm. (b) XRR spectrum of the PTCDI-C8 monolayer after thermal treatment, which indicates a change in molecular orientation (see Fig. 1b). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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in Fig. 4b were measured from thus prepared PTCDI-C8/
quaterrylene multiple layers. The fitted pattern revealed
the thicknesses of the respective layers as shown in
Fig. 4b. The quaterrylene layers (2nd and 4th layers) were
very stable with a constant thickness of 1.7 nm, which is
almost the same as that of the upright orientation. On
the other hand, the thickness of the PTCDI-C8 layer (3rd
layer) sandwiched between quaterrylenes exhibited a cer-
tain variation: 2.3 nm for as-deposited and 1.8 nm after the
4th layer deposition. This variation in thickness resulted
from the instability of the PTCDI-C8 layer and the thermal ef-
fect that occurred during the deposition of the other layers



Fig. 4. (a) Illustration of PTCDI-C8/quaterrylene superlattice and AFM images of respective layers. The flat surfaces of each layer confirm well-defined 2D
growth. (b) XRR spectra of PTCDI-C8/quaterrylene superlattice. The film constitution and the thicknesses of each layer are shown in the illustration. The
disagreement between the experimental results (red circles) and fitted lines (blue lines) around 4 degrees is attributed to the diffraction peak from the
(0 0 1) lattice plane. The peak from the (0 0 2) plane observed around 8 degrees is shown in the inset as a reference. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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as discussed for the first PTCDI-C8 layer. In the XRR spectra,
we observed a disagreement between the experimental
data and the fitted patterns of around 4 degrees. This is ac-
counted for by the fact that the diffraction peak from the
(0 0 1) lattice plane of PTCDI-C8 and quaterrylene layers
overlapped the reflection patterns. To illustrate this effect,
the diffraction peak from the (0 0 2) plane observed around
8 degrees is shown in the inset.

In summary, we produced a molecular superlattice of
quaterrylene/PTCDI-C8 using a fine process, where we pre-
cisely optimized the deposition conditions for 2D layer
growth. The morphologies and molecular orientations in
each layer were clarified by AFM and XRR. As a result,
the molecular superlattice was found to consist of inclined
PTCDI-C8 and upright quaterrylene layers. The molecules
in this study function as n- and p-type semiconductors,
respectively [19,20]. Therefore, this successful layer by
layer growth of a molecular superlattice, which has offsets
at the HOMO–LUMO energy levels, opens up the possibility
of carrier transfer and carrier confinement in a similar
manner to that observed with conventional inorganic
semiconductors.
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Table 1
Total number of states per unit volume Nt , width of the exponential
distribution of localized stats T0, pre-exponential factor r0, overlap
parameter a�1 and width of the gaussian DOS rDOS for both P3HT and
OC1C10 � PPV [11].

Material Nt (cm�3) T0 (K) r0 (S/cm) a�1 (Å) rDOS (meV)

P3HT 3 � 1020 425 1:6 � 104 1.6 98
OC1C10 3 � 1020 540 3:1 � 105 1.4 112
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r ¼ r0 expð�scÞ ð3Þ

where r0 is a prefactor and sc is the exponent of the critical
percolation conductance Gc ¼ G0e�sc [6]. The onset of per-
colation is determined by calculating the critical average
number of bonds Bc per site:

Bc ¼
Nbðsc; EFÞ
Nsðsc; EFÞ

ð4Þ

where Bc ¼ 2:8 for a 3-D amorphous system, Nb and Ns are
the density of bonds and the density of sites in a percola-
tion system, respectively. The total density of bonds could
be calculated by integrating in energy, over the distance rij,
the product of all available sites (at energy Ei) and all the
available target states (at energy Ej) that satisfy the perco-
lation criterion:

Nb ¼
Z

R5
gðEiÞgðEjÞhðsc � sijÞdEjdEidxijdyijdzij

¼ 4p
Z

Rþ
r2

ij

Z
R2

gðEiÞgðEjÞhðsc � sijÞdEjdEidrij ð5Þ

where rij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

ij þ y2
ij þ z2

ij

q
, gðEÞ is the density of states and h

is the step function that represents the percolation crite-
rion. The density of localized sites Ns can be calculated
by excluding all sites that do not satisfy the percolation
criterion:

Ns ¼
Z

R

gðEÞhðscKBT � jE� EF jÞdE ð6Þ

Finally, exploiting the carriers concentration equation, the
Fermi level EF is straightforwardly calculated:

p ¼
Z þ1

�1
gðEÞð1� f ðE; EFÞÞdE ð7Þ

where f ðE; EFÞ is the Fermi–Dirac distribution:

f ðE; EFÞ ¼
1

1þ exp E�EF
KBT

� � ð8Þ

Combining Eqs. (4)–(6) along with Eqs. (7) and (8) to calcu-
late the Fermi energy level, the implicit integral Eq. (4)
may be numerically solved and the exponent sc of the crit-
ical percolation conductance is calculated:

Nbðsc; EFÞ
Nsðsc; EFÞ

� 2:8 ¼ 0) sc ð9Þ

This approach was first used by Vissenberg and Matters [6]
to derive an approximate analytical expression of the
mobility in an organic thin-film transistor by assuming
an exponential DOS:

gEðEÞ ¼
Nt

KBT0
exp

E
KBT0

� �
hð�EÞ ð10Þ

where Nt is the total number of states per unit volume and
T0 is the characteristic temperature. Thanks to the mathe-
matical properties of the exponential function, they were
able to derive a closed analytical expression of the carriers
concentration, of sc , and of the conductivity as well. The
expression of the mobility as a function of the holes con-
centration p and of the temperature T reads:
lðp; TÞ ¼ r0

e

T0
T

	 
4
sin pT

T0

� �

ð2aÞ3Bc

0
@

1
A

T0
T

p
T0
T �1 ð11Þ

where e is the electron charge. This is a very good approx-
imation of the real mobility at large concentrations as, for
instance, in the channel of organic thin film transistors
(OTFTs) [7]. On the other hand, this expression does not
correctly account for the mobility at low carriers concen-
trations, experimentally observed in organic light emitting
diodes (OLEDs), that is almost constant. The field and tem-
perature dependencies of the mobility of OLEDs is well de-
scribed by a 3-D transport model based on hopping in a
correlated Gaussian disordered system [8–10]:

l ¼ l1 exp � 3rDOS

5KBT

� �2

þ 0:078
rDOS

KBT

� �3
2

� 2

" # ffiffiffiffiffiffiffiffiffiffi
eaE
rDOS

s( )

ð12Þ

where l1 is the zero-field mobility when T !1; a ’
1=N1=3

t is the intersite spacing and rDOS is the width of
the gaussian density of states defined as:

gGðEÞ ¼
Ntffiffiffiffiffiffiffi

2p
p

rDOS

exp � Effiffiffi
2
p

rDOS

� �2
" #

ð13Þ

As reported in [11,12], the hole mobility measured on
OLEDs shows large differences compared to the hole
mobility measured on OTFTs. The large mobility differ-
ences, up to three orders of magnitude, measured on the
two types of devices originates from the strong depen-
dence of the mobility on the charge carrier concentration
and in turn on the density of states. As a matter of fact,
based on OLEDs and OTFTs device measurements, Tanase
et al. [11] suggested that the mobility increase could be ex-
plained by means of a single gaussian DOS.

The parameters of Eqs. (11) and (12) are reported in
Table 1. They are calculated by fitting the experimental
mobility at high (OTFTs) and low (OLEDs) concentrations,
a ¼ 1:4 nm is taken from the literature [13]. Since the ex-
tracted exponential DOS is well approximated by the
gaussian DOS at large carrier concentrations, they con-
cluded that the hole mobility in disordered conjugated
polymers could be unified in one single charge transport
model.

In this paper, by calculating the exact numerical solu-
tion of the VRH Eq. (9) on a generic DOS we show that
the gaussian function is a very good approximation of the
real DOS at low concentrations only (<1015 carrier/cm3).
Furthermore, we show that a single gaussian function is
a good approximation of the real DOS only for some spe-
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cific disordered organic materials, as for instance P3HT
(poly(3-hexyl thiophene)), but generally, it is not able to
correctly account for the mobility in the whole range of
carrier concentration of other materials. It is worth adding
that the numerical solution of VRH is in perfect agreement
with the analytical expression of Vissenberg and Matters
[6]. Finally, exploiting the numerical approach, we were
able to calculate the exact numerical DOS that reproduces
the mobility in the whole range of carriers concentration
for several organic semiconductors as for instance P3HT
and OC1C10 (poly(2-methoxy-5-(30,70-dimethyloctyloxy)-
p-phenylene vinylene)). Basing on the numerical DOS, we
were able to investigate the accuracy of several analytical
approximations of the DOS and to understand the physical
mechanism that influences the mobility behavior. In Fig. 1,
the mobility of P3HT and OC1C10 calculated by numerically
solving Eq. (9) is shown versus carriers concentration. The
numerical solution is compared with experimental results
both for the gaussian and for the exponential DOS (param-
eters are reported in Table 1). The numerical mobility at
high carriers concentration calculated with the exponen-
tial DOS accurately describes the mobility for both PPV
materials (the analytical approximation Eq. (11) is over-
lapped to the numerical one and it is not shown in the fig-
ure). The numerical mobility of P3HT calculated by means
of a single gaussian DOS accurately describes the experi-
mental data both at low concentrations (OLEDs regime)
and at high concentrations (OTFTs regime). At very high
concentrations (>2 � 1019 carriers/cm3) it is slightly larger
than the experimental one.

On the other hand, the mobility of OC1C10 � PPV calcu-
lated following the same approach is accurate at low con-
centrations only and fails at high concentration values. The
OC1C10 � PPV mobility abruptly raise when the carriers
concentration exceeds 1016 cm�3 and the kink of the char-
acteristic, corresponding to the transition from the low to
high concentration regime, could not be explained by
means of a single gaussian function. Furthermore, at high
concentrations, the slope of the numerical mobility is close
to the experimental one while its absolute value is about
one order of magnitude lower. In the VRH framework,
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Fig. 1. Experimental (symbols) and calculated (lines) mobility as a
function of carrier concentration for two different conjugated polymers
P3HT and OC1C10 � PPV (solid line gaussian DOS, dashed line exponential
DOS).
the mobility behavior can be roughly explained by remem-
bering that the mobility is energetically activated; hence,
the mean carriers energy in the single gaussian DOS is low-
er than the real one. To further investigate this issue, we
have numerically solved Eq. (9) within an optimization
framework in order to calculate the exact numerical DOS
that fits the OC1C10 � PPV experimental mobility at room
temperature. The optimized numerical DOS is shown in
Fig. 2 along with its analytical approximation. The real
DOS is very well approximated by:

gNðEÞ ¼ min NNE
t exp

E

KBTNE
0

 !
hð�EÞ; NNG

tffiffiffiffiffiffiffi
2p
p

rNG

(

� exp � Effiffiffi
2
p

rNG

� �2
" #)

ð14Þ

where NNE
t ¼ 3 � 1020 cm�3; TNE

0 ¼ 540 K; NNG
t ¼ 1026 cm�3

and rNG ¼ 80 � 10�3 eV.It is worth noting that the param-
eters of the exponential DOS at low carrier density are the
same of Table 1. Furthermore, the analytical DOS could be
easily expressed by combining the functions following the
Matissen rule: 1=gNðEÞ ¼ 1=gNexpðEÞ þ 1=gNgaussðEÞ. In
Fig. 3, the mobility of OC1C10 � PPV numerically calculated
with the analytical DOS of (Eq. (14)) is plotted versus the car-
rier density at different temperatures. A very good agree-
ment results in the whole set of experimental data at
different concentrations and temperatures. Same consider-
ations hold for the mobility of several other disordered or-
ganic materials. Therefore, it is reasonable to assert that
the mobility of disordered organic materials can be ex-
plained by the VRH theory both at low and at high carrier
concentrations, while the DOS depending on the material
could be approximated by a single gaussian function, an
exponential function, or by a combination of them. At high
holes concentration the DOS is exponential, at low holes
concentration is gaussian and for some materials, as for in-
stance P3HT, a single gaussian function can account for the
high concentration regime as well. To further check our ap-
proach, in Fig. 4 the mobility calculated by means of the ana-
lytical DOS of Eq. 14 is compared with the mobility
calculated basing on the experimental DOS reported in
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Fig. 2. Numerical (symbols) and analytical (solid line) DOS extracted by
fitting Eq. (9) on experimental mobility. Dashed lines are the extensions
of the exponential and gaussian fitting curves.
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Fig. 3. Experimental (symbols) and calculated (solid lines) OC1C10 � PPV
mobility as a function of charge carrier concentration at two different
temperatures (� experimental mobility at T ¼ 293 K [11], e experimental
mobility at T ¼ 293 K [14], . experimental mobility at T ¼ 275 K [14]).
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Fig. 5. Carrier concentration as a function of Fermi energy level. (dashed
line: exponential DOS, solid line: extracted gaussian-like DOS).
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[10] and with the experimental one of [11]. One can see a
very good agreement at high energy while the apparent
remarkable difference at low energy is exactly the same re-
ported by the authors [10] (Fig. 4b). They attribute this dis-
crepancy to the presence of anions that tends to localize the
mobile holes. In the light of our analysis, it is clear that the
presence of anions that localize the mobile holes strongly
influence the DOS at low carrier concentration and this af-
fects the mobility as well. Finally, in order to investigate
the dependence of the mobility on the carrier density at
low concentrations, in Fig. 5 the charge carrier as a function
of the Fermi level of OC1C10 � PPV is shown: the numeric
DOS is compared with the exponential one (Table 1). In
the concentration range corresponding to OLEDs measure-
ments (1014–1016 carriers/cm3), the charge density calcu-
lated with the exponential DOS is larger than the numeric
one which is roughly gaussian. Since the Fermi level is a
measure of the carriers mean energy, the average carriers
energy calculated with the numeric DOS turns out to be lar-
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Fig. 4. Experimental (symbols) and calculated (lines) OC1C10 � PPV
mobility as a function of the Fermi energy level at two different
temperatures (� experimental mobility at T ¼ 293 K [11], e experimental
mobility at T ¼ 293 K [14], . experimental mobility at T ¼ 275 K [14]).
Solid line, analytical DOS of (Eq. 14), dashed lines, experimental DOS of
[10].
ger. In a VRH framework, the mobility based on energy-acti-
vated hopping is larger as well. Furthermore, in a gaussian
DOS thanks to the quadratic exponential dependence of
the density of states on Fermi energy level is larger and al-
most pinned and the hopping is easier (Eq. (1)). Hence the
mobility is larger and large variations of the charge density
correspond to small changes of the carriers mean energy and
of the mobility as well.

Concluding, the hole mobility of disordered organic
semiconductors was calculated by numerically solving
the VRH equations. Our calculations show that the hole
mobility can be explained by means of the VRH also in
the low concentration regime and that the strong depen-
dence on the charge carrier density is strictly correlated
to the shape of the DOS. Furthermore, we have numerically
calculated the exact DOS of P3HT and OC1C10 � PPV show-
ing that in general a single gaussian function is not suffi-
cient to explain the mobility behavior in the whole range
of concentrations (OLED, OTFT); depending on the mate-
rial, it can be approximated by a single gaussian, an expo-
nential, or by a combination of them.
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Fig. 1. Correlation between the surface treatment of the SiO2 dielectric
layer and the field-effect mobility. Hydrophobicity of the dielectric
surface increases from left to right.

Fig. 2. Water contact angles on the top surfaces of various films. Inset:
measured at the bottom surface. (Because DMS can be cured even at room
temperature, the water contact angle of the bottom surface for the DMS
film is a little larger than that of top surface.)

Fig. 3. Silicon content measured with X-ray photoelectron spectroscopy (XPS) as
(a), the bottom surface of the as-spun film (b), the top surface of the cured film
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ilazene (HMDS) [10], octadecyltrichlorosilane (OTS)
[11,12], and other silanes [13]. Recent studies have estab-
lished that among the silanes examined to date, the most
hydrophobic molecule, OTS, is the best surface modifier
for SiO2 dielectric layers, in that its use results in more
edge-on structures and better electrical characteristics of
the over-deposited polymeric semiconductor layer
[5,6,14]. Another approach to modifying the dielectric
surface to enhance conjugated polymer deposition is the
phase separation method. Cho and coworkers have fabri-
cated a hydrophobic semiconductor-top and hydrophilic
poly(methylmethacrylate) (PMMA)-bottom structure with
high mobility [15]. Such dielectric surface treatment via
simple phase separation is of great interest from the view-
point of OFET commercialization, given the time-consum-
ing nature of the SAM treatment procedure.

Polymeric semiconductors exhibit optimized transistor
characteristics when deposited on hydrophobic surfaces,
so it is expected to be useful to fabricate a hydrophobic
semiconductor-top and a more hydrophobic polymer-bot-
tom structure via phase separation, as arises for a semicon-
ductor on a hydrophobic SAM layer. In the present
study, therefore, a hydrophobic PDMS-bottom and F8T2-
top structure was fabricated by spin coating a dimethylsi-
loxane (DMS)/poly(9,9-dioctylfluorene-alt-bithiophene)
(F8T2) blend with a curing agent onto a silicon oxide sub-
strate, and then subjecting the resulting layer to thermal
treatment. After thermal treatment, the DMS-bottom layer
was cured to polydimethylsiloxane (PDMS) and became
thinner as a result of the upward motion of the hydropho-
bic PDMS molecules, as confirmed using XPS, contact angle
a function of the Ar sputtering time for the top surface of the as-spun film
, (c) and the bottom surface of the cured film (d).



Fig. 4. (a) Oxygen, (b) silicon, (c) carbon, and (d) sulfur contents of the top and bottom surfaces of as-spun films, as measured using X-ray photoelectron
spectroscopy (XPS) with Ar sputtering.

Fig. 5. (a) Oxygen, (b) silicon, (c) carbon, and (d) sulfur contents of the top and bottom surfaces of thermally cured films, as measured using X-ray
photoelectron spectroscopy (XPS) with Ar sputtering.
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measurements, and AFM analysis. An OFET device fabri-
cated from a DMS:F8T2 blend on an untreated SiO2 dielec-
tric layer was found to exhibit a high FET mobility of
0.01 cm2/Vs, which is similar to that obtained with an
OTS-treated SiO2 dielectric layer.
2. Experimental

F8T2 (Mn = 20,668 g/mol, Mw = 43,137 g/mol) was pur-
chased from Aldrich Chemical Co. Sylgard 184 Silicone
Elastomer containing dimethylsiloxane and a curing agent
(10:1 [w/w]) was purchased from Dow Corning Co. and
used without further purification.

Bottom gate–top contact OFETs were fabricated on a
common gate of highly n-doped silicon with a 300 nm thick
thermally grown SiO2 dielectric layer. Films of DMS:F8T2
with various DMS contents (3–30 wt%) were spin coated
at 2000 rpm from 0.7 wt% chloroform solution. DMS:F8T2
blend films were cured for 1 h at 120 �C in a convection
oven. Gold source and drain electrodes (100 nm) were
evaporated on top of the semiconductor. In all measure-
Fig. 6. Atomic force microscopy (AFM) images of (a) homo F8T2, (b) as-spun DM
on the left shows the height, the middle image shows the phase, and the image
ments, we used a channel length (L) of 150 lm and a chan-
nel width (W) of 1500 lm. The electrical characteristics of
the FETs were measured in air using Keithley 236 and
2400 source/measure units. AFM (Multimode IIIa, Digital
Instruments) operating in tapping mode was used to exam-
ine the surface morphologies of the semiconductors. The
carrier mobility was calculated in the saturation regime
from the slope of a plot of the square root of the drain cur-
rent versus gate voltage (VG) by fitting the data to the fol-
lowing equation: IDS = (WCi/2L)l(VG � Vth)2, where IDS is
the drain current, l is the carrier mobility, and Vth is the
threshold voltage. XPS analyses were performed using an
ESCA equipped with a Mg Ka X-ray source, 1253.6 eV.

3. Results and discussion

First, we investigated the suitability of a PDMS layer as
a dielectric surface modifier. Three polymeric semiconduc-
tors known to exhibit high mobilities (>10�2 cm2/Vs), spe-
cifically F8T2, P3HT, and poly[(1,2-bis-(20-thienyl)vinyl-
50,50 0-diyl)-alt-(9,9-dioctyldecylfluorene-2,7-diyl] (PTVTF)
[14], were used as the active layers of thin film transistors
S:F8T2 blend, and (c) thermally cured DMS:F8T2 blend. In (a–c), the image
on the right shows a section with the r.m.s. roughness.



Fig. 7. (a) Transfer characteristics of as-spun and thermally cured DMS:F8T2 blend OTFTs measured under ambient air, and (b) the output characteristics
for various gate voltages.

Fig. 8. Dependence of the FET mobility on the weight ratio of the
DMS:F8T2 blend.
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with a bottom gate–top contact geometry. In each case, the
SiO2 dielectric surface was modified with HMDS, OTS-8,
OTS-18, or PDMS. The SAM treatments were carried out
as described elsewhere. For the spin-coated PDMS layer,
we used Sylgard 184 Silicone Elastomer containing
dimethylsiloxane and a curing agent (10:1 [w/w]) in tolu-
ene. The water contact angle of the untreated dielectric
was 25 ± 2�, while those of the surface-treated dielectrics
were 68 ± 2� (HMDS), 99 ± 2� (OTS), 108 ± 1� (ODTS), and
110 ± 1� (PDMS). The FET mobilities obtained for these
transistors are summarized in Fig. 1. We found that regard-
less of the type of semiconductor, the FET mobility in-
creased as the SiO2 dielectric surface became more
hydrophobic. The most hydrophobic modifier examined,
PDMS, was found to be a good dielectric surface modifier.

Fig. 2 shows the water contact angles of the various
films tested in this study. Based on the huge difference be-
tween the contact angles of as-spun DMS (29 ± 2�) and
thermally cured PDMS (110 ± 1�), it is expected that when
DMS and the curing agent are blended with the polymeric
semiconductor (103 ± 1�) and spin coated, the hydrophilic
DMS will preferentially bind to the hydrophilic SiO2 sub-
strate to generate a bottom layer. This outcome appears
likely because the water contact angles at top surface of
homo F8T2 and the as-spun DMS:F8T2 blend are almost
the same. Also, at the bottom surface, water contact angle
of as-spun DMS and DMS:F8T2 blend are similar. To inves-
tigate the distributions of the chemical species in the lay-
ers, XPS analysis was performed for both the bottom and
top surfaces of the film by carrying out Ar sputtering with
an average etching rate of 0.6 nm/min. The bottom surface
of the as-spun film was separated from the SiO2 dielectric
by immersion in liquid nitrogen, which induces separation
due to the difference in thermal expansion coefficient be-
tween the organic and inorganic layers. Fig. 3 shows the
Si 2p XPS spectra of the top (a) and bottom surfaces (b)
of the as-spun film, and the top (c) and bottom (d) surfaces
of the thermally cured film. In addition, the O, C and S con-
tents were determined for the as-spun and thermally cured
films (Figs. 4 and 5, respectively). In the as-spun film, the
silicon and oxygen contents of the top surface are much
lower than those of the bottom surface (Fig. 4a and b).
On the other hand, the carbon and sulfur contents, which
are mainly due to F8T2, dominate in the top surface
(Fig. 4c and d). These findings indicate that the spun film
of the DMS:F8T2 blend with curing agent is phase sepa-
rated, with hydrophilic DMS forming the bottom layer.
Comparison of the data in Figs. 4 and 5 reveals another
interesting phenomenon associated with thermal curing.
Specifically, thermal curing induces a decrease in the oxy-
gen and silicon contents of the bottom surface, indicating
that the thickness of the PDMS layer decreases as a result
of the thermal curing. At the same time, thermal curing in-
duces dramatic increases in the oxygen and silicon con-
tents of the top surface. These trends indicate that the
hydrophobic PDMS molecules move up through the film;
PDMS has a very low Tg (�127 �C) and a low Tm (�54 �C).
The hypothesis that PDMS molecules move up through
the film is supported by the observation that the water
contact angle of the cured film of the DMS:F8T2 blend is
very similar to that of the PDMS homopolymer. Given that
the presence of too much surface modifier in the channel
region can hinder charge transport, the thinning of the
PDMS layer during thermal curing may improve the tran-
sistor performance. Furthermore, because the thermally
cured film is covered with PDMS due to the upward motion
of PDMS, the cured DMS:F8T2 blends are resistant to sol-
vents such as chloroform, chlorobenzene, and toluene,
which is important for solution-processed passivation. This



Fig. 9. Time dependence of the FET mobility and the on/off ratio for F8T2 on an OTS-18 treated SiO2 dielectric and for a DMS:F8T2 blend on a SiO2 dielectric.
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resistance to organic solvents is another advantage of
DMS:polymeric semiconductor blends.

The AFM analysis results are shown in Fig. 6. The AFM
image of the surface of the as-spun DMS:F8T2 blend shows
a homogeneous surface morphology with some nanorod-
like crystalline domains, similar to the surface of the
F8T2 homopolymer. After thermal curing, the surface has
a very rough morphology with an r.m.s. roughness of
4.9 nm (Fig. 6d). In particular, the phase image of the cured
film reveals the co-existence of quite different phases.
Since there is an increase in the PDMS content of the top
surface after thermal curing, the features in this image
are thought to result from co-existing crystalline F8T2
and amorphous PDMS phases.

F8T2 FET devices with PDMS-treated dielectric layers
were fabricated with a bottom gate–top contact geometry.
For the spin-coating of the DMS:F8T2 blend with the cur-
ing agent, toluene, chloroform, and chlorobenzene were
used as solvents. The performance of the resulting devices
was independent of the solvent used. Representative trans-
fer and output curves of the as-spun and thermally cured
DMS:F8T2 blend FET devices are shown in Fig. 7. The aver-
age FET mobility of the thermally cured devices was found
to be 0.013 cm2/Vs, with an average on/off ratio of 2 � 106.
The corresponding values for the as-spun devices, how-
ever, were much lower (average mobility 9 � 10�4 cm2/
Vs and on/off ratio 3 � 104). To examine the relationship
between the weight ratio of PDMS (DMS + curing agent)
and FET performance, devices were fabricated using vari-
ous weight ratios of PDMS (3, 6, 10, 20 and 30 wt%); the
FET mobilities are summarized in Fig. 8. When the weight
ratio of PMDS was 3 or 6 wt%, the FETs exhibited optimum
performance with mobilities over 10�2 cm2/Vs. For PDMS
contents of 10 wt% or more, however, the mobility de-
creased to less than 10�2 cm2/Vs. This result indicates that
the presence of too much PDMS disturbs charge transport
in the channel region. In addition, we also tested a
P3HT:DMS blend and obtained a similar mobility (above
10�2 cm2/Vs), which shows that the phase separation of
DMS:polymer blends can be applied to other polymeric
semiconductors.

Finally, to investigate the air-stability of the DMS:F8T2
blend devices, the shelf lifetime of a DMS:F8T2 device
was compared with the lifetimes of OFET devices based
on F8T2 homopolymer with an OTS-treated SiO2 dielectric
layer over a 30-day period (Fig. 9). The thermally cured
DMS:F8T2 blend was found to exhibit slightly better air
stability, especially in terms of the on/off ratio. Since
the top surface is not fully covered by the PDMS layer,
it is not clear whether a clear passivation effect has been
demonstrated. However, we are currently investigating
ways to dramatically enhance the air stability of this
blend system by increasing the thickness of the top PDMS
layer and by treating the top PDMS layer with oxygen
plasma.

4. Conclusions

By spin coating a DMS:F8T2 blend onto a SiO2 substrate
and then subjecting the resulting layer to thermal curing,
we fabricated a hydrophobic PDMS-bottom and semicon-
ductor F8T2-top structure with a mobility of 1 � 10�2

cm2/Vs, as confirmed with XPS, AFM, and contact angle
measurements. Using this DMS:F8T2 blend, hydrophobic
dielectric surface treatment and passivation can be
achieved simultaneously by simply coating the blend onto
the SiO2 dielectric.
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statistical methods to investigate the filament based mem-
ory system. The devices were based on a metal/polymer/
metal structure, similar to the crosslinkable devices we re-
ported earlier. Polyfluorene (PFO) with dimethyl-benzyl
end capping group was chosen as the polymer active layer.
Since it contains no known donor and acceptor pairs and
only carbon and hydrogen in its chemical formula, the pos-
sibility of occurrence of other reported switching mecha-
nisms [4,17–19] is negligible. Batch to batch variation is
also lower in the commercially available polymer. We
studied the variations between devices with the same pro-
cesses and the variations between switching cycles within
the same device. We proposed a model to explain the
results.

2. Experimental

PFO was purchased from American Dye Source and used
without further purification. The polymer was dissolved in
chlorobenzene (1 wt% of the solvent), and filtered with a
0.45 lm syringe filter. The polymer solution was spin
coated onto the glass substrates with pre-patterned in-
dium tin oxide (ITO). Finally, a 50 nm thick aluminum layer
was thermally evaporated on top of the polymer film, at a
rate of 0.1 nm per second. The device structure is shown in
the inset of Fig. 1. The active area of the device was defined
by the overlapped region of the top and bottom electrodes,
which is about 0.2 mm2.

The current–voltage (IV) characteristics were measured
in a vacuum probe station with an Agilent 4155C semicon-
ductor parameter analyzer. The capacitance was measured
using an HP 4284A LCR meter. Cross-section scanning elec-
tron microscope (xSEM) images were taken by a FEI Nova
600 Nanolab DualbeamTM SEM/Focused ion beam (FIB).

3. Results and discussion

A typical IV curve, as shown in Fig. 1, had similar shape
as previously studied crosslinkable polymer memory de-
vices [9]. Starting from the low conductivity state (OFF
state), when the voltage increased to between 3 and 4 V,
Fig. 1. Basic IV of the polymer memory device. The inset shows the device
structure. The ITO bottom electrode is connected as the ground.
the device switched abruptly to a high conductivity state
(ON state). A negative differential resistance (NDR) region
followed and the current reached a minimum at about
6 V. During the reverse sweep, the device stayed at the
ON state even when the voltage dropped below 4 V. The
device could also be written to the ON state by a voltage
pulse of 4 V, and erased to the OFF state by a pulse between
8 and 10 V. The device was read at 1 V, without disturbing
its state.

No noticeable differences in the shape of the IV curves
were observed when the switching behavior was tested
through a temperature range of �20–85 �C. The conductiv-
ities of both ON and OFF devices were also stable for more
than 20 h at 85 �C. The capacitances of the device at both
states were the same, and depended only on the thickness
of the polymer film.

It was noticeable that some of the devices, especially
the ones with thicker polymer layers, required an initial
forming process [20] before the observation of the mem-
ory phenomena. These devices were formed by applying
a voltage bias higher than the 4 V writing voltage, ranging
from 5 to above 20 V, with a 10 lA current compliance
(note: during the erasing process, the current compliance
was set at 10 mA). The forming process could also be con-
sidered as an abnormal writing process which used a
higher voltage since the current compliance would keep
the device in the ON state. After the forming process,
the device could be switched ON by a writing voltage as
low as that of the devices which did not require forming,
i.e. 4 V.

3.1. Device to device variation

Since the required forming voltage, or the initial writing
voltage, varies from device to device, we first analyzed the
distribution of the voltages. We define the switching prob-
ability as the percentage of devices which can be success-
fully written to ON state and erased to OFF state at least
one time. The ON state is defined as the state with a cur-
rent above 100 nA at 1 V, and OFF state is below 10 nA at
1 V. All the writing (forming) pulses were limited with a
10 lA compliance. For every device, the initial writing volt-
age was 4 V, and if it was not successful, the writing (form-
ing) voltage was increased by 1 V until the device was
successfully written.

Fig. 2a shows the switching probability as a function of
forming voltage for devices with different values of poly-
mer layer thickness. Generally, the switching probability
increased with higher forming voltage. The figure also
shows that devices with thinner polymer layers were more
likely to be switched successfully. Devices with thicker
films which did not work at first might work after using
a higher forming voltage. However, as shown in Fig. 2b,
the probability was not determined by the electric field
based on the average thickness of the film. For example,
devices with 400 nm thick polymer layers did not have
the same switching probability as those with 40 nm thick
polymer layers even if 40 V was used. This is consistent
with our previous understanding that the switching pro-
cesses happen at some non-uniform regions within the de-
vices [10].



Fig. 2. Switching probability for devices with different polymer layer
thickness, as a function of (a) forming voltage, (b) average electric field
calculated from dividing the forming voltage by the average polymer film
thickness.

Fig. 3. Cross-section SEM images of the device at different spots. (a) In
uniform regions. (b) In non-uniform regions.
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Next, we studied the non-uniformities of our device
using cross-section scanning electron microscope (xSEM).
Cross-section slices of the device were prepared using fo-
cused ion beam (FIB). In most regions of the device, the
polymer film thickness was uniform at 50 nm, as shown
in Fig. 3a. However, at a few spots, we observed a much
narrower gap between the electrodes (Fig. 3b). Localized
electric field at these spots could be much greater than at
other regions. Therefore we believe that these spots are
crucial for the switching phenomenon, and their existence
determines the device switching probability.

According to this observation, we attribute the switch-
ing behavior to the formation and rupture of filamentary
conductive paths [10,21–23] at localized spots [8] such as
the one shown in Fig. 3b, similarly to the switching mech-
anism proposed for oxide based resistive memories [12].
During the forming and writing processes, a conductive
link can build between the electrodes possibly as a result
of the ionization and injection of metallic materials into
the film under high electric field [22]. The erasing process
at 10 V results in a very high current flowing through
the conductive link, causing the rupture of the link
[10,22,24,25].
The distribution of electric field near the protrusion
from the electrode was studied by solving the Poisson
equation using the 3D finite element method. The geome-
tries used in our model were based on the xSEM image. The
metallic and polymeric films were simplified as parallel
plates. The protrusion from the metal was modeled as a
hemisphere with 30 nm radius. Using the capacitance data
and geometry of our device, we estimated that the dielec-
tric constant of our polymer film to be around 4.

Fig. 4a shows the distribution of electric field for a
40 nm device under a normal writing voltage of 4 V. The
maximum local field strength at the tip of the protrusion
can reach 4.86 � 108 V/m, which is more than four times
that of the uniform regions. The calculated electric field
at localized spots during the writing process is consistent
with the data from Cu/P3HT/Al memory system previously
reported by Joo et al. [22], which is above 108 V/m.

Fig. 4b shows the simulated electric field distribution
for devices with different thickness. The voltages used
are determined by the minimum voltage required for the
maximum switching probability (Fig. 2a), which are 4 V
for 40 nm devices, 16 V for 65 nm devices, 50 V for
160 nm devices, and 100 V for 400 nm devices. In all cases
the protrusion is assumed to have a radius of 30 nm. The
electric field along the vertical line crossing the protrusion
tip has been plotted as a function of vertical position z. For
40, 65 and 160 nm devices, the minimum values of the
electric field inside the polymer film are about the same,
which are above 3.0 � 108 V/m. Correspondingly in Fig. 2,
the three types all gave high switching probability (>80%)
with necessary writing voltages. For the 400 nm device,
even at 100 V, the electric field in the polymer film is com-
paratively lower (below 2.5 � 108 V/m), and this can be
correlated with its low switching probability (<20%).



Fig. 4. Electric field distribution at a localized switching spot in our model. (a) In a 40 nm device. (b) Along the vertical line crossing the protrusion tip.

Fig. 5. Flow chart for the writing and erasing procedures in the dynamic
voltage cycling test.
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Therefore we suggest that the switching probability may
be related to the localized electric field near the protru-
sions from the electrode. The role of the high electric field
might include: (1) producing a high current and localized
heating which dissociate the metal ions from the electrode
surface, and (2) driving the metal ions to the other elec-
trode to form a conductive link.

3.2. Cycle to cycle variation

For the same device, the switching capability also var-
ied as write-erase cycles were performed on the device.
Typically, after several hundreds of write-erase cycles,
the devices could not be written to the ON state with a
4 V pulse. When this happened, using the same forming
process as mentioned earlier can turn the device back to
the ON state. On the other hand, though at relatively lower
probability, there were also cases where the devices be-
came more difficult to be erased. In such situations, using
a higher erasing voltage, eg. 12 V, could turn the device
to the OFF state.

With this in mind, we designed a different cycling test
approach which dynamically adjusts both the writing and
erasing voltages. Instead of using single values for writing
and erasing voltages, we set a range for writing and erasing
voltages. In each cycle, the writing process began with the
minimum writing voltage in the specified range. We deter-
mined the status of the device right after the writing pulse
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by measuring the current at 1 V. If the writing process
failed, it was repeated with a voltage raised by 0.5 V, until
the voltage reaches the upper limit of the range. The eras-
ing process was almost the same, except that the voltage
range was different from the one used for writing. A cur-
rent compliance of 10 lA was set during the writing pro-
cesses. The flow chart for the writing and erasing
procedures are shown in Fig. 5.

This cycling test was applied on devices with 100 nm
thick polymer film. The writing voltage ranged from 3.5
to 20 V with 10 lA current compliance, while the erasing
voltage was set between 8 and 15 V. Fig. 6a shows that
Fig. 6. Cycling test results. (a) The ON state and OFF state currents read at
each cycle. The black squares represent the ON state current, and the red
circles represent the OFF state current. (b) The actual writing and erasing
voltages used at each cycle. (c) The distribution of switching voltages.
the device worked persistently through 5000 cycles.
Fig. 6b reveals the actual voltages used for writing and
erasing in each cycle. It was found that the device normally
switched at the minimum writing (3.5 V) and erasing (8 V)
voltages. However, at certain cycles, higher writing or eras-
ing voltages were needed to ensure a successful switching.
These gave rise to the peaks in the recorded voltage values.
Fig. 6c shows the distribution of writing and erasing
voltages.

We further develop our model in order to explain the
dynamic process during repeated switching cycles. After
the disconnecting process during erasing, a new gap dis-
tance might be established. In normal cases, the new
gap should be close enough so that the next writing with-
in 4 V could be successful, as seen in Fig. 6b. However, due
to any kind of variations, at certain probability, the gap
could be widened and/or the tip could be smoothened,
so that in the next cycle, much higher writing voltage
would be required, corresponding to the peaks in the
writing voltage curve in Fig. 6b. It is also shown in
Fig. 6b that there are certain peaks in the erasing voltage
curve, which means that at certain cycles, the device
could not be erased with 8 V pulse. This could be ex-
plained by the variation in the filament thickness formed
during each cycle.

4. Conclusion

We have statistically characterized the polyfluorene
based memory cells. The switching probability of the de-
vices was linked to the required switching voltage. Based
on the variation of required switching voltages among dif-
ferent devices as well as switching cycles, we developed a
model which suggests that protrusions from the electrodes
are dominating the switching phenomenon, and their vary-
ing geometries contribute to the variations in the repro-
ducibility of the memory effect.

The switching sites introduced by the nonuniform
geometries have to be better controlled in order to over-
come the inconsistency and make the polymer memory
devices reproducible and reliable enough for commerciali-
zation. In low cost applications where switching speed is
less critical and device driving circuit can be more flexibly
designed, applying a device programming scheme which
dynamically adjusts the switching voltages would be a
practical solution. For high end applications, the device
structure should be fundamentally improved to minimize
the changes of the switching sites. Our future work will in-
clude both the memory driving circuit design and device
structural optimization to achieve a highly reliable poly-
mer memory system.
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Scheme 1. Chemical structures of (a) 5-cyanotetracene (1CT) and (b)
5,11-dicyanotetracene (2CT).
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hand, Chao [14] proposed that cyanated pentacence could
have small reorganization energies based on theoretical
calculations.

Here we first report the synthesis of two novel organic
molecules, 5-cyanotetracene (1CT) and 5,11-dicyanotetra-
cene (2CT), as shown in Scheme 1. Our quantum mechan-
ical (QM) calculations predicted that the reorganization
energies of 1CT and 2CT are 0.1017 and 0.0881 eV, respec-
tively. Especially, the reorganization energy of 2CT is the
smallest among those of all existing organic compounds
to the best of our knowledge. We predict that the hole
mobilities of 1CT and 2CT are 2.9 and 2.2 cm2 V�1 S�1,
respectively, which are comparable to the predicted hole
mobility of ruberene, 3.6 cm2 V�1 S�1. Moreover, the syn-
thesized cyanated tetracenes are very stable under air
condition.

2. Results and discussion

We performed the quantum mechanics (QM) calcula-
tions at hybrid density functional theory (DFT) with
UB3LYP/6-311g(d,p) level to calculate reorganization en-
ergy [15]. The geometries were fully optimized. For the
tetracene framework, our calculations showed that the
5-, 11-terminal substitution positions are superior for
reducing reorganization energy. As shown in Table 1, the
Table 1
Calculated self-organization energy (k), HOMO, LUMO levels and HOMO–LUMO ga

k(eV) HOMO(eV)

1CT 0.1017 �5.52 (5.19b)
2CT 0.0881 �5.93 (5.42b)
Tetracene 0.1157 �4.87
Pentacene 0.0976 �4.84
Rubrene 0.1521 �4.93

a Calculated at the UB3LYP/6-311g(d,p) level.
b This work, results evaluated from cyclic voltammetry (CV).
c This work, results evaluated from UV–vis.

BrCN, AlCl3

CS2, reflux, 18h

CuCl2
Clorobenzene

110 oC, 5h

1

Scheme 2. Synthesis
calculated reorganization energy of 1CT and 2CT are
0.1017 and 0.0881 eV, respectively. We make the compari-
sons of reorganization energies for those tetracene and
pentacene derivatives. The tetracene derivatives 5,11-
dichlorotetracene and rubrene have the calculated reorgani-
zation energies of 0.1472 and 0.1521 eV [16], respectively.
Moreover, the pentacene derivatives Hexathiapentacene
[17] and 6,13-bis(Methylthio)-pentacene [18] have the cal-
culated reorganization energies of 0.1428 and 0.1172 eV
[16], respectively. To the best of our knowledge, the 2CT
has the lowest reorganization energy among the existing
compounds. This result agrees with Marks et al.’s conclusion
that the -CN polar functional group results in the decrease of
the reorganization energy [9].

The ionization potentials (IP) of 1CT and 2CT are 6.964
and 7.281 eV, respectively. They are close to IP of 5,11-
dichlorotetracene, 6.740 eV. Since 5,11-dichlorotetracene
functions as p-type semiconductor [13], we expect that
1CT and 2CT would function as p-type semiconductors as
well at similar conditions.

Based on the calculation results, we decided that both
1CT and 2CT are valuable p-type organic semiconductors
to synthesize. Thus we addressed synthetic routes of these
designed compounds as shown in Scheme 2. Since the Fri-
edel–Crafts reaction has been proved to be a useful method
for the synthesis of monocyano-derivatives of reactive aro-
matic hydrocarbons [19], we synthesized 1CT by direct
cyanation of tetracene with cyanogen bromide employing
aluminium chloride as catalyst. In the case of 2CT, the tar-
geted compound could be obtained in two steps: (1) 5,11-
dichlorotetracene (DCT) was synthesized by chlorination of
tetracene with solid copper (II) chloride in chlorobenzene
at 110 �C for 5 h; then using Pd (II)/ligand as the catalyst
system, 2CT was synthesized by cyanation of DCT with
potassium hexacyanoferrate(II) in 1-methyl-2-pyrrolidi-
none solution. Both 1CT and 2CT were isolated by column
chromatography and subsequently re-crystallized from
chloroform solutions.
ps (DE)a.

LUMO(eV) DE(eV)

�2.88 (2.96b) 2.64 (2.23b, 2.29c)
�3.40 (3.34b) 2.53 (2.08b, 2.19c)
�2.09 2.78
�2.64 2.20
�2.31 2.62

Cl

Cl

Pd(II)/ligand

Na2CO3, NMP, 140 oC, 14h

K4[Fe(CN)6]

CT

2CT

Cl

of 1CT and 2CT.
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The synthesized 1CT and 2CT were very stable both in
solution and crystal form. As shown in Fig. 1, 2CT in
chloroform solution remained unchanged under ambient
laboratory conditions for several months. As a compari-
son, the rubrene in chloroform solution lost its color
after three days. The oxidized rubrene compound is a
mixture with the NMR spectrum provided in Supporting
Information (SI). Since the impurities in organic semicon-
ductors dramatically decrease the hole mobility, we
expect that our synthesized air-stable 1CT and 2CT
promise more friendly device fabrication and packaging
environments.

To investigate the electrical properties of 1CT and 2CT,
we carried out cyclic voltammetry (CV) (Fig. 2) and UV–
vis absorbance measurements (Fig. 3). Based on the oxida-
tion onsets of CV, we estimated that the HOMOs of 1CT and
2CT are 5.19 and 5.42 eV, respectively. The difference be-
tween oxidation and reduction onsets of CV gives that
band gaps of 1CT and 2CT are roughly 2.23 and 2.08 eV,
respectively. The absorption edge of the maximum UV–
Fig. 1. The comparison of oxygen resistances for 2CT and rubrene in chloroform
and rubrene solution; the second is 2CT solution after three months and the fou

Fig. 2. Cyclic voltammogram
vis spectrum is corresponding to the HOMO–LUMO energy
gap. 1CT chloroform solution has an adsorption edge at
543 nm, which suggests that the band gap is roughly
2.29 eV. Similar analysis suggests the band gap of 2CT in
chloroform is 2.19 eV. The band gaps estimated from CV
and UV–vis are in good agreement each other. In addition,
these values are fairly consistent with the calculated band
gaps which were shown in Table 1.

Single crystals grown from chloroform solution were
used for the structural analysis (the crystallographic data
of 1CT and 2CT were presented in SI). As shown in Fig. 4a
and c, the X-ray crystallographic analysis has revealed that
the molecular packing of 1CT is packed in a herringbone-
type pattern, while 2CT showing face-to-face slipped
stacking with an intermolecular distance of 3.403 Å be-
tween neighboring molecules along the a-axis. In the 1CT
crystal, there are four face-to-edge T type dimers and one
face-to-face P type dimmer. In the 2CT crystal, there are
two face-to-edge T type dimers and one face-to-face P type
dimer.
solution. (from left to right, the first and the third samples are initial 2CT
rth is rubrene solution after three days, respectively).

of (a) 1CT and (b) 2CT.
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Fig. 3. UV–vis spectra of (a) 1CT and (b) 2CT.

Fig. 4. Comparison of crystal structures of (a) 1CT (herringbone-type structure), (b) pentacene, (c) 2CT (face-to-face p-stacks) and (d) rubrene.
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Based on the crystal structures, we carried out DFT cal-
culations at PW91/TZ2P level to calculate intermolecular
couplings between neighbor molecules in crystals. As for
comparison, we also calculated the intermolecular cou-
plings in rubrene and pentacene, which are two bench-
mark organic materials with the highest hole mobilities
[8]. In the pentacene crystal, the tilt angles of face-to-edge
dimers T1 and T2 dimer are both 51.3� and the separating
distances are about 5 Å. In the 1CT crystal, the geometries
of T1 and T2 dimers with the tilt angles of 47.8� and the sep-
arating distance of 5.5 Å are similar to the herringbone
face-to-edge dimers in the pentacene crystal. The T1 and
T2 dimers in the 1CT crystal have the electronic couplings
about 0.078 eV close to the couplings of face-to-edge



Table 2
Predicted hole mobility in a–b plane and calculated intermolecular
couplings in crystal structures of pentacene, ruberene, 1CT and 2CT.

Predicted l(cm2 V�1 s�1) V(eV) k(eV)

Pentacene 2.6 VT1 = 0.085 0.0976
VT2 = 0.048
VP = 0.032

Rubrene 3.6 VT1 = 0.019 0.1521
VT2 = 0.019
VP = 0.089

1CT 2.9 VT1 = 0.078 0.1017
VT2 = 0.078
VT3 = 0.032
VT4 = 0.012
VP = 0.027

2CT 2.2 VT1 = 0.006 0.0881
VT2 = 0.005
VP = 0.084
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dimers in pentacene (0.085 eV). As shown in Fig. 2c, the
pitch and roll angles of P dimers in the 2CT crystal are
27.56� and 17.19�, respectively, which are similar to that
of P dimers in the rubrene crystal (30.89� and 0�) [8]. These
results suggest that the intermolecular couplings in 2CT
may look like that in rubrene. On the other hand, 2CT
shows more dense packing than rubrene. The intermolecu-
lar distance between neighboring molecules in 2CT is
3.663 Å [8]. The close p-stacking of 2CT should be advanta-
geous for charge transport since both molecular modeling
[7,20] and experimental evidence [4,21] suggested that a
high mobility is expected for an organic semiconductor
with a dense packing structure. The calculated intermolec-
ular coupling of P dimer in 2CT is 0.084 eV, which is com-
parable to that of P dimer in ruberene, 0.089 eV. We did not
discuss the L dimers (out of transport layer plane) since the
charge transport in crystals is two dimensional transport
while charge transport between layers is less efficient.

Obtaining the crystal structures of cyanated tetracene
derivatives, we carried out the calculation of hole mobili-
ties based on the theoretical model we previously devel-
oped [7] and the results are shown in Table 2. The
calculated hole mobilities of our air-stable cyanated tetra-
cene derivatives in a–b plane are 2.9 cm2 V�1 s�1 for 1CT
and 2.2 cm2 V�1 s�1 for 2CT, respectively. They are close
to the calculated hole mobility of rubrene, 3.6 cm2 V�1 s�1.
Since our synthesized compounds are air-stable, it makes
them attractive to real applications.

3. Conclusion

We synthesized two novel cyanated tetracene deriva-
tives, 1CT and 2CT. The X-ray crystallographic analysis
has revealed the molecular packing of 1CT is packed in a
herringbone-type pattern, while 2CT showing a face-to-
face packing with a relative short intermolecular distance
of 3.403 Å between neighboring molecules along the a-
axis. Compared with the well-known semiconductor, e.g.
rubrene, the synthesized 2CT show more stability which
is confirmed by NMR. The reorganization energy of 2CT
predicted by UB3LYP/6-311g(d,p) is 0.0881 eV, which is
the lowest among known compounds. The calculated hole
mobilities of these air-stable cyanated tetracene deriva-
tives in a–b plane are 2.9 cm2 V�1 s�1 for 1CT and
2.2 cm2V�1 s�1 for 2CT, respectively. These oxygen-resisted
organics may offer potential to fabricate the flexible elec-
tronics under air conditions. Efforts have been undertaken
to determine the semiconducting properties of these new
compounds in organic field effect transistors.

4. Experimental section

4.1. Synthesis of 1CT

Tetracene (1.01 g, 4.43 mmol) and anhydrous AlCl3

(1.18 g, 8.87 mmol) were placed in a flask containing CS2

(20 ml) under argon and the mixture was stirred at room
temperature for 15 min. Cyanogen bromide (0.94 g,
8.87 mmol) in more CS2 (15 ml) was then slowly added
with stirring. The mixture was then stirred and boiled un-
der reflux for 18 h, then cooled, and poured into crushed
ice/conc. HCl. The combined CHCl3 extracts were washed
with water, dried with MgSO4 and the solvents were re-
moved by rotary evaporation. The solid residue was chro-
matographed (SiO2, ethyl acetate/hexane) and then
recrystallized from CHCl3 to afford product (0.21 g,
18.8%). 1H NMR d 7.47–7.54 (m, 3H), 7.63–7.67 (m, 1H),
8.01–8.08 (m, 3H), 8.38 (d, 1H, J = 8.8), 8.70 (s, 1H), 8.87
(s, 1H), 8.99 (s, 1H). Elemental anal. Found: C, 89.41; H,
4.79; N, 5.52. Calcd for C19H11N: C, 90.09; H, 4.38; N,
5.53. HRMS (EI): calcd for C19H11N [M+1]: 253.0886; found
(m/z): 253.0883.

4.2. Synthesis of 2CT

5,11-dichlorotetracene was synthesized according to
literature [13]. Potassium hexacyanoferrate(II) (0.736 g,
2 mmol), which is yielded by grinding K4[Fe(CN)6]�3H2O
to a fine powder and drying in vacuum at 80 �C overnight,
5,11-dichlorotetracene (1.667 g, 5.61 mmol), Na2CO3

(0.212 g, 2 mmol), Pd(OAc)2 (0.127 g, 0.56 mmol), Tri-tert-
butylphosphonium tetrafluoroborate (0.325 g, 1.12 mmol)
and 20 ml NMP were mixed in a Schlenk flask under argon.
The reaction mixture was then heated to 140 �C slowly and
held at that temperature for 14 h. The reaction mixture
was then cooled to room temperature, diluted with chloro-
form and filtered through Celite. The product was isolated
by column chromatography (SiO2, ethyl acetate/hexane)
after washing the filtrate with water, drying over sodium
sulfate and distilling the solvents. (0.406 g, 26%). 1H NMR
d 7.65–7.69 (m, 2H), 7.76–7.80 (m, 2H), 8.20 (d, 2H,
J = 8.72), 8.45 (d, 2H, J = 8.64), 9.32 (s, 2H). Elemental anal.
Found: C, 86.36; H, 3.75; N, 10.47. Calcd for C20H10N2: C,
86.31; H, 3.62; N, 10.07. HRMS (EI): calcd for C20H10N2

[M+1]: 278.0838; found (m/z): 278.0832.

4.3. Computational method

The reorganization energies (k) in Eq. (1) were calcu-
lated directly from the adiabatic potential energy surfaces,
shown as Eq. (2) [7]:

k ¼ k0 þ kþ ¼ ðE�0 � E0 þ E�þ � EþÞ ð2Þ
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where E0 and E+ represent the energies of the neutral and
cation species in their lowest energy geometries, respec-
tively; E�0 and E�þ are the energies of the neutral and cation
states with the geometries of the cation and neutral spe-
cies, respectively. This description holds as long as the
potential energy surfaces are harmonic, and the k0 and k+

terms are close in energy. We used UB3LYP/6-311g(d,p) le-
vel calculation implemented in the Jaguar program [15] to
calculate the reorganization energy.

Geometries for dimer calculations were obtained from
the observed x-ray crystal structure. The intermolecular
couplings (V) [22] in Eq. (1) can be calculated directly from
the spatial overlap (SRP), charge transfer integral (JRP), and
site energies (HRR, HPP). The intermolecular coupling, V, is
given by:

V ¼ JRP � SRPðHRR þ HPPÞ=2
1� S2

RP

�����

����� ð3Þ

We employed the Amsterdam density functional (ADF)
[23] program to calculate all couplings. The TZ2P basis
set in ADF was used and the local density functional
VWN was employed in the conjunction with the PW91 gra-
dient corrections.

After obtained reorganization energy and intermolecu-
lar coupling in Eq. (1), we can write the diffusion coeffi-
cient of organic semiconductor as [7]:

D ¼ 1
2n

X
i

r2
i WiPi ð4Þ

where n is the spatial dimensionality; i represents a spe-
cific hopping pathway with hopping distance ri (the inter-
molecular center-to-center distances of different dimer
types). P is the hopping probability which is calculated as
by:

Pi ¼
WiP

iWi
ð5Þ

The hole mobility l from charge hopping is then evaluated
from the Einstein relation:

l ¼ e
kBT

D ð6Þ
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oxide as the anode interlayer for improving the PSC perfor-
mance has seldom been reported.

The aim of this work is to realize a low-cost and high-
efficiency inverted PSC hybridized with ZnO nanorod ar-
rays by introduction of a solution-processed vanadium
oxide (V2O5) as the anode interlayer. Our investigation
shows that the photovoltaic device performance is im-
proved by the introduction of the V2O5 interlayer due to
the efficient suppression of the leakage currents at the or-
ganic/metal interface. Compared to the conventional BHJ
structure (indium tin oxide (ITO)/PEDOT:PSS/active layer/
Al), the use of the inverted structure overcomes some
obstacles such as the facile oxidation of Al [15] and the
electrical inhomogeneities of PEDOT:PSS as well as its cor-
rosion to ITO [16]. The inverted PSCs utilize an air-stable
high work-function electrode as the back contact to collect
holes and metal–oxide nanostructures at the ITO to collect
electrons [17–19]. Furthermore, it has been reported that
the ZnO nanorods have beneficial effects of collecting and
transporting electrons in the inverted PSCs hybridized with
the ZnO nanorods [20]. Our works combine these advanta-
ges of V2O5 interlayer and ZnO nanorods, which thereby
suppress the leakage currents and improve the collection
and transportation of the charge carriers, resulting in
enhancements of PCE, open-circuit voltage (VOC), and fill
factor (FF) of the devices. In addition, the V2O5 interlayer
can serve as an optical spacer to increase light absorption,
leading to an increased short-circuit density (JSC). More-
over, the V2O5 interlayer and ZnO nanorod arrays both
are fabricated from simple solution-based processes,
which are well-suited for use in high-throughput roll-to-
roll manufacturing.

2. Experimental

The structure and the energy level diagram of the in-
verted PSCs of ITO/ZnO/P3HT:PCBM/V2O5/Ag are schemat-
ically presented in Fig. 1. Devices were fabricated on
cleaned ITO-coated glass substrates (�7 X/sq.). ZnO seed
layer (�50 nm) was spin-coated from a 0.5-mol solution
of zinc acetate dihydrate in 2-methoxyethanol followed
by annealing at 200 �C for an hour in air. Hydrothermal
Fig. 1. (a) Device structure of the photovoltaic cells. (b) Energy band
diagram for the photovoltaic cells in this study. The work function value
of Ag is referred to the Ref. [28].
growth of the ZnO nanorod arrays (�100 nm in length
and �50 nm in diameter) was achieved by suspending
the ZnO seed-coated substrates in an aqueous solution of
50-mM zinc nitrate at 90 �C in an oven. Subsequently, a
solution containing 20-mg P3HT and 20-mg PCBM in 1-
ml o-dichlorobenzene (o-DCB) was spin-coated on top of
the ZnO nanorods and dried slowly over the course of
40 min in air, forming the photoactive layer with a thick-
ness of �300 nm. V2O5 powder (Riedel-de Haën, 99%)
was homogeneously dispersed and suspended in isopropa-
nol at different concentrations by using ultrasonic agita-
tion. During the process of the ultrasonic agitation, it was
observed that the V2O5 powder was pulverized to smaller
particles. After the ultrasonic agitation, the color of the
V2O5 colloidal solution is uniformly orange. Then the
V2O5 colloidal solution was spin-casted in air on top of
the photoactive layer. Finally, silver film (�200 nm) was
deposited on top in a vacuum of 2 � 10�6 torr.

Devices were unencapsulated, stored in air, and illumi-
nated at 100 mW/cm2 from a ThermoOriel 150 W solar
simulator with AM 1.5G filters. The solar simulator was
calibrated using a reference Si solar cell. All electrical mea-
surements were carried out in air at room temperature.
The active area of the device irradiated by the light was de-
fined as 10 mm2 by using a photomask, so no extra current
outside of the defined area was collected. Current density–
voltage (J–V) curves were measured with a Keithley 2400
source measurement unit. The surface morphologies of
the photoactive layers were measured by atomic force
microscopy (AFM). The reflectance spectra of the devices
were obtained using a Perkin–Elmer Lambda 35 UV–vis
spectrophotometer. The transmission spectrum of the
V2O5 layer was measured using the same UV–vis spectro-
photometer. The crystallinity of V2O5 was analyzed at
room temperature by X-ray diffraction (XRD) using Cu
Ka radiation.

3. Results and discussion

In order to avoid mixing or damaging the photoactive
layer during the coating of V2O5, the selection of solvent
Fig. 2. The J–V curves of the photovoltaic devices with the V2O5 interlayer
from various concentrations under 100 mW/cm2 AM 1.5G irradiation.



Table 1
Photovoltaic parameters and efficiencies of inverted PSCs with the V2O5
interlayer from various concentrations (solvent:isopropanol).

Concentration
(lg/ml)

JSC

(mA/cm2)
VOC

(V)
FF
(%)

PCE
(%)

RS

(X cm2)
RSH

(X cm2)

No. V2O5 10.21 0.50 49.36 2.52 2.24 394
25 10.49 0.51 49.91 2.67 2.12 570
50 10.61 0.51 53.96 2.92 2.10 579
100 10.75 0.55 60.21 3.56 1.35 620
250 11.16 0.52 51.35 2.98 3.4 431
1000 8.55 0.50 46.78 2 6.3 250
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for V2O5 is an important issue. That is, the solvent for V2O5

must be orthogonal to o-DCB. Several solvents including
toluene, chlorobenzene, 2-methoxyethanol, dichlorometh-
Fig. 3. (a) AFM images of the photoactive layers covered with and without the o
spectrum of the V2O5 layer (from the 100 lg/ml V2O5 colloidal solution) on a gl
ane, and isopropanol have been experimented for the V2O5.
However, only the use of isopropanol as the solvent has
negligible influences on the previously deposited photoac-
tive layer due to the polar characteristics of these solvents.
In general, the polarity of a solvent is related to its dielec-
tric constant [21]. The relative dielectric constant (er) of
isopropanol is �20, which is much larger than that of the
P3HT/PCBM film (er � 3.5) [22]. It is believed that the large
dielectric constant qualifies isopropanol as an orthogonal
solvent in this work.

Fig. 2a shows the J–V characteristics of the devices with
various concentrations of V2O5. The device without the
V2O5 interlayer exhibits a JSC of 10.21 mA/cm2, a VOC of
0.5 V, and a FF of 49.36%, resulting in a PCE of 2.52%. The
performance is similar to other reports on the same struc-
ptimum V2O5 interlayer. AFM image scans are 5 � 5 lm. (b) Transmission
ass substrate. (c) XRD spectrum of V2O5.



Fig. 4. (a) IPCE spectra for the devices with and without the optimum
V2O5 interlayer. (b) The change in absorption spectrum [Da(k)] and the
difference in IPCE spectrum [DIPCE(k)] resulting from the insertion of the
optimum V2O5 interlayer. The inset is a schematic of the optical beam
path in the both samples. The variables are defined in the text.
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ture without the V2O5 interlayer [16,19]. Introducing a 25-
lg/ml V2O5 interlayer, PCE is slightly improved to 2.67%
with JSC of 10.49 mA/cm2, VOC of 0.51 V, and FF of 49.91%.
When the concentration of V2O5 further increases to
100 lg/ml, the device has a significant improvement with
JSC of 10.75 mA/cm2, VOC of 0.55 V, and FF of 60.21%. This
results in a considerable improvement of PCE up to
3.56%, a 41% improvement. These results show that the
V2O5 can act as a functional interlayer to enhance the pho-
tovoltaic performance.

A series of V2O5 concentrations (25, 50, 100, 250,
and 1000 lg/ml) is further investigated and summarized
in Table 1. The JSC, VOC, and FF increase with the V2O5

concentration from 25 to 100 lg/ml. The highest PCE of
3.56% is achieved at the concentration of 100 lg/ml, show-
ing that the optimum V2O5 interlayer is obtained. As a low-
concentration V2O5 interlayer is introduced (50 lg/ml or
less), the improvement of device performance is not obvi-
ous. It is suspected that the concentration is too low to cov-
er the photoactive layer completely. As a result, the
leakage current will not be efficiently reduced. However,
as the concentration of V2O5 increases to 1000 lg/ml, most
V2O5 particles cluster together (�2 lm in average), result-
ing in the increased contact resistance and thus leading to
a low photocurrent (JSC � 8.55 mA/cm2).

Fig. 3a shows the AFM images of the photoactive layer
covered with and without the optimum V2O5 interlayer.
The V2O5 particles can be clearly observed. The root-
mean-square roughness (rRMS) of the photoactive layer
with the optimum V2O5 interlayer is �18.4 nm, which is
about the 2 times of that without V2O5 (rRMS � 10.6 nm).
The AFM images clearly indicate that at the concentration
of 100 lg/ml the photoactive layer is almost fully covered
with V2O5. Fig. 3b shows the transmission spectrum of the
V2O5 layer deposited from the 100 lg/ml V2O5 colloidal
solution on a glass substrate. It shows that the V2O5 layer
is almost transparent in the visible region (transmit-
tance > 97%). Fig. 3c shows the XRD spectrum of V2O5.
The diffraction peaks appears in the 2h range from 10� to
35� characterizing the orthorhombic crystalline structure
of V2O5.

Note that the performance of the device without the
V2O5 interlayer in our experiments has similar performance
to other reports [20,23]. By introducing the optimum V2O5

interlayer, the device has significant improvements in FF
(from 0.49 to 0.6) and VOC (from 0.5 to 0.55 V). This indicates
that V2O5 efficiently suppresses the leakage currents at the
organic/Ag interface. Considering the device without V2O5,
both P3HT and PCBM are in direct contact with Ag. It is pos-
sible for electrons to transfer from PCBM to Ag, thereby
increasing the leakage currents. However, incorporating a
V2O5 interlayer introduces two additional interfaces, organ-
ic/V2O5 and V2O5/Ag. As shown in Fig. 1b, the conduction
band of V2O5 (�2.4 eV) (Ref. [8]) is higher than the lowest
unoccupied molecular orbital level of PCBM (�3.7 eV),
showing that V2O5 can block the reverse electron flow from
PCBM to Ag. Thereby, V2O5 can effectively prevent the leak-
age current at the organic/Ag interface. In addition, the va-
lence band of V2O5 (�4.7 eV) (Ref. [8]) is close to the
highest occupied molecular orbital level of P3HT
(�5.1 eV), revealing that V2O5 will help collecting holes.
Moreover, the series resistance (RS, defined from the J–V
curves near 1.5 V under light illumination) is 1.35 X cm2

and 3.09 X cm2 for the device with and without the opti-
mum V2O5 interlayer, respectively. The shunt resistance
(RSH, defined from the J–V curves near 0 V under light illu-
mination) is 610 X cm2 and 376 X cm2 for the device with
and without the optimum V2O5 interlayer, respectively. It is
known that the high RSH indicates less leakage current
across the cell and contributes to the improved FF and VOC

[24]. Another evidence for less leakage current is the recti-
fication ratio (RR, defined as the current ratio at ±1.5 V from
the J–V curves measured in the dark). The RR of the device
without V2O5 is 4.37 � 102, while that of the device with
the optimum V2O5 interlayer increases to 1.77 � 104. The
high RR and elevated RSH both are strong evidences show-
ing that the V2O5 interlayer can serve as an electron-block-
ing layer to effectively prevent the leakage currents,
resulting in the dramatic improvement in PCE.

Fig. 4a compares the incident photon-to-current con-
version efficiency (IPCE) spectrum of the devices with
and without the optimum V2O5 interlayer. The IPCE is de-
fined as the number of photogenerated charge carriers
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contributing to the current per incident photon. The device
with V2O5 interlayer shows the typical spectral response of
P3HT:PCBM blend with a maximum IPCE of �69% at
515 nm, while for the device without V2O5 interlayer, the
peak reaches �65% only. The IPCE spectra are consistent
with the measured JSC in the devices. The insertion of
V2O5 demonstrates a substantial enhancement of �6% at
515 nm in the IPCE. This enhancement agrees with the in-
crease in JSC (�5% increase in the device with V2O5). It indi-
cates that the V2O5 interlayer also contributes to the
increase in photocurrent.

To further clarify the role of the V2O5 interlayer, we
measured the reflectance (R) spectra of the devices with
and without the optimum V2O5 interlayer. Since the two
devices are identical except the addition of the V2O5 layer,
comparison of the reflectance yields information on the
additional absorption, Da(k), in the photoactive layer as a
result of the spatial redistribution of the light intensity
by the V2O5 interlayer (Fig. 4b). The Da(k) is given by [25]

DaðkÞ � � 1
2
ffiffiffi
2
p

d
ln

Rwith V2O5 ðkÞ
Rwithout V2O5 ðkÞ

� �

where Rwith V2O5 ðkÞ is the reflection from a device with the
V2O5 interlayer, Rwithout V2O5 ðkÞ is the reflection from an
identical device without the V2O5 interlayer, and d is the
thickness of the photoactive layer (d is �300 nm in both).
The result shows a clear increase in absorption over the
spectral region of the interband transitions. Since the spec-
tral features of the P3HT absorption are evident in the Da
spectrum, the increased absorption arises from a better
match of the spatial distribution of the light intensity to
the position of the photoactive layer. Fig. 4b also shows
the difference in IPCE spectrum, DIPCE(k), between the de-
vices with and without the optimum V2O5 interlayer. This
spectrum reveals three peaks at 510, 540, and 600 nm,
respectively. It implies that the contribution of the V2O5

interlayer in photocurrent is mainly at the three peaks
which are vibronic features from the P3HT molecules
[26]. Moreover, the feature of the DIPCE spectrum is anal-
ogous with Da spectrum, showing that the increased opti-
cal absorption is nearly transferred to the photocurrent.
Evidently, the V2O5 interlayer functions as an optical
spacer to increase the optical absorption by spatially redis-
tributed the light intensity and thereby increase the
photocurrent.

Although PEDOT:PSS layer can be solution processed, its
hygroscopic nature is likely to form insulating patches due
to the water adsorption, thus degrading the devices [27]. In
contrast, V2O5 is relatively insensitive to water and stable
in air. The solution-processed V2O5 interlayer can serve
as a barrier preventing oxygen or water from entering
and degrading the photoactive layer. In addition, this ap-
proach does not need annealing treatment like PEDOT:PSS
nor vacuum equipments, so it is simple, expeditious, and
effective. This is very important for commercial realization
of low-cost and large-area printed solar cells.

4. Conclusion

In conclusion, we have demonstrated the use of the
solution-processed V2O5 as the anode interlayer in in-
verted PSCs hybridized with ZnO nanorods. The optimum
V2O5 interlayer is obtained at the concentration of
100 lg/ml, because the photoactive layer is almost com-
pletely covered with V2O5 at this condition. The highest
PCE of 3.56% is achieved for the device with the optimum
V2O5 interlayer, which is comparable to that of the devices
with a vacuum-deposited V2O5 interlayer [28]. Our investi-
gations show that the V2O5 interlayer can effectively pre-
vent the leakage currents at the organic/Ag interface
leading to improvements in VOC, FF, RS, and RSH. The optical
absorption and IPCE are also improved by the optical
spacer effect of the V2O5 interlayer, thus leading to the in-
creased photocurrent. Compared to the vacuum-deposited
techniques, this approach is simple, expeditious, and effec-
tive. It is also advantageous for potential applications to
mass production of various large-area printed electronics
with a very low cost.
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at high temperature so far. Therefore, it is important that
the materials used in OLEDs fabrication have high thermal
stability as well as ease of sublimation. In particular, mol-
ecules of high vapor pressure are needed for mass produc-
tion, since a large number of samples need to be loaded on
a tray at once.

The solution process in OLEDs has recently attracted
much attention due to its low cost and eases of device fab-
rication. Molecules showing good solubility in common or-
ganic solvents are suitable for this process. If the molecules
have poor solubility, the performance of a solution-pro-
cessed OLEDs is significantly lowered due to aggregation
[13]. Consequently, in order to be suitable molecules for
both processes, the molecules need to have high thermal
stability, good solubility and an ease of sublimation origi-
nated from high vapor-pressure.

Triarylsilyl moieties are known for high chemical stabil-
ity as well as improved solubility, and thus give improved
efficiency compared to alkyl substituents in OLEDs [14].
However, triarylsilyl possess some drawbacks such as low-
er yield, complexities in synthesis, a delicate purification
process and low vapor pressure. On the contrary, trimeth-
ylsilyl moieties are introduced easily into the ligand back-
bone and their derivatives are synthesized in high yields. In
addition, trimethylsilyl functional groups confer to mole-
cules such attributes as higher vapor pressure, thermal sta-
bility (high Tg), good solubility and steric bulk via higher
volume. Such properties of the silyl moiety effectively hin-
der the aggregation and excimer formation of ppy-based
Ir(III) complexes [15]. Therefore, the combination of ppy
and bulky trimethylsilyl moieties would be expected to
be the best way to achieve an efficient phosphorescent
emitter. Herein, we describe the results of our investiga-
tion into the preparation, thermal and optical properties
and electroluminescent characteristics of a new Ir(ppy)3

derivative containing trimethylsilyl moieties.

2. Experiments

All experiments were performed under dry N2 atmo-
sphere using standard Schlenk technique. All solvents were
freshly distilled over appropriate drying reagents prior to
use. All starting materials were purchased from either Al-
drich or Strem and used without further purification. 1H
NMR and mass spectra were recorded on a Bruker DRX
500 MHz spectrometer and JEOL-JMS 700 instrument,
respectively. UV/vis and photoluminescent spectra for all
samples with concentrations in the range of 10–50 lM
were obtained from UV/vis spectrometer Lambda 900
and a Perkin Elmer Luminescence spectrometer LS 50B,
respectively. All solutions for photophysical experiments
were degassed with more than three repeated freeze-
pump-thaw cycles in a vacuum line. Melting points were
determined on an Electrothermal 9100 apparatus. Emis-
sion lifetimes were measured with the fourth harmonic
of a Q-switched Nd-YAG laser using the upper excite state
energy transfer with a pulse duration of 6 ns and a repeti-
tion rate of 10 Hz. The laser beam had a diameter of 5 mm
and an optical power of � 50 mJ. The emission from the
film was recorded by a gated intensified diode array detec-
tor through a monochromator. The system allows for an
integration time (gate width) of detection from 100 ns to
10 ms and a variable delay after excitation. Ultraviolet
photoemission spectroscopy (UPS) was conducted accord-
ing to previous report [16]. Absolute emission quantum
yield (gPL) and its dependence for doping concentration
were measured by an integrating sphere [17]. Cyclic vol-
tammetry was performed with an Autolab potentiostat
by Echochemie under nitrogen atmosphere in a one-com-
partment electrolysis cell consisting of a platinum wire
working electrode, a platinum wire counter electrode,
and a quasi Ag/AgCl reference electrode. Cyclic voltammo-
grams were monitored at scan rates of either 100 mV s�1

or 50 mV s�1 and recorded in distilled dichloromethane.
The concentration of the complex was maintained at
0.5 mM or less and each solution contained 0.1 M of tetra-
butylammoniumhexafluorophosphate (TBAP) as the elec-
trolyte. The ferrocenium/ferrocene couple was used as
the internal standard.

2.1. 1-Bromo-3-(trimethylsilyl)benzene

To a stirring solution of 1,3-dibromobenzene (25 g,
0.11 mol) in diethyl ether (250 mL) was cooled to �78 �C.
Addition of n-BuLi (29.4 g, 0.11 mol, 2.5 M in hexane) over
20 min resulted in a pale yellow solution. After stirring for
1 h at this temperature and then quenched with TMSCl
(12.7 g, 0.12 mol). The solution was allowed to warm to
room temperature overnight. Water (40 mL) was added
to the above solution. The organic layer was separated
and washed with brine, dried (MgSO4), and concentrated
under reduced pressure. The crude material was purified
by vacuum distillation. The fraction boiling at 79–80 �C
(1.5 mmHg) was collected as a clear oil (20 g, 85%) 1H
NMR (CDCl3) d 7.54 (s, 1H), 7.39 (d, 1H), 7.34 (d, 1H),
7.14 (t, 1H), 0.19 (s, 9H).

2.2. 3-(Trimethylsilyl)phenylboronicacid

To a stirring solution of 1-bromo-3-(trimethylsilyl)ben-
zene (10 g, 43.6 mmol) in diethyl ether (100 mL) was
cooled to �78 �C. Addition of n-BuLi (13.3 g, 48 mmol,
2.5 M in hexane) over 20 min resulted in a yellow solution.
After stirring for 30 min at this temperature and then
quenched with (C2H5O)3B (19.1 g, 130.9 mmol). The solu-
tion was allowed to warm to room temperature overnight.
The mixture was then cooled to 0 �C and acidified with 1 N
HCl. A white precipitate formed. The mixture was stirred
for 1 h and then the layers were separated, and the aque-
ous was extracted with ethylacetate (2 � 100 mL). The or-
ganic layers were combined, washed with 1 N HCl, dried
(MgSO4), and concentrated under reduced pressure. Fur-
ther drying under vacuum afforded 5.4 g (64%) of a white
solid. The compound was generally used in the following
step without further purification: mp 138–140 �C; 1H
NMR (CDCl3) d 8.46 (s, 1H), 8.25 (d, 1H), 7.8 (d, 1H), 7.54
(t, 1H), 0.39 (s, 9H).

2.3. 2-Bromo-5-trimethylsilylpyridine

To a stirring solution of 2,5-dibromopyridine (10 g,
42.2 mmol) in diethyl ether (100 mL) was cooled to
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�78 �C. Addition of n-BuLi (11.7 g, 42.2 mmol, 2.5 M in
hexane) over 20 min resulted in a dark brown solution.
After stirring for 1 h at this temperature and then
quenched with TMSCl (5.50 g, 50.6 mmol). The solution
was allowed to warm to room temperature overnight.
Water (100 mL) was added to the above solution. The
organic layer was separated and the aqueous layer was
extracted with diethyl ether (2 � 80 mL). The organic
layers were combined, dried (MgSO4), and concentrated
under reduced pressure. The crude material was purified
by vacuum distillation. The fraction boiling at 86–87 �C
(1.5 mmHg) was collected as a clear oil (20 g, 85%) 1H
NMR (CDCl3) d 7.54 (s, 1H), 7.39 (d, 1H), 7.34 (d, 1H),
7.14 (t, 1H), 0.19 (s, 9H).

2.4. Ligand dsippy

2-Bromo-5-trimethylsilylpyridine (5.0 g, 21.7 mmol),
3-(trimethylsilyl)phenylboronic acid (5.06 g, 26.1 mmol),
and Pd(PPh3)4 (0.75 g, 0.65 mmol), were dissolved in THF
(45 mL). A solution of 2 M K2CO3 (15 mL) was added, and
the mixture was refluxed with stirring for 18 h in an atmo-
sphere of nitrogen. After being cooled, the mixture was
poured into aqueous EDTA and extracted with ether. The
organic layer was dried over MgSO4. The solvent was re-
moved under reduced pressure to give a yellow oil. The
crude product was purified by chromatography on silica
gel (EtOAc/hexane, 1/5, v/v) to obtain a colorless oil
(5.92 g, 91%); IR (KBr) 3042, 2950, 1591, 1480, 1437,
1250 cm�1; 1H NMR (CD2Cl2) d 8.97 (dd, 1H), 8.41 (dd,
1H), 8.16 (m, 1H), 8.01 (dd, 1H), 7.88 (dd, 1H), 7.75 (sex,
1H), 7.60 (sex, 1H), 0.50 (s, 9H), 0.49 (s, 9H).
13C-NMR(CD2Cl2): d 157.69, 153.99, 141.97, 140.99,
138.70, 134.13, 133.18, 131.94, 128.18, 127.55, 119.93,
�1.14, �1.35. Anal. Calcd for C17H25NSi2 (299.15): C,
68.16; H, 8.41; N, 4.68. Found: C, 68.21; H, 8.39; N, 4.67.

2.5. Complex Ir(dsippy)3

Ligand dsippy (3 g, 10.0 mmol) and Ir(acac)3 (1.22 g,
2.50 mmol) were dissolved in ethylene glycol (50 mL),
and the mixture was heated to reflux under nitrogen for
25 h. The reaction mixture was then cooled to room tem-
perature, 1 N HCl was added, and the mixture was filtered
to give a crude product, and then flash chromatographed
on silica column using dichloromethane to yield 1.1 g
(42%). The compound was then further purified by subli-
mation. IR (KBr) 3040, 2949, 1581, 1476, 1435,
1248 cm�1; 1H-NMR (CD2Cl2): d 7.98 (d, 3H), 7.86 (s, 3H),
7.80 (d, 3H), 7.52 (s, 3H), 7.04 (d, 3H), 6.94 (d, 3H), 0.29
(s, 27H), 0.12 (s, 27H); 13C-NMR(CD2Cl2): d 166.70,
161.47, 150.34, 144.01, 141.14, 136.96, 133.23, 129.83,
124.23, 119.73, 118.27, �1.87, �1.93; MS (FAB):
m/z = 1087[M+]. Anal. Calcd for C51H72N3Si6Ir (1087.40):
C, 56.31; H, 6.67; N, 3.86. Found: C, 56.35; H, 6.59; N, 3.82.

The glass substrate pre-coated with indium-tin-oxide
(ITO) was cleaned by an ultrasonic bath of acetone, fol-
lowed by 2-propanol. Surface treatment was carried out
by exposing ITO to a UV-ozone plasma. OLEDs using CBP
as host material is fabricated as follows. The hole-injecting
layer, a 10 nm thick film of copper phthalocyanine (CuPc)
was deposited on ITO surface by high vacuum thermal
evaporation and a 40 nm thickness 4-4-bis[N-(naphthyl)-
N-phenyl-amino]biphenyl (a-NPD) as hole-transporting
layer was deposited onto the CuPc. Ir(disppy)3 (dis-
ppy = ditrimethylsilyl-substituted ppy) doped host CBP
layer were thermally co-evaporated on the a-NPD layer.
Ir(disppy)3 doping concentrations was 8% in CBP. A
10 nm thick BCP (2,9-dimethyl-4,7-diphenyl-1,10-phenan-
throline) layer was then deposited as the exciton-blocking
and followed by a 40 nm Alq3 (tris-(8-hydroxyquinoline)
aluminum(III)) as an electron transporting layer. Finally
LiF (1 nm) and Al (100 nm) were deposited on top of the
organic layers by thermal evaporation. The fabricated
multilayer organic light-emitting devices have the struc-
ture of ITO/CuPc (10 nm)/a-NPD (40 nm)/CBP-Ir(disppy)3

(20 nm)/BCP (10 nm)/Alq3 (40 nm)/LiF (1 nm)/Al (100 nm).
3. Results and discussion

The ligand 2-phenylpyridine, containing trimethylsilyl
moieties, was synthesized by Suzuki coupling [18],
through the reaction of 2-bromo-5-trimethylsilylpyridine
with the corresponding 3-trimethylsilyl phenylboronic
acid in the presence of K2CO3 and Pd(PPh3)4 catalyst as
shown in Scheme 1. This ligand was obtained in good
yields (91%).

The titled complex, Ir(disppy)3, was synthesized by
slight modification of the previous synthetic methodology
reported by Watts and co-workers [19]. Through the reac-
tion of Ir(acac)3 with the trimethylsilyl-substituted ppy li-
gands under high temperature (>200 �C), the complex was
obtained in moderate yields (42%). Both the ligand and the
iridium complex were characterized by NMR, mass spec-
trometry and elemental analyses. In the 1H-NMR spectra,
the complex exhibits six well-resolved peaks in the phenyl
region due to the ppy rings, indicating that it has a facial
geometry around the Ir metal center. Ir(disppy)3 is highly
soluble in common organic solvent and slightly soluble
even in hexane. It may be due to introduced bulky trimeth-
ylsilyl groups. This complex is very stable up to approxi-
mately 290 �C without degradation under N2 atmosphere.
The decomposition temperature, which is defined as 5%
weight loss, is 295 �C. The glass transition (Tg) in DSC
experiment appears at 184 �C. (Fig. 1).

Moreover, Ir(disppy)3 displayed a consistent and repro-
ducible DSC diagram during two cycles of heating and
cooling, proving that this complex is thermally stable up
to its melting transition. The Tg value observed for the com-
plex is considerably higher than that of Ir(ppy)3. This sug-
gests that the introduction of silyl moieties in the ppy ring
leads to a dramatic increase in thermal stability.

The UV–vis spectra of the complex in solution exhibit
strong absorption bands from 250 to 320 nm
(e > 104 mol�1 dm3 cm�1), indicating that the electronic
transitions are mostly ligand-centered (LC) p–p* (Fig. 2).
As compared to the absorption of Ir(ppy)3, the absorption
patterns of Ir(disppy)3 are similar in the 250–550 nm
spectral region [20]. Intraligand (IL) p–p* transitions and
metal-to-ligand charge transfer (1MLCT, dp(Ir)- p(ppy))
transitions are observed in the region of 350–440 nm. In
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addition, weaker absorption tails at 450–480 nm, which
can be assigned as triplet metal-to-ligand charge transfer
(3MLCT), are also observed. Despite the fact that the Ir(dis-
ppy)3 complex shows similar patterns to that of Ir(ppy)3 in
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absorption spectrum, it should be noted that a strikingly
higher extinction coefficient was observed for Ir(disppy)3

in the charge transfer region (Fig. 2b). The larger molar
extinction coefficient observed for 1MLCT and 3MLCT rela-
tive to that of Ir(ppy)3 indicates that the substituent silyl
groups play a key role in the enhancement of the spin-orbit
coupling.

The emission spectra of complex in solution and in film
at room temperature are dominated by phosphorescence
in the region of 500–600 nm with maximum values of
519 and 513 nm, respectively.

In addition, the emission spectrum of 8%-Ir(disppy)3

doped CBP film is almost the same spectrum of neat film.
There are no characteristic emission peaks from CBP, indi-
cating that the emission primarily originates from Ir(dis-
ppy)3. Furthermore, no shift of the emission peak was
observed, even at a higher doping concentration (30% or
50%). These results apparently support the conclusion that
effective energy transfer from the host (CBP) to the dopant
the (Ir complex) occurs in the emissive layer.

Interestingly, the emission spectrum of Ir(disppy)3 in
the solid state is blue-shifted in comparison to the diluted
solution (10�5–10�6 M) and the emission spectrum in solu-
tion shows a narrow band with a small full-width at half-
maximum (solution: 50 nm, thin film: 60 nm). In general,
the maximum emission band in the solid state appears at
lower energies as compared to that in solution due to the
difference in dielectric constant of the environment
[21,22]. This observation may indicate that bulky trimeth-
ylsilyl groups hamper intermolecular interactions even in
the solid state. However, on the one hand, virtually identi-
cal shapes of the spectra of Ir(disppy)3 and Ir(ppy)3 were
observed, thus indicating that the same excited and/or
ground states were involved in the phosphorescent transi-
tions. On the other hand, the part of the trimethylsilyl
groups seems to have a negligible effect on the shift of
emission maxima, which was demonstrated further by
the electrochemical determination of HOMO and LUMO
levels.

To investigate electronic effects on the ppy rings caused
by trimethylsilyl groups, cyclic voltammetry experiments
(Ag/AgCl with a ferrocene/ferrocenium, Fc/Fc+, internal
standard) for the complex including Ir(ppy)3 were carried
out under the same experimental conditions. Due to the
limited range available in dichloromethane and the inabil-
ity of our instrument to measure reliable reduction poten-
tial below �2.0 V, we have obtained only the reliable
oxidation potentials.

Ir(disppy)3 shows a single reversible oxidation at 0.67 V
(Epa), while the reversible oxidation of Ir(ppy)3 appears at
0.70 V (Epa). Ir(ppy)3 shows a slightly higher reversible
oxidation, as shown in Fig. 3. The HOMO level for
Ir(disppy)3 was estimated on the basis of an oxidation
potential of �4.8 eV (below vacuum level) for Fc/Fc+ [23].
The onset potential of oxidation for Ir(disppy)3 was deter-
mined to be 0.60 V (vs Ag/AgCl), corresponding to 0.50 V
(vs Fc/Fc+), hence, the HOMO level for Ir(disppy)3 is
estimated to be �5.30 eV. This value is slightly higher than
that of Ir(ppy)3, showing that the trimethylsilyl substituent
introduced to the ppy ring has no significant effect on the
HOMO energy level. To obtain HOMO energy more
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accurately, ultraviolet photoemission spectroscopy (UPS)
was measured and its result was presented in supporting
information. Based on UPS data, HOMO energy of
Ir(disppy)3 appears at �5.2 eV, which is similar to that of
electrochemical data.

In order to determine the LUMO of the complex, the
optical band gap was used. The optical band gap of the
complex was determined by its absorption threshold in
thin film. The estimated value is 2.59 eV, thus, the LUMO
level of 3MLCT is estimated to be �2.71 eV.

The absolute PL efficiencies (gPL) of 8 wt%-Ir(dis-
ppy)3:CBP and 8 wt%-Ir(ppy)3:CBP film are 52 ± 2% and
84 ± 2%, respectively. To gain a deeper insight into the fac-
tors influencing photoluminescence quantum yields, mea-
sured the life time in the excited states for both Ir(disppy)3

and Ir(ppy)3 as shown in Fig. 4. The observed lifetime (sobs)
for Ir(disppy)3 at room temperature is 1.45 ls, which is
longer than that of Ir(ppy)3 (1.0 ls), as shown in Fig. 4.
Using the following two equations (Eqs. (1) and (2)), the
values for the radiative (kr) and non radiative (knr) decay
rates were determined [22].

QEðPLÞ ¼ kr=ðkrþ knrÞ ð1Þ
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1=s ¼ krþ knr ð2Þ

The calculated values of the radiative (kr) and non radi-
ative (knr) decay rates for Ir(disppy)3 are 3.6 � 105 s�1 and
3.3 � 105 s�1, respectively. While the radiative (kr) and non
radiative (knr) decay rates for Ir(ppy)3 are 8.4 � 105 s�1

and 1.6 � 105 s�1, respectively. This result indicates that
the higher quantum yield of Ir(ppy)3 than that of Ir(dis-
ppy)3 in 8 wt% doping level is most likely due to its faster
radiative decay rate [24].

To compare concentration quenching between Ir(ppy)3

and Ir(disppy)3 at varied doping concentration, we have
conducted PL efficiency (gPL) measurement [25–27].
The gPL of the films was measured using an integrating
sphere under nitrogen atmosphere. The Ir(ppy)3:CBP film
showed an gPL of 84% at 8 wt%, 42% at 30 wt% and 24% at
50 wt%, respectively, while the Ir(disppy)3:CBP film
showed 52.0%, 52.4% and 43.97% at each doping levels
(wt%) (see Fig. 5). This result further support that the
self-quenching in Ir(ppy)3:CBP film is more effective than
observed results in Ir(disppy)3:CBP film. This increased
emission quantum yield as compared to Ir(ppy)3 in high
doping level may be supposed to the lack of thermal vibra-
tions and various intermolecular excited-state interactions
caused by the introduction of bulky trimethylsilyl groups
into ppy ring. Henceforth, the bulky silyl group on ppy ring
seems to play a key role in preventing self-quenching.

To compare the electroluminescence (EL) characteris-
tics of Ir(disppy)3, we also fabricated EL devices using
Ir(ppy)3. These contained a similar structure under the same
experimental conditions. Devices with the Ir phosphor
doped into the emissive layer were fabricated. EL device
performance was conducted by using Ir(disppy)3 and
Ir(ppy)3 as dopant, and CBP, (4,40-N,N0-dicarbazole-biphenyl)
as a host in all cases. The device structure used in this work
contained a typical multi-layer structure, employing the
following components: ITO as the anode, CuPc (10 nm) as
the hole injection material, 1,4-bis[(1-naphthylphenyl)-
amino]biphenyl (NPD: 40 nm) as the hole transport mate-
rial, Ir(disppy)3 and Ir(ppy)3 (weight 8%) as the dopant
material, CBP as the host material (20 nm), 2,9,-dimethyl-
4,7,-diphenyl-1,10-phenanthroline (BCP:10 nm) as the
hole blocking material, tris(8-hydroxy-quinoline)aluminum
20 40 60 80 100

 Ir(ppy)
3
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Doping ratio of Dopant (wt.%)

ncentration. Right: PL quantum efficiency vs dopant concentration in
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Table 1
Electroluminescent data of Ir(ppy)3 (reference) and Ir(disppy)3 8 wt%-
doped OLEDs.

EL (kmax)
(nm)

Operating
voltage
(V)a

Luminous
efficiency
(cd/A)a

Power
efficiency
(lm/W)a

Ir(ppy)3 516 8.7 32.5 11.7
Ir(disppy)3 524 7.4 39.2 17.3

a At 10 mA/cm2.
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(AlQ3: 40 nm) as the electron transport material, LiF as the
electron injection layer, (1 nm) and Al (100 nm) as the
cathode, as shown in Fig. 6.

Both complexes display strong green emission in the
range of 510–530 nm in the EL spectra, which are well
matched to those of the PL spectra in dilute solution. More
detailed EL characteristics are shown in Table 1. Turn-on
voltages (defined as 10 mA/cm2) of Ir(ppy)3 and Ir(disppy)3

are 8.7 V and 7.1 V, respectively (Fig. 7).
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Fig. 7. Voltage vs current density characteristics of Ir(ppy)3 and
Ir(dsippy)3: 8 wt%-doped devices.
The intermolecular interactions (e.g., p–p stacks in
molecular crystals) in the solid state and the ability to trap
charges in the emissive layer are considered the most
important factors in determining the operating voltage.

Effective charge trapping by the dopants increases driv-
ing voltages in OLEDs [28]. If the dopant material functions
as a hole trap, the HOMO level of dopant could rise above
that of the host material. In other words, materials having
lower oxidation potential can function effectively in hole
trapping in OLEDs. Therefore, the observed lower operating
voltages for Ir(disppy)3, relative to Ir(ppy)3, are predomi-
nantly caused by the lack of effective hole trapping. These
results are consistent with the electrochemical behaviors
of Ir(disppy)3 and Ir(ppy)3. As expected, the device fabri-
cated using Ir(disppy)3 exhibited higher brightness and
power efficiency, as well as stronger EL intensity than in
Ir(ppy)3 (see Figs. 8 and 9). The efficiency of the devices
at 10 mA/cm2 are 32.5 cd/A and 39.2 cd/A, for Ir(ppy)3

and Ir(disppy)3 respectively. Details of electroluminescent
data are presented in Table 1.
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4. Conclusions

A novel fac-tris{2-(30-trimethylsilylphenyl)-5-trimethyl-
silylpyridinato}iridium, Ir(disppy)3, has been synthesized
and its photo-electroluminescent and electrochemical
properties have been characterized. This material shows
high thermal stability and strong green phosphorescence
emission in thin film. This complex demonstrates very high
thermal stability, and good solubility in common organic
solvent, as well as ease of sublimation due to its high vapor
pressure which makes it suitable for mass production. A
diminution of turn-on voltage of Ir(disppy)3 was observed
when this was used as an emitter in the EL performance test.
In addition, a significant improvement of the power effi-
ciency (17.3%), which is nearly 200% higher than that of
Ir(ppy)3, was observed under the same conditions.
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range, the contact resistance RC plays a key role on OTFT
downscaling and can limit speed performance of logic cir-
cuits. Understanding the architecture and process parame-
ters that govern the contact resistance RC is key to properly
afford the miniaturization process of organic electronic
circuits.

The contact resistance RC of an OTFT is affected by the
OTFT architecture. Staggered OTFTs are transistors where
the metal electrodes and the gate dielectric lay on oppo-
site sides with respect to the OSC thin film. In these archi-
tectures the contact resistances RC can be hundred times
lower than in the coplanar case, where the metal elec-
trodes and the gate dielectric lay on the same side with
respect to the semiconducting organic layer [16]. Typi-
cally, organic thin film transistors with top-gate/bottom-
contact configuration fall in the class of staggered OTFTs,
while bottom-gate/bottom-contact one fall in the co-pla-
nar case. Following the analysis by T. J. Richards and H. Sir-
ringhaus in Ref. [17], the contact resistance of a staggered
OTFT is not too much influenced by the height of the en-
ergy barrier occurring at the metal/OSC interface [18–20].
Indeed, the contacts have an ohmic behavior in staggered
OTFTs and are conversely non-ohmic in coplanar OTFTs
[21,22]. In staggered OTFTs the voltage drop due to the
contacts is mainly localized between the metal/OSC inter-
face and the accumulation layer [23,24]. Conversely, in a
coplanar configuration the main contribution to the volt-
age drop is localized at the injecting contact area i.e. at
the metal/organic-semiconductor interface. Moreover, it
has been observed, in p-type OTFTs and especially in the
staggered geometry, that the contact resistance RC has a
distinctive decrease as the gate voltage VG decreases
[25–27].

In spite of the role that the contact resistance has in
determining the performances of a staggered OTFT, so
far, the dependence of the contact resistance on the gate
voltage is not well understood. In particular, its link with
the material properties of the OSC thin film and the influ-
ence of the accumulation layer has not been considered. In
this work, we focused on this task: a compact analytical
model of the dependence of the contact resistance RC on
the gate voltage VG has been developed, for the case of
staggered OTFTs having a polycrystalline OSC thin film as
the active channel.

The paper is organized as follows. In Section 2 previous
efforts to model the dependence of the contact resistance
on the gate bias in staggered OTFTs are shortly reviewed,
and their shortcomings explained. In Section 3, it is intro-
duced the charge trapping occurring at the grain bound-
aries of a polycrystalline OSC thin film, as a fundamental
process influencing the contact resistance. In Sections 4
we report a new model of contact resistance, as a function
of the gate bias VG, based on the two contributions given
by: (a) the charge trapping occurring at the grain bound-
aries and (b) the electric field generated by the accumula-
tion layer. The resulting model is then employed, in Section
4.3, to pave the way for downscaling the device geometry
and related technological parameters. Finally, in Section 5
the key results obtained are summarized, together with
conclusion remarks.
2. Models of contact resistance in staggered OTFTs

According to the literature, two empirical models con-
sider explicitly the dependence of the contact resistance
on the gate bias, in staggered OTFTs.

The first empirical model extends to organic TFTs the
model proposed by Luan and Neudeck [28] for amorphous
silicon TFTs. According to Luan and Neudeck’s model, the
contact resistance RC of a staggered OTFT can be conceived
as a minimum effective contact resistance RCint, deter-
mined by the metal/OSC interface, which is in series with
a bulk contact resistance RCbulk (RC = RCint + RCbulk, see
Fig. 1). The latter contribution RCbulk is determined by the
OSC thin film that injected carries have to cross in order
to reach the accumulation layer. RCbulk can be expressed
as an effective sheet resistance which depends on the gate
bias VG and in this model, the width-normalized contact
resistance can be written as:

RC �W ¼ jl0j
lCiðVG � VthÞ

þ RCint �W; ð1Þ

where |l0| and RCint �W are the coordinates of the common
intersection point of the best-fit lines obtained from a
Transfer Line Method (TLM) [25,29], l is an effective elec-
trical mobility of the organic semiconductor, Ci is the gate
capacitance per unit area, and Vth a threshold voltage of the
OTFT.

The second model, recently proposed by Richards and
Sirringhaus [17], considers that two contributions can low-
er the bulk contact resistance RCbulk with the gate voltage
VG: (1) the increase of the injecting contact area which oc-
curs as the channel resistance scales down, explained by
the current crowding model [30], (2) the increase of the
carriers density in the OSC thin film accumulation layer in-
duced by the gate voltage VG.

In panel 1 (a), we have schematically reported the
source contact region of a staggered p-OTFT. In the picture,
the bulk, interface contact resistances and the distribution
of holes in the OSC thin film, considered in reference [17],
are evidenced.

In spite of the agreement of these two models with
experiments, both of them neglect that charge carriers in-
jected trough the metal electrodes into the accumulation
layer can be trapped by trap states localized within the
thickness of the OSC thin film.

On the other hand, the effect of trapping on the contact
resistance RC can be modeled empirically by recurring to
the Meyer–Neldel rule (MNR) [31], which describes the
multiple trapping and release (MTR) process of carriers
occurring through trap states that are distributed within
the gap of the OSC.

In the MNR trap states have an exponential energy
distribution characterized by the average energy EB

(measured with respect to the valence band EV) and the
width EMN, named the Meyer–Neldel energy [32].

The elements that characterize the MNR model have
been sketched in Fig. 1. In particular, panel 1(b), reports
the position of the energy trap EB with respect to the en-
ergy injecting barrier /b of the metal/OSC interface and
the Fermi level EF of the metal. In panel 1(c) we have
sketched the band diagram of an OSC thin film as seen in
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exponential trend. The contributions to the contact resistance RC are the interface RCint and the bulk contact resistance RCbulk. In the empirical model of Luan
and Neudeck [28] both contributions are considered in series RC = RCint + RCbulk. Panel (b) shows two distinct energy barriers /b and EB contributing to the
interface and bulk contact resistance, respectively. Holes injected at the Fermi level EF thermally activated have to overcome the total energy barrier /b + EB.
Panel (c) sketches the band diagram of a polycrystalline OSC thin film. Ev and Ec are the valence and conduction band edge, respectively, Ei is the intrinsic
Fermi level, EF the Fermi level. A trap is located at an energy Et with respect to Ei, along the thickness t of the OSC thin film. A trapped carrier has to overcome
in the average an energy barrier EB to reach the valence band. According to the grain boundary trapping model, the trapping process is attributed to the
presence of traps at the grain boundaries. Panel (d), according to the (Meyer–Neldel rule) MNR model traps are distributed exponentially as a function of the
energy E separating the trap from the valence band. EMN marks the width of the distribution; EB is the average energy of the traps.
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the transversal (or charge injection) direction and reported
the energy EB of the trap state. Panel 1(d) depicts the expo-
nential energy distribution of traps characterized by the
Meyer–Neldel energy EMN. Incidentally, we may observe
as in the case of a self assembled monolayer, the energy
gap which localizes the trap states can be larger in the
transverse direction with respect to the OSC energy gap
in the longitudinal direction because of the p-stacking. In
such case, the formation of traps is favored along the trans-
verse direction.

In the MNR model, the contact resistance can be ex-
pressed as:

RC / exp
EB

kT
� EB

EMN

� �
; ð2Þ

where EB is the average energy of the traps, EMN the Meyer–
Neldel energy, k the Boltzmann constant and T the operat-
ing temperature.

Although trapping is a fundamental process in a stag-
gered OTFT, the MNR cannot be employed directly to mod-
el the dependence of the contact resistance on the gate
bias. This is because we need to specify the nature of the
trapping process which determines the energy trap EB.
Although this cannot be done in general, it can be pursued
if we consider how the trapping process occurs in a poly-
crystalline OSC thin film of a staggered OTFT.
3. Trapping processes in polycrystalline semiconductor
thin films

In a polycrystalline OTFT, charge trapping processes oc-
cur at the grains boundaries (GBs) and can be described by
the grain boundary trapping model (GBTM) [33].

Such a model has been previously considered in the lit-
erature to model the mobility in polycrystalline organic
semiconductor thin film [34]. However, very recently it
has been reported that the grains size of polycrystalline
OSCs has an influence on the contact resistance [25,26] of
staggered OTFTs.
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In particular, Jin et al. [25] by recurring to a Levinson’s
plot [35], correlate the number of traps Nt per unit surface
with the average grain size and show that the grain size
influences the trend of the contact resistance. In a similar
way, Wang et al. [26] argue that traps at the grain bound-
ary can be at the origin of the bulk contact resistance.

Although both works agree on the origin of the contact
resistance in staggered OTFT by considering the influence
of trapping processes at the grain boundaries, none of them
fully develop a grain boundary trapping model for the bulk
contact resistance. Indeed, Jin et al. model the contact
resistance in the frame of the MNR rule without specifying
the origin of the energy trap EB or its connection with the
GB traps.

Because of such evidences it is worth to investigate the
connection between the contact resistance and trapping
processes occurring at the grain boundaries. In fact, accord-
ing to the GBTM model an energy barrier EB determines the
hopping of trapped charge carriers between two grains. In-
deed, in a polycrystalline OSC thin film grain boundaries
contact also metal electrodes. As a consequence charges
trapped at the grain boundary can determine a barrier to
the carrier injection and hence influence the bulk contact
resistance. For this reason we have investigate if an energy
barrier EB determined by the grain boundaries charge trap-
ping can influence the bulk contact resistance as well as its
dependence on the gate voltage VG. On the other hand, ther-
moionic emission is at the base of the conduction process
necessary to overcome the energy barrier at the contact le-
vel as well as among grains. Moreover, the grain boundary
trapping model shares some common features with the
MNR empirical modeling approach. Namely, an exponential
energy tail determined by the thermal promoted phenom-
enon and a trapping process determined by traps of energy
EB which are localized at the GBs. Within the frame of the
GBTM the same band diagram depicted in Fig. 1c can be
adopted, once the energy trap EB is attributed to traps at
the grain boundaries.

In conclusion, although experimental evidences indicate
that the bulk contact resistance in staggered OTFT is con-
nected with trapping processes at the grain boundaries, it
lacks today an empirical model which gives an indication
of the influence of traps localized at GBs. On the other hand,
this model can be formulated if the magnitude of the en-
ergy EB of the trap can be controlled by the gate bias VG.
4. Results and discussion

In the following, the dependence of the energy barriers
contributing to the bulk and interface contact resistance on
the gate bias VG is obtained and merged into a new model
of contact resistance, valid for staggered OTFTs. Finally, the
model of contact resistance is extended by investigating
the effects of device geometrical and technological param-
eters towards a downscaling approach.

4.1. Bulk contact resistance

Within the framework of the GBTM model the energy
barrier at the grain boundary is:
EB ¼
q2N2

t

8eND
; ð3Þ

where ND is the concentration of shallow donors and e is
the dielectric constant of the OSC bulk material. Such a for-
mulation of the energy barrier EB can take into account the
gate bias VG dependence of the contact resistance. In fact,
at low drain voltage VSD, a bias VG applied to the gate in-
duces a charge density �NG at the OSC/insulator interface
which equals �NG = �Ci VG/q, where Ci = eins/tins is the gate
capacitance per unit area of the dielectric, with eins the
dielectric constant of the gate insulator, tins the thickness
of the gate insulator and q the electron unit charge. On
the other hand, when a charge density �NG is induced at
the OSC/insulator interface, the energy barrier EB lowers
by DEB because the concentration of donors modifies from
ND to ND-NG/t, where t is the thickness of the OSC thin film.
As a consequence the contact resistance modifies accord-
ingly into the expression:

RC ¼ RC0 exp
EB þ DEB

keT

� �
; ð4Þ

where

DEB ¼ EB
NG

NDt � NG
; ð5Þ

and ðkeT Þ�1 ¼ ðkTÞ�1 � ðEMNÞ�1 is determined by the contri-
bution of the Meyer–Neldel energy EMN.

By substituting Eq. (5) into Eq. (4), with the hypothesis
that ND < 0 the energy barrier resulting from the trapping
process at grain boundaries under the control of the gate
bias VG, becomes:

EB þ DEB ¼ EB
NDt

NDt � NG
¼ q2N2

t

8e
t

NDt � NG

¼ q2N2
t t

8e
1

jNGj � jNDjt
¼ q3N2

t t
8eCi

1
jVGj � qjND jt

Ci

: ð6Þ

Hence, the contribution of this kind of trapping process
to the specific contact resistance RC �W can be expressed
by means of the MNR rule exponential law as:

ðRC �WÞ ¼ ðRC �WÞ0 exp
q3N2

t t

8eCikeT
1

jVGj � Vth

 !
; ð7Þ

where Vth = q|ND|t/Ci is a threshold bias.
We have tested Eq. (7) with the experimental data re-

ported by Jin et al. in Ref. [25] for the dependence of the
contact resistance with the gate bias. In the work of Jin
et al. [25], a pentacene 50 nm thin film is deposited on a
silicon thermal oxide substrate under two different tem-
peratures of the substrate and completed in an OTFT.
According to their experimental results the two different
temperatures of deposition of the pentacene allow a con-
trol on the trap density Nt per unit area and determine a
set of two values which are Nt = 5.6 � 1011 cm�2 and
Nt = 1.2 � 1012 cm�2, respectively. From their data, for a
thermal oxide of 35 nm and a permittivity of the thermal
oxide of 3.9, a value of 9.86 � 10�4 F/m2 for the gate capac-
itance Ci per unit area can be deduced. In Fig. 2 we have re-
ported in dotted lines the fit of the specific contact
resistance data RC �W of Jin et al. by employing Eq. (7)
with Vth and (RC �W)0 as best-fit parameters, for the two
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Fig. 2. Best-fit of the specific contact resistance RC �W data extracted
from ref [25] as a function of the absolute value of the gate voltage |VG|.
data refer to the case of a trap density Nt = 5.6 � 1011 cm�2, data refer
to a trap density Nt = 1.2 � 1012 cm�2. The thickness t of the OSC is
t = 50 nm and e = 6 is the relative dielectric constant of the OSC. The
thickness of the gate insulator tins = 35 nm and its relative dielectric
constant is eins = 3.9, the gate capacitance per unit area is
Ci = 9.86 � 10�4 F/m2. The best-fit in dotted curves (���) has been obtained
by employing the grain boundary trapping model (GBTM) expressed by
Eq. (7) with (RC �W)0 and Vth as parameters; the dashed curves (- - -)
regard the Poole-Frenkel/Schottky lowering model of Eq. (10) with
(RC �W)0 and a as parameters; the solid line curves ( ) are the
combination of the two models (GBTM and Poole-Frenkel/Schottky) as
given by Eq. (11), with (RC �W)0, Vth and a as parameters. According to
the best-fit of Eq. (7) the GBTM model provides a threshold voltage of
Vth = 8.5 V and a contribution to the energy barrier EB = 11.2 meV in the
Nt = 5.6 � 1011 cm�2 case, and Vth = 5.56 V and a contribution to the
energy barrier EB = 80 meV for Nt = 1.2 � 1012 cm�2. According to the best
fit of Eq. (11), a threshold voltage of Vth = 7.2 V and a contribution to the
energy barrier EB = 13.6 meV in the Nt = 5.6 � 1011 cm�2 case, and
Vth = 4.0 V with a contribution to the energy barrier EB = 110.5 meV for
Nt = 1.2 � 1012 cm�2, has been obtained.
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case of the density of traps Nt. In the fit a Meyer–Neldel en-
ergy EMN = 64 meV reported in Ref. [27] and a dielectric
constant for pentacene of 6 has been assumed. An evalua-
tion of the energy barrier EB can be obtained from Eq. (3) by
considering the ratio between the quantity q3N2

t t=ð8eCikeT Þ
and the fitted value of the threshold bias Vth.

According to the fit we obtained a value of EB = 11.2
meV for Nt = 5.6 � 1011 cm�2 and EB = 80 meV for Nt =
1.2 � 1012 cm�2, respectively. Both values are consistent,
being lower than the corresponding activation energies
values which have been experimentally measured and re-
ported in Ref. [25].

Although the fit reproduces the trend of the contact
resistance with the gate voltage, it shows systematic devi-
ations from the experimental values. Namely, the fitted
dotted curves obtained from Eq. (7) are systematically be-
low the experimental data for values of |VG| below �15 V,
and systematically above the experimental data values
for higher values of |VG|.
4.2. Interface contact resistance

The systematic deviations of the GBTM model reported
in previous section suggest that this model alone cannot
fully describe the decrease of the contact resistance with
the gate voltage increase in staggered OTFTs. As a fact, in
the hypothesis of a very low density of traps Nt we should
expect a negligible energy barrier EB determining the bulk
contact resistance. However, until now we have not exam-
ined whether the contact resistance that emerges at the
interfaces of the drain and source regions can contribute
to the decrease of the contact resistance with the gate bias.

From a heuristic point of view, an evaluation of the
interface contact resistance can be achieved from the value
of the energy barrier height /h which emerges at the metal
electrode/OSC interface. In fact, if charge carriers are ther-
mally injected into the OSC accumulation layer after over-
coming the metal/OSC interface, the contact resistance RC

can be expressed as:

RC ¼ RC0 expð/h=kTÞ; ð8Þ

with RC0 having the dimension of a resistance.
On the other hand, within the frame of the canonical

theory of metal/semiconductor Schottky barrier, we can
express RC0 as:

RC0 ¼
h3

4pe2m�kT
1

Wt
; ð9Þ

where m* is the carrier effective mass, e the electron
charge, h the Planck constant, k the Boltzmann constant,
T is the temperature and W the electrode width. In the case
of an Au/pentacene interface, with an energy barrier height
of /h = 0.85 eV [18], an OSC layer thickness of 50 nm and
an effective mass equal to the electron mass, a value of
11.3 MX cm can be estimated for the width normalized
contact resistance RC �W at room temperature
(T = 298 K). Such a value is four orders of magnitude larger
than the average value of 50 kX cm reported for staggered
OTFTs in references [25–27]. If we still consider valid a for-
mulation of the contact resistance based on the occurrence
of a Boltzmann factor, a value of 50 kX cm for the width-
normalized contact resistance can be obtained, with a low-
er energy barrier height of /b = 0.6 eV.

On the other hand, it is well known that, at the OSC/
source electrode, holes have to overcome a lower interface
energy barrier /b [23], because of the Schottky mechanism.
This effect is determined by an image potential at the
source electrode generated by the electric field which
emerges in the OSC thin film.

What is the origin of such electric field? In a staggered
OTFT, the OSC/electrode interfaces at the source and at the
drain are opposite an accumulation layer switched on by
the gate voltage VG. Such accumulation layer generates
an electric field whose intensity can be linked to the charge
density �CiVG of the accumulation layer. An evaluation of
the intensity of the electric field according to the equation
Efield= Ci |VG|/e, with data reported in Section 4.1 for penta-
cene, provides a value of �108 V/m.

On one hand, the electric field generated by the accu-
mulation layer is known to lower the source electrode en-
ergy barrier because of the Schottky mechanism while, on
the other hand, such value of the electric field is high en-
ough to possibly influence the drain contact region. How-
ever, the influence to the drain contact region cannot be
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attributed to a Schottky mechanism: indeed, in this region,
holes move from the accumulation layer to the drain elec-
trode. Therefore another mechanism must be considered.

It is known that carriers extraction in an insulator can
occur based on a Poole-Frenkel mechanism [36]: if high
voltage is applied to electrodes on opposite sides of an
insulating film, a high electric field is generated, which re-
sults in a lowering of the energy barrier of trapped carriers,
and corresponds to an abrupt increase of the electric cur-
rent flowing through the film.

The case of a staggered OTFT differs from the pure insu-
lator case considered by the Poole-Frenkel. In an OTFT, the
total drain current is controlled by the bias applied to the
drain, for a given VG, and in the linear regime a low current
flows in the OTFT. Nevertheless, a high electric field occurs
at the OSC/dielectric interface of the drain, so that locally,
in the drain contact region, the electric field generated by
the accumulation layer can also determine a lowering of
the energy barrier of trapped carriers, in a similar way to
a Poole-Frenkel mechanism. Therefore, we have modeled
the lowering of the interface energy barrier at the source
electrode and drain interface region determined by a Scho-
ttky and a Poole-Frenkel mechanism, respectively.

In Fig. 3 we have reported the schematization of a stag-
gered p-type OTFT, where the effects of the electric field
generated by the accumulation layer on the source elec-
trode and on the drain electrode, respectively, have been
highlighted.

We quantify all the above discussed phenomena in the
following way. In a Poole-Frenkel mechanism as well as in
a Schottky mechanism the energy barrier is lowered by a
quantity which is (q3Efield/(4pe))1/2. By considering the
expression of the electric field determined by the accumu-
lation layer, we have that the lowering of the energy bar-
rier is proportional to (q3 Ci |VG|/(4pe2))1/2. In order to
t
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Fig. 3. Schematic of the contact regions in a staggered p-type organic thin
film transistor. Holes form the accumulation layer as the gate voltage
switches on, for negative gate voltages. The accumulation layer generates
an electric field that has a different action on the source and on the drain
of the OTFT. On the source it generates a Schottky effect that lowers the
energy barrier that holes injected at the source electrode have to
overcome; at the drain the electric field of the accumulation layer act
because of a Poole-Frenkel effect that extracts holes from the accumu-
lation layers towards the drain. The action of the drain bias is to
unbalance the accumulation layer surface density and generate a current.
take into account the Poole-Frenkel effect, occurring at
the drain and of the Schottky barrier lowering occurring
at the source, we fitted the data from Jin et al. by means
of the following equation:

ðRC �WÞ ¼ ðRC �WÞ0

� exp �a
q3=2ðCi=4pÞ1=2

ekeT
ffiffiffiffiffiffiffiffiffi
jVGj

p !
; ð10Þ

with a and (RC �W)0 as parameters. The dashed lines of
the graph of Fig. 2 report the results of such a fit. Also in
this case the trend of the dependence of the contact resis-
tance on the gate voltage is reproduced. However slight
deviations occur in an opposite fashion with respect to
the case of the GBTM model, suggesting that possibly both
the phenomena underneath the two models, a trapping
process for the bulk contact resistance and a Poole-Fren-
kel/Schottky mechanism for the interface contact resis-
tance, can act in the lowering of the contact resistance
with the gate voltage.

In order to investigate this hypothesis we fitted again
the data from Jin et al. by employing the combination of
the two energy barriers:

ðRC �WÞ ¼ ðRC �WÞ0

� exp
q3N2

t t

8eCikeT
1

jVGj � Vth

 

�a
q3=2ðCi=4pÞ1=2

ekeT
ffiffiffiffiffiffiffiffiffi
jVGj

p !
: ð11Þ
The solid lines of the graph of Fig. 2 report the fit we ob-
tained from Eq. (11) for the two cases of Nt = 5.6 �
1011 cm�2 and Nt = 1.2 � 1012 cm�2, respectively. We may
observe a fair agreement of the fitted curves with the
experimental data and, based on the computed values of
the threshold voltages Vth, the following values of the en-
ergy barrier of EB = 13.6 meV for Nt = 5.6 � 1011 cm�2 and
EB = 110.5 meV for Nt = 1.2 � 1012 cm�2, have been ob-
tained. These values are consistent with the experimental
values of the activation energies reported in Ref. [25].

As a main conclusion from the fitting we can consider
that the trapping process at the grain boundary can raise
the energy barrier that holes have to overcome, whereas
the energy barrier at the contacts interface is mainly low-
ered by a Poole-Frenkel/Schottky mechanism determined
by the accumulation layer.

In the condition of a very low effect of the trapping pro-
cess, the Poole-Frenkel/Schottky mechanism has the main
influence on the contact resistance. By employing the
experimental data reported by Minari et al. [27] we fitted,
according to Eq. (10), the specific contact resistance mea-
sured as a function of the gate bias and found also a good
agreement with their results.

The Poole-Frenkel/Schottky mechanism that lowers the
energy barrier in Eq. (10), depends on the gate capacitance
Ci by means of the electric field generated by the accumu-
lation layer. Analogously, in developing the GBTM in Sec-
tion 4.1 we observed as the gate capacitance has also an
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Fig. 4. (a) 3D plot of the specific contact resistance RC �W (ln plot)
interpolated as a function of the semiconductor thickness t and gate
capacitance Ci. The upper surface refers to the case of a trap density of
Nt = 1.2 � 1012 cm�2 with a Vth = 7.2 V and constant for all cases, the lower
surface to Nt = 5.6 � 1011 cm�2 and Vth = 4.0 V. All calculations are
considered at room temperature and at a gate bias of �14 V. (b) Cross
section of the 3D plot at Ci = 9.86 � 10�4 F/m2 reporting the increase of
the specific contact resistance RC �W (in log scale), with the increase of
the organic semiconductor thickness in the range of 15–150 nm. The two
data set refer to a density of traps of Nt = 5.6 � 1011 cm�2 and
Nt = 1.2 � 1012 cm�2, respectively. (c) Cross section of 3D plot at the
OSC thickness of t = 50 nm reporting the decrease of the specific contact
resistance RC �W (in log scale) with the increase of the gate capacitance
per unit area Ci in the range 3 � 10�4 F/m2 to 1.4 � 10�3 F/m2. The two
data set refer to the density of traps of Nt = 5.6 � 1011 cm�2 and
Nt = 1.2 � 1012 cm�2, respectively.
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influence on the energy barrier determined by the grain
boundary.

The dependence of the contact resistance on the gate
voltage and its connection to the gate capacitance suggests
that in a staggered configuration in order to decrease the
contact resistance it is necessary to increase the overlap
area of the gate with the contact electrodes. However, this
has as a consequence an increase of the gate overlap capac-
itance which can affect high speed performances of the
OTFT.

4.3. Co-scaling of bulk and interface contact resistance

The contact resistance RC marks a lower limit to the to-
tal resistance of an OTFT. As the channel length L of the
OTFT downscales, aiming at improving the speed perfor-
mances and density of organic electronic integrated cir-
cuits, the channel resistance decreases and the contact
effects become the predominant term in the total resis-
tance. As a consequence, in order to increase the perfor-
mances of a staggered OTFT, it is necessary to modify
opportunely the contact resistance.

In Section 4.1 and 4.2, we have discussed the influence
of trapping processes at the grain boundaries and interface
effects on the contact resistance and formulated an equa-
tion model (Eq. (11)) where geometrical and physical
quantities that can affect the contact resistance have been
discussed. Assuming valid our model, we have investigated
how the specific contact resistance changes from the two
cases we have considered, as we vary the thickness t of
the semiconductor OSC and the gate capacitance Ci, by
keeping constant all the other parameters.

The results of such an investigation have been plotted in
Fig. 4a–c. Fig. 4a reports a 3D plot of the specific contact
resistance RC �W obtained from Eq. (11) reported as a
function of the thickness t and the gate capacitance Ci of
the gate dielectric. The upper surface refers to the case of
a trap density of Nt = 1.2 � 1012 cm�2, the lower surface re-
fers to the case of Nt = 5.6 � 1011 cm�2. We have supposed
that the same threshold voltage Vth of 4 V and 7.2 V is valid
for different values of t and Ci, for the upper and lower sur-
faces respectively. Whereas all the calculations refer to a
value for the gate voltage of VG = �14 V and at room
temperature.

Fig. 4b and c are cross-sections of the 3D plot of Fig. 4a.
In Fig. 4b, we investigate the specific contact resistance as a
function of the thickness t of the OSC for the two cases
Nt = 5.6 � 1011 cm�2 and Nt = 1.2 � 1012 cm�2, respectively.
In doing such a calculation we have considered that the
same threshold bias holds as we vary the thickness
(Vth = 7.2 V for the case of Nt = 5.6 � 1011 cm�2, Vth = 4 V
for the case of Nt = 1.2 � 1012 cm�2) and a gate capacitance
of Ci = 9.86 � 10�4 F/m2. As a general fact, because the
trapping process is most likely to occur as the thickness
of the OSC increases, the specific contact resistance in-
creases with the OSC thickness. Moreover, the specific con-
tact resistance as a function of the OSC thickness depends
on the density of traps Nt and increases with the density of
traps Nt.

Analogously, we can infer as the specific contact resis-
tance RC �W varies because of changes of the gate capac-
itance per unit area Ci. In Fig. 4c we report the decrease of
the specific contact resistance RC �W (in log scale) with
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the increase of the gate capacitance per unit area Ci in the
range 3 � 10�4 to 1.4 � 10�3 F/m2. We interpolated the
values by considering valid the same threshold voltages
Vth of 7.2 V and 4 V for the cases Nt = 5.6 � 1011 cm�2 and
Nt = 1.2 � 1012 cm�2, respectively. The gate bias of
VG = �14 V and the room temperature has also been as-
sumed, whereas the thickness of the organic semiconduc-
tor was 50 nm for this case. As a general trend the
specific contact resistance decreases as we increase the
gate capacitance per unit area. Moreover the specific con-
tact resistance is lower as the trap density Nt decreases.
5. Conclusion

In conclusion, we have modeled the dependence of the
bulk contact resistance RCbulk on the gate bias VG, within the
frame of the grain boundary trapping model (GBTM) and
the MNR rule. By following such an approach, we provided
an analytical expression of the dependence of the specific
contact resistance RC �W on VG. The GBTM model deter-
mines a contribution EB to the energy barrier that injected
holes have to overcome. This contribution caused by the
trapping process occurring in the bulk OSC layer inter-
posed between the electrodes and accumulation layer of
the OTFT, is indicated as a principal contribution. However,
from a best-fit of the experimental data gained from the
literature [25], we have observed slight deviations that
can be attributed to other mechanisms. In this paper we
have shown that the electric field generated by the accu-
mulation layer opposite the source and drain electrode
can give also a dependence of the interface contact resis-
tance on the gate bias. In particular, the accumulation layer
in a staggered OTFT determines a Schottky lowering of the
interface energy barrier /b at the source electrode. On the
other hand, the high value of the electric field determines a
Poole-Frenkel mechanism consisting in the extraction of
holes from the accumulation layer at the drain contact
region.

We have shown that the combination of the contribu-
tions to the specific contact resistance determined by the
GBTM model and the Poole-Frenkel/Schottky model can
provide a model of the dependence of the contact resis-
tance on the gate bias VG. Because of the link of the gate
bias VG to the gate capacitance Ci the contact resistance is
strictly related to the charge induced by the gate electrode
in the accumulation layer as well as on the overlap area of
the gate electrode with the electrodes contacts. As a conse-
quence the contact resistance is strictly related to the gate
capacitance of the OTFT. Given the validity of our model,
we inferred on the possibility to scale-down the contact
resistance by implementing the parameters which are in-
volved in the model.
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Fig. 1. Schematic diagram of cruciform and coplanar molecular
structures.
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fluorescence is strongly quenched [6]. In order to obtain
high solid-state fluorescence efficiency OPV derivatives,
much work has been done to prevent the aggregation of
DSB derivatives. Involving the stereo-linkages into the
phenylenevinylene chromophores was mostly considered
[4]. Remarkable practices should be referred here are the
cruciform oligo(phenylenevinylene)s constructed by Ma’s
group [5,14b]. Through the cruciform chemical structure,
(see Fig. 1) the morphology of the materials can be ad-
justed to facilitate the fluorescence radiation.

It is undoubted that, compounds with large p-conjugate
scale and rigid coplanar configurations usually have high
fluorescence quantum yield in dilute solutions. It is the
intermolecular interactions, but not the coplanar conju-
gated molecules themselves that depress their solid-state
fluorescence.

Till now, nearly all the reported hyper-branched mole-
cules were supposed to be non-coplanar [2,7–9]. In this
study, we reported that multi-branched conjugated com-
pound with a coplanar configuration that inclined to form
amorphous film, and the aggregation-induced fluorescence
quenching effect was weakened due to the steric hindrance
of the multi-branched structure. The topology of the chem-
ical structure, with four arm-branches attached to a linear
bone, looks like the letter ‘‘H” (As shown in Scheme 1).
Scheme 1. Chemical structure of the H-shaped molecules.

Table 1
Optical and thermal properties of H-shaped molecules.

Compound kabs
max (nm) kPL

max (nm)

3B1B 299 (363) 409
3B2B 358 (299) 411
With facile synthesis routes, the purpose of establishing
coplanar and rigid conjugate conformation while with less
aggregated stacking mode is realized.

2. Experimental

2.1. Chemicals and instruments

All reagents and starting materials in the synthetic pro-
cedures are commercial available and used as received. The
TG and DSC were measured on a Diamond Differential
Scanning Calorimeter under nitrogen atmosphere. 1H
NMR and 13C NMR spectra were recorded at 25 �C using
Bruker Avance 400 spectrometer. Microanalyses (C, H, N)
were performed using a German Vario EL III elemental
analyzer. Electro-spray mass spectrum (ES-MS) was
recorded on a Finnigan LCQ mass spectrograph, and the
concentration of the samples was about 1.0 mmol/mL.
Absorption measurements were carried out on a TU-1800
spectrophotometer. Photoluminescence (PL) measure-
ments were recorded using a Hitachi F-4500 fluorescence
spectrophotometer with a 150 W Xe lamp. The fluores-
cence lifetime measurement was performed on the Edin-
burgh FLS920 spectrofluorometer with hydrogen flash
lamp (pulse duration 1 ns) as the excitation source on the
same spectrofluorometer. XRD investigations were carried
out on a Bruker D8 advanced diffractometer equipped with
Cu Ka radiation (k = 1.5405 Å). The data were collected
using a Ni-filtered Cu-target tube at room temperature.
Single-crystal structural analysis was performed on a Bru-
ker APEX [2] CCD area-detector diffractometer. By SHELXL-
97 program, the structures were resolved with direct
method and refined by Full-matrix least-squares method
on F2. The AFM images were obtained by using a Digital
Instruments (DI) Dimension 3100 AFM operating in con-
tact mode. PL efficiencies were determined using a solution
of quinine sulfate as a standard (ca. 1 � 10�6 M in 0.1 M
H2SO4, having a quantum yield of 55%). Solvents were puri-
fied and dried according to standard procedures.

The thermal properties of the two H-shaped com-
pounds were investigated by using differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA).
Both of them exhibit high TG and high thermal stability
with the decomposition temperatures upto �400 �C.
(Details are shown in Table 1).

2.2. Synthesis

The synthetic route to the two H-shaped molecules is
shown in Scheme 2.

TBD. This compound was synthesized by the Suzuki
coupling method. Under argon atmosphere, to a stirred
mixture of 1.32 g (5 mmol) of 2,5-dibromobenzaldehyde
and 2.72 g (20 mmol) of 4-methylphenylboronic acid in
Uf Tg (�C) Tm (�C) Td (�C)

0.72 177 298 411
0.78 165 290 450



Scheme 2. The synthetic route of the H-shaped molecules.
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10 ml THF and 5 ml 2 M Na2CO3, 0.05 g of Pd(PPh3)4 was
added. The mixture was heated to 85 �C for 10 h. After
cooling, the mixture was poured into water and then ex-
tracted with CH2Cl2 for three times, washed with water
and dried with Na2SO4, filtrated and evaporated the sol-
vent. The residue was purified by column chromatography
(silica gel, petrol ether/ethyl acetate = 5:1) to give white
solids of 1.32 g (Yield 92%). 1H NMR (400 MHz, CDCl3,
ppm) d: 2.432 (d, 6H), 7.258 (s, 1H), 7.307 (m, 5H), 7.511
(d, 1H, J = 8.0), 7.582 (dd, 2H, J = 6.6, J = 1.6), 7.857 (dd,
1H, J = 8, J = 2.1), 8.241 (d, 1H, J = 2.0), 10.048 (s, 1H). 13C
NMR (CDCl3, 100.57 MHz, ppm) d: 20.699, 20.764,
125.188, 126.444, 128.760, 129.240, 129.577, 130.847,
131.356, 133.479, 134.067, 136.177, 137.352, 137.630,
139.905, 144.073, 192.235.

4Br1B. This compound was synthesized by the solvent-
less Wittig–Horner method. About 1.32 g (5 mmol) of
2,5-dibromobenzaldehyde, 0.537 g (1.67 mmol) of tetra-
ethyl 1,4-xylene diphosphonate and 2.8 g (25 mmol) fresh
t-BuOK were placed in a dry mortar. The mixture was
milled vigorously for about 15 min. Then the mixture
was dispersed in 80 mL methanol, filtrated and the solids
were washed with methanol for two times. The product
was light yellow powders, 0.75 g (Yield 75%). 1H NMR
(400 MHz, CDCl3, ppm) d: 7.045 (d, 2H, J = 16), 7.237 (dd,
2H, J1 = 8.6, J2 = 2), 7.400 (d, 2H, J = 16), 7.450 (d, 2H,
J = 8.4), 7.566 (s, 4H), 7.800 (d, 2H, J = 2). 13C NMR (CDCl3,
100.57 MHz, ppm) d: 121.057, 122.135, 126.040, 126.937,
128.969, 131.121, 131.598, 133.900, 136.258, 138.493.

4Br2B. 4Br2B was synthesized according to the same
procedure of 4Br1B using 1.32 g (5 mmol) of 2,5-dibromo-
benzaldehyde, 0.757 g (1.67 mmol) of tetraethyl
4,40-dimethylenebiphenyl diphosphonate and 2.8 g
(25 mmol) fresh t-BuOK. The product was light yellow
powders, 0.92 g (Yield 82%). 1H NMR (400 MHz, CDCl3,
ppm) d: 7.083 (d, 2H, J = 16), 7.243 (dd, 2H, J1 = 8.8,
J2 = 2.4), 7.417 (d, 2H, J = 16), 7.454 (d, 2H, J = 8.4), 7.649
(m, 8H), 7.815 (d, 2H, J = 2.4). 13C NMR (CDCl3,
100.57 MHz, ppm) d: 121.065, 122.131, 125.816, 126.792,
127.046, 128.953, 131.092, 131.642, 133.915, 135.335,
138.522, 139.938.

3B1B. (Route 1) The synthesis of 3B1B in route 1 was by
a solventless Wittig–Horner method. 0.573 g (2 mmol) of
TBD, 0.214 g (0.664 mmol) of tetraethyl 1,4-xylene diphos-
phonate and 1 g (9 mmol) fresh t-BuOK were placed in a
dry mortar. The mixture was milled vigorously for about
15 min. Then the mixture was dispersed in 80 mL metha-
nol, filtrated and the solids were washed with methanol
for two times. The pure product was obtained by recrystal-
lization from CH2Cl2–ethanol (10–1), 0.31 g (Yield 73%).
(Route 2) The synthesis of 3B1B in route 2 was by a Suzuki
coupling method. Under argon atmosphere, to a stirred
mixture of 0.299 g (0.5 mmol) of 4Br1B and 0.544 g
(4 mmol) of 4-methylphenylboronic acid in 12 ml THF
and 5 ml 2 M Na2CO3, 0.05 g of Pd(PPh3)4 was added. The
mixture was heated to 85 �C for 30 h. After cooling, the or-
ganic solvent was evaporated; the residue was filtrated
and washed by water, and then dissolved in CH2Cl2, fil-
trated through a silica gel funnel to remove the Pd (0) cat-
alyst residue. The pure product was obtained by
recrystallization from CH2Cl2–ethanol (10-1), as light yel-
low crystallites, 0.18 g (Yield 57%). 1H NMR (400 MHz,
CDCl3, ppm) d: 2.431 (d, 6H), 7.138 (m, 6H), 7.295 (m,
20H), 7.394 (d, 2H, J = 7.9), 7.541 (dd, 2H, J = 7.9, J = 1.8),
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7.590 (d, 4H, J = 8.1), 7.929 (d, 2H, J = 1.7). 13C NMR (CDCl3,
100.57 MHz, ppm) d: 20.675, 20.754, 123.901, 125.760,
126.397, 126.541, 127.493, 128.435, 128.613, 129.070,
129.312, 130.273, 135.226, 136.386, 136.434, 136.739,
137.106, 137.546, 139.377, 139.791. Anal. Cal. For
C50H42: C, 93.41; H, 6.59. Found: C, 93.09; H, 6.37. Crystal
data for 3B1B (C50H42): Mr = 642.87, Triclinic, space group
P�1, a = 10.0165(2) Å, a = 74.649(2)�, b = 12.2636(3) Å,
b = 75.141(2)�, c = 17.0433(4) Å, c = 68.5490(10)�, V =
1849.07(7) Å3, Z = 2, qcalcd = 1.155 Mg/m3, T = 293(2) K,
Crystal size 0.43 � 0.13 � 0.03 mm, R1 = 0.0579,
wR2 = 0.1221, [I > 2r(I)].

3B2B. (Route 1) The synthesis of 3B2B in route 1 was
according to the same procedure of 3B1B (Route 1) using
0.573 g (2 mmol) of TBD, 0.302 g (0.664 mmol) of tetra-
ethyl 4,40-dimethylenebiphenyl diphosphonate and 1 g
(9 mmol) fresh t-BuOK. The product was bright yellow
crystallites, 0.37 g (Yield 77%). (Route 2) The synthesis of
3B2B in route 2 was according to the same procedure of
3B1B (Route 2) using 0.337 g (0.5 mmol) of 4Br2B and
0.544 g (4 mmol) of 4-methylphenylboronic acid in 14 ml
THF and 6 ml 2 M Na2CO3, 0.05 g of Pd(PPh3)4, the product
was 0.237 g (Yield 66%). 1H NMR (400 MHz, CDCl3, ppm) d:
2.438 (d, 6H), 7.195 (m, 6H), 7.314 (m, 16H), 7.412 (d, 2H,
J = 7.9), 7.476 (d, 4H, J = 8.3), 7.580 (m, 10H), 7.955 (d, 2H,
J = 1.6). 13C NMR (CDCl3, 100.57 MHz, ppm) d: 20.690,
20.772, 123.989, 125.815, 126.556, 126.582, 127.717,
128.459, 128.528, 129.085, 129.334, 130.297, 135.230,
136.260, 136.417, 136.761, 137.105, 137.538, 139.151,
139.375, 139.807. Anal. Cal. For C56H46: C, 93.55; H,
6.45. Found: C, 93.29; H, 6.29. Crystal data for 3B2B
(C56H46): Mr = 718.93, Triclinic, space group P�1,
a = 6.332(5) Å, a = 92.416(5)�, b = 13.359(5) Å, b =
96.844(5)�, c = 24.105(5) Å, c = 102.027(5)�, V = 1975.3
(18) Å3, Z = 2, qcalcd = 1.209 Mg/m3, T = 293(2) K, Crystal
size 0.37 � 0.11 � 0.05 mm, R1 = 0.0701, wR2 = 0.1733,
[I > 2r(I)].

2.3. Device fabrication and characterization

OLED devices were fabricated by thermal vacuum-
deposition under 1.33 � 10�4 Pa. Patterned indium tin
oxide (ITO) were cleaned with detergent, de-ionized water,
Fig. 2. The X-ray structures and crystal packings of 3B1B and 3B2B, two cry
acetone and then de-ionized water in an ultrasonic bath
(30 min each cycle), and finally treated in an ultraviolet-
ozone chamber. Deposition rates were monitored with a
quartz oscillation crystal and controlled at about 0.1 nm/s
for organic layers and about 0.5 nm/s for metal layers.
The active area of the device was about 4 mm2. The
thickness of films was measured by a Dektak surface profi-
lometer. The EL spectra and current–voltage–luminance
(J–L–V) characteristics were measured with a Spectrascan
PR 650 photometer and a computer-controlled DC power
supply. All the measurements of the devices were carried
out under ambient conditions.
3. Results and discussion

3.1. Synthesis and characterization

Scheme 2 shows the synthesis of the two H-shaped
molecules. Two synthetic routes are employed. Two kinds
of classic organic reactions are adopted, Suzuki and
Wittig–Horner [10]. In route 1, 2BD reacted with the boro-
nic acid through the Suzuki coupling reactions to give an
aldehyde-containing intermediates TBD with the yield of
92%. Then, the two H-shaped molecules were obtained by
solid-state Wittig–Horner reactions between the interme-
diate and two diphosphonate compounds (yields 73% and
77%, respectively). Route 2 is, actually, a reversed proce-
dure of route 1. 2BD firstly took a solid-state Wittig–Horn-
er reaction with the two diphosphonates to form another
two mediate products 4Br1B and 4Br2B (yields 75% and
82%, respectively). Then the Suzuki reactions between
4Br1B, 4Br2B and the boronic acid produced the two H-
shaped products with the yields of 57% and 75%, respec-
tively. The structure of the molecules were verified by 1H
NMR, 13C NMR and elemental analysis and confirmed by
X-ray crystallographic analysis.

3.2. Crystal structure analysis: coplanar configuration of the
H-shaped molecules

For organic semiconductors, many physical properties
(e.g., optoelectronics and charge transport) are highly
stallographically independent conformations appear in both of them.
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dependent on their molecular configuration and the stack-
ing mode. Thus, information of the crystal structures plays
an important role in the exploration of structure–property
relationship. Nevertheless, crystal structures of hyper-
branched molecules are difficult to obtain due to their
large molecular size and the multi-branched structures.
Here, after many experimental attempts, single crystals
of the two H-shaped molecules have been obtained by a
very slow growing process, and their crystallographic
structures were determined by X-ray diffraction. (See
Fig. 2) In the crystals of the two H-shaped compounds,
each molecule shows a quasi-coplanar ‘‘H” shape; the sup-
posed twisted configurations through the central phenyl-
enevinylene chain do not appear. The two phenyl rings as
the crunodes on the two sides of ‘‘H” are parallel exactly
to each other, even for the biphenyl linked 3B2B, and the
two phenyl rings of the central biphenyl in 3B2B are
coplanarized exactly, too (See Fig. 3). There are moderate
twist angles between the single bonds linked phenyl rings
along each side of the terphenyl dipoles. Anyhow, just as
what we can see from the side view of these H-shaped
molecules, the two side dipoles of ‘‘H” are parallel to each
other, and the whole molecule is located in a plane just
with little deviations. So, we call them quasi-coplanar mol-
ecules. This special factor can ensure the unbroken conju-
gation of the whole H-shaped molecule. And they should
be totally different from those twisted or cruciform ones
in terms of morphology (aggregation mode) and aggre-
gated optical properties. To gain insight as to why these
molecules adopt coplanar configurations, the quantum
chemical calculation using a DFT/B3 LYP/6-31G (d) method
[3a,5a] was performed on 3B2B, the result showed a non-
coplanar H-shape, with a twist angle of �40� between
the two sides terphenyl dipoles of the molecule. It shows
that, the theoretical calculations may not always reflect
the information of the actual situation. We consider that,
maybe it is the comparative long distance between the side
Fig. 3. Molecular configuration of the H-shaped molecules. In each
molecule, the blackened phenyl rings on each side of ‘‘H” are parallel to
each other. Blow: side view of the two molecules.
dipoles and the intrinsic property of the central phenylene-
vinylene chain, cooperatively make this H-shaped topology
a coplanar one. Although the topology of H-shape is not a
new concept [11], the construction we proposed here
bears an exact non-twisted ‘‘H” shape. This coplanar
configuration can endow molecules with an integrative
two-dimensional conjugations, thus, the enlarged delocal-
ized p electrons would enhance their fluorescence yield.
And intriguingly, there are two crystallographically inde-
pendent conformations in both of the two H-shaped mole-
cules, they make alternate stackings, which may enhance
their solid-state fluorescence [12]. Now, we have seen
the novel coplanar configuration of the H-shaped mole-
cules, in the following researches, by testing their optical
properties in solutions, thin films and crystallites, and their
EL performances, the effects of different morphologies are
shown.

3.3. Morphology and optical properties of the H-shaped
molecules

For the photophysics properties of the H-shaped mole-
cules, firstly, the UV–vis absorption and photolumines-
cence spectra of the two compounds in several solutions
were recorded. They exhibit very weak solvent polarity
dependence due to the absence of any electron donor or
acceptor groups. Fig. 4 shows the spectra in THF (1 lM)
(Detailed data are tabulated in Table 1). Due to the two-
dimensional conjugations of the H-shaped molecules, their
absorption profiles show two-peaks spectra. The short
wavelength absorption band (299 nm) may be related to
the side terphenyl dipoles; while the long wavelength
absorption band (�360 nm) may be related to the central
DSB or distyrylbiphenyl portion. Their PL emissions pres-
ent shoulder peaks for each compound. Thanks to the large
p-conjugate scale and rigid planar configurations, both of
the H-shaped molecules are with quite high fluorescence
quantum yields, bright blue light can even be observed un-
der solar irradiation.

In order to understand well how the two-dimensional
conjugation affects the electronic structure, the shapes of
HOMO-1, HOMO, LUMO, LUMO+1 of 3B2B are shown in
Fig. 5. As shown in Fig. 5, the majority of the electron
Fig. 4. UV–vis absorption and PL spectra of the H-shaped molecules in
THF.



Fig. 5. Frontier HOMOs and LUMOs of 3B2B. (Calculations were based on DFT/B3LYP/6-31G (d).)
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distribution of the HOMO and LUMO were found to be lo-
cated over the distyrylbiphenyl entity, while the electron
distribution of the HOMO-1 and LUMO+1 were found to
be located mainly over the two side terphenyl dipoles.
The energy levels of the orbitals from HOMO-1 to LUMO+1
are �5.53, �5.14, �1.47 and �0.93 eV, respectively.

The most that we want to show here are the solid-state
optical properties of these coplanar H-shaped molecules,
and their dependence on different morphologies. When
the compounds are vacuum sublimated on substrate to
form films, what is easy to imagine is, considering the short
deposition time for several tens of nanometers’ organic
compounds, it is hard for the multi-branched molecules
to adopt close packing in just a few minutes, even though
they bear coplanar structures. Amorphous films should be
formed.
Fig. 6. Comparison of XRD patterns of 3B2B powders (black), thin film-1 (as prep
the references to colour in this figure legend, the reader is referred to the web v
To verify this speculation, X-ray diffraction (XRD) anal-
ysis was taken on 3B2B powders and film. As shown in
Fig. 6, for the powders of 3B2B, there are sharp diffraction
peaks in the XRD patterns, indicating that they are appar-
ently crystalline. While for the sublimated films, only
inconspicuous broad peak appears on their XRD patterns,
meaning that they are determinately amorphous. The
XRD measurement of the same film sample after storage
for two months under ambient conditions shows no trend
of crystallization, indicating that this amorphous film of
coplanar hyper-branched molecules is morphological sta-
ble. The morphology of the thin film is a key factor related
to the performance of thin film devices of organic materi-
als. As shown in Fig. 7, the atomic force microscopy
(AFM) topography of the sublimated films demonstrate
that the 3B2B film is continues, neat and smooth.
ared, blue) and thin film-2 (after two months, red). (For interpretation of
ersion of this article.)



Fig. 7. AFM topography images of 3B2B films deposited on ITO coated
glass at room temperature.

Fig. 9. Photos of the fluorescence emissions of 3B2B in solution (THF),
thin film and powders under UV light (365 nm).

Fig. 10. PL spectra of 3B2B in solution, thin film and powders and the EL
spectrum of device based on 3B2B.

Table 2
Fluorescence properties of 3B2B in different morphologies.

3B2B Kem
max (nm) s (ns)

In THF 411 1.65
Thin film 445 1.37
Powder (crystalline) 500 3.86
EL device 443 –
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The essence of the difference is proposed in Fig. 8. The
coplanar H-shaped molecules adopt a close packing mode
in crystallites, they stack layer by layer, and the p–p dis-
tance between two adjacent molecular planes is about
3.64 Å. While in the amorphous films, thanks to the mole-
cules’ intrinsic characteristics of multi-branches, they can
not stay close to each other owing to the intermolecular
steric hindrance, just like two hedgehogs can not keep
close to each other. In the sublimation process, they would
make random, disorder and unconsolidated packing (As
shown in Fig. 8, left). Thus, the p–p interactions should
be very weak in such environment. Different morphology
results in different optical properties. As shown in Fig. 9,
in solution (THF), 3B2B shows blue–purple light; in the
sublimated films, it has a blue fluorescence; while in crys-
talline powders, it luminescent obviously green (The de-
tails see the spectrum in Fig. 10 and data in Table 2).

Taken the morphology (aggregation mode) and the fluo-
rescence property of the coplanar hyper-branched mole-
cules together, we can see that they are consistent with
each other. In the amorphous thin films, they make a dis-
order and unconsolidated packing, there are less intermo-
lecular p–p actions, the circumstance of the interactions
is some what like that in solutions. Thus, the spectra of
the film shows relative small red-shift to that of in the
solutions (blue emitting); while in crystallites, the layer
Fig. 8. Molecular packings of coplanar H-shaped molecules (3
by layer close packing of the coplanar molecules leads to
the intensive intermolecular p–p interactions, and subse-
quently result in largely red-shift (green emitting). These
arguments can also be verified by the time-resolved photo-
luminescence spectra of the solution, film and crystallites
of 3B2B. The time-resolved fluorescence can provide valu-
able information about the interaction of molecule in the
excited state with its environment [13]. Just as illustrated
B2B) in amorphous films (proposed) and in crystallites.



Fig. 11. PL lifetime spectra of 3B2B in solution (yellow), thin film (pink)
and powders (deep pink). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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by the emission decay lifetime spectra in Fig. 11 and the
lifetime data in Table 2, the fluorescence decay curves of
3B2B in solution and in the thin film nearly resemble to
each other; while that of in the crystallites is much more
longer than the two formers. The lifetime in crystallites is
2–3 times longer than that of in solution and in the thin
film. The thin film and powders, although both of them
are in solid state, with different morphology and different
aggregation mode, there are intrinsic changes in the mole-
cules’ environment, and have distinct optical behaviors.

3.4. Electroluminescence properties of the H-shaped
molecules

Considering the effective inhibition of intermolecular
p–p interactions in the thin films of the two coplanar
Table 3
EL properties of H-shaped molecules based devices.

Devicea Vonset (V) Lmax (cd cm�2) gImax (cd A�2

3B1B/A 3.6 18623 2.4
3B1B/B 3.7 18667 2.6
3B2B/A 3.3 18964 2.3
3B2B/B 3.7 20490 2.8

a Configuration A: ITO/NPB (40 nm)/H-shaped molecules(30 nm)/AlQ (30 nm
molecules(30 nm)/BCP (10 nm)/AlQ (30 nm)/LiF (1 nm)/Al (80 nm).

Fig. 12. EL spectra of the devices based on the two H-shaped molecules
(configuration A).
conjugated molecules, enhanced electroluminescence per-
formances can be expected. Employing the two H-shaped
molecules as emitting materials, typical OLEDs were
fabricated. The device configuration was: ITO/NPB
(40 nm)/H-shapeds (40 nm)/AlQ (30 nm)/LiF (1 nm)/
Al (80 nm) (NPB = 4,40-bis(1-naphthyl-N-phenylamino)-
biphenyl, acted as hole transport layer; AlQ = tris(8-
hydroxyquinoline)aluminum, acted as electron-transport
layer). Both of the devices had rather low turn on voltages
of 3.6 and 3.3 V. The devices exhibited bright blue light,
with the Commission Internationale de l’Eclairage (CIE)
coordinates of (0.17, 0.19) (3B1B) and (0.16, 0.14) (3B2B),
and showed hardly no variations with the change of ap-
plied voltage. The naked devices were found to be with
good stability during the measuring process, just as their
nice morphological stability of the sublimated films.
Fig. 12 gives their EL spectra. The device luminance effi-
ciencies (gc) are 2.4 (3B1B) and 2.3 (3B2B) cd A�1, and their
power efficiencies (gp) are 1.6 (3B1B) and 2.2 (3B2B)
lm W�1 (All details are summarized in Table 3). At an oper-
ating voltage of 10 V, the brightness of these coplanar H-
shaped molecules based devices approached or even ex-
ceeded 10000 cd m�2 (See Fig. 13). It should be noted that
the values are quite high, there is no evidence indicating
that the aggregation-induced fluorescence quenching.
And as shown in Fig. 10, the EL spectrum of 3B2B nearly
overlaps with its PL spectrum in thin film, indicating that
the blue emission comes from just the 3B2B layer. Maybe
thanks to the larger p-conjugation and a more planar
configuration of 3B2B than that of 3B1B, the PL and EL
performances of 3B2B are better than those of 3B1B. To
) gLmax (lm W�1) CIE (x, y) kEL
max (nm)

1.6 (0.17, 0.18) 446
2.2 (0.16, 0.18) 446
2.2 (0.16, 0.14) 443
2.6 (0.16, 0.14) 443

)/LiF (1 nm)/Al (80 nm); Configuration B: ITO/NPB (40 nm)/H-shaped

Fig. 13. Current density (I)–voltage (V) and luminance (L)–voltage (V)
characteristics of devices based on the two H-shaped molecules.
(Configuration B.)



Fig. 14. Current efficiency vs. current density characteristics of devices
based on the two H-shaped molecules. (Configuration B.)
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optimize the device efficiency, BCP (2,9-dimethyl-4,7-di-
phenyl-1,10-phenanthroline) was chosen as a hole-block-
ing layer (10 nm) to insert between the H-shaped
emitters and the electron-transport layer AlQ. As shown
in Fig. 13 and Fig. 14, the resultant devices were found to
be promoted in terms of both efficiency and brightness,
the turn on voltages were slightly elevated to 3.7 V for a
higher charge injection barrier. Their luminance efficien-
cies reached 2.6 and 2.8 cd A�1, and the power efficiencies
reached 2.2 and 2.6 lm W�1, respectively. For the 3B2B
based devices, an Lmax of 20490 cd m�2 was obtained.
In summary, these results are comparable with those
of the non-coplanar or spiro-configurations compounds
[4,5a,6,10], and are higher than the performances of the
tetrahedral OPVs or the cruciform dimeric OPVs with cross
arrangement dipoles which have similar constructing
blocks to our H-shaped molecules and with the same EL
device configuration [5a,14]. This demonstrate that, if
we choose an appropriate topology of chemical structure,
such as this H-shaped multi-branched construction, the
conjugated compounds based on coplanar configurations
likewise can be with reduced aggregation-induced fluores-
cence quenching effect, and show high EL performances as
the non-coplanar ones.

4. Conclusion

In conclusion, with facile synthesis routes, a new series
of H-shaped molecules have been synthesized. X-ray
crystal structures of them showed that every molecule
possesses a coplanar ‘‘H” shape, without twist between
the two side dipoles. The sublimated thin films with
amorphous morphologies show significant blue-shifted
and enhanced photoluminescence than those of the crys-
talline powders. Employing these coplanar H-shaped mol-
ecules as non-doped emitters, high brightness blue OLEDs
were fabricated. The devices showed a maximum lumi-
nance of 20490 cd m�2 and a luminescence efficiency of
2.8 cd A�1 (2.6 lm W�1) with the CIE coordinate of (0.16,
0.14). These results are comparable with or even better
than those of the devices based on the non-coplanar or
spiro-configuration compounds. The results indicate that
the multi-branched conjugated molecules with coplanar
configurations are appropriate for high performance EL
applications. Works to explore new coplanar multi-
branched conjugated compounds may be a new way for
high efficient OLEDs. Moreover, the chemical structure of
the H-shaped molecules can be easily rendered variously,
which will attract more attentions in other electronic and
optical related fields, such as TPA (two-photon absorp-
tion) and fluorescent sensors.
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blend on transparent indium tin oxide (ITO) glass. Such a
polymer–organic blend system can be easily applied by
simple spin coating or printing techniques. In order to
achieve the maximum power conversion efficiency for a gi-
ven material system, organic photovoltaic devices require
low series resistance and high shunt resistance. It is also
required to have two ohmic contacts in order that bulk ser-
ies resistance is minimized; first is that between the posi-
tive electrode and the active layer, and second is that
between the active layer and the metallic electrode. Sand-
wiching the active layer made of poly(3-hexylthiophene)/
[6,6]-phenyl-C61-butyric acid methyl ester (P3HT/PCBM)
blend is the hole extraction layer (poly(3,4-ethylenedioxy-
thiophene):poly(4-styrene sulfonate) [PEDOT:PSS] coated
ITO) and a negative electrode, metallic conductor such as
(a) (b) 

ITO
Insulating wall

PEDOT:PSS
Active layer

Metal electrode

glass

Fig. 1. (a) Schematics and actual picture of insulation layer coating on
etched ITO and (b) cross-sectional schematics of fully processed device.

Fig. 2. FIB-TEM images; bottom left: partitioned cell, top images: cro
Al. Because of a relatively low conversion efficiency of sin-
gle OPV devices, they need to be fabricated with large scale
connectivity. On the other hand, resistivity at large area
hole extraction and active layer will induce an increase of
series resistance which results in a reduction of current
flow, thus affecting the conversion efficiency. A close rela-
tionship between the device area and the conversion effi-
ciency is now well established [6].

In this study, we focus on our efforts to partition the
hole extraction layer into smaller areas by means of the
insulating walls so as to minimize the lateral contribution
on the series resistance, thus to prevent lowering of the
efficiency by increasing the overall active area. We demon-
strate that this method is universally applicable to all or-
ganic materials used in OPV. Also, our method will
provide a distinct advantage of implementing by simple
printing such as inkjet, gravure, offset and screen, lithogra-
phy, and soft contact transfer. We should note here that
our method differs from the conventional module fabrica-
tion technique that inserts low resistance metal lines be-
tween active areas.

2. Material and methods

2.1. Fabrication of devices

PEDOT:PSS (poly(3,4-ethylene dioxythiophene):
poly(styrene sulfonate)) aqueous dispersions (Baytron�

AI4083, P and PH-500) were used as the hole extraction
layer, spin coated on top of 300–400 nm thick ITO coated
ss-sectional images from insulating wall edge to center of wall.
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glass. In the case of DMSO blended PH-500, the ratios of
PH-500: methanol: DMSO were 1: 2: 5%, respectively.
The PEDOT:PSS stock solution was spin coated at
2000 rpm for 40 seconds to form about 35 nm thick film,
then was baked at 200 �C for 10 min in a high purity nitro-
gen environment glove box. ITO glass was cleaned by boil-
ing in chloroform, isopropyl alcohol and acetone for 30 min
in each solvent, sonification for 15 min in 50:50 isopropyl
alcohol and acetone solution, and finally rinsed with de-
ionized water. A typical example of the next step of sample
preparation is as follows: 2.4 wt% of P3HT and PCBM blend
with 1:0.6 ratio by weight was dissolved in anhydrous
chlorobenzene and was spin coated on prepared PED-
OT:PSS coated ITO glass at 2500 rpm for 40 s. The thickness
of resulting active layer was 220 nm and pre-annealed at
150 �C for 10 min 0.8 nm thick LiF, which served as a buffer
layer, was deposited on top of the active layer and 150 nm
thick aluminum was evaporated by thermal vapor deposi-
tion at 10�6–10�7 Torr, and prepared device was post an-
nealed at 120 �C for 10 min. All of the processing was
performed in the glove box with high purity nitrogen envi-
Fig. 3. FIB-TEM images; (a) interface area of partitioning
ronment. Photocrosslinkable positive photoresist resin of
acrylate derivates (Nippon Zeon Corp.) was used to form
partitioning wall of height of 500 lm. Standard partitioned
subcell area was 300 � 300 lm, and the partitioning wall
was 200 lm in width and 500 lm in height. After finishing
the series of the preparation processes, the device was
encapsulated with glass plate using an UV curable resin
in a high purity nitrogen environment glove box.

2.2. Characterization

For cross-sectional transmission electron microscope
(TEM) (FEI TECNAI F20) observation of device, a thin flake
in situ lift-out sample was prepared using focused ion-
beam (FIB) machine (FEI Nova600) with a Ga ion focused
beam. Thickness of coated film was measured with surface
profiler (TENCOR�, P-10 a-step). Oriel Class A type solar
simulator (IEC 904) with Oriel Reference Cell (calibrated
data taken by NREL) was used as a light source and all mea-
surement was performed under 1 sun condition (100 mW/
cm2). The measurements were not corrected for reflection
wall and (b) center position of partitioning wall.
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losses and light absorption in the ITO electrode. Current–
voltage characteristics were determined with Keithley
2400 source–measure unit.

3. Results and discussion

In Fig. 1 is displayed our fabrication design of photovol-
taic cells consisting of smaller sized subcells to the conven-
tional cell size, i.e. 0.04 cm2. Eventually we have increased
the total cell size to 1 cm2, to which we will return at the
end. Parenthetically, the size of 1 cm2 is quite a large cell
for OPV. Our test coupon is made of three single cells of
0.04 cm2, one partitioned cell with actual active area of
0.027 cm2 which consisting of 25 subcells of the same size
(300 lm � 300 lm), and 200 lm space between them.
These are so formed by an insulator on top of one inch
by one inch ITO coated glass as shown in Fig. 1. The parti-
tioned subcells form a single cell upon covering its top
with an Al electrode.

It is quite simple to build the insulating walls to discon-
nect the hole extraction layer by means of a curable resin
via a lithographic method. With TEM micrographs in
Fig. 2 and Fig. 3, we show that the hole extraction layer
(PEDOT:PSS) is discontinued at few tens of micrometer
away from the edge of insulating walls so that the series
resistance is reduced through a smaller active area. Each
divided active area acts like an isolated small cell so that
the series resistance is reduced. In order to elucidate the ef-
fect of partitioning the active areas, a cell without parti-
tioning wall is used as the reference.

Fig. 4 shows the profiles of current density vs. bias volt-
age (J–V) between single and partition cells for three differ-
ent formulations of hole extraction layer. The results are
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Fig. 4. J–V characteristics for three different hole extrac

Table 1
Influence of conductivity of hole extraction layer on performance of OPV device (

Conductive layer Area Open circuit voltage (V) Current d

Baytron Al 4083 (10–3 S/cm) s 0.617 8.12
p 0.616 8.86

Baytron P (1 S/cm) s 0.615 8.72
p 0.609 12.06

Baytron PH-500 (100 S/cm) s 0.596 9.27
p 0.591 12.39
summarized in Table 1. When Baytron 4083 is used as
the hole extraction layer having a low conductivity
(�10–3 S/cm), there was no detectable difference between
the single and partitioned cells. However, when the con-
ductivities were higher (Baytron P: �1 S/cm and Baytron
PH-500 blended with dimethyl sulfoxide: �100 S/cm),
there were significant differences in the efficiency between
the two, and the degree of this difference was in the order
of conductivity of the hole extraction layer formulations.
Henceforth, we refer Baytron PH-500 blended with di-
methyl sulfoxide (DMSO) as simply PH-500. Clearly, the
observed enhancements of the current density and effi-
ciency are closely correlated to the conductivity of the hole
extraction layer. Thus, we infer that there exist lateral con-
tributions of the series resistance from the rest of active
area to a subcell for the bulk resistance. As is shown in
1.5x10-2
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tion layers; (a) single cell and (b) partition cells.

s: single area cell; p: partitioned cell).

ensity (mA/cm2) Fill factor Series resistance (X cm2) Efficiency

0.526 7.47 2.64
0.527 7.40 2.88
0.609 3.33 3.27
0.602 2.43 4.42
0.641 2.22 3.54
0.626 1.81 4.58



Table 2
Influence of wall to active area ratio (active area was 300 lm � 300 lm).

Conductive layer Wall width
(lm)

Open circuit
voltage (V)

Current density
(mA/cm2)

Fill factor Series resistance
(X cm2)

Efficiency

Baytron Al 4083
(10�3 S/cm)

None 0.590 8.53 0.460 22.68 2.35
20 0.595 8.23 0.460 25.62 2.27
50 0.593 8.27 0.480 23.25 2.39
100 0.595 8.47 0.490 15.49 2.46
200 0.595 8.27 0.500 10.78 2.49

Baytron PH-500
(100 S/cm)

None 0.596 8.09 0.570 8.09 2.75
20 0.602 7.75 0.564 8.51 2.63
50 0.592 9.23 0.586 6.21 3.20
100 0.586 10.26 0.517 6.27 3.11
200 0.596 12.93 0.561 4.63 4.32
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Fig. 5, the lowering of series resistance can be observed
clearly by the increasing slope of the current density vs.
bias voltage profile above the open circuit voltage; the in-
verse of slope in the figure represents the bulk series resis-
tance. Despite the enhanced conductivity of the hole
extraction layer, it still has a relatively high resistance
compared to that of the electrode. Such a high resistance
of the hole extraction layer is attributed to the contribu-
tions from far away areas, whereas such is not the case
with a low conductive hole extraction layer. In short, for
highly conductive hole extraction layers, the deleterious
effect of the lateral contributions of the series resistance
from the rest of active areas to the bulk resistance is rather
significant. Therefore, the enhancement of the efficiency
will be substantial over that of a cell made with low con-
ductivity formulations if the hole extraction layer is dis-
connected from each other by partitioning into smaller
area subcells.

We have also investigated the influence of wall to active
area ratio using different partitioned cells and the results
are summarized in Table 2. The power conversion effi-
ciency was increased with increasing partitioning wall
width. When Baytron Al 4083 was used as the hole extrac-
tion layer, there was no detectable difference in the power
conversion efficiency among the different wall widths.
However, when Baytron PH-500 was used, there were sig-
nificant differences in the efficiency and the series resis-
tance among wall widths, and the degree of this
difference was in the order of wall widths. This result is
quite reasonable since lateral contributions of the series
resistance from the rest of active area to the subcell should
be decreased with increasing wall width.

We now turn to the uncertainty with respect to the esti-
mate of active cell area. As was shown in Fig. 2 with the
cross-sectional TEM micrographs by focused ion-beam
(FIB), we estimate that the boundary of PEDOT:PSS coating
is about 30 lm from the edge of insulating wall. Since PED-
OT:PSS has to be coated over rather tall insulating walls,
having a height of 500 lm at the center position, our cell
coating process is different from the coating on flat ITO
surface. Unlike the reported edge effect (effective areas
are 300–400 lm from the edge) [7] when PEDOT:PSS is
coated on a flat surface, the actual active area in our device
starts about 30 lm away from the edge since the PED-
OT:PSS does not extend flush to the edge. This issue is
being raised because the size of active area is critical to
the efficiency, particularly when the active area is small
[7]. In addition, the insulating wall materials with the
500 lm height at the center, as referred to in the above, ab-
sorb visible light and the transmittance at the P3HT/PCBM
blend absorption region is less than 50% as shown in Fig. 6.
Therefore, the actual exciton formation in the area be-
tween the insulting wall to the PEDOT:PSS coating edge
may be small but still needs to be accounted for in the esti-
mate of the efficiency. Thus, the actual active area in the
partitioned cell is subject to a certain range of uncertainty.
Nevertheless, we emphasize that the trend of increasing
current extraction with a high conductivity of the hole
extraction layer by partitioning is firmly established.



Table 3
Characteristics of large area cell.

Conductive layer Area Open circuit voltage (V) Current density (mA/cm2) Fill factor Series resistance (X cm2) Efficiency

Baytron Al 4083 (10�3 S/cm) s 0.590 8.53 0.460 22.68 2.35
p 0.595 8.27 0.500 10.78 2.49

Baytron PH-500 (100 S/cm) s 0.596 8.09 0.570 8.09 2.75
p 0.596 12.93 0.561 4.63 4.32
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It is well known that artifacts caused by the edge effect
are to be taken into account with care [7,8]. In fact, it is a
point of a recent controversy with the solar cell efficiency
[9]. According to the report by Cravino et al. [7] a small
area cell like ours is significantly affected by the edge effect
as expected. We thus examine the edge effect by masking
the device area. Fig. 7 shows J–V characteristics of the par-
titioned device with and without mask. When the entire
fabricated device was exposed to incident light without
masking, the power conversion efficiency was about 6.5;
the current density was �20.9 mA/cm2 and the fill factor
was 0.523. On the other hand, when the mask was placed
so as to expose only active area to the incident light, the
power conversion efficiency was reduced to 4.6; the cur-
rent density was �12.4 mA/cm2 and the fill factor was
0.626. Thus, we conclude that the edge effect is indeed sig-
nificant relative to the actual power conversion efficiency.
It can be readily understood that the current density de-
crease and fill factor increase are caused by the charges
formed only in the active area.

Finally, we come to the issue of a large area size cell of
1 cm2. Despite difficulty in quantifying the power conver-
sion efficiency arising from the uncertainty of actual active
area within the partitioned walls, the key point of this
study is clear: One can fabricate a large area OPV device
without sacrificing the power conversion efficiency, if not
enhancing, when hole extraction layer is partitioned into
smaller subcells. A large area cell (�1 cm2) was prepared
by the same manner as described in the above. To elucidate
the partitioning effect, a single area cell with the compara-
ble active area was also prepared. The results are summa-
rized in Table 3. As was seen in Table 3, the partitioned cell
performance with Baytron Al 4083 showed no distinct dif-
ference from that of single cell (efficiency change from 2.35
to 2.49). On the other hand, the partitioned cell perfor-
mance with Baytron PH-500 showed about 40% improve-
ment in the efficiency over that of single cell (efficiency
change from 2.75 to 4.32). Notwithstanding any uncer-
tainty relative to the absolute estimate of the power con-
version efficiency arising from the active area
uncertainty, the results in Table 3 make it compelling that
the partitioning works when compare to a device with the
same overall active area.

Major factor causing this difference is the series resis-
tance, noted by the slope of J–V curve beyond open circuit
voltage (Fig. 5). As discussed previously, the partitioning of
hole extraction layer caused the series resistance decrease.
This is entirely consistent with a report by Yoo et al. [10]
that the series resistance increased with the number of
cells upon connecting them in series. Since the areas of
these two cells were same, it was clear that a partitioned
cell with a high conductivity hole extraction layer would
have a lower series resistance resulting in enhanced cur-
rent extraction leading to improved power conversion
efficiency.

4. Conclusion

We conclude with these results that the partitioning of
the active area into smaller areas can improve the power
conversion efficiency of organic photovoltaic devices. The
lateral serial contributions to the series bulk resistance of
the hole extraction layer with a high conductivity pro-
foundly affect the power conversion efficiency. Our meth-
od reported here is to be differentiated from the
conventional metal line insertion for the purposes of
increasing the current output as used in photovoltaic
industry.
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applications. The main reason is attributed to random-ori-
ented behavior of phthalocyanine crystals. Many grain
boundary and defections were found in films that bring
lots of charge traps that degrade the efficiency of charge
transportation. More recently, Yan’s group proposed an
effective method to improve the mobility of phthalocya-
nine by weak epitaxy growth technology [11]. They
Fig. 1. (a) Schematics of OFET with top contact based on CuPc/TiOPc as the activ
top of device. (b) AFM image of 5 nm TiOPc on OTS/SiO2. (c) AFM image of 20 nm
diffraction pattern of CuPc (20 nm) grown on TiOPc template (5 nm) and CuPc (
prepared phthalocyanine films on the top of rod-like mol-
ecules (para-sexiphenyl and 2, 20; 70, 200-terphenanthrenyl)
and realized high field-effect mobilities [11–13].

In this paper, two typical phthalocyanine compounds,
titanyl-phthalocyanine (TiOPc) and CuPc, were selected
as material pair to realize high-performance OFET. Both
of them possess excellent chemical and thermal tolerances,
e layers. The growth model of CuPc on TiOPc template was shown on the
CuPc on OTS/SiO2. (d) AFM image of 20 nm CuPc on 5 nm TiOPc. (e) X-ray
20 nm) grown on OTS/SiO2.
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especially attractive low-cost. In air phthalocyanines un-
dergo no noticeable degradation up to 400–500 �C, and
even strong acids and bases cannot affect them [14]. TiOPc
is a nonplanar molecule with significant molecular over-
laps and short intermolecular distances [15]. It often
exhibits quasi-intrinsic semiconductor state, p-type in air
doping by oxygen and n-type in high vacuum conditions
[16]. Comparing with another family member, metal
phthalocyanine such as CuPc, TiOPc has lower mobility
possibly due to poor film quality [15]. However, it exhibits
disk-like crystal shape that is clearly distinguished from
CuPc with needle-like shape at high-temperature substrate
[17]. This unique characteristic makes it to be an excellent
template molecule to prepare high-quality CuPc film. In
this study, CuPc grown on the top of TiOPc exhibited do-
main-oriented, closely stacked film morphology. The corre-
sponding OFET revealed a high field-effect mobility of
0.12 cm2/V s, and 105 on/off current ratio.
2. Experiment

OFET devices with top contact (Fig. 1a) were fabricated
according to the following procedure. Heavily doped n-
type silicon wafers (0.01–0.15 X Cm) were acted as gate
electrode and substrate. A layer of oxide (SiO2) with unit
capacitance of 8 nF/cm2 covered on the substrate was
served as gate insulator by thermal growth. The wafers
were ultrasonically cleaned with acetone, isopropyl alco-
hol, and ultra purified water, respectively. Then these wa-
fers were inserted to octadecyltrichlorosilane (OTS)
solution (chloroform as solvent, 2 mM) for 24 h to form a
self-assembly monolayer in order to optimize the surface
properties of SiO2 [15]. TiOPc and CuPc with various thick-
nesses were deposited in succession at a base pressure of
(4–5) � 10�4 Pa at a rate of 1 Å/s, while the substrates were
held at 200 �C. The thickness values were recorded by
quartz crystal. Subsequently to prepare the source/drain
electrodes, gold film with 30 nm was evaporated through
shadow mask defining channel width of 3800 lm and
length of 180 lm, respectively. For comparison, OFETs
based on TiOPc or CuPc single-layer with 25 nm were
fabricated and held with the same condition described
above. All organic source samples were purchased from
Sigma–Aldrich without further purification. Electrical
characteristics of OFETs were performed in ambient by a
semiconductor parameter analyzer (Agilent technology
4155C). The atomic force microscopy (AFM) images were
performed by SPI 4000 with tapping mode. X-ray diffrac-
tion (XRD) was measured in D/Max-2550 with Cu Ka
source (k = 1.541 Å).
Fig. 2. (a) The output characteristics of CuPc (20 nm)-based OFET
utilizing TiOPc (5 nm) molecular template. (b) Three transfer character-
istics for TiOPc/OTS/SiO2, CuPc/OTS/SiO2, and CuPc/TiOPc/OTS/SiO2 OFETs.
All active layers of devices were controlled at 25 nm.
3. Results and discussion

Fig. 1b displays the morphology of the TiOPc thin-film
with 5 nm covered on the substrate of OTS/SiO2 recorded
by AFM images. It exhibited typical discontinuous island
crystals with disk-like shape consisting of several monodo-
mains analogous to conventional phenyl-derives that were
distinguished from CuPc film with needle-like shape
(Fig. 1c). This result is due to the titanyl atom perpendicular
to phthalocyanine ring and then forming out-plane struc-
ture that resulted in layer-by-layer growth manner with
‘‘edge-on” molecular orientation, similar report may be
found elsewhere [18]. Moreover, the domain height is
�10 nm, which is attributed to strong diffusion behavior
of TiOPc molecules at a high substrate temperature. The
mean domain size of TiOPc is �250 nm and ratio of grain
area is 68% by SPI 4000 analysis. Thus a molecular template
was ready for the growth of CuPc. Fig. 1d shows the mor-
phologies of 20 nm CuPc film based on 5 nm TiOPc tem-
plate. It can be found that CuPc firstly grown on the top of
TiOPc monodomain and then connected with each other.
In each domain area, CuPc grains oriented along a constant
direction and formed well-ordered arrangement marked by
dark circles in Fig. 1d. AFM analysis showed that a root
mean square roughness of CuPc/TiOPc is 6.8 nm which is
lower than that of CuPc/OTS/SiO2 with 9.1 nm. In contrast
to CuPc on OTS/SiO2 (Fig. 1b), a morphological transform
from random orientation to domain-order orientation
may be clearly observed by utilizing TiOPc template at a
high substrate temperature by comparing Fig. 1c and d.
XRD results (Fig. 1e) indicated that the CuPc film on TiOPc
exhibited high crystallization and typical b crystal phase,
in which 6.8� and 7.0� correspond to (2 0 0) and (0 0 1)
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planes of the b form, respectively [18]. This result implied
that CuPc molecules grown adopting a herringbone struc-
ture that stand up on TiOPc stacking along b-axis are in
the P21/a space group [18]. The growth mode of CuPc on
TiOPc template is illustrated in Fig. 1. For comparison, the
XRD patterns of CuPc growth on OTS/SiO2 were also pre-
sented. A single sharp diffraction peak was found at 2a of
ca. 6.8� (7.0� is not exhibited that distinguished the CuPc
on TiOPc template), which corresponds to the (2 0 0) lattice
planes. It revealed that the crystalline structure is parallel
to substrate defined as a metastable herringbone-like a
phase [19]. The appearance of new diffraction peak in
CuPc/TiOPc implied a new crystal phase and improved film
order.

The electrical characteristics of OFET devices with 20 nm
CuPc on 5 nm TiOPc are presented in Fig. 2a and b, which
displayed typical hole-accumulation mode under various
gate and drain biases. Field-effect mobility and on/off
current ratio extracted from saturation region were
0.12 cm2/V s and beyond 105, respectively. Threshold volt-
age of �19 V was obtained from transfer curves. Here it
should be figured out that high threshold voltage must
come from low capacitance of gate insulator (8 nF/cm2).
However, it does not obstruct us to obtain clear results in
this work. For comparison, the transfer characteristics of
single-layer CuPc and TiOPc devices are also shown in
Fig. 2b, from which a mobility of 0.018 cm2/V s for TiOPc
and that of 0.019 cm2/V s for CuPc have been obtained
which indicated that an improvement has been achieved
(0.12 cm2/V s for TiOPc/CuPc devices). The domain-oriented
Fig. 3. AFM images (a) 20 nm CuPc on 2.5 nm TiOPc. (b) 20 nm CuPc on 5 nm TiO
7.5 nm) grown on OTS/SiO2 substrate. (c) The TiOPc thickness dependence on d
film and closely stacked between domains resulted in low
trap concentration and reduced hopping distance of carri-
ers, which may be responsible for the improvements. The
threshold voltages of these devices were extracted, �58 V
for TiOPc and�32 V for CuPc, which revealed that threshold
voltage was simultaneously reduced by applying TiOPc
template (�19 V). TiOPc is a typical quasi-intrinsic semi-
conductor. It operates in n-type operation mode in inert
ambient, and the majority carriers are electrons in film pos-
sibly originating from residual impurities working as n-type
dopants [20]. In our devices, holes are induced by these
electrons in TiOPc and pre-accumulated at the side of CuPc
due to the difference of Femi energy level when put them
together. This provides an enhanced hole-accumulation ef-
fect under given gate bias that results in the decrease of
threshold voltage. The amount of threshold voltage shift
may be described by DVth = DQdeep/Ci [21], where DVth is
the shift of threshold voltage, DQdeep is the trap charges that
could be filled by the gate voltage, and Ci, is the unit capac-
itance of gate insulator. So DQdeep may be established to be
1.04 � 1011 cm�2 that represented the difference of trap
charge concentration between conventional CuPc-based
devices and herein CuPc/TiOPc-based devices. Furthermore,
we note that the off-state current of CuPc/TiOPc OFET has a
slight decrease that is different from those heterojunction
devices in the previous reports [12,13]. It is possibly attrib-
uted to the energy level of CuPc and TiOPc that are similar
which induces the amount of accumulated charges at the
interface decrease and then result in a low bulk conductiv-
ity [22]. As a result, the whole device performances were
Pc. (d) 20 nm CuPc on 7.5 nm TiOPc. The insets are TiOPc films (2.5, 5, and
evice performances of OFETs. The thickness of CuPc was kept at 20 nm.
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improved due to the optimization of film properties by tem-
plating effects, as well as heterojunction functions.

For further clarifying the TiOPc template effects, the
thickness dependence of device performances was investi-
gated. The 20 nm CuPc film morphologies growth on TiOPc
with different thicknesses have been shown in Fig. 3. The in-
sets in Fig. 3a–c are the AFM images of TiOPc with different
thicknesses (2.5, 5, and 7.5 nm), in which the film continuity
was gradually improved with the increase of thickness that
resulted. According to 2.5 nm TiOPc substrate, CuPc grains
are similar with CuPc/OTS due to many vacancy areas of
TiOPc film (see inset Fig. 3a). However, the grains exhibited
domain-oriented arrangement when the TiOPc thickness is
5 nm. Further increasing the thickness to 7.5 nm, CuPc
grains formed closer contact and domain orientation
seemed to be slightly lowered that is attributed to the
improvement of TiOPc continuity. As a result, the TiOPc
thickness played a crucial role for the growth of CuPc.
5 nm is a critical thickness for the form of high-ordered, do-
main-oriented CuPc film. Fig. 3d shows mobility and thresh-
old voltage as a function of TiOPc thickness. It can be found
that the highest mobility and the lowest threshold voltage
were obtained from the devices with 5 nm TiOPc template.
The decrease of TiOPc thickness induces the reduction of the
domain-oriented area of CuPc, which results in the drop of
device performances. On the other hand, when further
increasing TiOPc thickness (7.5 nm) to form continuity film,
it probably exhibits TiOPc charge transportation behavior
that leads to low mobility. In this case, the electrical charac-
teristics of OFET are comparable with those of single-layer
TiOPc device when the TiOPc thickness is successively
increased to 20 nm. Thereby, a peak value of device perfor-
mance appears with the change of TiOPc thicknesses.

Both the morphology of organic heterojunction films
and its corresponding electrical structure have strong influ-
ences on OFET performances, simultaneously, they have an
intimate correlation. Generally, this system is very compli-
cated, involving many factors such as energy level, poly-
crystalline film morphology, and interface properties of
two components. According to this topic, relative studies
are just beginning. TiOPc/CuPc pair will provide a distin-
guished example to detect some unique characteristics that
occurred in organic semiconductors, which are expected to
push the study of new organic electrical devices.

4. Conclusion

In summary, CuPc film with domain-oriented crystal
structure has been prepared by employing titanyl-phthalo-
cyanine (TiOPc) as molecular template deposited at a high
substrate temperature. CuPc molecules stand up on the top
of TiOPc domains, at the same time closely stacking among
domains and high-order arrangement were observed. The
corresponding OFETs devices were fabricated that exhib-
ited an improved device performance, a 0.12 cm2/V s of
mobility and a 105 of on/off ratio. Threshold voltage also
revealed a decrease of 13 V compared with that of conven-
tional devices. All results were attributed to the controlling
of film morphology and heterojunction functions realized
by the TiOPc template. These indicated that molecular
template is an effective method for the preparation of
high-quality thin-film applied in organic optoelectronics.
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removal. Additionally, most of the recent researches typi-
cally have used organic/polymer substance for the deposit-
ing materials [16].

In this report, we demonstrate high-resolution pat-
terned inorganic Ag nanoparticulate electrodes and organic
semiconductors using non-relief-lithography pattering
technology for all printed organic thin film transistors
(OTFTs). Using surface patterning of self-assembled mono-
layer (SAM) by direct deep-ultraviolet (DUV) light expo-
sure, photoresist processing can be avoided and barrier-
like structure for defining electrodes were fabricated from
non-relief-lithography process [8]. Additionally, for fast
and cost effective processing, dip-casting process was car-
ried out by controlling withdrawal speed of the surface-
patterned substrates. In particular, our emphasis is on
identifying the physical conditions that ensure ideal pro-
cesses for all printed OTFTs and electronics using the novel
surface patterning process and dip-casting.

2. Experimental

Fig. 1 shows the experimental procedure which was
used to obtain Ag nanoparticulate electrodes and all
printed TFTs. A hydrophobic octadecyltrichlorosilane
(OTS) SAM was formed by immersing the substrate into a
30 mM solution of OTS in hexane. Subsequently, ultrason-
ication process was performed and another OTS formation
process was carried out for building dense and stable SAM.
Spatial patterning of OTS covered substrates was achieved
using DUV exposure through a quartz mask [17,18]. The
DUV radiation was obtained from a low pressure mercury
lamp with primary output wavelengths of 254 nm (90%)
and 185 nm (10%). The 185 nm exposure results in rapid
removal of the OTS SAM layer. Our preliminary measure-
ment of contact angles from water droplet has shown
100� and 20� before and after OTS removal, respectively
on SiO2 surface. Deep ultraviolet light exposure was con-
ducted by UV ozone cleaner (UV253H, Filgen, Japan).
Fig. 1. Process flow of non-relief-lithography process for pa
Ag nanoparticulate solution including an average nano-
particle diameter of 10–20 nm was purchased from InkTec
(www.inktec.com) Company. For controlling Ag ink viscos-
ity, ethanol was added into the original solution and stirred
at the temperature 60 �C for 2 h. The ink viscosity was
measured by SV-10 (Sine-Wave vibro viscometer, A&D
Company, Japan). Dip-casting process was performed to
fabricate Ag electrodes using home-made dip-casting sys-
tem with a stepping motor in air ambient at room temper-
ature. Surface patterned substrates (patterned hydrophilic
area on SiO2/Si) were fully immersed into the Ag nanopar-
ticulate solution and withdrawn with a controlled speed.
After waiting for 30 min, the patterned Ag electrodes were
annealed with a temperature of 180 �C for 30 min on a hot
plate in air ambient. The resistivity of Ag electrodes were
averaged by measuring at least four point in a sample.

The bottom gate and bottom contact all printed OTFTs
were fabricated on heavily doped p-type Si wafers with a
200 nm thermally grown SiO2 layer. The Si wafer was used
as both substrate and common gate electrode, while the
SiO2 layer acted as a gate dielectric layer. Using the non-re-
lief patterned surface patterning, source/drain Ag elec-
trodes for TFTs were fabricated on thermally oxidized
silicon wafer by controlling various dip-casting parame-
ters. For the organic and inorganic active layer deposition,
two deposition methods such as an ink-jetting and a dip-
casting were used, respectively. The solution-processed or-
ganic semiconductors, 6,13-bis(triisopropyl-silylethynyl)
pentacene (TIPS-pentacene) [19], was prepared from
2 wt% chlorobenzene solution. After second surface pat-
terning process on the pre-patterned Ag electrodes, active
organic semiconductor layer deposition was performed by
using piezoelectric ink-jet printing system (UniJet UJ2100).
The piezoelectric ink-jet nozzle had a diameter of 50 lm
(orifice size of 50 lm). The frequency of the jetting was
150 Hz and the diameter of the ink drop was approxi-
mately 30–50 lm. All the electrical measurements were
performed using Keithley 4200-SCS in a dark and air ambi-
ent at room temperature.
tterning solution-processed organic semiconductors.

http://www.inktec.com
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3. Results and discussion

3.1. Non-relief lithographic patterning of nanoparticulate Ag
electrodes

To fabricate the barrier-like structure, a functional SAM
(see experimental section) was patterned onto the sub-
strate using deep ultra-violet (DUV) light exposure. The
deposited nanoparticulate Ag solution can be steered into
the desired hydrophilic areas by low surface energy SAMs
and the barrier-like structure. Because this approach does
not require photoresist coating, development, and removal
processes, the non-relief patterning of a SAM can easily re-
sult in a fine-patterned barrier-like structure, making it
cost effective. Direct DUV exposure of a SAM also offers
great flexibility for two dimensional patterning. Patterning
is not limited to surface energy effects and chemical reac-
tivity or other surface properties can be used to meet the
needs of specific applications [18]. DUV irradiation of si-
lane SAMs typically induces a photochemical reaction
which involves cleavage of Si–O or O–C bonds to form a
reactive oxygen radical, which can react with atmospheric
oxygen and moisture to form silanol or hydroxyl groups
and produce a hydrophilic surface [20]. Thus, for a hydro-
phobic SAM, DUV irradiation can result in a hydrophobic
to hydrophilic transformation.

Firstly, we investigated the influence of withdrawal
speed of substrates which may be effective to control ink
volume deposited on hydrophilic area. In dip-casting pro-
cess, a patterned OTS substrate is immersed into Ag nanop-
articulate solution for a certain time (around 1 min), and
then withdrawn at a well-defined speed under controlled
temperature and atmospheric conditions. Ethanol was
mixed into original nanoparticulate Ag solution with a var-
Fig. 2. (a) Optical micrographs of patterned Ag nanoparticulate electrodes from
patterned electrodes as a function of withdrawal speed, and (c) an averaged lin
ious volume ratio to control the ink viscosity. Fig. 2a shows
optical micrographs of patterned Ag nanoparticulate elec-
trode arrays from various withdrawal speeds. As shown
in Fig. 2b, thinner thickness (thus smaller amount of ink
in a hydrophilic area) was obtained from slower with-
drawal speed because of stronger liquid–liquid interaction
than liquid–solid (substrate) interaction [7,21]. The elec-
trodes from lower withdrawal speed from 1–10 mm/min.
typically have shown some aggregation of Ag nanoparticu-
lates with no fine-patterning structures (less than 40 lm),
which is possibly due to fast solidification of Ag nanopar-
ticulates from small amount of solvent in thinner film.
Additionally, a significant aggregation of the ink was also
observed at faster withdrawal speed (Fig. 2a). Typically
smaller volume of ink has led to thinner film and thus
higher convective and Marangoni flow enhanced by the in-
creased surface tension may induce faster evaporation of
solvents in the films [22]. In our experiments, the thinner
films from withdrawal speed from 1–10 mm/min. result
in fast solvent evaporation before the splitting of ink,
inducing incomplete dewetting or splitting. Fig. 2c indi-
cates the averaged line width and pitch as a function of
withdrawal speed from 10 times repeated experiments.
The thicker films from the faster withdrawal speed are also
problematic for fine-patterning process.

The influence of Ag ink viscosity was also studied while
maintaining withdrawal speed of 50 mm/min. Ink viscosity
was controlled by the addition of ethanol into original
nanoparticulate Ag solution. High ink viscosity (>2 mPa s)
typically has led to too thick film which is beyond the crit-
ical thickness Hc for fine-pattern splitting. In contrast, low-
er viscosity ink induced too thin film and thus fast
evaporation of solvent occurred before the splitting
of ink, resulting in incomplete dewetting. Similar to the
surface patterning and dip-casting process, (b) an averaged thickness of
e width and pitch of electrodes as a function of withdrawal speed.
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influence of withdrawal speed, ink viscosity also appears to
be closely related to the ink volume or liquid thickness on
the pre-patterned area [23,24]. Fig. 3a and b demonstrates
the optical and confocal micrographs which show rela-
tively uniform distribution of dip-cast Ag electrode from
the surface patterning and dip-casting process. These
images may provide additional information regarding
thickness uniformity of the self-formed Ag electrodes.
The dip-casted Ag dots or line arrays from optimal condi-
tions typically have shown an average thickness 120 nm
with ±15 nm variations and more than 80% uniformity.
Fig. 3c shows an average limit of electrode resolution and
pitch as a function of ink viscosity. Fig. 3d shows the resis-
tivity of Ag electrodes as a function of electrode thickness
and viscosity. For the application of printed electronics,
the conductivity of electrodes is also critical for large area
electronics and device performance. Typically, the direct
printed Ag electrodes including thickness >50 nm shows
resistivity of low 10�5 X cm ranges through annealing at
180 �C for 30 min, which is a little bit higher or similar to
that of vacuum deposited metal thin films.

From our experiments, the differential wettability from
solution process seems to be mainly defined by contact an-
gles and geometry of surface. Incomplete splitting of ink
was typically observed in samples which had too fast/slow
withdrawal speed and higher ink viscosity which are likely
to related with volume of the ink solution on hydrophilic
area. According fluid-dynamic model [25], in a homoge-
neous solid substrate, the contact angle h satisfies the
Young equation [26].

cosðhÞ ¼ ðrVS � rLSÞ=rLV

where rVS, rLS, and rLV are the vapor–solid, liquid–solid,
and liquid–vapor interfacial tensions, respectively. In our
preliminary experiments, the contact angles of 100� (hd:
Fig. 3. (a) Optical micrographs (left) and confocal 3D micrographs (right) of pat
electrodes as a function of ink viscosity, and (c) an averaged thickness and resis
contact angle on hydrophobic area) and 20� (hc: contact
angle on hydrophobic area) were measured on hydropho-
bic area (OTS SAM) and patterned hydrophilic area, respec-
tively. During the dip-casting process, the hydrophilic
stripes are completely covered by Ag ink, and the contact
lines of this channel are located at the surface domain
boundaries. As more Ag ink adds onto the hydrophilic
stripes, the thickness of ink increases but they still have
the shape of cylindrical or spherical caps and their contact
lines are still pinned at the domain boundaries, resulting in
increased contact angles, which no longer satisfies the
Young equation. With appropriate ink volume (from with-
drawal speed/ink viscosity), the contact angle of Ag ink at
the boundaries are well consistent with differential wetta-
bility condition [27] such as

hd < h < dc

If the ink volume on the hydrophilic stripes is more than a
critical value (or thickness Hc), the contact angle exceeds
hd, developing a bulge as soon as the contact angle h > hd.
If the two neighboring bulges are enough close to merge
or bridge, the patterned Ag electrodes typically have
shown instable patterning properties. This is well consis-
tent with our observation which indicates narrow pro-
cess-window in fine-pitch electrode arrays as well as
instable Ag ink patterns from too fast withdrawal speed
and high ink viscosity.

As well as the effect of contact angle change, the pat-
terning resolution during dip-casting process seems to be
also affected by polarity and vapor pressure of solvents.
Typically, a polar solvent is affected more by a hydrophobic
surface, resulting in higher resolution patterning possible
[14]. The flowing speed of the Ag nanoparticulate solution
on the heterogeneous surface should be faster than that of
solvent evaporation speed, which can steer the liquid into
terned Ag nanoparticulate electrodes, (b) an averaged pitch of patterned
tivity of patterned electrode as a function of ink viscosity.
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desired area before solidification of the ink solution on
hydrophobic area. In our experiments, ethanol is continu-
ously evaporated during the dip-cast process, inducing
change of interface/surface energy of the liquid on the
hydrophilic stripes. Therefore, if the solidification exceeds
a critical value before splitting occurred, the interaction
energy for repelling between the liquid and hydrophobic
solid is critically diminished, resulting in poor dewetting
properties. Therefore, solvents including lower vapor pres-
sure may limit the resolution of electrode arrays due to
their faster evaporation speed. For the results described
here, it is likely that patterning geometry, withdrawal
speed, ink viscosity, solvent polarity, and vapor pressure
are some of the key factors for the simple and high-resolu-
tion Ag nanoparticulate patterning process.

Fig. 4 shows simple comparison between direct printed
Ag nanoparticulate electrodes by well-controlled ink-jet
printing including ink drop size of around 35 lm on non-
surface treated substrate and dip-cast Ag nanoparticulate
electrodes on differentially patterned substrate using the
non-relief-lithography patterning technology. As shown
in this figure, while it may be difficult to obtain high reso-
lution and fine-pitch electrodes on untreated surface even
using a well-controlled direct ink-jet printing due to the
larger ink-droplet and the difficulty of controlling ink
spread, the dip-cast electrodes with non-relief patterned
lithography patterning have shown high-resolution and
fine-pitch, implying simple and high-resolution patterning
possible.

3.2. All printed organic thin film transistors

The bottom gate and bottom contact all printed OTFTs
were fabricated on heavily doped p-type Si wafers with a
200 nm thermally grown SiO2 layer. The Si wafer used as
both substrate and common gate electrode, while the
SiO2 layer acted as a gate dielectric layer. Using the non-re-
lief patterned surface patterning, source/drain Ag elec-
trodes for TFTs were built on thermally oxidized silicon
wafer. Fig. 5a shows the optical micrograph of fabricated
source and drain electrodes on SiO2 layer. The channel
length of 5–10 lm were easily achieved using the non-re-
lief-patterned surface pattering and dip-casting process. To
achieve fine patterning of organic and inorganic semicon-
ductors, second non-relief-patterned surface patterning
Fig. 4. Optical micrographs of (a) direct ink-jet printed Ag nanoparticulate electr
using the non-relief patterned lithography patterning and dip-casting.
was performed with the identical process of first surface
patterning, resulting in a new barrier structure for confin-
ing semiconductor solutions.

Firstly, TIPS-pentacene from 2 wt% chlorobenzene solu-
tion was ink-jetted over the pre-patterned barrier-like
structure. The schematic diagram of fabricated bottom
contact and bottom gate TIPS-pentacene OTFTs was dem-
onstrated (bottom of Fig. 5b). As shown in Fig. 5b, dropped
TIPS-pentacene ink was automatically confined within the
patterned OTS area. The diameter of dropped ink was
around 30 lm with a volume of 30 pl. Fig. 5c shows

p
ID

and log(ID) versus VGS characteristics for VDS = �40 V, and
ID versus VDS characteristics for the TIPS-pentacene OTFT
with a surface energy patterned source–drain electrode
and active layer deposited from a 2 wt% chlorobenzene
solution. All electrical measurements were performed in
an air ambient at room temperature. The device had a gate
length of 10 lm, a gate width of 100 lm, and a 200 nm-
thick silicon dioxide gate dielectric. The electrical charac-
teristics such as field-effect mobility of about 0.03–
0.06 cm2/V s, on/off current ratios > 106, and subthreshold
slope < 0.7 V/decade were obtained from more than 20 de-
vices measurements. The typical performance of all printed
OTFTs fabricated from the surface patterning and dip-cast-
ing process was similar to that of same configuration
OTFTs (0.02–0.06 cm2/V s) from ink-jet printed semicon-
ductors and photolithographically patterned bottom con-
tact electrodes [14,28,29].

Although we demonstrate non-relief-lithography-pat-
terned Ag nanoparticulate source/drain electrodes based
OTFTs, adopting the novel patterning technology to poly-
mer substrate or organic dielectric is still problematic
due to the difficulty of chemical reaction between OTS
and polymer substance. Recently, a successful non-relief-
lithography patterning of organic semiconductors on
polymer gate dielectric materials was reported using a
composite silane SAM layers [30]. The composite SAM
layer was used as a base layer to promote dense and uni-
form formation of phenyl groups, which cannot be
achieved by direct reaction between the SAMs and the
polymer surface. The composite layer also contains alkyl
groups which lead a hydrophobic state. Additionally, in
our recent experiments, differential surface states were
successfully obtained on polymer substrates and dielectric
materials using the same non-relief-lithography patterning
odes on untreated surface and (b) patterned Ag nanoparticulate electrodes



Fig. 5. (a) Optical micrograph of patterned Ag nanoparticulate source/drain electrodes for unit TFT and simple circuit from surface pattering and dip-casting
process, (b) optical micrographs of ink-jet printed TIPS-pentacene on the patterned electrodes, and (c) electrical characteristics of all printed TIPS-pentacene
OTFT (

p
IDS � VGS and log(IDS) � VGS (VDS = �40 V), IDS � VDS) from surface patterning and dip-casting.
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process and a specially developed surface surfactant. Based
on the recently developed technologies and materials, we
believe that forming multi-stacking layers will be possible
from the non-relief patterning technology and dip-casting
for all printed high-resolution flexible OTFTs and
electronics.
4. Conclusions

In summary, using a surface patterning, photoresist-
free process and simple dip-casting, we have fabricated
reproducible all solution-processed transistors with pat-
terned active layers and source/drain electrodes. The influ-
ences of ink viscosity, deposition speed, solvent polarity,
and boiling point were systematically investigated to ob-
tain high-resolution and fine-pitch printed Ag nanopartic-
ulate electrodes. Based on the patterned electrodes, we
have demonstrated all printed high-resolution and short
channel OTFTs. This simple patterning technology for solu-
tion-processed inorganic and organic materials can pro-
vide not only high resolution but also reproducible and
high performance flexible printed electronics. This work
demonstrates that surface energy patterning technology
may provide a path to low-cost and high performance all
printed electronics.
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Until now, PCE up to 5% has been achieved from the BHJ
of poly(3-hexylthiophene) (P3HT) blended with PCBM [1].
Although the transport properties have been dramatically
improved by vertical phase separation of both donor and
acceptor due to the self-organization effect [2–5], they still
lack the absorption in the red and infrared regions. There-
fore, great deal efforts have been undertaken to enhance
the JSC of solar cells by enhancing the absorption spectra
of active layers. Recently, much work has been focused
on synthesis the conjugated polymers [6–13]. Among sev-
eral types of organics materials, polymer with electron do-
nor–acceptor architectures is one of the most efficient
ways to synthesize the narrow bandgap polymers. The ef-
fect of intramolecular charge transfer between the electron
donor and acceptor units has been found in the polymers
with donor–acceptor architectures leading to a narrow
bandgap [14–21].

Recently, much BHJ polymer solar cells using polyfluo-
rene based alternating copolymers as donor have been re-
ported due to their high charge carrier mobility [22,17].
However, polyfluorene copolymers in general have high
bandgaps giving blue-shift optical absorption and hence
have limited the photocurrent generation. For example,
poly[9,9’-dioctyl-fluorene-co-bithiophene] (F8T2) only ab-
sorbs light at wavelengths less than 500 nm [23]. Even
though F8T2 exhibits excellent thermo tropic liquid crys-
tallinity allowing better chain packing via self-assembly
[24], the poor absorption still depresses the extraction of
photocurrent dramatically. In this article, the BHJ device
performance of a low-bandgap polyfluorene copolymer
which comprises the phenothiazine units is reported. The
copolymer used for here is referred to as PF-PThCVPTZ.
With the incorporation of phenothiazine units into PF,
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Scheme 1. Synthetic rout
the absorption can be stretched due to the donor–acceptor
structure.

2. Experimental

2.1. Synthetic procedures

2.1.1. Synthesis
Monomer was synthesized according to a reported pro-

cedure [25], and the characterization is described as fol-
lows. The copolymer PF-PThCVPTZ is shown in Scheme 1,
and this synthetic procedure is described as follows.

2.1.2. Monomer
Yield: 53%. 1H NMR (CDCl3, ppm), d: 7.72 (dd, J = 8.7,

1.8 Hz, 1H), 7.45–7.36 (m, 3H), 7.29–7.18 (m, 3H), 7.07–
7.01 (m, 5H), 6.79 (d, J = 8.7 Hz, 2H), 3.80 (t, J = 7.2 Hz,
2H), 1.80 (m, 2H), 1.45–1.14 (m, 6H), 0.89 (m, 3H). 13C
NMR (CDCl3, ppm), d: 148.11, 146.00, 143.66, 140.67,
140.14, 138.08, 135.80, 134.54, 132.05, 131.00, 130.89,
130.67, 128.54, 128.11, 127.49, 126.56, 125.31, 124.32,
123.88, 123.53, 122.87, 116.56, 116.49, 115.43, 114.99,
112.64, 112.62, 102.51, 100.94, 48.00, 31.35, 29.67, 26.49,
22.59, 13.98. MS (EI): m/z [M+] 788.94, calcd m/z [M+]
789.0. Anal. Calcd for C36H27Br2N3S4: C, 54.75; H, 3.45; N,
5.32. Found: C, 55.19; H, 3.90; N, 4.82.

2.1.3. General procedure for the synthesis of PF-PThCVPTZ
The synthetic route of polymers is shown in Scheme 1.

The polymerizations was carried out through the palla-
dium(0)-catalyzed Suzuki coupling reactions. Into 50 mL
of two-neck flask, 1 equiv of monomer and 1 equiv of
2,7-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-
N

S

C6H13

S

NCCN

S
Br

6H13

S

NC

S *

VPTZ

Monomer

es of PF-PThCVPTZ.
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Fig. 1. Cyclic voltammogram of PF-PThCVPTZ film cast on a platinum
wire in 0.1 M LiClO4/acetonitrile at 50 mV/s. (Inset: picture of the polymer
film on the ITO electrode at different coloration states.)
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dihexylfluorene (1) were added in 10 mL of anhydrous tol-
uene. The Pd(0) complex, Pd{P(p-tolyl)3}3 (1 mol%), was
transferred into the mixture in a dry environment. Then,
2 M aqueous potassium carbonate and the phase transfer
catalyst, i.e., aliquat 336 (several drops), were subse-
quently transferred via cannula into the previous mixture
under nitrogen. The reaction mixture was stirred at 90 �C
for 2 days, and then the excess amount of iodobenzene
and phenylboronic acid, the end-capper, dissolved in
1 mL of anhydrous toluene was added and stirring for
4 h, respectively. The reaction mixture was cooled to
50 �C and added slowly into a vigorously stirred mixture
of 300 mL of methanol. The polymers were collected by fil-
tration and reprecipitation from methanol. The crude poly-
mers were further purified by washing with acetone for
3 days in a Soxhlet apparatus to remove oligomers and cat-
alyst residues. The resulting polymers were soluble in
common organic solvents.

2.2. Fabrication of photovoltaic devices

The PV devices in this study consists of a layer of PF-
PThCVPTZ:PCBM blend thin film sandwiched between
transparent anode indium tin oxide (ITO) and metal cath-
ode. Before device fabrication, the ITO glasses
(1.5 � 1.5 cm2) were ultrasonically cleaned in detergent,
de-ionized water, acetone and isopropyl alcohol before
the deposition. After routine solvent cleaning, the sub-
strates were treated with UV ozone for 15 min. Then, a
modified ITO surface was obtained by spin-coating a layer
of poly(ethylene dioxythiophene): polystyrenesulfonate
(PEDOT:PSS) (�30 nm). After baking at 130 �C for 1 h, the
substrates were then transferred into a nitrogen-filled
glove box. The polymer PV devices were fabricated by
spin-coating blend of PF-PThCVPTZ:PCBM on the PED-
OT:PSS modified ITO surface. Subsequently, a 30 and
100 nm thick of calcium and aluminum was thermally
evaporated under vacuum at a pressure below
6 � 10�6 Torr through a shadow mask. The active area of
the device was 0.12 cm2. In the hole-only devices, the
MoO3 was used to replace Ca with higher work function
(U ¼ 5:3 eV), which is a good hole injection contact for
PF-PThCVPTZ:PCBM [26]. The MoO3 was thermally evapo-
rated with a thickness of 20 nm and then capped with
50 nm of Al. For the electron-only devices, PEDOT:PSS layer
was replaced with CsCO3 (U ¼ 2:9 eV) which has been used
as an efficient electron injection layer [27]. The Cs2CO3 was
thermally evaporated with a thickness of 2 nm. The active
layers were annealed at 130 �C for 20 min before the hole
and electron-only devices were fabricated.

2.3. Characterization of polymer films and PV devices

Cyclic voltammetry (CV) studies were performed with a
three-electrode cell with 0.1 M LiClO4/ACN using ITO as the
working electrode, a platinum sheet as the counter elec-
trode, and nonaqueous Ag/Ag+ (containing 0.01 M AgNO3

and 0.1 M TBAClO4 in ACN) as the reference electrode.
For measuring absorption and photoluminescence (PL)
emission properties of polymer films, samples were fabri-
cated on a glass substrate. The UV–visible absorption spec-
tra were measured using a Jasco-V-670 UV–visible
spectrophotometer. PL spectra were obtained using a Hit-
achi F-4500 photoluminescence. Surface morphologies
were observed by an atomic force microscopy (AFM, Digi-
tal instrument NS 3a controller with D3100 stage). The
thickness of all polymer films was measured using a sur-
face profiler (Alpha-step IQ, KLA Tencor). Current–voltage
(J–V) characteristics were measured in the glove box under
nitrogen atmosphere with simulated AM 1.5 G irradiation
at 100 mW/cm2 using a xenon lamp based solar simulator
(Thermal Oriel 1000 W). The light intensity was calibrated
by a mono-silicon photodiode with KG-5 color filter (Ham-
amatsu, Inc.). The external quantum efficiency (EQE) action
spectrum was obtained at short-circuit condition. The light
source was a 450 W Xe lamp (Oriel Instrument, model
6266) equipped with a water-based IR filter (Oriel Instru-
ment, model 6123NS). The light output from the mono-
chromator (Oriel Instrument, model 74100) was focused
onto the photovoltaic cell under test.

3. Results and discussion

The CV was performed to investigate the electronic
state of the PF-PThCVPTZ. As shown in Fig. 1a, the CV of
PF-PThCVPTZ presents an oxidation process (E1=2

ox ¼ 0:89 V
vs. Ag/Ag+) and a reduction process (E1=2

red ¼ �1:08 V). Fur-
thermore, the Eonset

ox and Eonset
red are 0.78 and �0.81 V, respec-

tively, which allows us to calculate the highest molecular
orbital (HOMO) and lowest molecular orbital (LUMO)
according to following equation [28]: EHOMO=LUMO ¼
½�ðEonset � 0:45Þ � 4:8� eV. The factor of 0.45 and 4.8 are de-
rived from the formal potential for ferrocene vs. Ag/Ag+

and the energy level of ferrocene below the vaccum. On
the basis of these electrochemical data, the HOMO and
LUMO levels can be defined as �5.13 and �3.54 eV. There-
fore, the bandgap offset between the LUMOs of PF-
PThCVPTZ and PCBM is enough for electrons to be driven
forward. Moreover, the polymer also reveals a multiply
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colored electrochromic property. Fig. 1a shows the photo-
graphs of PF-PThCVPTZ films in uncharged (neutral, red),
half (Re-1, green) and full (Re-2, blue) reduction states.
The film colors are homogenerously distributed across
the electrode surface and the color changes are easily de-
tected by the naked eye.

The normalized optical absorption spectra of the PF-
PThCVPTZ in solution and solid film and PL emission spec-
tra of pristine polymer and their blend films with PCBM are
depicted in Fig. 2. The solid film shows similar absorption
pattern compared with the one of solution. However, slight
red-shift still can be observed due to the interchain associ-
ation and aggregation in the solid state. The PF-PThCVPTZ
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Fig. 3. JSC plotted as a function of the thickness of active layer for the PF-
PThCVPTZ:PCBM solar cells. (Inset: corresponding J–V characteristics.)

400 500 600 700 800

0.2

0.4

0.6

0.8

1.0

1.2
 PF-PThCVPTZ in DCB
 PF-PThCVPTZ in film

 P
ho

to
lu

m
in

es
ce

nc
e 

(a
.u

.)

Wavelength (nm)

A
bs

or
ba

nc
e 

(n
or

m
al

iz
ed

)

 PF-PThCVPTZ film
 PF-PThCVPTZ :PCBM (1:1)

Fig. 2. UV–vis spectrum in DCB (dash line) and in the solid state (solid
line), photoluminescence in solid state (h) and photoluminescence
quenching for PF-PThCVPTZ:PCBM (1:1) (s).
film reveals a spectral absorption with a peak at 510 nm
and an absorption onset at 645 nm. Furthermore, the cor-
responding PL emission maxima kem of PF-PThCVPTZ is
centered at 660 nm. The PL emission is significantly
quenched by the addition of 50 wt% PCBM. This highly effi-
cient photoluminescence quenching is the consequence of
ultrafast photoinduced charge transfer from the polymer
to PCBM. Based on these characterizations, the copolymer
is an excellent candidate to fabricate the photovoltaic
devices.

The current density for the devices with varying active
layer thickness are plotted in Fig. 3. The devices were fab-
ricated by spin coating a solution of PF-PThCVPTZ/PCBM
(1:1 in weight, 4 mg/mL) dissolved in 1,2-dichlorobenzene
(DCB). The VOC remains unchanged at about 0.8 V on
changing the active layer thickness as shown in the inset.
However, the JSC and the PCE of the devices vary signifi-
cantly with thickness. The JSC varies from as low as
1.20 mA/cm2 (for the device with active layer thickness,
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t = 64 nm) to as high as 3.67 mA/cm2 (t = 170 nm) and back
to 3.0 mA/cm2 (t = 255 nm). The increased JSC is contrib-
uted from the larger absorbance with thicker active
layer. However, the JSC decreases with a thickness larger
than 169 nm due to the large series resistance and poor
charge transport leading to a serious recombination [29].
An efficiency of 1.23% is achieved for the device with
t = 170 nm.

Fig. 4 shows the performance parameters of the mea-
sured devices, namely JSC, VOC, FF and PCE as a function
of PCBM weight ratios. First, the JSC increases from 2.98
for the device with containing 33 wt% PCBM to 3.87, and
4.93 mA/cm2 for those containing 50 and 66 wt% PCBM.
However, the JSC decreases with a larger PCBM weight ratio
as shown in Fig. 3a which means that a higher PCBM
weight ratio leads to an imbalanced mobility between do-
nor and acceptor, thus impeding the charge transport. Sec-
ond, the VOC and the FF strongly decrease with PCBM
loading, resulting in a doubling of the calculated PCE when
increasing the PCBM concentration from 33 to 80 wt%.
According to our previous work [30], we have found that
the values for VOC and FF based on polyfluorene copolymer
Fig. 5. AFM images of the blended films cast f
decrease monotonically with increasing fullerene content
in the BHJ films. This can be rationalized by the incomplete
charge generation and transport resulted from the aggre-
gation of the large amount of fullerenes [31]. The best cell
has an active layer thickness of about 180 nm, containing
66 wt% of PCBM with a JSC of 4.93 mA/cm2, a VOC of
0.77 V, a FF of 40%, and a PCE of 1.51%.

In order to control the morphology of the blending
films, we investigated the effect of solvents with different
boiling points. Fig. 5 compares the morphology of the films
cast from chloroform (CF), chlorobenzene (CB), DCB and
1,2,4-trichlorobenzene (TCB) with the boiling points of
60, 132, 180 and 218 �C, respectively. The images are ob-
tained in tapping mode for a 2 � 2 lm2 surface area. It
can be found the films spin-cast from CB, DCB and TCB
show a coarse chainlike feature stretching across the sur-
faces. With higher boiling point, the chainlike feature is
more obvious and the root mean square roughness (RMS)
also increases from 4.3 (for the film cast from CB) to 7.8
(TCB). These chainlike features are originated from the
strong p–p stacking of the polymer chains which is be-
lieved to enhance the charge transport [32,33]. This feature
rom (a) CF, (b) CB, (c) DCB and (d) TCB.
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is well known and easily reproducible for the P3HT:PCBM
blends using slow growth with high boiling point solvent
such as TCB or DCB. In contrast, the film prepared from
CF solution appears a very smooth surface without appar-
ent nanostructure. Although CF is a good solvent for PF-
PThCVPTZ, however, its low boiling point and rapid evapo-
ration limit the time for crystallization during the spin-
coating process.

To further understand the dependence of charge trans-
fer properties on morphologies that were introduced by
varying the solvents, we have performed dark current
measurements on hole-only and electron-only devices
based on the blend films. The charge mobilities were calcu-
lated by space-charge limited current (SCLC) [34]. The dark
current is given by J = 9e0erlV2/8L3, where e0er is the per-
mittivity of the polymer, l is the carrier mobility, and L
is the device thickness. The hole and electron mobilities
of the blend films preapard from different solvents are
summarized in Table 1. For the device made by CF have
the lowest hole and electron mobility. Overall, the largest
mobility can be found in the devices fabricated from TCB.
The hole and electron mobility up to 1.93 � 10�8 and
2.41 � 10�8 m2 V�1 s�1 is observed. Furthermore, we ob-
served more balanced charge mobility (lh/le = 0.8) in the
film cast from TCB which can enhance the photocur-
rent.[35,36] For both DCB and TCB (which has a higher
boiling point) it takes 10–15 min for the film to dry, while
films cast from CF would dry within a few seconds of spin-
ning. Therefore, the molecules in TCB can self-organization
over a long time to form a thermodynamically favored
structure leading to higher charge mobility [37,38].

Fig. 6 shows the J–V curves and EQE of the PV devices
fabricated from various solvents. The JSC values of the de-
vices fabricated from CF, CB, DCB and TCB are 2.45, 3.58,
4.73 and 5.37 mA/cm�2, and the FF values are 45.4, 41.4,
38.3 and 43.0%, respectively. The VOC values of all cases
are almost the same (0.80 V). As a result, the PCE of
1.84% is the highest among these devices which is obtained
from TCB. The highest JSC of device fabricated from TCB can
be realized by the slow growth effect which provides a
charge transport channel formed from self-organization
leading to a higher photocurrent. This is supported by
EQE characterization. After measuring the J–V curves, the
devices were encapsulated in a nitrogen-filled glove box,
and the EQE of the devices were measured in air. As shown
in the inset, the devices exhibit a photoresponse covering
from 350 to 650 nm. It can be seen that the EQE values in-
crease by using solvents with higher boiling points. These
results are in good agreement with the values of JSC. The
EQE for the device fabricated from CF shows a maximum
Table 1
A summary of the charge mobility for the PF-PThCVPTZ:PCBM films cast
from different solvents.

Solvent Boiling
point (�C)

Thickness
(nm)

lh

(m2 V�1s�1)
le

(m2 V�1s�1)
lh/
le

CF 60 178 ± 2 8.07 � 10�9 1.39 � 10�8 0.58
CB 132 172 ± 3 1.18 � 10�8 1.91 � 10�8 0.62
DCB 180 168 ± 2 1.74 � 10�8 2.24 � 10�8 0.78
TCB 218 171 ± 1 1.93 � 10�8 2.41 � 10�8 0.80
of 20.7% at a wavelength of 370 nm. On the other hand,
for the device fabricated from TCB, the EQE maximum in-
creases to 39.8 at 450 nm leading to a larger JSC.

4. Conclusion

An alternating PF copolymer, PF-PThCVPTZ, containing
a low-bandgap donor–acceptor segment has been de-
signed and synthesized for use in PV devices. A broad
absorption spectrum in PF-PThCVPTZ film covers the visi-
ble solar spectrum, resulting in an extended photocurrent
response. Under AM 1.5 G 100 mA/cm2 illumination, the
devices fabricated from TCB with 67 wt% PCBM reveal a
PCE of 1.84%. Based on these findings, PF-PThCVPTZ is a po-
tential candidate for application in polymer solar cells.

Acknowledgements

The authors are also grateful to the National Science
Council (NSC), Taiwan, (NSC 96-2221-E-001-017-MY2
and NSC 96-2628-E-007-030-MY2) and Academia Sinica,
Taiwan for financial support.

References

[1] J.Y. Kim, S.H. Kim, H.H. Lee, K. Lee, W. Ma, X. Gong, A.J. Heeger, Adv.
Mater. 18 (2006) 572.

[2] G. Li, V. Shrotriya, J. Huang, Y. Yao, T. Moriarty, K. Emery, Y. Yang,
Nat. Mater. 4 (2005) 864.

[3] M. Campoy-Quiles, T. Ferenczi, T. Agostinelli, P.G. Etchegoin, Y. Kim,
T.D. Anthopoulos, P.N. Stavrinou, D.D.C. Bradley, J. Nelson, Nat.
Mater. 7 (2008) 158.

[4] G. Li, Y. Yao, H. Yang, V. Shrotriya, G. Yang, Y. Yang, Adv. Funct. Mater.
17 (2007) 1636.

[5] S.S. van Bavel, E. Sourty, G. de With, J. Loos, Nano Lett 9 (2009) 507.
[6] A. Gadisa, W. Mammo, L.M. Andersson, S. Admassia, F. Zhang, M.R.

Andersson, O. Inganäs, Adv. Funct. Mater. 17 (2007) 3836.
[7] P.T. Boudreault, A. Michaud, M. Leclerc, Macromol. Rapid Commun.

28 (2007) 2176.
[8] N. Blouin, A. Michaud, D. Gendron, S. Wakim, E. Blair, R.N. Plesu, M.

Belletête, G. Durocher, Y. Tao, M. Leclerc, J. Am. Chem. Soc. 130
(2008) 732.

[9] Y. Li, Y. Zou, Adv. Mater. 20 (2008) 2952.



J.-H. Huang et al. / Organic Electronics 10 (2009) 1109–1115 1115
[10] Y. Liang, Y. Wu, D. Feng, S.T. Tsai, H.J. Son, G. Li, L. Yu, J. Am. Chem.
Soc. 131 (2009) 56.

[11] J. Hou, H.Y. Chen, S. Zhang, G. Li, Y. Yang, J. Am. Chem. Soc. 130
(2008) 16144.

[12] W.Y. Wong, X.Z. Wang, Z. He, K.K. Chan, A.B. Djurišic, K.Y. Cheung,
C.T. Yip, A.M.C. Ng, Y.Y. Xi, C.S.K. Mak, W.K. Chan, J. Am. Chem. Soc.
129 (2007) 14372.

[13] J. Hou, T.L. Chen, S. Zhang, H.Y. Chen, Y. Yang, J. Phys. Chem. C 113
(2009) 1601.

[14] A.B. Tamayo, B. Walker, T.Q. Nguyen, J. Phys. Chem. C 112 (2008)
11545.

[15] F. Zhang, J. Bijleveld, E. Perzon, K. Tvingstedt, S. Barrau, O. Inganäs,
M.R. Andersson, J. Mater. Chem. 18 (2008) 5468.

[16] H.A. Becerril, N. Miyaki, M.L. Tang, R. Mondal, Y.S. Sun, A.C. Mayer,
J.E. Parmer, M.D. McGehee, Z. Bao, J. Mater. Chem. 19 (2009) 591.

[17] W. Mammo, S. Admassie, A. Gadisa, F. Zhang, O. Inganäs, M.R.
Andersson, Sol. Energy Mater. Sol. Cells 91 (2007) 1010.

[18] M. Sun, L. Wang, X. Zhu, B. Du, R. Liu, W. Yang, Y. Cao, Sol. Energy
Mater. Sol. Cells 91 (2007) 1681.

[19] J. Peet, J.Y. Kim, N.E. Coates, W.L. Ma, D. Moses, A.J. Heeger, G.C.
Bazan, Nat. Mater. 6 (2007) 497.

[20] D. Mülhlbacher, M. Scharber, M. Morana, Z. Zhu, D. Waller, R.
Gaudiana, C. Brabec, Adv. Mater. 18 (2006) 2884.

[21] Z. Zhu, D. Waller, R. Gaudiana, M. Morana, D. Mülhlbacher, M.
Scharber, C. Brabec, Macromolecules 40 (2007) 1981.

[22] H. Sirringhaus, T. Kawase, R.H. Friend, T. Shimoda, M. Inbasekaran,
W. Wu, E.P. Woo, Science 290 (2000) 2123.

[23] J. Jo, D. Vak, Y.Y. Noh, S.S. Kim, B. Lim, D.Y. Kim, J. Mater. Chem. 18
(2008) 654.
[24] S. Rait, S. Kashyap, P.K. Bhatnagar, P.C. Mathur, S.K. Sengupta, J.
Kumar, Sol. Energy Mater. Sol. Cells 91 (2007) 757.

[25] K.C. Li, Y.C. Hsu, J.T. Lin, C.C. Yang, K.H. Wei, H.C. Lin, J. Polym. Sci.
Part A: Polym. Chem. 13 (2008) 4285.

[26] V. Shrotriya, G. Li, Y. Yao, C.W. Chu, Y. Yang, Appl. Phys. Lett. 88
(2006) 073508.

[27] V. Shrotriya, Y. Yao, G. Li, Y. Yang, Appl. Phys. Lett. 89 (2006) 063505.
[28] S. Janietz, D.D.C. Bradley, M. Grelly, C. Giebeler, M. Inbasekaran, E.P.

Woo, Appl. Phys. Lett. 73 (1998) 2453.
[29] J.H. Huang, Z.Y. Ho, D. Kekuda, C.W. Chu, K.C. Ho, J. Phys. Chem. C

112 (2008) 19125.
[30] J.H. Huang, C.P. Lee, Z.Y. Ho, D. Kekuda, C.W. Chu, K.C. Ho, Sol. Energy

Mater. Sol. Cells (2009). doi:10.1016/j.solmat.2009.02.019.
[31] J.H. Huang, C.Y. Yang, Z.Y. Ho, D. Kekuda, M.C. Wu, F.C. Chien, P.

Chen, C.W. Chu, K.C. Ho, Org. Electron. 10 (2009) 27.
[32] J.F. Chang, B. Sun, D.W. Breiby, M.M. Nielsen, T.I. Sölling, M. Giles, I.

McCulloch, H. Sirringhaus, Chem. Mater. 16 (2004) 4772.
[33] J.H. Huang, Z.Y. Ho, D. Kekuda, Y. Chang, C.W. Chu, K.C. Ho,

Nanotechnology 20 (2009) 025202.
[34] W.D. Gill, J. Appl. Phys. 43 (1972) 5033.
[35] H.Y. Chen, H. Yang, G. Yang, S. Sista, R. Zadoyan, G. Li, Y. Yang, J. Phys.

Chem. C 113 (2009) 7946.
[36] J.H. Huang, D. Kekuda, C.W. Chu, K.C. Ho, J. Mater. Chem. 19 (2009)

3704.
[37] C.M. Björström, A. Bernasik, J. Rysz, A. Budkowski, S. Nilsson, M.

Svensson, M.R. Andersson, K.O. Magnusson, E. Moons, J. Phys.:
Condens. Matter. 17 (2005) L529.

[38] S.Y. Heriot, R.A.L. Jones, Nat. Mater. 4 (2005) 782.

http://dx.doi.org/10.1016/j.solmat.2009.02.019


A.K. Rath, A.J. Pal / Organic Electronics 10 (2009) 1116–1119 1117
In this article, we study how the electric polarization or
dipole moment of a ferroelectric polymer can induce NDR
effect in organic devices. As a ferroelectric polymer, we
have chosen poly(vinylidene fluoride) (PVDF), which is
particularly important as non-volatile memory elements
with high stability and excellent solubility. We show how
the electric polarization of PVDF induces NDR in an organic
molecule that otherwise does not exhibit any NDR effect.

2. Experimental

The molecule of interest in this work is fluorescein,
which is a molecule in the xanthene class known for organ-
ic memories [9]. Fluorescein has exhibited electrical bista-
bility through carrier-transporting channels [24].
Molecular structure of fluorescein is shown in the inset
of Fig. 1. It can be mixed well with PVDF in a common sol-
vent to form spun-cast films. Powder form of PVDF
(MW = 534,000), obtained from Aldrich Chemical Company,
was sonicated to dissolve in THF. In this work, we have var-
ied the concentration of fluorescein in PVDF matrix be-
tween 5% and 50%. Apart from PVDF:fluorescein films,
thin-films were obtained from only PVDF and fluorescein.
All the films were spun from 20 mg/ml solution in tetrahy-
drofuran (THF) to keep the thickness the same (around
150 nm). The films were annealed at 60 �C for 4 h. Indium
tin oxide (ITO) coated glass substrates acted as the base
electrode; aluminum (Al), thermally evaporated under
10�6 Torr, was the top electrode. PVDF thin-films had an
electroactive b-phase due to residual stresses between
the films and the substrates. Formation of b-phase of PVDF
films was also supported by X-ray diffraction (XRD) spec-
Fig. 1. Current–voltage characteristics of (a) PVDF:fluorescein (20 wt.%) (b) PVD
Characteristics for the PVDF:fluorescein system under multiple voltage sweeps
different colors except in (a), where the first sweep is represented by open sym
trum that has showed a peak at 21�; the spectrum has
matched well with the reported result [25].

To record I–V characteristics, bias was applied to the
ITO electrode with respect to the Al one. Capacitance–volt-
age (C–V) plots were recorded in a parallel mode by a
Solartron 1260 Impedance Analyzer. While the test voltage
was 100 mV rms, frequency of test signal was kept at a
fixed value (50, 500, 1k and 10k Hz). Open- and short-cir-
cuit compensations were performed with standard nor-
malization procedure in order to minimize the effect of
any stray and wire capacitances. The instruments were
controlled with a personal computer via a general-purpose
interface bus (GPIB). The measurements were carried out
with SMART software.

3. Results and discussion

We have recorded I–V characteristics of different de-
vices with varied concentration of fluorescein in PVDF.
Films, which are initially unpolarized, have been character-
ized; after application of a suitable voltage, the ferroelec-
tric polymer becomes polarized; then the films were
again characterized for many times. To record the effect
of polarization, we scanned voltage from zero to a negative
value (or a positive value) in succession. Results from a
typical device, with 20% fluorescein in PVDF, in the nega-
tive bias region are shown in Fig. 1a. The unpolarized film
shows non-ohmic current–voltage characteristics. Once
the films are poled by the application of a bias (VMax, the
value up to which voltage was scanned), I–V of the devices
becomes NDR in nature. The NDR effect repeated in subse-
quent sweeps and cycles without any decrease in the ef-
F, and (c) fluorescein under multiple voltage sweeps to a negative bias.
to a positive bias is shown in (d). Different sweeps are shown by lines of
bols. Molecular structure of fluorescein is shown in the inset of (a).



Fig. 2. Current–voltage characteristics of a PVDF:fluorescein (20 wt.%)
film after application of voltage pulse (width = 5 s) of different amplitude
(as shown in the legend).
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fect. There was no role of scan-speed in the 20–200 mV/s
range on the observation. The NDR effect can only be
erased by an application of an opposite voltage (positive
voltage, in this case).

The role of a ferroelectric polymer in the observed NDR
has been tested by several control experiments. The NDR
effect could not be observed in devices based only on PVDF
or fluorescein. Both the devices returned non-ohmic I–V
characteristics, which have not changed in successive
voltage-scans. The plots are shown in Fig. 1b and c, respec-
tively. Similar sweeps towards a positive voltage did not
yield any NDR in PVDF:fluorescein films or its components.
Absence of NDR in PVDF:fluorescein films under successive
scans to a positive voltage is shown in Fig. 1d. In the posi-
tive voltage direction, NDR did not appear even during
sweeps to a higher value. The results in Fig. 1a, in conjunc-
tion with that in Fig. 1b–d show that the ferroelectric poly-
mer induces NDR in fluorescein in the negative voltage
region. This could be due to the induced polarization in
PVDF; fluorescein in an inert polymer, such as poly (methyl
methacrylate) does not exhibit any NDR.

Upon application of a suitable negative bias at the ITO
electrode (with Al being the ground) nearing the coercive
voltage during the first voltage sweep, polarization occurs
in the ferroelectric film. The electric polarization of PDVF
now leads to band-bending with the ITO electrode at the
interface [21]. The band-bending expectedly facilitates
electron-injection in the device. Fluorescein, being elec-
tron-transporting in nature, now receives more electrons
(from ITO electrode) than the pre-polarization situation
and becomes reduced. The reduced fluorescein molecules
have a higher conductivity than the neutral one as evi-
denced by energy minimization calculation on xanthene
molecules [26]. In the second and subsequent voltage
sweeps towards the same direction, the (magnitude) cur-
rent at a particular voltage hence become higher than that
in the first voltage sweep. Now, with an increase in the (the
magnitude of) voltage with more electron-injection, the
molecules undergo a second reduction; the doubly reduced
molecules have a lower conductivity than the singly re-
duced ones. The (magnitude of) current hence decreases
with an increase in (magnitude of) voltage in the I–V char-
acteristics. With further increase in voltage, the current
shows usual increase due to non-ohmic contact with the
electrodes. The I–V characteristics hence become NDR in
nature.

When bias was swept towards a positive voltage in a
PVDF:fluorescein device, polarization of the ferroelectric
polymer occurs in the opposite direction. Due to band-
bending, hole injection from the ITO electrode becomes
possible. Carrier injection from the Al electrode is hindered
possibly due to an oxide layer formed during thermal
evaporation of the top electrode. Since fluorescein is elec-
tron-acceptor in nature, the injected holes cannot reduce
the molecules to a higher-conducting state. The injected
holes may further tend to decrease the conductivity of
fluorescein, as shown by lower current in Fig. 1d as com-
pared to that in Fig. 1a. Since there was no possibility of
reduction or double-reduction of the molecules, NDR effect
was hence not observed in the positive bias direction of the
I–V characteristics.
To substantiate polarization-assisted double-reduction
in fluorescein molecules, we have recorded I–V characteris-
tics after application of voltage pulse of different ampli-
tudes (Fig. 2). With an increase in the amplitude of
voltage pulse that induces polarization in the ferroelectric
polymer, the degree of electric polarization is expected to
increase till saturation is reached. The Fig. 2 however
shows that the NDR effect did not increase with an in-
crease in the degree of polarization. With an increase in
the amplitude of voltage pulse, the NDR occurred at a low-
er bias in voltage-scans with the NDR peak shifting to a
lower (amplitude of) voltage. The higher degree of polari-
zation might have speeded up the second reduction of
fluorescein molecules shifting the appearance of NDR to a
lower (amplitude of) voltage. When the amplitude of pre-
ceding voltage pulse decreased below a threshold value
(2.5 V), there was no polarization of the ferroelectric poly-
mer; neither first nor second reduction was possible and
consequently no NDR effect was observed.

Role of the ferroelectric polymer in inducing NDR effect
in fluorescein can best be understood by varying the con-
centration of the organic molecule in PVDF matrix. Concen-
tration of fluorescein in the thin-films has been varied
between 5 and 50 wt.%. Thickness of the active layer of
all the devices were however the same. We have compared
the NDR effect in these devices after application of a volt-
age pulse. All the devices show NDR effect; the effect was
however small in the extreme systems. The peak-to-valley
ratio is a measure of NDR effect; a plot of the ratio versus
fluorescein concentration goes through a peak (Fig. 3).
The results are in consistent with Fig. 1b and c evidencing
absence of NDR in PVDF- and fluorescein-based devices,
respectively. The systems in the extreme cases are not
favorable to observe NDR. When concentration of fluores-
cein is low, the molecules do not form many percolative
channels between the two electrodes resulting in low de-
vice current. As the other extreme, at a higher fluorescein
concentration, the PVDF matrix is nearly discontinuous to
polarize and hence to built a density of charge carriers.
The fluorescein molecules, due to its high-bandgap and
correspondingly fewer electron-injection, could not be
electroreduced to exhibit NDR effect. At an intermediate



Fig. 3. Peak-to-valley ratio of negative differential resistance for
PVDF:fluorescein films with different concentration of fluorescein. The
line is to guide the eye.
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fluorescein concentration in PVDF, the molecules form
percolative networks between the two electrodes in the
device. Also, the ferroelectric polymer could become polar-
ized and subsequently facilitate electroreduction in a large
number of fluorescein molecules. Under application of
external voltage, the reduced molecules may then undergo
a second reduction to yield a large NDR in the devices.

To substantiate electric polarization of the polymer, we
have measured capacitance of the devices. Measurements
were carried out at fixed (test) frequencies under a dc volt-
age sweep. Results from a PVDF:fluorescein (20%) device at
10 kHz are shown in Fig. 4. Capacitance values for five con-
secutive sweeps (from 0 to �3.2 V) are shown in the figure.
In the first sweep when the ferroelectric polymer was yet
to be polarized, capacitance was initially high. With polar-
ization of the polymer followed by first electroreduction of
fluorescein molecules, conductance of the device increases.
The capacitance of the device hence decreased. During the
subsequent sweeps, a dip in the C–V plots might points to
the sign change in differential resistance (peak in the I–V
Fig. 4. Capacitance–voltage plots of a PVDF:fluorescein (20 wt.%) film
under multiple voltage sweeps to a negative bias. While the first sweep is
represented by open symbols, results for other sweeps are shown by lines
of different colors. Frequency of test ac signal was 10 kHz.
characteristics) in the devices. Measurements carried out
at different test frequencies yielded similar nature in the
C–V characteristics; magnitude of capacitance however de-
creased with an increase in ac test frequency.
4. Conclusions

In summery, we have shown that NDR in fluorescein
could be induced by the use of PVDF polymer. While nei-
ther the fluorescein nor the ferroelectric polymer exhibit
NDR, devices based on fluorescein in PVDF matrix yield
reproducible NDR effect. We have inferred that electric
polarization of the ferroelectric polymer enhances carrier
injection followed by reduction and then a double-reduc-
tion of fluorescein molecules in the device to result NDR
nature in the I–V characteristics. We have substantiated
our findings by varying the concentration of fluorescein
in PVDF matrix and by varying the degree of polarization
(by applying voltage pulse of different amplitudes).
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lead to a substantial progress in the field, with the best
power conversion efficiencies achieved in the laboratory
currently being in the 5–6% range [1–3].

For a given material system, the control of the blend
structure at the nanoscale is, in fact, one of the most effec-
tive ways to significantly enhance the organic solar cell
efficiency. In the case of the most extensively studied
material systems (e.g. poly(3-hexylthiophene) (P3HT) and
soluble fullerene derivative PCBM), 10-fold increases in
the power conversion efficiency have been reported when
comparing devices based on as-spun active layers, and ac-
tive layers with a controlled structure [4]. Typical protocols
include slow drying of the active layer, thermal and vapor
annealing, as well as appropriate solvent (or solvent mix-
ture) choices [4–8]. A comprehensive review on the effect
that morphology has on bulk heterojunction solar cells
has been recently published by Yang and Loos [9]. Interest-
ingly, it has been found that for the case of P3HT:PCBM
blends, all of these fabrication protocols result in a similar
optimized morphology (see Ref. [8] and references there-
in). This consists of a bicontinuous blend of the electron
donor (the polymer chains) and electron acceptor (the ful-
lerene molecules), with crystalline domains on the nano-
meter-length scale, and a composition gradient normal to
the device electrodes. The optimum size of the nanodo-
mains represents a compromise between good charge
transport (large interconnected domains that form perco-
lating pathways) and efficient charge generation (i.e. large
exciton dissociation rate, which requires domains around
twice as big as the exciton diffusion length, �10 s nm)
[8,9]. The composition gradient improves the contact
selectivity thus reducing the leakage current.

Moreover, the post-deposition treatments, and in par-
ticular thermal annealing, have also an additional positive
effect: they – in principle – increase the OPV stability by
means of the concomitant stabilization of the active layer
blend compared to the frozen non-equilibrium morphol-
ogy of the as cast films [9]. This is particularly important
if one takes into account that the relatively low glass tran-
sition temperatures that most soluble conjugated poly-
mers exhibit may cause a morphology change as the
temperature significantly rises during device operation
[9]. In the process of stabilizing the morphology, thermal
annealing does, however, also yield large-scale phase sep-
aration [8,10–12]. For instance, annealing at 140 �C for one
hour a 1:1 (in wt.%) regio regular P3HT:PCBM blend film
leads to micron-sized PCBM clusters (see Fig. 1a) that are
not beneficial to OPV performance. The fabrication of OPVs
with appropriate control over the nanostructure is, there-
fore, a key challenge for which currently only a few general
rules – regarding optimum composition – have been found
[11].

In this paper we investigate the possibility of using ter-
nary mixing in order to control the blend morphology. The
rationale is that small amounts of an amorphous polymer
may form a dilute matrix which would allow the formation
of small crystallites but prevent the large-scale phase sep-
aration of the components. For devices based on blending
PCBM with P3HT of two different molecular weights [13],
it was observed that the advantages of both low molecular
weight (efficient charge generation) and high molecular
weight (enhanced transport) could be combined and thus
this type of ternary mixing resulted in enhanced device
performance. Here we have chosen ternary blends of PCBM
with regio regular (RR-) P3HT and regio random (RRa-)
P3HT. We will show that besides a very efficient control
of the blend morphology, regio random P3HT also adds
several other functionalities, such as energy transfer to
the more crystalline RR-P3HT, enhanced charge generation
and improved open circuit voltage, all with minimum cost
in terms of charge carrier mobility. The final ternary-based
devices, even without optimization procedure, are about
20% more efficient than the conventional annealed blends
when excited with low intensity monochromatic light.
2. Experimental section

2.1. Materials and thin film fabrication

Regio regular (Aldrich #669067, regioregularity >95%
head-to-tail regioregular (HNMR), Mn = 17,500) and regio
random poly(3-hexylthiophene) P3HT (Aldrich #510823,
regioregularity = 1:1 (head-to-head):(head-to-tail) link-
ages of regioisomers, no data available of Mn) were pur-
chased from Aldrich and used as received. Herein, regio
regular and regio random materials are denoted RR-P3HT
and RRa-P3HT, respectively. [6,6]-Phenyl C61-butyric acid
methyl ester (PCBM) was obtained from Luminescence
Technology and was also used as received.

Binary blends consisting of RR-P3HT and RRa-P3HT
were prepared from different solution concentrations
(from 15 to 50 g/l) in high grade chlorobenzene, and spin
coated at varying spin speeds (2000–4000 rpm) so to pro-
duce different thicknesses. The relative concentration of
regular and random (RR-P3HT:RRa-P3HT) polymers was
varied in 0.25 steps: (1:0), (0.75:0.25), (0.5:0.5),
(0.25:0.75) and (0:1). The mobility on binary systems
was measured in devices containing around 150-nm-thick
films deposited from a total 50 mg/ml solution.

For ternary blends, total 60 mg/ml solutions in chloro-
benzene were prepared, from which 30 mg was PCBM,
and the other 30 mg split between RR-P3HT and RRa-
P3HT, so to finally produce constant (1:1) fullerene:(poly-
mer) concentrations. The relative content of regular P3HT
and random P3HT was varied leading to the following
PCBM:RR-P3HT:RRa-P3HT concentrations (1:1:0),
(1:0.9:0.1), (1:0.75:0.25), (1:0.5:0.5), (1:0.25:0.75) and
(1:0:1). Herein, we denote conventional blend the films
comprising the (1:1:0) ratio, i.e. (1:1) PCBM:RR-P3HT,
and it will be used as reference. Moreover, a different set
of devices was fabricated from solutions made by adding
RRa-P3HT to a 1:1 PCBM:RR-P3HT (60 mg/ml) solutions,
ending up in the following relative concentrations:
(1:1:0.1) and (1:1:0.25). For the devices, a two-step pro-
cess was identified during spin speed optimization:
1000 rpm for 3 s in order to produce a homogeneous distri-
bution of the solution throughout the substrate, followed
by 90 s at 2000 rpm. This protocol typically resulted in ac-
tive layers with thickness in the 85–105 nm range.

The solutions were spin coated on cleaned quartz sub-
strates or on ITO-covered glass (150-nm-thick ITO layer



Fig. 1. Comparison of the microscale morphology of the conventional blend and the ternary systems. (a–c) UV laser microscope images of annealed
ternaries with PCBM:regular P3HT:random P3HT concentrations of (a) 1:1:0; (b) 1:1:0 (zoom-in detail); and (c) 4:3:1; (d–f) schematics of (d) a
conventional PCBM:regular P3HT blend; (e) dilute random matrix; and (f) ternary system comprising a dilute random P3HT matrix filled with crystallites of
PCBM and regular P3HT.
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with a sheet resistance of 10 X/sq, SLR grade, Sanyo Vac-
uum Industries Co. Ltd). For the solar cells, PEDOT:PSS
(Baytron P VP Al 4083 (H.C. Starck)) was spin coated
(3000 rpm for 90 s) onto the ITO-coated glass and annealed
at 200 �C for 20 min. The ternary systems were thermally
annealed at 140 �C for 1 h inside a nitrogen-filled Glovebox
(O2 and H2O levels less than 2 ppm).
2.2. Thin film characterization

Film thicknesses were measured using a Dektak 3030
profilometer (and double checked with the thicknesses de-
duced from the absorption data using the optical constants
from Ref. [8]). Scanning laser microscopy images were ta-
ken using a Keyence VK-9700 microscope. At least 10
images were employed for each sample in order to obtain
average values of the density of large-scale (micron size)
aggregates of PCBM. Atomic Force Microscopy (AFM) was
carried out with an SPA 400 system by Seiko Instruments,
Inc. Typically, at least three AFM images were taken for
each sample and their surface roughness was analyzed
using the Spisel 32 piece of software. X-ray diffraction
(XRD) experiments were conducted using a Material Anal-
ysis and Characterization SRA system, model M18XHF,
which employs a Cu Ka2 source (40 kV, 60 mA) with wave-
length 0.1544390 nm. Upon background removal, the data
were fitted with a Gaussian function in order to obtain the
peak intensity, width and angular position at the maxi-
mum. These data were then used to deduce the average
interplane distance within the crystallites (from Bragg’s
law), estimate crystallite size (from Scherrer’s relationship)
and overall degree of crystallinity (integrating the area
underneath the XRD peak).

The thin film absorption spectra were measured using a
Perkin–Elmer Lambda750 UV/Vis spectrometer from 300
to 800 nm. Photoluminescence (PL) data were collected
using a Perkin–Elmer LS55 Fluorescence Spectrometer. Un-
less otherwise stated, the PL excitation wavelength was set
to 450 nm (around the absorption maximum for RRa-
P3HT).

Pristine polymer films deposited onto pre-cleaned ITO/
glass substrates were used to measure the HOMO levels of
the polymers by means of a Riken Keiki AC-2 ultraviolet
photoelectron spectrometer. The experimental set-up is
similar to that of conventional UPS but it does not require
vacuum. On the other hand, the precision of our apparatus
is smaller than that of a conventional UPS in vacuum, with
uncertainty values �0.03 eV. Using ultraviolet photoelec-
tron spectroscopy we obtained a HOMO value of
4.61 ± 0.03 eV for regio regular P3HT, while that of regio
random P3HT was found to be 4.73 ± 0.03 eV. The slightly
smaller values obtained here for RR-P3HT (often around
5 eV) might be related to possible effects of the ITO surface
on the measurement. We note that two samples with dif-
ferent thicknesses were measured for each polymer, and
each sample was measured twice. The deviation between
measurements and samples is smaller than the 0.03 eV
uncertainty values.

2.3. Device fabrication and characterization

Single carrier devices were fabricated and the dark cur-
rent–voltage characteristics measured and analyzed in the
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space charge limited (SCL) regime following the references
[4] and [14]. Hole only devices consisted of the active
material (binary or ternary system) spin coated onto
glass/ITO substrates, and capped with a 5-nm evaporated
MoO3 layer followed by a 100-nm-thick Al contact. The
evaporation mask defined 4 pixels in each sample with a
4-mm2 area for each pixel. For the electron only devices,
the structure was glass/ITO/Al/blend/Ba/Al, where both
Ba and Al were evaporated. High-purity MoO3 (6 N grade,
Mitsuwa Chemicals Co., Ltd), Ba (Aldrich), and Al (AL-
011480, Nilaco Co.) source materials were employed as
delivered. The standard deviation of the fit to the SCL equa-
tions for the electron only devices was slightly higher than
that for the hole only devices, indicating a larger error on
the extracted electron mobilities. The reported mobility
data are average values over the four pixels of each sample
at a given film composition.

For the solar cells, the active blend was spin coated on
top of PEDOT:PSS coated glass/ITO substrates in a clean
room, and then transferred into an interconnected Glove-
box where the Al electrode was thermally evaporated.
Thermal annealing of the devices was done inside the
Glovebox before the deposition of the contacts. All of the
devices were encapsulated with a glass cap using an ultra-
violet curing epoxy resin. The 15-min exposure to the UV
radiation was performed from the Al metal side to avoid
photodegradation of the organic layers across the active
region.

The current–voltage characteristics of the encapsulated
devices were measured outside the Glovebox, using a
semiconductor characterization system (SCS4200, Keithley
Instruments Inc.) at room temperature. For light J–V and
EQE measurements, the above instrument was coupled to
a JASCO CT-25C grating monochromator which selects
the wavelength coming from a USHIO Optical Modulex
light source. The intensity of the monochromatic light
was fixed at 20 lW after calibration against a standard
Coherent Fieldmaster photodiode with circular detecting
area of 8 mm in diameter (resulting in an illumination den-
sity of 400 mW/m2). In order to explore the light intensity
dependence of the solar cell parameters, the light intensity
was varied using optical density filters between 0.3 and
45 lW. The encapsulated devices were kept in air and
darkness for 10 months, when some of them were mea-
sured again to check the variation in performance with
time.
3. Results and discussion

3.1. Characterization of binary and ternary systems

Fig. 1a shows a representative laser microscopy image
of a conventional PCBM:RR-P3HT (1:1) blend film annealed
at 140 �C for 1 h. To start with, annealing leads to the
appearance of large size aggregates as clearly seen in the
image. These aggregates, which are not present in the as-
spun films, are rich in PCBM molecules [8,11] and are sur-
rounded by a polymer-rich region, seen here as a halo-like
structure. It has been shown that PCBM nucleates into
these aggregates upon annealing [8], or, in other words,
once they are large enough to be seen using a microscope,
they grow bigger in size, but their number remains con-
stant. The average diameter of the region containing one
PCBM aggregate and the associated P3HT halo is around
13 lm (see Fig. 1b), in good agreement with previous re-
ports [8].

Such a large phase separation is, in principle, detrimen-
tal for solar cell performance since it is several orders of
magnitude larger than the exciton diffusion length
(�tenths of nm’s), and thus charge generation is strongly
inhibited on these regions. By averaging over 10 micro-
scope images across the sample, we estimate the density
of PCBM micron-sized domains to be around 700 aggre-
gates per square mm. If we consider the average size of
the aggregates, this means that around 9% of the area is
covered with these structures, and thus, 9% of the film is
not acting positively as light-to-electricity converter. The
introduction of the regio random polymer into the blend
has a marked effect on the structure of the film. Substitut-
ing 25% of RR-P3HT by RRa-P3HT (1:0.75:0.25 sample
Fig. 1c) already decreases in more than two orders of mag-
nitude the density of these large aggregates, down to just 3
aggregates/mm2. This represents less than 0.04% of the to-
tal film area. The density is further reduced for larger
amounts of the RRa-P3HT polymer in the ternary system.
The samples with compositions 1:0.5:0.5 and 1:0.25:0.75
have 1 aggregate/mm2 and 0.15 aggregates/mm2, respec-
tively (not shown). It is clear that this approach is extre-
mely efficient at controlling the microscopic morphology
of the blend films.

An important question that needs to be answered is
whether the introduction of the RRa-P3HT chains yields
an overall amorphous structure, not only at the micron le-
vel, but also down to the nanoscale. If the resulting mor-
phology is totally amorphous, the mobility would likely
fall and the absorption would be blue shifted, and as a con-
sequence, the overall solar cell performance would be
poor. As we will see below, the RR-P3HT chains can still
crystallize in the ternary blends and, in addition, the extent
of the phase separation is now greatly controlled with
microscopic scale phase separation being almost totally
suppressed. We will come back to this point below. The
eventual appearance of micron-sized aggregates also in
ternary systems containing RRa-P3HT (<3 aggregates/
mm2) is, in most cases, associated with film defects, such
as edges of the substrate, in which inhomogeneities in film
composition might be present. An optimization of the film
fabrication conditions may, therefore, lead to an even
smaller number of large size aggregates in films based on
ternary blends.

The advantages of controlling the large-scale phase sep-
aration by using RRa-P3HT rather than other amorphous
conventional polymers, such as polystyrene or polymeth-
ylmethacrylate, is twofold. First, we expect high chemical
affinity amongst the blended materials due to the common
backbone between RRa- and RR-P3HT polymers. Other
glassy polymers could promote an even larger phase sepa-
ration if the interaction between chains overcomes the en-
tropy increase granted by mixing (following Flory’s theory
of mixing). Optical and atomic force microscopy images
show no evidence of large-scale phase separation in
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RR-P3HT:RRa-P3HT binaries or in ternary blends (see de-
tails below). Second, perhaps even more importantly,
RRa-P3HT can act as an active matrix, helping the proper
functioning of the devices and even adding functionality.
In the following, we demonstrate several examples of this
added functionality of the multicomponent system.

Fig. 2 shows the normalized absorption (solid lines) and
photoluminescence emission (dashed lines) of RRa-P3HT
(blue) and RR-P3HT (red). The red shift spectra of the reg-
ular polymer compared to that of the random polymer is
associated to different molecular packing morphologies.
Regioregularity enables a better ordering of chains into la-
mella crystallites where the polymer adopts a planar con-
formation with longer conjugation lengths and fewer
defects, such as twists and radicals on the chains [15,16].
Regio random chains form, on the other hand, glassy films
whose optoelectronic properties are governed by individ-
ual chain processes [15,16]. The crystallization of P3HT re-
sults in the appearance of pronounced structures in the
absorption and PL spectra – phonon replica – not present
in the data for RRa-P3HT films. Interestingly, the long
wavelength shoulder observed in the absorption of RR-
P3HT has been assigned to two-dimensional excitations
[17,18], and hence is a direct consequence of the good
interchain interactions within the crystallites. The inten-
sity of this shoulder has, in fact, been found to be directly
proportional to the X-ray deduced overall degree of P3HT
crystallinity in P3HT:PCBM blend films subjected to vari-
ous annealing treatments [19]. Another indication of the
degree of chain interaction is given by the PL quantum effi-
ciency (g). Jiang et al. showed that RRa-P3HT has a much
larger g (�8%) than RR-P3HT (�0.5%) [15] due to the isola-
tion of chains in the random case. Here, we also found that
RRa-films exhibit more than one order of magnitude high-
er PL than RR-P3HT films with comparable thicknesses (see
Fig. 3b). It is thus apparent that regioregularity strongly
determines the degree of interchain interaction [16].

From the electronic point of view, one important effect
of the aforementioned interactions is that the band gap of
RR-P3HT is about 0.3 eV smaller than that of RRa-P3HT, as
estimated by extrapolating the absorption edge. This im-
plies that RR-P3HT will be more appropriate for harvesting
Fig. 2. Optical properties of the pristine polymer. Normalized absorption
(solid line) and emission (dashed line) for regio random P3HT (blue) and
regio regular P3HT (red). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
light in the red and infrared parts of the sun’s spectrum.
Charge mobility will also depend on the interaction be-
tween neighboring chains [17] and, in fact, hole mobility
in RRa- is several orders of magnitude lower than for RR-
P3HT (we will come back to this point below). Therefore,
in order to ensure good charge generation (and short cir-
cuit current) in OPVs based on ternary systems, the
amount of RRa-P3HT should, in principle, be small com-
pared to that of RR-P3HT.

Enhancing the interchain interactions typically leads to
the splitting of the HOMO and LUMO levels (e.g. by means
of Davydov splitting). Quantum chemical calculations have
shown that bringing polymer chains closer together de-
creases (in absolute terms) the HOMO level [20]. The glassy
morphology of the RRa-P3HT films can be associated to an
effective isolation of the polymer chains, and thus, one may
expect a larger (again in absolute terms) HOMO level
[15,20]. Using air ultraviolet photoelectron spectroscopy
we found a 0.12 eV shift comparing the two polymers, with
higher HOMO for RRa-P3HT, as expected from the argu-
ment above. On the other hand, the open circuit voltage
(Voc) in OPVs is proportional to the difference between
the HOMO of the electron donor (polymer) and the LUMO
of the electron acceptor (fullerene) [21], and thus one may
expect an enhancement in the Voc values for OPVs based on
ternary systems. This is, in fact, what is experimentally ob-
served, as we will show.

Fig. 3a and b shows the absorption and emission spec-
tra, respectively, of binaries consisting of a varying concen-
tration of RR-P3HT:RRa-P3HT, as well as the pristine
materials for reference. The spin coating conditions were
controlled in order to have films with comparable thick-
nesses (�80 nm). The dotted lines in Fig. 3a correspond
to a linear addition of the absorption of the pristine mate-
rials weighted by the composition fraction of each mate-
rial. For instance, the absorption of the 0.75:0.25 binary
is simulated (with no fitting parameters) by adding the
absorption of RR-P3HT multiplied by 0.75 and the absorp-
tion of RRa-P3HT multiplied by 0.25. The surprisingly good
agreement between the measured and simulated data sug-
gests that, on the one hand, there is not strong interaction
between the two polymers in terms of absorption (no new
steady state species are created), and on the other side, the
crystallization of RR-P3HT is not inhibited by the presence
of the random chains. The latter is very important, espe-
cially after Chirvase and co-workers pointed out that PCBM
molecules prevent the crystallization of RR-P3HT, which is
only restored upon thermal annealing [10]. We note that
the data shown in Fig. 3 correspond to non-annealed bin-
ary films.

The PL spectra for binaries cannot, however, be modeled
using a linear combination of the PL spectra of the pristine
materials. The addition of a small amount of RR-P3HT
(25%) reduces the PL yield by sixfold, almost down to the
level of RR-P3HT (see Fig. 3b). Given the good spectral
overlap between the emission of RRa-P3HT films and the
absorption of RR-P3HT (see Fig. 2), energy transfer from
the random to the regular chains seems a plausible expla-
nation for this. Comparison between the PL recorded using
two different excitation wavelengths (450 nm and 550 nm,
the latter being the maximum absorption for RR-P3HT, not



Fig. 3. Optical properties of binary systems. (a) Absorption and (b) emission of Regular:Random P3HT binary films.
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shown) also points towards this explanation. Whether a
real (re-absorption) or a virtual (energy transfer properly
speaking) process of transferring the absorbed photon en-
ergy from regio random to regio regular, or even a combi-
nation of both, is not clear at this stage. In any case, the PL
spectra strongly indicate that the transfer is actually hap-
pening and thus the absorption of light in the regio random
chains is followed by a transfer of a substantial part of that
energy to regio regular material where electrons are ex-
cited and through which the transport of carriers can be
greatly facilitated. A detailed time-resolved study on the
PL dynamics could bring useful information in this respect.

The efficient charge transfer (exciton dissociation)
between the polymer chains and fullerene molecules, nec-
essary step for charge generation, is often seen experimen-
tally as a strong reduction in the PL quantum yield upon
blending the polymer with the fullerene molecules. PCBM
is an extremely efficient PL quencher in both cases RR-
and RRa-P3HT (contrast for instance Figs. 3b and 4b). Com-
paring the PL exhibited by films containing the same
amount of polymer with and without PCBM, it is possible
to estimate the degree of PL quenching. It turns out that
the PL quenching is much more pronounced (�50 times
more) in RRa-P3HT than in RR-P3HT. The most likely rea-
son for this is the finer intermixing between components
achieved in PCBM:RRa-P3HT films compared to the con-
ventional blend, resulting from the glassy morphology of
the random polymer with very little – or even none – ten-
dency to crystallize. It has been shown that the crystalliza-
tion of P3HT is, in fact, one of the main factors driving the
Fig. 4. Optical properties of ternary systems. (a) Absorption and (b) emission
constant PCBM:polymer concentration (1:1), with varying relative concentration
diffusion of PCBM molecules into phase-separated regions
[8] and thus, a non-crystallizing polymer (such as RRa-
P3HT) may accommodate more easily the fullerene mole-
cules within polymer chain voids. This view is supported
by the lack of micron-sized PCBM aggregates in the ternary
systems: fullerene molecules are somehow anchored in the
voids left by the dilute random matrix. AFM images of
PCBM:RRa-P3HT films show no evidence of phase separa-
tion and the corresponding surface roughness remains ex-
tremely small (<0.6 nm) after mixing the random polymer
with the fullerene molecules. Therefore, random P3HT
might, interestingly, lead to an efficient charge generation
due to the resulting morphologies of their films. Ternary
systems show a gradual decrease in the PL intensity with
increasing RRa-P3HT concentration, as shown in Fig. 4b,
which suggests an increased capability for PL quenching,
or exciton splitting with adding RRa-P3HT.

As for the case of the conventional PCBM:RR-P3HT
blends, the incorporation of the fullerene molecules pre-
cludes the formation of P3HT crystallites in the as-spun
films also in the ternary systems. Similarly, thermal
annealing (at 140 �C for 1 h) enhances the crystallization
also in the ternaries. Fig. 4a shows the absorption spectra
for annealed ternary blends. Judging by the ratio of the
intensities of the maximum and the shoulder centered at
around 650 nm, one may risk to say that ternary blends
are equally, or even slightly more, crystalline (in relative
terms) than the conventional binary [22].

Surface roughness, as obtained from AFM images, has
often revealed the degree of crystallinity in the films
of ternary films with constant solution concentration (60 mg/ml), and
s of regular and random P3HT.
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underneath (see e.g. Ref. [23]). We have taken AFM images
of the ternary systems and confirm the increase in rough-
ness (crystallinity) upon annealing suggested by the
absorption spectra. Fig. 5a and b compare the morphology
of a film based on the conventional blend before and after
thermal annealing, respectively. The Ra surface roughness
increases from 0.6 to 0.7 nm upon annealing. All of the
as-spun ternary films are smoother than the conventional
blend, but, interestingly, the surface roughness for the ter-
naries increase to larger values than that of the PCBM:RR-
P3HT blend with annealing (see e.g. Fig. 4c and d and Table
1). This may again suggest that the degree of crystallization
is larger in ternary systems than in the conventional blend.
However, another possible explanation could be that the
three components are phase separating and thus produce
a rougher surface. For comparison, it might be noted that
the Ra roughness of the pristine RR- and RRa-P3HT films
is 6.6 nm and 0.3 nm, respectively. The AFM deduced
roughness values for the ternary films are summarized in
Table 1.

In order to get a better understanding of the aforemen-
tioned phenomena suggested by the absorption and AFM
data, we have performed X-ray diffraction (XRD) measure-
ments on annealed ternary films. The data for these exper-
Fig. 5. Investigation on the crystallinity of ternary systems. 3 � 3 lm
AFM images for 1:(1:0) (a) non-annealed and (b) annealed; and for 4:(3:1)
(c) non-annealed and (d) annealed. (f) XRD intensity for ternary systems
and reference pristine regular P3HT.
iments are shown in Fig. 5e, including those of the pristine
RR-P3HT film used here as reference. The material param-
eters deduced from the analysis of the results are summa-
rized in Table 1. We note that the sample containing only
regio random P3HT does not show any diffraction peak,
in accordance to the expected lack of crystallinity. Our de-
duced 1.72 nm interplane distance (following Bragg’s law)
agrees well with previous data for P3HT [19]. Moreover, it
seems to slightly increase from 1.72 nm to 1.76 nm with
increasing RRa-P3HT concentration from 0% to 75% in the
total polymer content. Although we do not have a full
explanation for this, it might be due to the fact that the re-
gio regular crystallites are immerged in a soft matrix of the
random material, which may shrink in order to accommo-
date the expanding (through annealing) regio regular crys-
tallites; while in the case of the conventional blend, the
crystallites cannot expand because they might be in con-
tact with other, equally hard, crystallites. If this was the
case, it might be interesting to see the effect that a semi-
crystallizing matrix that formed harder crystallites would
have on the interplane distance (and even hole mobility)
of P3HT:PCBM blends. Some support for this very initial
hypothesis may come from the fact that when the effect
of a rigid substrate interface is made apparent (by decreas-
ing film thickness), P3HT chains pack into different type of
crystallites [24].

The RR-P3HT crystallite size was estimated using Scher-
rer’s relationship and the average sizes we find are larger
than those reported by Zhokhavets et al. [19], as one could
expect given the fact that our annealing times are much
longer (1 h in our case, and 5 min in theirs). Importantly,
as the content of regio random is increased, the crystallite
size is greatly reduced from around 16 nm for the
PCBM:RR-P3HT:RRaP3HT (1:1:0) film to ca. 10 nm for the
(1:0.25:0.75) sample. This suggests that there might be
an increase in polymer chain entanglement with increas-
ing random concentration which prevents the formation
of large crystallites. We note that we have employed only
the optimum annealing temperature for the conventional
blend, and thus there is room for optimizing the thermal
annealing procedure for the ternary systems which may
require longer annealing times, or higher annealing tem-
peratures to create crystallites of the same size as the con-
ventional blend.

By integrating the area of the XRD peak, one may obtain
a measure of the degree of crystallinity of the film [19].
Interestingly, this evaluation again indicates that ternary
systems are more crystalline than the conventional blend
(see Table 1), in agreement with the absorption and AFM
data, and thus rules out the hypothesis of the large-scale
phase separation of the three materials as the main expla-
nation of the increased roughness in annealed ternary
films compared to the conventional binary.

Therefore, all of the evidences suggest that the structure
of ternary films consists of crystallites of regular P3HT – of
smaller size than those found in the conventional blend –
embedded into a random polymer matrix, and where
PCBM can only form small aggregates and not the mi-
cron-sized structures often observed in the conventional
case. Fig. 1d and f schematically depict the nanomorpholo-
gy of the conventional binary and the proposed ternary



Table 1
Summary of morphologic, photophysical and device parameters for ternary systems.

1:1:0 1:0.75:0.25 1:0.5:0.5 1:0.25:0.75 1:0:1

Interplane distance (nm) 1.72 1.73 1.75 1.76 NA
Crystallite size (nm) 16.2 13.7 10. 1 9.8 0
Crystallinity (arb. units) 657 755 774 728 0
Absorption (550 nm) 0.418 0.346 0.275 0.198 0.123
lambda max Abs (nm) 546 548 512 479 473
Ra roughness (nm) 0.7 1 1.2 0.9 1
RMS roughness (nm) 0.9 1.3 2 1.3 0.6
Hole mobility (m2/V s) 2.20E-08 9.12E-09 2.76E-09 3.48E-09 –
Electron mobility (m2/V s) 2.38E-09 8.41E-10 3.35E-10 1.77E-10 –
Jsc (mA/cm2) (550 nm) 0.0119 0.0090 0.0064 0.0020 0.0001
Jsc/Abs (550 nm) 0.0285 0.0259 0.0233 0.0102 0.0007
100*Jmax*Vmax/Abs (550 nm) 0.534 0.577 0.518 0.204 0.003
Voc (mV) (550 nm) 331 384 390 391 147
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systems, respectively. The study of the ternary system
phase diagram would also be interesting to gain further in-
sight into the phase separation capabilities of the materials
as well as optimum temperatures and compositions [11].

Summarizing the main results up to now, from a struc-
tural point of view, the random P3HT chains define a dilute
matrix, or soft scaffolding, within which crystallites of the
regular P3HT chains and aggregates of PCBM molecules can
be formed in a controlled fashion (using the available but
limited free volume), preventing large-scale phase separa-
tion of the components.

3.2. Charge carrier mobilities

In order to understand the effect of ternary mixing in
the carrier mobilities, devices have been fabricated in
which the active blend film was sandwiched between
two contacts that were selected in a way so to obtain hole
only or electron only devices (see Section 2). By varying the
film thickness we identified the range of thicknesses in
which the current–voltage characteristics are governed
by the space charge limited (SCL) regime. We then deduced
the zero field hole and electron mobilities by fitting the
current–voltage curves following Refs. [4] and [14].
Fig. 6a shows three representative cases. The experimental
points (symbols) are very well fitted with the SCL equation
for over three to four orders of magnitude in the values of
the current density.

Fig. 6b shows the SCL deduced hole (circles) and elec-
tron (squares) mobilities for binary (solid symbols) and an-
nealed ternary (open symbols) systems. Each data point is
the average of the mobility values extracted from four de-
vices. The hole mobility values obtained for the conven-
tional blends agree well with those reported in the
literature for annealed samples [4] (�1.2�10�8 m2 V�1 s�1).
As for the electron mobility, our values are slightly smaller
than those reported, perhaps due to a possible small partial
oxidation of the evaporated Al electrode before the spin
coating of the active blend, or to a small underestimation
of the electron mobility values resulting from higher fitting
standard deviations. Regio random P3HT shows a hole
mobility of almost five orders of magnitude lower than
that of regio regular P3HT. Interestingly, this value
(�5�10�13 m2 V�1 s�1) is not very far from the hole
mobility values of �3�10�12 m2 V�1 s�1 exhibited by non-
annealed (or low temperature annealed) regular P3HT
blended with PCBM [4]. It seems clear, therefore, that the
low mobility of RRa-P3HT is the result of lack of crystallin-
ity and the associated weak interchain interactions (c.f. RR-
P3HT).

Perhaps the most important result in this section is the
finding that the carrier mobilities are only slightly affected
by the introduction of this – very low mobility – polymer.
Amazingly, substituting 75% of the regio regular chains by
regio random chains in the ternary system only decreases
the hole mobility from �1.2�10�8 m2 V�1 s�1 to �3.5�
10�9 m2 V�1 s�1, i.e. less than one order of magnitude. For
comparison, it is worth noting that thermal annealing
has a much stronger effect on charge transport: the as-
spun conventional blend has almost four orders of magni-
tude lower hole mobility than the thermally annealed (at
130–150 �C) case [4]. However, this interesting result
may not be unexpected on the light of the morphology
investigations reported above: absorption, photolumines-
cence, AFM and XRD data all indicate that the ternary sys-
tems are also highly crystalline. Goffri et al. have also
found a similar behavior for the field effect transistor hole
mobility of P3HT blended with semicrystalline commodity
polymers [25], so perhaps this is a relatively general trait of
semiconducting polymers independent of whether mobil-
ity is measured across the film thickness or in the perpen-
dicular direction, and even at totally different carrier
density values. There are two possible readings for this
phenomenon. First, the material percolation threshold re-
quires very little amount of the crystallizing component
(less than 25% in our case), probably due to the extended
length of the polymeric macromolecule. A second interpre-
tation could be, however, that most of the film is, in prac-
tice, not contributing (at least positively) to the transport
of charges. The second possibility opens one important
question: how could one process a film so to employ
100% of the material to actively participate in the charge
transport? This key question has, to our knowledge, not
being answered yet.

The slight mobility decrease might be related to smaller
crystallite sizes. We find a linear relationship between
charge mobility and crystallite size, with the holes having
a stronger dependence (in terms of the slope of the fitted



Fig. 6. Study of the carrier mobility in binary and ternary systems. (a) Typical current density versus voltage curves for a conventional blend (open squares),
a ternary blend with composition 1:0.5:0.5 (open triangles) and regio random P3HT (open diamonds). The solid lines are the fits to the SCL equations; (b)
Hole (circles) and electron (squares) mobilities deduced for single carrier devices based on regular:random binaries (solid symbols) and ternary (open
symbols) systems.
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straight line). On the other hand, the mobility values do not
seem to be so clearly related to the overall degree of P3HT
crystallinity, i.e. when plotted together, the experimental
points scatter through the graph with no distinguishable
trend. This apparent contradiction was also observed in
pristine P3HT films with different molecular weights: low-
er molecular weight P3HT is much more crystalline but,
nonetheless, its mobility is lower than that of higher
molecular weight P3HT [26,27]. This can be explained in
terms of poorer connectivity and more insulating grain
boundaries for the more crystalline polymer [26]. This
explanation could be perfectly applied here, since smaller
crystallites (even at a constant total crystallinity) would
exhibit many more grain boundaries than larger crystal-
lites. It is important to emphasize that, compared to the al-
most four orders of magnitude changes in field effect
mobility [26] (or 15 times in the SCL mobilities [27]) ob-
served when increasing the number average molecular
weight from 3.2 to ca. 40 kDa, in our case the effect is very
mild, with a decrease in zero field mobility of less than one
order of magnitude when substituting 75% of RR-P3HT by
RRa-P3HT.

It is important to note that binary and ternary systems
have very similar hole mobilities for RRa-P3HT concentra-
tions smaller than 50% with respect to the concentration of
RR-P3HT. However, it seems that the percolation threshold
for the binary happens at higher random concentration
than in the ternary system. The thermal annealing (only
applied here to the ternaries) may help to enhance hole
mobility in the ternary systems containing 75% of regio
random, when compared to the values for non-annealed
binary RR-P3HT:RRa-P3HT blends with also 75% or RRa-
P3HT, even when the crystallinity of the binaries is ex-
pected to be high according to their absorption spectra
(Fig. 3a). Alternatively, this difference between binary
and ternary blends may support the report by Tuladhar
and co-workers [28], who were able to demonstrate that
PCBM not only helps to enhance the hole mobility of the
polymer by a possible modification of the polymer chain
packing, but they also found that the hole and electron
mobilities deduced using the time of flight technique for
a system consisting of PCBM embedded into an insulating
polystyrene matrix have a similar value, independently of
the film thickness. This strongly indicates that PCBM ac-
tively contributes to the hole mobility (polystyrene is an
insulator). In other words, comparison between the mobil-
ity values deduced for regular:random binaries and the
ternary systems may indicate that PCBM is also actively
enhancing the hole mobility in our case.

3.3. Solar cells based on ternary systems

Fig. 7 shows the performance of solar cells based on ter-
nary blend films with different RR- to RRa-composition ra-
tios, and keeping the overall polymer to fullerene weight
ratio constant (1:(X:Y)) with X + Y = 1. The current density
vs. voltage curves measured at monochromatic light
(550 nm, 20 lW) show two clear trends with increasing re-
gio random composition in the ternary: (i) decrease in the
Jsc; and (ii) increase in the Voc. Table 1 summarizes these
values.

The case of the Voc can be understood in terms of the in-
crease in the relative importance of the regio random
chains in the charge generation. As we discussed above,
the non-interacting chains of RRa-P3HT yield a higher
HOMO than the crystalline P3HT [15,20]. Since the Voc is
proportional to the difference between the energy levels
of the donor HOMO and acceptor LUMO [21], an increase
in the polymer HOMO may be responsible for the observed
increase in Voc. This conclusion is supported by a recent
study made with polythiophenes with different alkyl chain
lengths (P3AT). It was found that the Voc of annealed de-
vices made with different P3ATs increases from 500 to
600 mV with increasing alkyl length – and thus reducing
interchain interactions – from butyl to dodecyl [29]. A very
recent report [30] on solar cells based on the addition of
higher-HOMO level MDMO-PPV chains to the conventional
PCBM:P3HT blends also shows improved Voc, and thus
again supports our hypothesis.

It is important to note that the increase in Voc is not lin-
early proportional to the amount of RRa-P3HT, but, instead,
it has a strong effect already for low random concentra-
tions and then saturates at about 50%. This can be under-
stood in terms of the resulting ternary blend morphology,
since the PCBM molecules might accommodate themselves
more easily in the polymer voids left by the amorphous



Fig. 7. Solar cell characteristics for devices based on the ternary systems. J–V curves (a), J–V curves normalized by the absorption at 550 nm (b) and EQE (c)
for devices based on ternaries with constant solution concentration (60 mg/ml), and constant PCBM:polymer concentration (1:1), with varying relative
concentrations of regular and random P3HT.
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RRa-P3HT matrix than to be embedded into the RR-P3HT
crystallites. This interpretation is supported by the PL
quenching data shown in Fig. 4b. The measured superlin-
ear behavior in the enhancement of Voc with increasing
RRa-P3HT content relaxes the apparent compromise be-
tween the observed opposite trends of Jsc and Voc.

With respect to the decrease in the Jsc, it may be associ-
ated to the combination of two main factors: (1) a decrease
in the absorption of the ternary active layer at 550 nm; and
(2) a decrease in carrier mobility with increasing RRa-con-
tent. To evaluate the relative importance of these two fac-
tors, we have plotted in Fig. 7b the J–V characteristics
normalized by the absorption of the films at 550 nm. From
this graph, it seems that there are two distinct regimes: up
to concentrations containing 50% of RRa-, the effect of re-
duced mobility is only small; however, for larger amounts
of the regio random polymer the polymer percolation
threshold for good device operation is overpass and then
the Jsc drastically falls.

We have recently demonstrated a similar compromise
between Jsc and Voc in organic solar cells using another ap-
proach but with a similar argument in terms of the energy
levels of the active materials [31]. By inserting an ultrathin
metal–phthalocyanine layer (CuPc or ZnPc, HOMO -
5.1 eV) at the bilayer interface between pentacene
(HOMO � 5.0 eV) and fullerene, a higher Voc was observed.
The Voc increased with increasing CuPc or ZnPc layer thick-
ness as a result of the higher-HOMO level; however, the Jsc

decreased due to the lower mobility of the phthalocyanine
than that of pentacene [31]. A compromise in phthalocya-
nine thickness was found between enhanced Voc and
reduced Jsc so to finally obtain higher device efficiencies.
Similarly, in the ternary blends case, increasing in excess
the concentration of the low mobility random chains can
lead to surpassing the threshold composition for percola-
tion of the highly conductive regio regular P3HT chains
and thus the photocurrent drops. However, the compro-
mise between device parameters in the ternary blends is
much more relaxed, as we will show below.

It is worth noticing that there could be an alternative
explanation for the observed trends in photocurrent and
open circuit voltage. This interpretation is based on the
idea that the addition of the random chains may result in
a different recombination constant. Assuming that the the-
ory of Langevin recombination is valid in the ternary sys-
tems, a reduction in the mobility could cause a reduction
of the recombination constant and therefore a lower pho-
tocurrent and a higher open circuit voltage, as it is some-
times observed in OPV systems based on polymers with
low charge carrier mobilities [32]. As we will see, the fact
that we can decouple the effect in Jsc and Voc for low
RRa-P3HT concentrations may suggest that this effect is
significant only for large RRa-P3HT relative concentrations.

The different absorption spectra for varying composi-
tions (Fig. 3 (a)) are also reflected in the external quantum
efficiency (EQE), as shown in Fig. 7c. It is even possible to
distinguish the RRa-P3HT absorption peak centered at
around 450 nm in the EQE of the devices based on the
1:0.25:0.75 composition (top curve in bottom panel). This
further indicates the active role that the random P3HT
plays in the solar cell. We note that the relatively large
inhomogeneity of the light intensity through the beam



Fig. 9. J–V curves in logarithmic scale for PCBM:Regular P3HT concen-
tration (1:1:0), (open squares, left panel) and with added Regio Random
P3HT 1:1:0.1 (filled triangles, right panel) as prepared (solid lines) and
after 10 months (dashed lines).
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spot leads to EQE uncertainties of the order of 5% in the de-
duced EQE values reported here.

Our results suggest that if the lower absorption is com-
pensated for, small concentrations of RRa-P3HT could lead
to overall better device performance by increasing Voc

while keeping Jsc constant. A straightforward way of doing
this without the need for systematic optimization is to fab-
ricate solar cells based on blends which keep the PCBM:RR-
P3HT ratio (1:1) constant, and then adding small amounts
of the RRa-P3HT into the solution. Fig. 8 shows the J–V
characteristics under the same illumination conditions as
above for devices based on ternary films with PCBM:RR-
P3HT:RRa-P3HT compositions 1:1:0.1 and 1:1:0.25, as well
as the 1:1:0 conventional blend for reference. As we have
predicted, once the absorption of light at 550 nm is kept
constant, the Jsc shows an almost constant value within
the experimental uncertainty. In fact, the EQE spectra at
0 V for these three devices are almost identical (not
shown). On the other hand, the Voc for solar cells based
on ternary systems is clearly enhanced by more than
100 mV with respect to the reference conventional blend,
as shown in Fig. 8. This is fully consistent with the
0.12 eV increase in HOMO level for RRa-P3HT compared
to RR-P3HT, as deduced here using ultraviolet photoelec-
tron spectroscopy. Moreover, the fill factor also slightly im-
proves by ternary mixing. Overall, there is a 20% increase in
the maximum power obtained at 550 nm, Vmax�Jmax com-
paring the reference (1:1:0) and the sample with 25%
added random polymer chains (1:1:0.25), which may indi-
cate a 20% enhancement in efficiency in the current illumi-
nation conditions.

In order to check the evolution of device performance
and morphology with time, these three samples (with four
devices per sample) were measured again after a period of
10 months, through which they were kept in air and in
darkness. These solar cells still work perfectly fine after
this time span, which suggests that the glass encapsulation
and darkness ambient conditions have prevented chemical
oxidation of the active layers and interfaces. Nonetheless,
there are some changes in the current/voltage curves after
this time, which we preliminarily assign to morphologic
relaxation of the films over time. These changes over time
are much larger than the pin to pin differences amongst
Fig. 8. Solar cell characteristics for devices based on the ternary systems
with equivalent short circuit current. J–V curves for devices based on
ternaries with constant PCBM:regular P3HT concentration (1:1), with
added regio random P3HT 1:1:0 (open squares), 1:1:0.1 (filled triangles)
and 1:1:0.25 (open down triangles).
the four pins in a given sample. The percentage change of
the J–V curves (see Fig. 9) when comparing the samples
as fabricated and after 10 months is much more pro-
nounced (�75% more) for the conventional binary than
for the ternary-based samples. These data suggest that
the natural entanglement of the glassy amorphous RRa-
P3HT chains helps to stabilize the film morphology and
thus, positively contributes to increase the effective life-
time of the cells. These preliminary results are currently
being systematically investigated in order to further test
the hypothesis of improved morphological stability.

The OPV performance under varying light intensities
shows that the Voc of the conventional binary-based cells
increases with light intensity towards the Voc of the ternary
system cells (see Fig. 10). This may suggest that the regular
chains that do not form part of the crystallites, and thus are
found in a more amorphous state, begin to participate on
the photovoltaic action for higher light intensities, perhaps
after the expected charge traps are filled. Our proposed ter-
nary system-based devices exhibit a less strong intensity
dependence of performance (and always higher Voc regard-
less of the light intensity), as deduced from the slopes of
Fig. 10. Solar cell characteristics as a function of the incident light
intensity. Light intensity dependence of the open circuit voltage (top
panel) and short circuit current (bottom panel) for a conventional blend
(squares) and a 1:1:0.25 ternary blend (circles).
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the linear fits in Fig. 10. This may be originated, as we have
mentioned, by a reduced recombination constant arising
from slightly lower mobilities in the ternary systems than
the conventional blend [32]. This weaker dependence in
light intensity could mean a significant advantage when
this type of device is used in low light intensity applica-
tions such as highly sensitive photodiodes and solar cells
placed indoors or at particular outdoor conditions (e.g.
cloudy days or early and late hours of the day).

Although there are clearly a large number of parameters
that could be further optimized, such as polymer molecular
weights [26,27], ternary composition [11,25], thermal
annealing treatment [4,33] and film thickness [34,35], it is
patent that the presented strategy results in a more con-
trolled blend structure and enhanced solar cell performance.
The device optimization might be facilitated by the mea-
surement of the phase diagram of the ternary system, which
will aid to predict the optimum composition ratio and ther-
mal annealing treatment [11]. Moreover, the natural entan-
glement of the glassy chains may also help to provide long-
term morphological stability, as suggested by our prelimin-
ary results, which would help to keep a constant perfor-
mance of the devices under operation at elevated
temperatures. Some of these investigations are currently
being carried out and will be published elsewhere.

Finally, we believe that the ternary mixing approach is
very general, and could be used to control the morphology
at the micro- and nano-scales for a large variety of semi-
crystalline polymers with poor capability for quality film
formation when blended with fullerenes and otherwise
good optoelectronic properties. Examples of this include
polythiophenes with different alkyl side chains, such as
poly(3-butylthiophene) (P3BT) [29,36], Selene-substituted
regio regular poly(3-hexyl)selenophene (P3HS) [37], and
very low band gap regular poly(3-decyloxythiophene-2,5-
diyl) (P3DOT) [38], to name but a few. Furthermore, other
dilute polymer matrices might be used to add different
functionalities, such as simultaneous optimization of
charge generation and transport [13,30] or chemical and
mechanical stability [25], which could permit an overall
more efficient and stable organic solar cell and thus bring
closer the market uptake turn point of this technology.
4. Conclusions

To summarize, in this contribution we have investi-
gated ternary systems consisting in adding regio random
P3HT into the conventional regular P3HT:PCBM blends.
The rationale for this was to be able control the formation
of microscale phase separation through the natural entan-
glement of random polymer chains, while allowing the for-
mation of crystallites at the nanoscale in the voids left by
the diluted polymer matrix. We successfully demonstrate
that ternary mixing helps to control the morphology by
reducing the area covered with unwanted micron-sized
aggregates from 9% in the conventional blend, down to less
than 0.04% for the ternaries. Moreover, the addition of ran-
dom polymer chains does not prevent the crystallization of
their regular counterparts and we found, in fact, that the
overall degree of film crystallization is enhanced in the ter-
nary blends, at the expenses of smaller crystallite sizes.
This results in the fact that concentrations of up to 50%
of the random polymer in the total polymer content have
a very small effect on charge carrier mobilities, compared,
for instance, to the effects due to thermal annealing or
molecular weight. Finally, we fabricated solar cells based
on ternary systems and show that they exhibit a similar
short circuit current but ca. 100 mV positively shifted open
circuit voltage which results in enhanced device efficiency.
The origin of this shift is associated to a higher polymer
HOMO arising from the isolated – non-interacting – nature
of the random chains.
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Fig. 1. Schematics of a pentacene OFET along with the chemical structures of the materials used in the study.
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Crosslinkable BCB can provide a high-quality hydroxyl-free
interface [10] to organic semiconductors with a high
dielectric breakdown strength exceeding 3 MV/cm [11].
With poly (a-methylstyrene) (PMS) as a surface modifica-
tion layer on gate dielectrics, a record mobility of 7 cm2/V s
in a thin-film pentacene transistor has been reported [12].
Here, polystyrene (PS) instead of PMS was used due to its
lack of dipole moment (such as CH3- in PMS). Both BCB
and PS have already been demonstrated as stable gate
dielectrics for n-channel C60 OFETs by our group [13].
2. Experimental details

Pentacene transistors were fabricated on heavily n-
doped silicon substrates (n++-Si, as the gate electrode) with
a 100 nm-thick Al2O3 layer deposited by atomic layer
deposition (ALD) as a gate dielectric insulator. The process
details and dielectric characterization of Al2O3 by ALD are
described elsewhere [14]. A top-contact OFET device
geometry was used as shown in Fig. 1. To better control
the interfacial properties at the dielectric and the penta-
cene layer, as well as enhance the device operation stabil-
ity and reproducibility, the Al2O3 dielectric surface was
passivated with different hydroxyl-free polymers (PS and
BCB in this work) as thin buffer layers. The thin polymeric
layers were formed and processed as follows. The BCB thin
films from diluted CycloteneTM 3022 were crosslinked at
250 �C on a hot plate for 1 h in a N2-filled glovebox. PS
Table 1
Summary of the electrical parameters for pentacene OFETs with different dielectric
on the dielectric surface; l, field-effect mobility; VTO, turn-on voltage; VT, threshol
trapping time; b, dispersion parameters.

Pentacne OFETs with rms (Å) H (�) COX (nF/cm2) l (cm2/Vs) V

PS/Al2O3 2.3 84 42.7 0.64 �
BCB/Al2O3 2.4 86 46.8 0.47 �
OTS/Al2O3 4.1 98 64.1 0.36 0
films were spin-coated from a 4 mg/ml solution in toluene
and annealed at 130 �C on a hot plate for 1 h. The Al2O3

surface was also modified with a self-assembled mono-
layer (SAM) with octadecyl-trichlorosilane (OTS) mole-
cules. OTS has been widely known as a good tunneling
barrier to hydroxyl groups on oxide surfaces due to its long
alkyl chain, and a good surface layer for controlling struc-
tural order of pentacene films. OTS layer was formed by
soaking the substrates in a 5 mM toluene solution of OTS
for 15 h in a dry N2-filled glovebox. The capacitance den-
sity COX (nF/cm2) was measured from parallel-plate capac-
itors with 12 varying contact areas. The added buffer layer
on Al2O3 reduced the capacitance density COX from 66.4 nF/
cm2 to 64.1 nF/cm2 with OTS, to 46.8 nF/cm2 with BCB, and
to 42.7 nF/cm2 with PS. The results on COX are listed in
Table 1 and were used to calculate the OFET electrical
parameters.

Pentacene (Aldrich), purified using gradient zone subli-
mation, was deposited at a rate of 1 Å/s to a thickness of
50 nm. 60 nm-thick Au as S/D electrodes were deposited
at a rate 1 Å/s on top of pentacene through a shadow mask
in the same chamber without breaking the vacuum. The
substrates were held unheated during the deposition and
the chamber vacuum was about 5 � 10�8 Torr. The sam-
ples were transferred in a vacuum tight vessel without
being exposed to atmospheric conditions into a N2-filled
glovebox (O2, H2O < 1 ppm) for electrical testing. The elec-
trical measurements were performed using an Agilent
E5272A source/monitor unit in the dark.
surfaces. rms, root–mean–square surface roughness; H, water contact angle
d voltage; S, subthreshold slope; Ion/off, on/off current ratio; s, characteristic

TO (volts) VT (volts) S (V/dec) Ion/off �105 s (s) b

1.6 �3.39 0.20 7.2 1.5 � 108 0.41
1.6 �3.62 0.26 3.8 2.4 � 105 0.41
.2 �0.86 0.30 1.7 2.1 � 106 0.42
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The chemical and physical surface properties of the
dielectrics, including surface wetting properties, surface
roughness, and surface defect density are important
parameters that affect the electrical performance of OFETs,
through the morphology/structural ordering of organic
semiconductor films and the charge transport at the
dielectric/semiconductor interface. To characterize the sur-
face properties, the surface morphology of Al2O3 with dif-
ferent surface modification layers was investigated by
AFM (Digital Instruments NanoScopeTM Scanning Probe
Microscopes). The root-mean-square (rms) surface rough-
ness of the dielectric surfaces with different surface treat-
ment was estimated to be below 5 Å when measured over
an area of 1 lm � 1 lm, as listed in Table 1. With poly-
meric surfaces, the dielectric surface roughness of
100 nm-thick Al2O3 was further decreased to below 3 Å
after spin coating. The effect of surface roughness on the
charge transport at the interface can be negligible for a
rms value smaller than 5 Å [15,16]. The surface energy of
the dielectric surface with different buffering layers was
studied by contact angle measurement using DI water,
with the results listed in Table 1. All the surfaces became
highly hydrophobic with aqueous contact angles around
90�, indicating low surface energy with BCB, PS or OTS as
passivation layers on the dielectric surface.

The morphology of pentacene films can be affected by
the deposition conditions (substrate temperature, deposi-
tion rate and thickness) as well as the dielectric surface
Fig. 2. AFM images and XRD patterns of pentacen
properties (surface roughness, surface energy, and etc).
Here, the deposition conditions of pentacene were kept
constant. AFM and X-ray diffraction (XRD) were used to
characterize the film morphology and the structural order-
ing of pentacene molecules, as illustrated in Fig. 2. Penta-
cene films on all dielectric surfaces exhibited high
structural order and displayed island formation. However,
the grain size varied significantly for the substrates with
different surface energy and surface roughness. The mor-
phology of pentacene shows small grains on OTS-treated
Al2O3, probably caused by the large surface roughness of
the dielectrics. The pentacene growth on the smoother
dielectric surfaces (PS and BCB in this case), on the other
hand, was less disturbed and prone to form large grains
and good connectivity. The slight difference on the grain
size with PS and BCB can be attributed to the different sur-
face energy. The diffraction spectrum of island films con-
sisted of crystalline peaks with a first diffraction peak at
2H = 5.74�, corresponding to ‘‘thin film” spacing of 15.4 Å,
and the presence of higher order peaks was observed. The
lattice spacing corresponds to a tilt of the molecules of
17.1� to the surface normal, assuming a triclinic single crys-
tal structure. The presence of a ‘‘bulk” phase of pentacene
with a spacing of 14.4 Å was not observed since the sub-
strate temperature was held at room temperature during
deposition. The XRD peak intensity mirrored the grain size
of the crystalline structure observed in the AFM images;
films with larger grains showed higher intensity.
e films on the different dielectric surfaces.
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3. Operational stability and electrical characterization

In order to accurately characterize the device perfor-
mance, the devices need to be stable during measurement.
Testing procedures like hysteresis scans and duty-cycle-
like tests were used to test the stability and reproducibility
of the devices. The fabrication and testing were carried-out
in a N2-filled glove box in the dark so that the device insta-
bilities induced by light, water, and oxygen were avoided.
The electrical instability/degradation is attributed to both
trapping by shallow and deep states. For deeper trapping
sites, longer trapping time/relaxation time is required.
The trapping at the shallow sites is usually reversible
sometimes even at room temperature. The ratio and distri-
bution of shallow and deep traps are dependent on the
materials, fabrication, and device operation. Electrical
instability induced by the trapping on different time scales
can manifest itself as a hysteresis, a current decay, or a
threshold voltage shift. The devices showing hysteresis
are less stable, and this property is highly undesirable
when the devices are not used as memory devices.

The hysteretic transfer characteristics were measured
with a resolution of 20 ms and duration of several seconds
in the saturation regime with VDS = �10 V. The representa-
tive transfer curves and normalized output curves (IDS was
normalized by the capacitance density COX) are compared
in Fig. 3 for the devices with the same geometry (channel
length L of 100 lm and channel width W of 1000 lm)
and different dielectric surface treatments. On the time
Fig. 3. (a)–(c) Hysteretic transfer characteristics with VDS = �10 V
scale of this measurement, negligible hysteresis and
threshold voltage shift were found in transistors with poly-
meric dielectric surfaces as well as OTS-treated dielectric
surfaces. Next, all devices were repeatedly stressed by
measuring transfer characteristics in the saturation regime
100 times with a 2 s waiting time between cycles. The
superimposed measured transfer curves from the first 10
cycles and the last 10 cycles are shown in Fig. 4. Here again,
no significant performance degradation could be observed
in any of the transistors under investigation. The shape of
the successive transfer curves remained unchanged during
hysteresis scans and during 100 duty-cycle scans, indicat-
ing there exists no shallow states from structure defects
within the semiconductor or the gate dielectric caused by
the applied gate field [17]. In these two types of measure-
ments, the rest time between successive stressing was var-
ied between 20 ms to several seconds and no changes
could be observed. We can speculate that either no fast
trapping had occurred or that the trapped charges were de-
trapped/released during the rest time. Negligible threshold
voltage shift occurred on this time scale, indicating a good
electrical stability and reproducibility for devices under
normal operation using Al2O3 gate dielectrics with PS,
BCB, and OTS passivation layers. This can be attributed to
the low concentration of shallows traps at the dielectric
surfaces. Trapping species expected at Al2O3 surfaces, such
as highly polar Al(OH)3, absorbed water molecules, or
other impurities, are screened by the hydroxyl-free poly-
mers used to passivate the surface.
. (d) Comparison of output characteristics with VGS = �10 V.



Fig. 4. Superimposed transfer curves from the first 10 scans (black) and the last scans (blue) during a duty-cycle-like test with 100 scans and 2 s rest time
between cycles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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With good stability under normal operating conditions,
the device performance parameters can be extracted reli-
ably from a forward gate bias scan as seen in Fig. 3.
Field-effect mobilities l and threshold voltages VT were
calculated in the saturation regime defined by standard
MOSFET models by fitting the

ffiffiffiffiffiffi
IDS
p

vs. VGS data to the
square law. Also extracted from the transfer characteristics
are the turn-on voltage (VTO) and the on/off current ratio
(Ion/off). The extracted electrical parameters (l, VTO, VT, S,
and Ion/off) are summarized and compared in Table 1 along
with rms and COX previously measured.

Devices with PS and BCB dielectric surfaces show simi-
lar electrical performance with high mobility, low sub-
threshold voltage, and high on/off current ratios. The
higher mobility from pentacene transistors on PS can be
correlated to the structural ordering of pentacene films:
larger grains, higher XRD intensity and less trapping. Since
OTS might not fully passivate the Al(OH)3 groups on the
surface, these electron-trapping residuals could give rise
to an earlier turn-on voltage and lower threshold voltages
in pentacene OFETs with OTS.

To investigate the dependence of mobility on the
channel length L, field-effect mobilities of devices are sta-
tistically plotted over the inverse of channel length (L�1)
with a channel width W = 1000 lm in Fig. 5a. All the de-
vices with different dielectric surfaces show a similar
trend: the mobility remains nearly independent of channel
Fig. 5. (a) The dependence of mobility on the inverse of channel length. (b) The w
PS dielectric interface.
length larger than 25 lm. However, the device mobility
with short channels of 25 lm increases instead of decreas-
ing like in many organic transistors where the channel cur-
rent is contact-limited due to the large Schottky barrier at
the metal/organic interface. The higher mobilities at short-
channel devices could be explained through the presence
of fewer traps in the grain boundaries existing within a
shorter length. It also implies a very low contact resistance
and good ohmic contact between Au S/D electrode and
pentacene films.

To gain a better understanding of the effect of the con-
tacts on the mobility, the contact resistance of pentacene
transistors with PS as a surface treatment layer was ex-
tracted using the transmission line method (TLM) based
on the dependence of current–voltage characteristics on
channel length. In the linear regime, the overall device
resistance Ron can be considered as the sum of the channel
resistance Rch and a total contact resistance RC according to
Rolland [18]. A set of devices with channel lengths ranging
from L = 50 to 200 lm and a fixed channel width of
W = 1000 lm was used to calculate the contact resistance
at a low drain-source voltage (VDS) of �0.1 V for VGS values
ranging from �3 to �10 V. The width-normalized contact
resistance (RCW) was estimated using the y intercept of
the least squares when extrapolating RonW to L = 0 lm, as
plotted in Fig. 5b. The contact resistance drops drastically
with VGS since the resistance of pentacene film was
idth-normalized contact resistance obtained from pentacene OFETs with
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reduced by the increasingly induced charge density in the
accumulation regime with VGS. A low RCW of 500 X cm was
achieved at VGS = �10 V. This value is even lower than the
best result reported by Klauk et al. [19]. Since the contact
resistance between the Au S/D electrodes and pentacene
films is quite low and the values are similar for the devices
with different dielectric surfaces, its change during the
operation can be negligible compared to that of the chan-
nel resistance with a long channel length such as
L = 100 lm. Therefore, the effect of contact resistance on
the electrical stability can be ignored in this study.

4. Bias stress effect

To further explore the effect of different dielectric inter-
faces on the stability of pentacene transistors, the time-
dependent decay of IDS was tested under dc bias stress with
VGS = VDS = �10 V for 1 h, as plotted in Fig. 6a. The current
decay in this experiment exhibited typical features of bias
stress instability showing an exponential decay function.
The trapping rate slows down with stressing time since
the density of the vacant trapping sites decreases as more
holes are trapped with time. Then, trapped charges screen
the electrical field and in turn cause the negative shift of
the threshold voltage.

The bias stress instability can be described by a
stretched-exponential function based on threshold voltage
shift ðDVTÞ or drain-source channel current decay. A
stretched-exponential equation was proposed by Libsch
and Kanicki based on DVT [20]:

DVTðtÞj j ¼ VGS � VTOj j 1� exp � t
s

� �b
" #( )

: ð1Þ

VGS � VTO is the effective voltage drop across the gate insu-
lator and VTO is the initial threshold voltage at t = 0 s. The
dispersion parameter b is the stretched-exponential factor,
reflecting the width of the involved trap distribution. The
constant s represents the characteristic trapping time of
the carriers. The trapping/detrapping process is assumed
thermally activated.

The above model can be extended with the measure-
ment of drain-source channel on-current decay with time
Fig. 6. (a) Drain-source current decay when stressed with VGS = VDS = �10 V for
dash lines are the fitting curves using Eq. (5). (b) Threshold voltage shift (DVT)
under dc bias stress [21]. Using on-current degradation in-
stead of threshold voltage shift to estimate stability can
avoid the error and inaccuracy caused by the measurement
and extraction of threshold voltages. The derivation of
stretched-exponential function based on on-current degra-
dation was carried-out as follows.

The current–voltage characteristics in the saturation re-
gime can be described as:

IDS ¼
1
2
lCOX

W
L

VGS � VTOð Þ2 ¼ K VGS � VTOð Þ2: ð2Þ

When the device has been operated for a long period of
time t that resulted in a threshold voltage shift DVT, the
current–voltage characteristics after an elapsed time t
can be expressed as:

IDSðtÞ ¼ K VGS � ðVTO þ DVTðtÞÞ½ �2: ð3Þ

Then, the current decay with time DIDSðtÞ can be described
as:

DIDSðtÞ ¼
IDSðtÞ
IDS0

¼ ½VGS � ðVTO þ DVTðtÞÞ�2

ðVGS � VTOÞ2
: ð4Þ

Combining a stretched-exponential function for DVT from
Eq. (1), a stretched-exponential function for DIDSðtÞ can
be reduced to:

DIDSðtÞ ¼
IDSðtÞ
IDS0

¼ exp �1
t
s

� �b
" #

ð5Þ

As shown in Fig. 6a, the solid points are the experimental
data and the line is a fit according to Eq. (5). The simulated
results indicate that the experimental data can be fitted
with Eq. (5) where the on current in the channel was ob-
tained in the saturation regime.

The threshold voltage shift under the same condition
can be calculated from Eq. (1) using the fitting parameters
listed in Table 1, as shown in Fig. 6b. The dispersion param-
eter b, reflecting the width of the involved trap distribu-
tion, is similar (0.41–0.42) in the devices with polymeric
interfaces and SAM. The values are similar to the value ob-
tained by Mathijssen [3,22] using hexamethyldisilazane
(HMDS) SAM to passivate the dielectric surface. The b
value was found to be lower with higher HMDS coverage
1 h with a resolution of 20 ms. The points are experimental data and the
was simulated with the fitting parameters obtained from Fig. 6a.
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[3]. The stability during dc bias stress can be quantitatively
compared with the trapping time s at room temperature.
Longer times s are desirable because they lead to transis-
tors with smaller threshold voltage shifts and increased
stability. Since polar Al(OH)3 groups can acts as traps, the
presence of a spatial barrier between the mobile charge
carriers and the traps results in a much longer time scale
for the threshold voltage shift dynamics. Therefore, the sta-
bility of the devices with treated dielectric surfaces
(PS, BCB or OTS SAM) was improved with values for s in
the range of 105–108 s, with small DVT below 1 V. Among
them, pentacene OFETs with a PS-treated gate dielectric
surface show the highest stability with the trapping time
even longer than that of amorphous Si thin film transistors
(TFTs) [23]. Pentacene transistors passivated with PS exhi-
bit an outstanding stability with estimated DVT of 0.2 V
after 3600 s stressed under dc bias with VGS = VDS = �10 V
based on the values of b and s extracted by fitting the cur-
rent decay. Devices with OTS-treated surfaces also show
good stability with time constants in the range of
106–107 s, which agrees well with the results reported by
Miyadera using b-phenethyltrichlorosilane SAM [24].

We notice that the stability with BCB-treated gate
dielectrics in pentacene OFETs is poorer than that of de-
vices with PS or OTS SAM. This observation is in contrast
with the results obtained in n-channel C60 OFETs where de-
vices with BCB-treated gate dielectrics were found to be
most stable [13]. Hence, there is a fundamental difference
in the trapping mechanisms giving rise to the degradation
of the electrical performance of C60 and pentacene-based
OFETs with BCB-treated gate dielectrics. The non-polar
nature of BCB seems to rule out a dipolar origin to the trap-
ping mechanisms occurring in pentacene OFETs, therefore
further investigation is required to explore the origin of
this slow trapping mechanism. It is worth pointing out that
in C60 OFETs, passivation of the gate dielectric with PS
acted almost as effectively as BCB to stabilize the electrical
performance. Therefore, the results presented in this paper
also indicate that PS offers a good compromise to achieve
stable operation both in C60 and pentacene OFETs. Indeed,
with PS as the gate dielectric passivation layer, organic
complementary inverters with high noise margins and dc
gains have been demonstrated recently [25].

The characteristic trapping time s (105–108) is several
orders of magnitude longer than the time duration for hys-
teresis and repeatability (10�3–10 s) testing. In other
words, when the devices experienced short-time stress,
no bias stress effect was introduced. To further investigate
the trap distribution and the activation energy of traps, the
measurement of current decay at various thermal temper-
atures is required.

This model is able to predict the threshold shift behav-
ior for any time duration. However, this model only
addresses the electrical stress with dc bias. In AMLCD, a-
Si:H TFTs are subjected to pulsed gate bias addressing with
a typical frequency of 60 Hz [26]. The magnitude of thresh-
old voltage shift caused by ac stress or pulsed gate bias is
significantly lower. A logical explanation is that the
trapped charges at the shallow states will be released if
the rest time between the testing is longer than the trap-
ping time.
5. Conclusion

We studied the device performance and operational
stability of pentacene OFETs in which the gate dielectric
was passivated by PS and BCB polymers or by OTS. The
device performance was found to correlate with the
structural ordering of pentacene films and the surface
properties of gate dielectrics. Both PS and BCB passivation
can yield devices with high charge mobility due to the
formation of pentacene films with large grain size on
the smooth surface with low surface energy. However,
when measured under prolonged dc gate bias, the electri-
cal performance of devices with BCB deteriorated. The
stability of devices with OTS was found superior but the
best overall performance was obtained in devices passiv-
ated with PS.
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the Ag anode. P3HT was known to be a hole-transport
material and has been frequently applied in the devices
of organic field-effect transistor [12,13] and photovoltaic
[14–16]. The hole-transport property of P3HT is supposed
to be advantageous to the hole-injection from an Ag anode.
Furthermore, it had been shown that P3HT molecules bond
chemically to Ag or Cu substrates through the linkage of S
atom in the thiophene ring [17]. Therefore, it is possible to
prepare a P3HT thin layer on Ag surface using a facile self-
assembly process. This strategy was first examined in this
work.

In a previous research [18], it was found that a SAM
containing a terminal group of high electronegativity (e.g.
fluorine) triggers a high work function of the modified sur-
face. Based on this result, an electron-withdrawing func-
tion group, 1-fluoro-2-nitro-4-azidobenzene (FNAB), was
introduced into the terminal tail (–C6H13) of the P3HT thin
layer. This modified anode, Ag/P3HT/FNAB, was proved to
have a higher work function and is more efficient to en-
hance the hole-injection. The importance of P3HT in the
present strategy was confirmed by comparing the result
with another device using 3-methylthiophene (CH3TP)-
modified Ag anode.

2. Experimental

Two T-PLEDs (ITO/Ag/HY-PPV/Ca/Ag and ITO/modified
Ag/HY-PPV/Ca/Ag) were prepared in this study. Ag film of
150 nm thickness is deposited on the cleaned ITO glass
substrate by thermal evaporation under a base pressure
10�6 torr and a deposited rate of 0.1 Å/s. After formation
of Ag film, Ag anode was immersed in a chloroform solu-
tion containing 0.1 wt% P3HT for 30 min. After rinsing with
chloroform and dried in a nitrogen steam, the P3HT modi-
fied anode, Ag/P3HT, was prepared. For the Ag/P3HT/FNAB
anode, appropriate amount of FNAB solution was spread
on Ag/P3HT substrate and air-dried in dark. FNAB was pre-
pared by diazotization reaction of 4-fluoro-3-nitroaniline
(FNA) as the procedure reported in the literature [19–21].
The FNAB-covered substrate was then exposed to a UV
lamp (365 nm) for 20 min to carry out the nitrene reaction
between azide (N3) group of FNAB and methyl group
(–CH3) of P3HT. The substrate was then washed in succes-
sion by chloroform, and acetone, and dried in a nitrogen
steam. The substrate was delivered to a vacuum chamber
at 10�2 torr for 1 h and then transferred to the nitrogen-
filled glove-box. The proposed structures for the prepared
Fig. 1. The process for the depo
P3HT and P3HT/FNAB thin layers were schematically
shown in Fig. 1. ‘‘High-yellow” phenyl-substituted poly(-
para-phenylenevinylene) copolymer (HY-PPV) was used
as the light-emissive layer and was spin-coated onto the
Ag anodes. Finally, a semi-transparent top cathode, Ca
(12 nm)/Ag (17 nm), was vapor deposited under 10�6 torr.
The active pixel area of the device was 6 mm2. The cur-
rent–voltage (I–V) and brightness–voltage (L–V) character-
istics were measured using a current/voltage source
measurement unit (Keithley 2400) and a calibrated silicon
photodiode driven by a Keithley source. The EL spectra are
measured by a CCD array spectrum meter (Ocean optics
USB2000). All the measurements are performed in a nitro-
gen-filled glove-box. XPS spectra were measured by JEOL,
JAMP-9500F auger electron spectroscopy with a Mg Ka
source (1253.6 eV). The work function of the anode elec-
trodes were measured by a Riken Keiki AC-2 photoelectron
spectroscopy in air.

3. Results and discussion

Table 1 shows the contact angle of water on base and
modified Ag substrates. The contact angle of water on base
Ag surface is 77.0�, ascribed to the absorption of hydrocar-
bon and carbonaceous impurities from the atmosphere
[22]. After modification by P3HT, the contact angle in-
creases slightly to about 107.1�, a value consistent to the
contact angle measured for alkyl-chain terminated sur-
faces (90–110�) [23,24]. Therefore, the hydrophobic prop-
erty of the P3HT modified Ag surface is attributed to the
exposing of alkyl chains (–C6H13) contained in P3HT
molecules.

After incorporation of FNAB by nitrene reaction, the
contact angle of water on the Ag/P3HT/FNAB substrate
was measured to be 92.6�. The effect of UV light illumina-
tion (required for nitrene reaction) on the P3HT properties
was also examined by exposing the Ag/P3HT under UV
lamp (365 nm) for 20 min. The contact angle measured
for the UV-treated Ag/P3HT substrate was 106.5�, which
is nearly identical to the result of non-UV-treated Ag/
P3HT. This result suggests that the UV light illumination
does not make significant change to the surface wettability
of Ag/P3HT and, therefore, after the nitrene reaction, any
variation in the contact angle should be resorted to the
incorporation of FNAB [20]. For the ideal molecular model
proposed in Fig. 1, the terminated (–CH3) group was re-
placed by a less hydrophobic group FNAB. Therefore, it is
sition of P3HT and FNAB.



Table 1
Contact angle of water on base and modified substrates.

Substrates Contact angle of water (�)

Ag 77.0
Ag/P3HT 107.1
Ag/UV-treated P3HT 106.5
Ag/P3HT/FNAB 92.6
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Fig. 2. High resolution XPS scans of Ag3d (a), S2p (b), and F1s (c) regions for
the base and modified Ag anodes.
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PPV/Al devices.
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reasonable that the contact angle will become smaller after
the nitrene reaction.

The surface compositions of the substrates were mea-
sured by XPS. Fig. 2 shows the high resolution XPS spectra
scanning over the binding energy range of Ag3d, S2p, and
F1s. In Fig. 2a, peaks corresponding to Ag3d3/2 and Ag3d5/2

were observed on all the substrates, including the modified
and unmodified ones. In comparison with the base Ag sub-
strate, the binding energy of Ag3d decreases slightly after
the modification of P3HT or P3HT/FNAB, attributable to
the chemical bonding of silver to the sulfur atom in P3HT
[26]. For the S2p peaks shown in Fig. 2b, the peaks appear
only on Ag/P3HT, Ag/UV-treated P3HT, and Ag/P3HT/FNAB
anodes, demonstrating the presence of P3HT molecules on
the modified Ag surfaces. The feature peaks of S2p exhibit a
doublet structure at 162.1/163.6 eV, corresponding to
S2p3/2 and S2p1/2 peaks of silver-thiolate sulfur species
(Ag–S–R) [25]. This result gives further evidence to the
chemical linkage of sulfur to the silver substrate. In
Fig. 2c, the peak at 687.6 eV observed on Ag/P3HT/FNAB
surface is consistent with the binding energy of a fluorine
atom bonded to an aromatic ring. It is reasonable that F1s

peak does not appear on the other Ag anodes.
The effect of the P3HT and P3HT/FNAB modification on

the hole-injection was studied first by using hole-domi-
nated devices which using aluminum as cathodes. The
J–V characteristics of these devices are shown in Fig. 3. It
was found that the threshold voltage of charge injection
decreases significantly due to the modification of Ag an-
ode. Furthermore, the Ag/P3HT/FNAB anode demonstrates
a superior effect, than Ag/P3HT, in enhancing the hole-
injection.

The enhancement effect of these modified layers was
studied by measuring the work function of the related an-
odes using AC2 and the result were shown in Table 2. It ap-
pears that the work functions of these anodes increase in
the order: Ag (4.35 eV) < Ag/P3HT (4.42 eV) < Ag/UV-trea-
ted P3HT (4.47 eV) < Ag/P3HT/FNAB (4.65 eV). It is note-
worthy that the highest occupied molecular orbital
(HOMO) of P3HT measured by AC2 is 4.68 eV [26]. The
work function measured for Ag/P3HT, 4.42 eV, indicates
that the P3HT assembled on the Ag surface is not in a bulk
state, but as an ultrathin-film. The HOMO level of HY-PPV
was reported to be 5.2 eV [27]. Therefore, the barrier
height for the hole-injection decreases with increasing
work function of these electrodes. The deposition of
P3HT layer on an Ag surface causes only a slightly increase
of work function (0.07 eV), which is similar to the incre-
ment of work function (0.05 eV) caused by the following
UV-treatment. Comparing between Ag/P3HT and Ag/UV-
treated P3HT anode, the slightly decrease of threshold volt-
age of the Ag/UV-treated P3HT anode is attributed to the
small increase of the work function after the UV-treatment.



Table 2
Work function measured by AC2 for the base and modified Ag anodes.

Substrates Work function (eV)

Ag 4.35
Ag/P3HT 4.42
Ag/UV-treated P3HT 4.47
Ag/P3HT/FNAB 4.65
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However, in comparison with the base Ag anode, the
threshold voltage of Ag/P3HT anodes decreases signifi-
cantly due to the presence of P3HT thin layer, which can-
not be attributed completely to the small increment of
work function. Therefore, the intrinsic property of the
P3HT thin layer should play a role to enhance the hole-
injection from the Ag anode to HY-PPV layer, probably
associated with the hole-transport characteristic of P3HT.

For the Ag/P3HT/FNAB anode which has the best perfor-
mance in hole-injection, the work function greatly in-
creases from 4.42 to 4.65 eV due to the incorporation of
FNAB, attributed to the presence of the fluorine and NO2

group at the terminated group of the thin layer. The high
electronegativity of fluorine atoms and NO2 group triggers
a polarization of electrons toward the end groups, inducing
a dipole moment on the surface, shifting the vacuum en-
ergy to a higher level, and therefore, leading to a higher
work function of the Ag/P3HT/FNAB anode [4]. The large
increment of work function due to the incorporation of
FNAB is reasonably responsible for significant decrease of
threshold voltage of the Ag/P3HT/FNAB anode.

In order to identify the intrinsic property effect of P3HT
on the hole-injection, 3-methylthiophene (CH3TP), a mole-
cule with similar structure as the repeated unit of P3HT,
was also used to modify the Ag anode. The CH3TP-modified
Ag anode (Ag/CH3TP), as well as the anode further modified
by FNAB (Ag/CH3TP/FNAB), was used to fabricate hole-
dominated devices. The J–V curves measured for these de-
vices were shown in Fig. 4. The result shows that the
threshold voltage measured for the Ag/CH3TP device is
much higher than that for the bare Ag anode. That is, intro-
duction of the CH3TP layer triggers an additional resistance
to the hole-injection, a result contrary to the effect of P3HT.
However, for the following UV-treatment and FNAB modi-
fication, their enhancement effects are similar to that ob-
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Fig. 4. J–V characteristics for ITO/Ag/HY-PPV/Al and ITO/modified Ag/HY-
PPV/Al devices.
served for P3HT. Since CH3TP is not a semi-conducting
material as P3HT, the presence of a CH3TP layer forms a
passivation layer on Ag surface which obstructs the trans-
port of charges. On the other hand, insertion a thin layer
with p-type semi-conducting characteristic (e.g. P3HT) be-
tween Ag anode and emitting layer is advantageous to the
hole-injection. It is inferred that the presence of an ultra-
thin hole-conducting layer triggers an easier injection of
holes from Ag to HY-PPV layer. However, the real mecha-
nism is presently not understood completely.

After confirming the effect of modified layers on the
hole-injection, these modified anodes were applied to fab-
ricate top-emitting devices. Fig. 5 shows the J–V and L–V
characteristics of the top-emitting devices with the struc-
tures of ITO/Ag(150 nm)/HY-PPV/Ca(12 nm)/Ag(17 nm),
ITO/Ag(150 nm)/P3HT/HY-PPV/Ca(12 nm)/Ag(17 nm), and
ITO/Ag/P3HT/FNAB/HY-PPV/Ca(12 nm)/Ag(17 nm). The re-
sults show that the effects of P3HT and P3HT/FNAB layers
on the threshold voltages of J–V (Fig. 5a) and L–V (Fig. 5b)
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curves are similar to those on the hole-dominated devices
shown in Fig. 3. The maximum brightness obtained from
the base Ag, Ag/P3HT, and Ag/P3HT/FNAB anodes are
3432 cd/m2 (at 14.67 V), 6960 cd/m2 (at 11.06 V), and
21339 cd/m2 (at 10.46 V), respectively. The luminous effi-
ciencies (LE) shown in Fig. 5c demonstrate that the Ag/
P3HT/FNAB anode has the highest efficiency, which is
about four times higher than the efficiency of a base de-
vice. At a light intensity of 1000 cd/m2, the LE of the base
Ag, Ag/P3HT, and Ag/P3HT/FNAB device are 0.82, 1.97,
and 3.51 cd/A, respectively. The highest performance of
Ag/P3HT/FNAB anode is attributed both to the hole-trans-
port characteristic of P3HT and the increase of work func-
tion induced by the incorporation of FNAB.

4. Conclusion

P3HT thin layer was proved to be an efficient modified
layer of an Ag anode for enhancing the hole-injection of a
T-PLED. The introduction of the P3HT causes little increase
in the work function and, therefore, the enhancement ef-
fect of the P3HT thin layer is ascribed to its hole-conduct-
ing characteristic. By using a nitrene reaction, FNAB can be
incorporate into the terminal group of the P3HT thin layer,
which leads to a significant increase of work function and a
further improvement in the hole-injection and device per-
formance. By using the present strategy, the luminous effi-
ciency of a T-PLED can be increased to a value four times
higher than that of a base device.
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In this paper, we report efficient red, green, and blue
(RGB) single layer phosphorescent OLEDs with a configura-
tion of ITO/dopant:TPBi/LiF/Al, in which TPBi is 1,3,5-
tris(N-phenylbenzimidazole-2-yl)benzene for electron
transport, while the dopant was varied among tris(1-phen-
ylisoquinoline)iridium [Ir(piq)3], tris(2-phenylpyridine)
iridium [Ir(ppy)3] and bis(3,5-difluoro-2-(2-pyridyl)
phenyl-(2-carboxypyridyl)iridium [FIrpic] to realize differ-
ent emission colors. Subsequently, the device structure
was optimized by inserting a pure dopant buffer layer to
ITO/dopant/dopant:host/LiF/Al for efficiency and stability
improvement, as well as maintaining the simple material
selection and fabrication. It was found that efficient simpli-
fied RGB phosphorescent OLEDs could be realized by utiliz-
ing the triplet dopant’s charge transport properties to
directly accept and transport holes from ITO anode to the
emission zone.

2. Experimental

Ir(piq)3, Ir(ppy)3, and TPBi were purchased from Lum-
Tec, used as received. FIrpic was synthesized according to
the literature [20], sublimated prior to use. To construct
an appropriate device configuration for RGB devices, we
first used green dopant Ir(ppy)3 to optimize the overall de-
vice thickness, doping concentration, thickness of the buf-
fer layer and so forth. We then applied these parameters to
fabricate red and blue OLEDs. All devices were fabricated in
a Kurt J. Lesker LUMINOS� cluster tool, using a method de-
scribed previously [21]. Briefly, the commercially pat-
terned anode with a sheet resistance of 15 Ohms/sq was
ultrasonically cleaned with a standard regiment of Alco-
nox�, acetone, and methanol followed by ultraviolet (UV)
ozone treatment prior to loading into a deposition cham-
ber. Iridium complexes, TPBi and LiF were deposited in a
dedicated organic ultrahigh vacuum chamber with a base
pressure of �10�8 Torr. The Al cathode lines (2 mm wide)
were deposited orthogonally to the ITO anode lines
(1 mm wide) in a separate metallization chamber with a
base pressure of �10�7 Torr. A total of four different device
structures were fabricated on a single substrate to elimi-
Fig. 1. Chemical structure and energy level d
nate possible run-to-run variability caused by potential
variations in process conditions. The luminance–current
density–voltage (L–I–V) was measured using HP4140B
picoammeter and Minolta LS-110 luminance meter. The
electroluminescent (EL) spectra were recorded using an
USB2000-UV–vis Miniature Fiber Optic Spectrometer. The
constant current density during lifetime testing was pro-
vided by a Keithley 2400 source. All measurements were
carried out in ambient atmosphere and at room
temperature.

3. Results and discussion

Fig. 1 shows a schematic device structure, chemical
structure and energy level diagram of the molecules used
in this work. The work function of ITO and HOMOs for
Ir(piq)3, Ir(ppy)3, FIrpic and TPBi are �5.0 [10], 5.1 [22], 5.4
[23], 5.8 [16] and 6.3 [24] eV, respectively. Based on the en-
ergy level alignment, the hole injection barrier from ITO to
TPBi (�1.3 eV) is extremely high, while hole injection into
Ir(piq)3, Ir(ppy)3, and FIrpic are energetically favorable
with barriers of only �0.1, 0.4, and 0.8 eV, respectively.
This suggests that single layer phosphorescent OLEDs
might be made possible by injecting holes directly into
the iridium complex dopant rather than into the TPBi host.

It is known that the recombination zone in bilayer
structure OLEDs is easily defined at the HTL and ETL inter-
face [1,25]. However, for the single layer device, there is no
heterointerface, the holes and electrons have to be recom-
bined during transport or they will contribute to dark cur-
rent. Furthermore, the hole-electron pair should be formed
in a region away from both the anode and cathode; other-
wise exciton quenching will occur and be responsible for
lowering the device performance [26,27]. Hence the over-
all thickness of the single layer device has to be optimized
in order to create an efficient zone for the recombination.
We maintained the doping concentration at �10 wt% (the
typical doping concentration for phosphorescent OLEDs
in literature) in the devices ITO/Ir(ppy)3:TPBi (�10 wt%)/
LiF (1 nm)/Al (100 nm), and varied the thickness between
60, 80, 100, and 120 nm. The characteristics of the four
iagram of the investigated molecules.
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devices are summarized in Fig. 2. Similar to previously re-
ported single layer devices [17], the device has higher driv-
ing voltage when the thickness is increased. The turn-on
voltage for the device with a 60 nm thickness is only
2.9 V, while this was increased gradually to 3.8 V as the
overall thickness increased to 120 nm. However, the device
has higher efficiencies as the thickness increased, for
example, the maximum current efficiency increased from
4.2 to 14.8 cd/A, and the power efficiency increased from
2.5 to 6.8 lm/W when the overall thickness is increased
from 60 to 120 nm. Based on the performances of both
driving voltage and efficiency of the four devices, we
choose 100 nm as the device thickness in the following
experiments.

We noticed that the above four devices have maximum
current efficiency at high luminance (over 1000 cd/m2),
which may be attributed to an inefficient hole injection
from anode to dopant since there should be no problem
for electron injection into and transport in TPBi. Consider-
ing that increasing the doping concentration may lead to
enhanced injection and increased transporting channels,
another three devices using the configuration of ITO/Ir
(ppy)3:TPBi (100 nm)/LiF/Al were fabricated with doping
concentrations of 14, 18 and 37 wt%, respectively. Fig. 3
shows their performance, as well as that of the reference
device with a doping concentration of 10 wt%. The driving
voltage decreased remarkably as the doping concentration
Fig. 2. (a) Luminance–current density and (b) current efficiency–lumi-
nance characteristics of devices ITO/Ir(ppy)3: TPBi (�10 wt%)/LiF/Al as a
function of device thickness.
increased from 10 to 14 wt% and 18 wt%. However, the dif-
ference between the devices with a doping concentration
of 37 and 18 wt% is small. This indicates that 18 wt% of
Ir(ppy)3 doped TPBi is sufficient for hole injection and
transport. With an optimized doping concentration, the
device performed the best, the device yields 34.5 cd/A cur-
rent and 44.1 lm/W power efficiencies at 1 cd/m2, and
23.4 cd/A and 15.5 lm/W even when the luminance was in-
creased to 1000 cd/m2 under an applied voltage of 4.7 V.
Moreover, the maximum efficiency obtained here is as high
as, or even higher than, that of some multilayer phospho-
rescent OLEDs [28].

For the single layer device, though the holes can be in-
jected into and transported on the Ir(ppy)3 dopant, the
recombination zone is expected to be close to the anode
because TPBi is a good electron transporting molecule.
Therefore, the efficiency could be further improved by
inserting a buffer layer between the anode and the emis-
sion layer. To maintain the simple fabrication process, we
used Ir(ppy)3 as the buffer layer and fabricated another
three devices with a configuration of ITO/Ir(ppy)3/Ir
(ppy)3:TPBi (18 wt%, 100 nm)/LiF/Al, where the thickness
of the Ir(ppy)3 buffer layer is 1, 5, and 10 nm, respectively.
Fig. 4 shows the EL spectra comparison of the devices with
and without the Ir(ppy)3 buffer layer. Both devices emitted
a pure green light with an emission peaking around
520 nm, and international commission on illumination
(CIE) chromaticity coordinate of (0.31, 0.63), which originates
Fig. 3. (a) L–I–V and (b) current– and power efficiency–luminance
characteristics of devices ITO/Ir(ppy)3:TPBi (100 nm)/LiF/Al as a function
of doping concentration.



Fig. 4. EL spectra comparison between the green devices with and
without the Ir(ppy)3 buffer layer.

Fig. 5. (a) L–I–V and (b) efficiency–luminance characteristics of devices
ITO/Ir(ppy)3 (0, 1, 5, 10 nm)/Ir(ppy)3:TPBi(18 wt%, 100 nm)/LiF/Al.

Table 1
Characteristics comparison of the simplified green devices with and
without the Ir(ppy)3 buffer layer at a high doping concentration of 37%.

Thicknessa

[nm]
Von

b [V] gc
c at 10 cd m2 (V),

1000 cd m2 (V)
[cd A�1]

gp
c at 10 cd m2 (V),

1000 cd m�2 (V)
[lm W�1]

1 2.35 25.25 (2.64),
24.79 (4.32)

29.67 (2.64),
17.80 (4.32)

0 2.36 25.07 (2.66),
24.72 (4.34)

29.64 (2.66),
17.73 (4.34)

a The thickness of the buffer layer Ir(ppy)3.
b Von is taken as a reference point at which the luminance is 1 cd/m2.
c The data for current efficiency (gc) and power efficiency (gp) applied

bias at exactly given luminance were deduced by luminance–voltage–
efficiency curves.
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from the Ir(ppy)3 dopant. Moreover, the device with a
Ir(ppy)3 buffer layer has an identical EL spectrum to that
of the device without the buffer layer, indicating that holes
and electrons are recombined in the Ir(ppy)3:TPBi layer
rather than Ir(ppy)3 layer, otherwise there will be a
red-shifted emission because of heavy triplet–triplet
quenching in pure Ir(ppy)3 layer.

Fig. 5 shows the L–I–V and efficiency–luminance char-
acteristics of the three devices, as well as that of the refer-
ence device without a Ir(ppy)3 buffer layer. With the
insertion of a 1 nm thick Ir(ppy)3 buffer layer, the device
performs with a much lower driving voltage and higher
efficiency. In addition, further decreasing driving voltage
and increasing efficiency are observed by increasing the
Ir(ppy)3 buffer layer thickness from 1 to 10 nm. As a result,
the best performance was achieved in the device with an
Ir(ppy)3 thickness of 10 nm.. The maximum current and
power efficiencies were 43.3 cd/A and 56.2 lm/W at 1 cd/m2,
respectively, and the efficiencies remain as high as
34.6 cd/A and 25.2 lm/W even when the luminance was in-
creased to 1000 cd/m2 at a low applied voltage of only
4.3 V.

It should be noted that the Ir(ppy)3 buffer layer only im-
proves device performance at low doping concentrations.
Table 1 summarizes the characteristics comparison
between devices with a configuration of ITO/Ir(ppy)3/Ir
(ppy)3:TPBi (37 wt%, 100 nm)/ LiF/Al, in which the thick-
ness of Ir(ppy)3 varied between 0 and 1 nm. As can be seen
from the table, the devices with and without a Ir(ppy)3 buf-
fer layer have identical performance. This can be easily
understood since holes are easily injected into and trans-
ported on the Ir(ppy)3 dopant at higher doping levels, lead-
ing to a recombination zone at sufficient distance away
from the anode.

The Ir(ppy)3 buffer layer not only improves driving volt-
age and efficiency, but also improves the device stability.
Fig. 6 shows the accelerated lifetime trend of the two
simplified devices with and without a Ir(ppy)3 layer, as
well as that of a three layer reference device ITO/a-NPD
(40 nm)/Ir(ppy)3:CBP (20 nm)/TPBi (60 nm)/LiF (1 nm)/Al
(100 nm), where a-NPD and CBP are 4,40-bis[N-(1-nap-
thyl)-N-phenyl-amino] biphenyl and 4,40-N,N0-dicarbaz-
ole-biphenyl, respectively. Since lifetime was measured
in air, the exact values are meaningless. Here, the lifetime
trends of the three devices are compared for their relative
stability. As can be seen from the figure, the device without
an Ir(ppy)3 buffer layer between the ITO and emission
layer has a very short lifetime, which could be attributed
to multiple factors such as ion diffusion from the anode
into the emission layer. The device with an Ir(ppy)3 buffer
layer has a much improved stability, even better than that
of a typical three layer OLED.

Encouraged by the results of the simplified green de-
vices, we also test the concept ‘‘direct hole injection into
and transport on triplet dopant” in red and blue OLEDs.
With a similar device configuration deduced above, two



Fig. 8. (a) L–I–V, and (b) efficiency–luminance characteristics of ITO/
Ir(piq)3 (0 or 10 nm)/Ir(piq)3:TPBi (21 wt%, 100 nm)/LiF/Al and ITO/FIrpic
(0 or 10 nm)/FIrpic:TPBi (18 wt%, 100 nm)/LiF/Al.

Fig. 6. Lifetime tends of two simplified devices with and without a 10 nm
Ir(ppy)3 layer, as well as that of a three layer device with a configuration
of ITO/NPB (40 nm)/Ir(ppy)3:CBP (20 nm)/TPBi (60 nm)/LiF/Al.
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red-emitting devices with configurations of ITO/Ir(piq)3 (0
or 10 nm)/Ir(piq)3:TPBi (21 wt%, 100 nm)/LiF/Al and two
blue-emitting devices with configurations of ITO/FIrpic (0
or 10 nm)/FIrpic:TPBi (18 wt%, 100 nm)/ LiF/Al were fabri-
cated. It should be noted that the red and blue device con-
figuration fabricated here has not been optimized. The
parameters optimized in the green device, including device
thickness, doping concentration, and thickness of the buf-
fer layer, may not the best for red and blue devices because
each dopant has different hole injection barrier and carrier
mobility. Their EL spectra, as well as L–I–V and efficiency–
luminance characteristics are shown in Figs. 7 and 8,
respectively.

The red-emitting devices, either with or without a
10 nm thick Ir(piq)3 buffer layer, had an identical emission
with a maximum wavelength around 628 nm, CIE chroma-
ticity coordinate of (0.69, 0.33), which is the same as those
reported for other Ir(piq)3 based devices [29]. The device
without a Ir(piq)3 buffer layer had current and power effi-
ciencies around 3.7 cd/A and 3.2 lm/W at 1 cd/m2, and
2.7 cd/A and 0.8 lm/W at 1000 cd/m2 under 11.0 V applied
bias, respectively. The performance was improved some-
what by inserting a 10 nm thick Ir(piq)3 buffer layer, hav-
Fig. 7. EL spectra of devices ITO/Ir(piq)3 (0 or 10 nm)/Ir(piq)3:TPBi
(21 wt%, 100 nm)/LiF/Al and ITO/FIrpic (0 or 10 nm)/ FIrpic:TPBi
(18 wt%, 100 nm)/LiF/Al.
ing current and power efficiencies around 4.9 cd/A and
4.6 lm/W at 1 cd/m2, and 3.2 cd/A and 1.0 lm/W at
1000 cd/m2 under 10.4 V applied bias, respectively.

As for the blue-emitting devices, the devices with and
without a 10 nm thick FIrpic buffer layer also have identi-
cal emission band around 500 nm with CIE chromaticity
coordinate of (0.20, 0.49). The emission spectra observed
here are different to those reported for FIrpic-based de-
vices, having an emission peak around 470 nm with a
sub-peak around 500 nm [30]. It is known that there are
two emission bands associated with two different triplet
states in FIrpic. Here the dominate 500 nm emission band
may be explained by the fact that the triplet energy level
of TPBi is low (2.67 eV, [31]) and consequently results in
a favored energy transfer to the lower triplet state of FIrpic
[32].

Similarly, the insertion of 10 nm thick FIrpic buffer layer
improves device performance, having lower driving volt-
age and higher efficiencies. For example, the device with-
out the FIrpic buffer layer has a turn-on voltage of 7.6 V,
maximum current and power efficiencies around 6.8 cd/A
(239 cd/m2, 11.2 V) and 1.9 lm/W (187.6 cd/m2, 10.8 V).
The turn-on voltage decreased to 6.4 V, and the efficiencies
increased to 9.8 cd/A (460.4 cd/m2, 11.4 V) and 2.8 lm/W
(287 cd/m2, 10.6 V), respectively, by inserting a 10 nm FIr-
pic layer. Still, the blue-emitting devices have much higher



Table 2
Characteristics of the simplified RGB OLEDs.

Device
structurea

Von

[V]
gc at 1 cd m2 (V),
1000 cd m2 (V)
[cd A�1]

gp at 1 cd m2,
1000 cd m2

[lm W�1]

kEL
b

[nm]

Ir(ppy)3/Ir(ppy)3:TPBi 2.4 43.3 (2.4),
34.6 (4.3)

56.2, 25.2 520

/Ir(ppy)3:TPBi 2.4 34.5 (2.4),
23.4 (4.7)

44.1, 15.5 521

Ir(piq)3/Ir(piq)3:TPBi 3.4 4.9 (3.4),
3.2 (10.4)

4.6, 1.0 627

/Ir(piq)3:TPBi 3.7 3.7 (3.7),
2.7 (11.0)

3.2, 0.8 628

FIrpic/FIrpic:TPBi 6.3 1.1 (6.3),
8.9 (13.3)

0.5, 2.1 500

/FIrpic:TPBi 7.5 1.1 (7.5),
4.4 (16.0)

0.5, 0.8 501

a The anode and cathode are ITO and LiF (1 nm)/Al (100 nm), respec-
tively. The thickness of the iridium complex buffer layer and doped
emission layer are 10 and 100 nm, respectively. The doping concentration
for green, red, and blue OLEDs are 18, 21, and 18 wt%, respectively.

b EL spectra were taken at a luminance higher than 1000 cd/m2.
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driving voltage than that of the red- and green-emitting
devices, which is not surprising since the hole injection
barrier from ITO to FIrpic is �0.8 eV; this is much higher
than that to Ir(piq)3 (0.1 eV) and Ir(ppy)3 (0.4 eV). The effi-
ciency for the blue-emitting device was obtained at high
applied voltage, which is also indicative of inefficient hole
injection. This might be improved by employing new an-
ode materials with higher work function [33].
4. Conclusion

In summary, we have demonstrated single layer
phosphorescent OLEDs with a configuration of ITO/
dopant:TPBi/LiF/Al and ITO/dopant/dopant:TPBi/LiF/Al
(Table 2). These simplified structures are applicable to
red, green, and blue OLEDs with common phosphorescent
dopants Ir(piq)3, Ir(ppy)3, and FIrpic, respectively. Efficient
performance of the simplified single layer devices is attrib-
uted to direct hole injection into, and transport on the trip-
let dopants. This concept indicates a new way to fabricate
simplified OLEDs with competitive performance by utiliz-
ing charge injection and transport properties of the do-
pants. Moreover, the concept also shows a possible new
direction for developing future OLEDs is to synthesize
phosphorescent dopants with better carrier injection and
transporting ability.
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Fig. 1. A comparison of the absorption coefficients of MoO3, CuPc, and
C60, indicating that a MoO3 film remains transparent across the visible
spectrum. (inset) A cross-sectional illustration of the photodetector
structure.
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fluorescence detection system for a disposable lab-on-a-
chip device.

For many OPD applications, spectral selectivity is critical.
An OPD used for biological imaging must discriminate be-
tween strong excitation and weak fluorescent emission sig-
nals that have narrow spectral separation (and often must
furthermore distinguish the emission of multiple fluorescent
dyes). To this end, Pais et al. [6] incorporated two cross-
aligned polarizer films to separate the fluorescence signal
from the excitation light source. Addressing spectral selectiv-
ity requirements for colorimetry applications, Antognazza
et al. [11] used three distinct organic materials in the active
layers of their OPDs, demonstrating photoresponse curves
that mirrored the standard color matching function. Seo
et al. [12] demonstrated a color sensor by vertically stacking
three photodetectors that were individually sensitive to only
blue, green, or red light. However, the color separation char-
acteristics in the stacked sensor were sub-optimal, primarily
due to the broad absorption spectra of the active organic lay-
ers. Achieving wavelength selectivity by simply using organ-
ic dyes with different absorption spectra often presents
additional practical challenges, particularly in optimizing
the electrical characteristics of the detector.

Optical microcavity effects provide an alternative ap-
proach to tune the wavelength selectivity of a photodetec-
tor. These effects arise due to the interference of
electromagnetic waves in dielectric cavities sandwiched
by reflective layers, in which the optical path length is on
the order of a wavelength. As with a Fabry–Perot interfer-
ometer, the microcavity structure exhibits spectral selec-
tivity due to resonant optical modes in the cavity. Lupton
et al. [13] utilized this effect in an OPD by replacing the
cavity layer with photoactive materials, fabricating a Bragg
reflector below the indium tin oxide (ITO) substrate and
depositing a semi-transparent silver top electrode to form
the top mirror. The spectral selectivity of the device was
shown to depend on the bilayer cavity thickness, although
the sensitivity and spectral selectivity remained relatively
low due to a relatively low cavity quality (Q) factor caused
by parasitic absorption in the thick photoactive layers. Fur-
thermore, the maxima of the standing wave of the reso-
nant field were positioned far from the donor–acceptor
interface where exciton dissociation takes place, lowering
the quantum efficiency of the detector.

In this work, we demonstrate a microcavity organic
photodetector that incorporates a conductive, transparent
optical spacer inside the cavity and places the organic het-
erojunction near a peak intensity of the resonant field. This
results in a stronger optical microcavity (an enhanced Q
factor) and hence increases the sharpness of the spectral
response. Detector sensitivity is enhanced by two orders
of magnitude over prior work [13], and the peak wave-
length can be tuned across a much wider range. We also
study the effects of metal mirror roughness on the external
quantum efficiency (EQE) spectrum, accounting for rough-
ness explicitly in our optical model and demonstrating
excellent agreement between predicted and measured
EQE when topographical data obtained via atomic force
microscopy (AFM) is incorporated. Finally, we study the
angular dependence and frequency response of our
devices.
Appropriate optical spacer materials should exhibit low
electrical and optical losses, as well as a properly matched
work function to reduce contact resistance. Optical spacers
such as TiOx [14], bathocuproine (BCP), and C60 [1] have
previously been used in organic solar cells. Archetypal or-
ganic solar cells, however, are weak microcavities since
they are most often deposited onto ITO electrodes, result-
ing in a low cavity Q factor. Instead, we use thin metal
films for both anode and cathode [15], and employ a con-
siderably thicker optical spacer to substantially increase
the strength of the electric field near the organic hetero-
junction, thereby enhancing the narrow-band quantum
efficiency of the device. We use vacuum-deposited molyb-
denum trioxide (MoO3) as the optical spacer, facilitating
the fabrication of the photodetector by conventional vac-
uum thermal evaporation. As shown in Fig. 1, MoO3 has
good transparency over a broad range of the visible spec-
trum (where the EQE peaks of our OPDs are located). Cur-
rent–voltage measurements of a 40 nm Ag/140 nm MoO3/
50 nm Al structure yielded Ohmic characteristics with a
resistivity of 5 � 105 X cm, which is several orders of mag-
nitude lower than that of most organic materials. The work
function of MoO3 is known to be 5.8 eV [16], enabling effi-
cient hole collection.

To precisely identify OPD structures with desired exter-
nal quantum efficiency (EQE) spectra, we employed optical
models based on the transfer matrix approach, which pre-
dicts the optical field distribution within the multilayer
structure. These models were coupled to exciton transport
equations that account for exciton generation, extinction,
and diffusion [1,17,18]. We assumed literature values for
exciton diffusion length (100 Å for CuPc and 300 Å for
C60) [1], and assumed 100% charge dissociation and extrac-
tion efficiency. The simulated device layer structure has a
50 nm Al anode, variable thickness MoO3 spacer, 20 nm
copper phthalocyanine (CuPc) donor, 40 nm C60 acceptor,
7 nm BCP exciton blocking layer, and 40 nm semi-trans-
parent silver cathode. Wavelength-dependent optical con-
stants for these layers were taken from literature [18–21].
A cross-sectional diagram of the photodetector structure is
illustrated in the inset of Fig. 1. Calculated electric field
profiles within the device for the visible range of incident
wavelengths are shown in Fig. 2a, assuming a 150 nm thick



Fig. 2. (a) Calculated electric field intensity |E|2 distribution throughout
the photodetector for a range of incident wavelengths. The thickness axis
denotes the distance from the air–cathode interface, on which light is
incident. The external quantum efficiency (EQE) is plotted also along the
back plane of the graph to represent the strong correlation between |E|2

and EQE. (b) A plot comparing |E|2 profiles inside the OPD for 430 nm and
520 nm incident light. A strong second mode can be seen for 520 nm
illumination. The device structure used in the simulation for both (a) and
(b) is: 50 nm Al / 150 nm MoO3 / 20 nm CuPc / 40 nm C60 / 7 nm BCP /
40 nm Ag.

Fig. 3. Atomic force microscopy (AFM) scans of (a) aluminum thin films
deposited onto glass substrates, and (b) silver thin films deposited onto
the organic layers of BCP, C60 and CuPc on the aluminum, along with
histograms (c–d) of the measured surface height values, which exhibit a
Gaussian distribution. The root-mean-square (RMS) roughness measures
14.5 nm for aluminum and 7.3 nm for silver. (e) A plot superimposing the
measured and calculated external quantum efficiency spectra. Two
calculated spectra are shown – one that does not take electrode
roughness into account, and one that does. (inset) A plot of photodetector
sensitivity for illumination wavelengths of 430 nm and 520 nm, showing
clear spectral selectivity.
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MoO3 optical spacer. The engineered spectral responsivity
is apparent in Fig. 2b, which compares the electric field
profile for the 430 nm non-resonant wavelength to that
of the 520 nm wavelength, which is near the second reso-
nant mode of the microcavity. The left peak for the reso-
nant mode is very close to the organic heterojunction,
leading to increased optical absorption in this region and
hence larger photocurrent. Even though the light couples
in through a 40 nm thick semi-transparent silver film, the
peak light intensity near the donor–acceptor junction is
comparable to that of a conventional ITO based solar cell
[17,18]. Below the wavelength of the second resonant
mode, there exist third and fourth resonant modes in the
electric field contour, indicating possible absorption in
the ultra-violet range. Thicker spacers make the peaks nar-
rower, and push the higher resonant mode into the visible
range, similar to the Fabry–Perot interferometer. The cal-
culated EQE spectrum, plotted in Fig. 2a, shows a strong
correlation with the resonant electric field. Note that the
EQE spectrum of a microcavity device can be largely
decoupled from the absorption spectra of the active photo-
sensitive materials (Fig. 1), a consequence of the strong
resonant effects.

Following our optical analysis, we fabricated device
structures having layer sequences and thicknesses identi-
cal to those modeled (within experimental error), depos-
ited onto 1 mm thick glass substrates using vacuum
thermal evaporation (VTE) at 10�6 Torr and 1–2 Å/s evap-
oration rate. The nominal layer sequence was as follows:
thick aluminum that serves as the bottom mirror and an-
ode, MoO3 optical spacer varied from 110 nm to 220 nm
thick, CuPc electron donor, C60 electron acceptor, BCP hole
and exciton blocking layer, and semi-transparent silver
serving as the top mirror and cathode. Cathodes were de-
fined by depositing through a shadow-mask, which was
mounted in atmosphere immediately after depositing the
C60 layer. Device photocurrent was measured in atmo-
sphere using a transimpedance amplifier at zero bias, with
the photodetector illuminated by monochromated light
from a halogen lamp; a lock-in amplifier (at 89 Hz chop-
ping frequency) was used to enhance the signal-to-noise
ratio in determining the EQE. Incident light power was
measured using a calibrated silicon photodetector (New-
port 818-SL).

For a device having a target resonant mode at 520 nm,
our calculation suggested a 150 nm thick optical spacer.
This resonant peak was confirmed by EQE measurements
on a fabricated device with 150 nm optical spacer thick-
ness, as shown in Fig. 3e. Despite the accuracy of the pre-
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dicted peak position, there is a mismatch in the peak
height. This is due to a lowering of the cavity Q factor, most
likely a result of the roughness of the evaporated metal
mirrors. To include the scattering caused by mirror rough-
ness in our optical model, we used Filinski’s theory [22] of
modified reflection coefficients, which accounts for phase
variations resulting from small height differences by a
Gaussian distribution characterized by the root-mean-
square (RMS) of the film topography. Atomic force micros-
Fig. 4. (a) Calculated and (b) measured external quantum efficiency
spectra versus incident wavelength for optical spacer layers of different
thickness. The calculated response predicts that the resonance peak can
be shifted from 490 nm to 620 nm (corresponding to optical spacer
thicknesses of 130–210 nm). The observed peak in the response shifts
from 450 nm to 630 nm for spacer thickness ranging from 110 nm to
220 nm, while other elements of the OPD structure remain unchanged. (c)
A further comparison between theory and experiment, plotting the peak
position versus spacer layer thickness; two sets of calculated peaks are
shown for calculations that either do or do not account for electrode
roughness. Note that the dotted lines in (b) and the last two experimental
data points in (c) were obtained from heterostructures that use a-NPD
instead of CuPc for the electron donor layer, to demonstrate control of the
width of the spectrum via absorber layer composition.
copy (AFM) was used to quantify the roughness of the alu-
minum and silver films, as shown in Figs. 3a–d. We found
RMS roughness values of 14.5 nm for aluminum deposited
onto glass substrates, and 7.3 nm for silver films deposited
onto the organic layers. Incorporating Filinski’s correction
into our optical model and using these RMS values explic-
itly resulted in excellent agreement with experiment, as
shown in Fig. 3e. In the inset of Fig. 3e we compare the sen-
sitivity of the detector to monochromatic light at
wavelengths of 430 nm and 520 nm, corresponding respec-
tively to the valley and peak of the EQE spectrum of the
heterostructure. The sensitivity ratio for these two wave-
lengths was 15 at zero applied bias. Further measurements
of the EQE spectra under a reverse bias of 2 V showed no
changes in the wavelength peak or spectral width,
although the magnitude of the peak increased slightly, as
the sensitivity curve (inset of Fig. 3e) indicates.

To further demonstrate the spectral selectivity of the
microcavity-based organic photodetector, we calculated
(again accounting for roughness) the position of the reso-
nance peak for a range of spacer thicknesses between
130 nm and 210 nm, predicting that the resonance peak
would span wavelength ranges from 490 nm to 620 nm
(Fig. 4a). These predictions were confirmed experimen-
tally, as shown in Fig. 4b. By varying only the optical spacer
thickness in the fabricated device structures, we are able to
span a 450 nm to 630 nm range with the EQE spectrum.
Some discrepancy between simulation and experiment is
present for longer wavelengths, attributable to two effects.
Firstly, the extinction coefficients used in our model for
this wavelength range are based on literature values
[20]; however, these coefficients can vary in practice for
deposited films due to differences in film morphology.
We separately performed optical absorption measure-
ments on Ag thin films deposited in our thermal evapora-
tion system and found that they had a slightly higher
extinction coefficient for longer wavelengths than pre-
dicted in [20]. Secondly, we note that the two experimental
Fig. 5. A plot of the EQE spectra for several incident angles (0� = normal
incidence), including both p- and s-polarized light, calculated for a
microcavity photodetector employing a 150 nm thick optical spacer. The
peak blue-shifts with increasing angle, while the absolute magnitude of
the EQE reduces at shallower incidence, regardless of polarization, due to
a combination of increased reflectivity and increased absorption of light
in the top silver mirror. The inset shows similar changes in peak
wavelength measured experimentally.



Fig. 6. A plot of the �3 dB bandwidths of OPDs employing a thick MoO3

spacer layer (50 nm Al / 150 nm MoO3 / 20 nm CuPc / 40 nm C60 / 7 nm
BCP / 40 nm Ag) and thin MoO3 spacer (50 nm Al / 20 nm MoO3 / 20 nm
CuPc / 40 nm C60 / 7 nm BCP / 40 nm Ag) as measured at several input
impedances by a 300 MHz bandwidth oscilloscope. A green LED
(k = 530 nm) with intensity of 1.3 mW/cm2 was modulated in a square
wave pattern, illuminating a circular device 1 mm in diameter through a
focusing objective. The bandwidth extrapolated at 50 X input impedance
is �15 MHz, and decreases only negligibly upon the addition of the MoO3

optical spacer, indicating that the small resistance of the optical spacer
contributes very little to the RC time constant.
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EQE spectra for photodetectors with optical spacer thick-
nesses of 200 nm and 220 nm (dashed lines in Fig. 4b) were
obtained from a heterostructure that used N,N0-di-
[(1-naphthalenyl)-N,N0-diphenyl]-(1,10-biphenyl)-4,40-dia-
mine (a-NPD) instead of CuPc for the donor layer. While
substituting a different absorber demonstrates the ability
to further control the spectral response, it also leads to re-
duced detector sensitivity, in this case due to the low
intrinsic optical absorption of C60 and a-NPD near the sec-
ond resonant peak of the microcavity mode (590 nm and
620 nm for the two dashed spectra). Fig. 4c plots the peak
position versus spacer layer thickness as a more direct
comparison between theory and experiment. The two
experimental data points with the largest spacer thick-
nesses correspond to the C60/a-NPD heterostructure and
demonstrate the ability to significantly reduce the photo-
detector response peak width with proper choice of absor-
ber. The agreement observed between model and
experiment suggest that our model can serve as a viable
design tool.

Optical microcavities tend to be sensitive to the angle
and polarization of incident light. We calculated EQE spec-
tra at several incident angles for a microcavity photodetec-
tor employing a 150 nm thick optical spacer. The inclined
incident (and polarized) light (0� = normal incidence)
blue-shifted the peak wavelength of the photodetector, as
shown in Fig. 5, attributable to the decreased optical phase
difference of reflection at higher angles, as predicted by
Fabry–Perot theory. Similar peak wavelength changes
were measured experimentally, as shown in the inset of
Fig. 5. The absolute magnitude of the EQE was progres-
sively smaller at oblique incidence, regardless of polariza-
tion, attributed to a combination of increased reflectivity
and increased attenuation of light in the top silver elec-
trode. As a result, variation of the EQE spectrum with inci-
dent angle is minimal. We note that, while small, this
manifestation of microcavity effects at varying incidence
angles could constrain some applications. It also poten-
tially could be used as a means to actively tune the spectral
response of a given OPD.

The frequency response of a photodetector is another
important design consideration; one might suspect that
inserting additional transport layers in a heterostructure
could significantly reduce the response time. However,
we find that the insertion of MoO3 introduces negligible
delays in the response time of the detector. We measured
the bandwidth of two device structures with different
MoO3 thicknesses: 50 nm Al / 150 nm MoO3 / 20 nm CuPc
/ 40 nm C60 / 7 nm BCP / 40 nm Ag and 50 nm Al / 20 nm
MoO3 / 20 nm CuPc / 40 nm C60 / 7 nm BCP / 40 nm Ag.
These OPDs were defined by 1 mm diameter circular cath-
odes and were illuminated by a green LED (k = 530 nm)
with 1.3 mW/cm2 intensity that was modulated by a func-
tion generator (Agilent 33120A). The transient OPD re-
sponse for a range of load resistances was measured
using a 300 MHz bandwidth oscilloscope (Tektronix TDS
3032B) as shown in Fig. 6. The bandwidth extrapolated at
50 X input impedance is approximately 15 MHz. This
bandwidth is significantly lower than that measured in
[1] for certain devices (430 MHz), most likely due to the
fact that the devices in [1] were thinner, contained multi-
ple junctions, and were measured in reverse bias and at
higher illumination intensity. Importantly, the bandwidth
of our device was measured to decrease only negligibly
upon the addition of the MoO3 optical spacer (see Fig. 6),
indicating that the small resistance of the optical spacer
contributes very little to the RC time constant.

In summary, we developed a means for tuning the spec-
tral response of an organic photodetector across the visible
spectrum by engineering its optical microcavity through
the insertion of an electrically conducting and optically
transparent spacer layer. We tested this concept using a
spacer layer of thermally evaporated MoO3, which exhibits
good transparency and hole transport properties that do
not limit the OPD’s spectral or temporal response. Our cal-
culations of the detector’s photoresponse match well with
experiments, particularly when the measured roughness of
the electrodes (mirrors) is taken into account explicitly.
We anticipate applications of this type of tunable organic
photodetector design in colorimetry, fluorescence detec-
tion, and large-area flexible imagers, and photovoltaic
cells.
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driving voltage of �5 V can be achieved by using diphos-
phine oxide derivatives as host [17–19]. The low driving
voltage can be rationalized by the following two reasons.
One is the intrinsic good electron-transporting ability of
diphosphine oxide derivatives, which can be helpful to
the transport of electrons in the bulky organic layer. The
other contribution comes from the reduction of the energy
barrier between diphoshpine oxide derivatives and LiF/Al
cathode since these materials have a low LUMO level of
2.9 eV. However, the diphosphine oxide derivatives have
a low-lying HOMO level of 6.6 eV, which causes a large en-
ergy barrier for the transport of holes from nearby HTL into
the host. Consequently, the quantum efficiency of blue
PHOLEDs based on diphosphine dioxide derivatives as host
was significantly below 100%.

To summarize the development of host material in the
previous studies, an appropriate blue phosphorescent host
material should not only have a high triplet excited state as
well as bipolar transport property, but also a minimum en-
ergy barrier between the host and adjacent carrier-trans-
porting material. Unfortunately, up to now, it is not an
easy task to find a host material that will satisfy all the
above-mentioned requirements. In this paper, we will
introduce a composite emitter incorporating a carrier-
transporting material into the emitter composed of diphos-
phine oxide derivatives host and organometallic iridium
dopant. The problematic transport of holes from the HTL
into diphosphine oxide derivatives host can be alleviated
through the adoption of carrier-transporting material, thus
the probability of carrier recombination can be increased
and the driving voltage can be decreased. Consequently, a
blue PHOLED with a power efficiency of 20 lm/W and
low driving voltage of 4.2 V at practical brightness of
1000 cd/m2 is achieved.
Fig. 1. Molecular structures and device ar
2. Experimental

The composite emitter comprises a wide-band-gap
host, 2,8-bis(diphenylphosphoryl)dibenzothiophen (PPT)
[18], which has a triplet excited state of 3.0 eV, a blue
phosphorescent dopant, iridium(III)bis((4,6-difluoro-
phenyl)-pyridinate-N,C20)picolinate (FIrpic), which pos-
sessed a triplet excited state of 2.62 eV [2], and a carrier-
transporting material, 4,40,40 0-tri(N-carbazolyl)triphenyl-
amine (TCTA), which possessed a triplet excited state of
2.76 eV [2] as well as a good hole-transporting ability
(1.6 � 10�4 cm2/Vs at 105 V/cm) [The data was measured
by time-of-flight method, the detailed results will be re-
ported in elsewhere]. In addition, a electron-blocking layer
(EBL), bis[4-(p,p0-ditolylamino)phenyl]diphenylsilane
(DTASi) [20], with high triplet excited state of 2.95 eV
and a high-lying LUMO level of 2.2 eV was used to confine
all generated exciton in emitter. A high electron mobility
material (10�4 cm2/Vs at 105 V/cm), 4,7-diphenyl-1,10-
phenanthroline (Bphen) [21], and 20% (vol%) cesium car-
bonation (Cs2CO3) doped with Bphen [22] were used as
ETL and n-ETL, respectively, to achieve low driving voltage.
The device architecture used is ITO (150 nm)/NPB (45 nm)/
DTASi (15 nm)/composite emitter (15 nm)/Bphen (25 nm)/
n-ETL (20 nm)/Al (100 nm), where 4,40-bis[N-(1-naphthyl)-
N-phenyl-amino]biphenyl (NPB) is HTL. In order to investi-
gate the effect of doping carrier-transporting material in
FIrpic/PPT emitter, the doping concentration of blue dop-
ant was fixed at 15% and the doping concentration of 0%,
10%, and 20% for the carrier-transporting material were
tested.

Fig. 1 shows the detailed molecular structures of mate-
rials and architecture of device used in this study. All the
materials were deposited by thermal evaporation in an UL-
chitecture used in the experiment.



Fig. 2. Current density–voltage (J–V) characteristics of blue PHOLEDs as
well as the device energy diagram (inset).

1160 M.-T. Chu et al. / Organic Electronics 10 (2009) 1158–1162
VAC Solciet OLED coater at a base vacuum of 10�7 Torr. The
device performance of luminance yield and EL spectra,
CIEx,y color coordinates were measured by a Minolta lumi-
nance meter and a Photo Research PR-650 spectrophotom-
eter driven by a programmable dc source, respectively.

3. Results and discussion

Fig. 2 shows the dependence of current density–voltage
(J–V) characteristics of the blue PHOLEDs on the doping
concentration of carrier-transporting material in emitter.
Lower driving voltage was observed in the device with
doping carrier-transporting material in emitter as com-
pared with that of undoped device. For instance, the driv-
ing voltage at current density of 20 mA/cm2 is 5.0 V for
doping 20% carrier-transporting material in the emitter
and 5.6 V for the undoped device. The decreased driving
voltage can be attributed to the transport of holes from
EBL (DTASi) into host (PPT) which was promoted through
doping carrier-transporting material (TCTA) in emitter,
since TCTA possesses a good hole-transporting ability and
Fig. 3. Current efficiency–current density (cd/A–J) characteristics of blue
PHOLEDs.
a HOMO level (5.7 eV) lying between that of DTASi
(5.6 eV) and PPT (6.6 eV). The device energy diagram is
shown in the inset of Fig. 2.

Fig. 3 shows the dependence of current efficiency–cur-
rent density (cd/A–J) characteristics of the blue PHOLEDs
on the doping concentration of carrier-transporting mate-
rial in the emitter. When doping 10% carrier-transporting
material in the emitter, the device exhibited a current effi-
ciency of 26.8 cd/A with low driving voltage of 4.2 V (J
�4 mA/cm2), which is 2 times higher than that of the un-
doped device with 12.3 cd/A and 5.0 V (J �8.2 mA/cm2) at
a practical brightness of 1000 cd/m2. The current efficiency
sustains as high as 25 cd/A when the doping concentration
of carrier-transporting material is increased to 20% in the
emitter. We believe the dramatic enhancement in current
efficiency when doping carrier-transporting material in
the emitter is resulted from the ‘‘hole-facilitating” charac-
ter of carrier-transporting material, which can increase the
concentration of holes in the emitter as opposed to that of
undoped device. Therefore, the probability of carrier
recombination can be increased.

In addition, at current density of 20 mA/cm2, the device
with 10% carrier-transporting material doped in emitter
exhibited a current efficiency of 22.6 cd/A, which is 2.5
times higher than that of undoped device with only
9.2 cd/A. This result demonstrates that the problematic
efficiency roll-off in blue PHOLEDs can also be suppressed
by doping carrier-transporting material in the emitter. For
instance, the efficiency roll-off from low (1 mA/cm2) to
high current density (40 mA/cm2) is 29% and 23% for 10%
and 20% carrier-transporting material in the emitter,
respectively, while it is nearly 60% for the undoped device.
The suppression of efficiency roll-off in blue PHOLEDs
when doping carrier-transporting material in the emitter
can be attributed to the ‘‘hole-facilitating” character of car-
rier-transporting material, which can reduce the accumu-
lated holes at the EBL (DTASi) and FIrpic/PPT emitter
interface to inhibit triplet-polaron quenching. Triplet-po-
laron quenching has been reported to be one of the major
reasons for efficiency roll-off in PHOLEDs [23]. The detailed
device performances of these blue PHOLEDs are summa-
rized in Tables 1 and 2.

In order to prove that the transport of holes from EBL
(DTASi) into FIrpic/PPT emitter was promoted by doping
carrier-transporting material, two additional device archi-
tectures were fabricated; one has a pure PPT layer inserted
in-between the EBL and emitter while the other has a
TCTA:PPT (10:90) composite layer. The detailed device
architectures and energy diagram are depicted in Fig. 4.
When inserted a pure PPT layer in-between the EBL and
FIrpic/PPT emitter, the device exhibited a very low current
efficiency (<1 cd/A) and its EL spectrum displayed three
dominant peak emissions at 420, 472, and 580 nm as
shown in Fig. 5, which were originated from NPB, FIrpic,
and the exciplex emission of DTASi/PPT, respectively. This
phenomenon can be rationalized by the following mecha-
nism. Firstly, according to the energy diagram, the holes
and electrons were accumulated at the EBL/pure PPT inter-
face. Secondly, a portion of the carriers recombined and the
others formed the DTASi/PPT exciplex. Thirdly, the exci-
tons diffused to either anode or cathode side across the



Table 1
Device performances of blue PHOLEDs.

Emitter Voltage (V) Current efficiency (cd/A) Power efficiency (lm/W) EQE (%) CIEx,y Efficiency roll-off (%)

Host v (%) TCTA v (%) FIrpic At 1000 cd/m2, (at 20 mA/cm2) From 1 to 40 mA/cm2

PPT 0 15 5.0 (5.6) 12.3 (9.2) 7.7 5.5 0.18, 0.38 60
10 4.2 (5.2) 26.8 (22.6) 20 12.1 0.17, 0.36 29
20 4.2 (5.0) 25 (22.2) 18.7 11.4 0.17, 0.36 23

Table 2
Summary of the characteristics of devices using FIrpic as the blue phosphorescent dopant.

Emitter (Dopant: FIrpic) Voltage (V) Current efficiency (cd/A) Power efficiency (lm/W) EQE (%) Reference

Host Carrier-transporting material At 1000 cd/m2

PPT TCTA 4.2 26.8 20 12.1 This work
TCZ1 – 6.8 23 10.5 10.2 [13]
CzSi – 5.0a 24a 16a 12a [14]
SimCP – – – 11.9b 14.4b [15]
mCP – – – 8.9b 7.5b [16]
MPO12 – 4.8c – – 9.1c [17]
PO15 – 5.2c – – 9.8c [18]
DBF – 5.4c 21.2c 12.5c 8.0c [19]

a Reported at 100 cd/m2.
b Reported at maximal value.
c Reported at 800 cd/m2.

Fig. 4. Device architectures and energy diagram with a pure PPT or TCTA:PPT layer inserted in-between EBL and FIrpic/PPT emitter.
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interfacial barriers of DTASi and PPT both of which have
high excited state. Finally, the low excited energy of NPB
and FIrpic captured the excitons to give the light emission.

On the contrary, when inserted a TCTA:PPT (10:90)
composite layer in-between the EBL and FIrpic/PPT emit-
ter, the device with a current efficiency of 11.5 cd/A at a
brightness of 1000 cd/m2 was closed to that of device with
whole FIrpic/PPT emitter shown in Fig. 3. And also, the EL
spectrum displayed only one dominant peak emission at
472 nm without detecting the emission from the exciplex
of DTASi/PPT. This phenomenon further supports the spec-
ulation that the transport of holes from the EBL into PPT is
promoted by doping carrier-transporting material. There-
fore, the holes and electrons can no longer accumulate at
EBL/PPT interface and the recombination zone is shifted to-
ward the FIrpic/PPT emitter.

4. Summary

For solid-state lighting application, the low efficiency
and the problematic efficiency roll-off are critical issues
to be overcome in blue PHOLEDs. Here, we have proposed



Fig. 5. EL spectra of device with a pure PPT or TCTA:PPT layer inserted in-
between EBL and FIrpic/PPT emitter as well as current efficiency–current
density (cd/A–J) characteristics (inset).
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a composite emitter concept and shown that doping a car-
rier-transporting material in the conventional blue phos-
phorescent emitter composed of wide-band-gap host and
dopant can efficiently facilitate the transport of carriers
into the emitter, as well as increase the carrier recombina-
tion and reduce carrier accumulation at interface. We
showed that this composite blue phosphorescent emitter
not only can decrease the driving voltage of device, but
also increase the current efficiency as well as suppress
the efficiency roll-off problem often encountered at high
current density.
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transparency using an interference effect [7]. DMD-trans-
parent electrodes based on ZnS/Ag/ZnS (ZAZ) and WO3/
Ag/WO3 (WAW) had previously been studied as anodes
and cathodes, respectively, for OLEDs [7,8]. Transmission
larger than 80% and sheet resistance smaller than 10–
20 X/sq. were reported in those systems. However, OLED
devices based on those electrodes turned out inefficient
mainly due to poor hole (electron) injection properties of
Ag/ZnS (Ag/WO3) systems. Moreover, all those devices
were fabricated on conventional glass substrates, and thus
the potential of DMD electrodes for flexible OLEDs was not
known. In this work, we introduce the optimal ZnS/Ag/
WO3 (ZAW) electrode structure that leads to OLED devices
that not only exhibit a performance and operational stabil-
ity comparable to or better than ITO-based devices but also
show the flexibility far superior to that of ITO-based de-
vices. Mechanical flexibility of ZAW electrodes and OLEDs
based on them is carefully evaluated as a function of radius
of curvature for bending and as a function of the number of
bending cycles. Mechanisms/interfaces limiting the flexi-
bility of OLED devices are also discussed.
2. Experimental

Before deposition of electrode materials, polyethylene
terephthalate (PET) substrates (PANAC co., 250 lm) were
cleaned using soapy water, deionized (DI) water, acetone,
and isopropyl alcohol (IPA) successively in an ultrasonic
bath, and were treated by air plasma (PDC-32G, Harrick
plasma) for 5 min. Right after the plasma treatment, PET
films were spun-coated with transparent photoresist (SU-
8, Kayaku Microchem) at 3000 rpm (30 s) for planarization
of their surfaces. Those planarized PET films were dried in
the oven at 120 �C for 1 h and then loaded into a deposition
chamber in which ZnS (Alfa Aesar, 99.99%), Ag (Alfa Aesar,
99.999%) and WO3 (Alfa Aesar, 99.99%) were deposited
sequentially on the PET film by vacuum thermal evapora-
tion. Sample holders and evaporation source were approx-
imately 0.6 m apart, and no damage or deformation was
observed in PET substrates without active cooling for
substrates.

OLED devices under study were based on N,N0-
Bis(naphthalen-1-yl)-N,N0-bis(phenyl)-benzidine (NPB) as
a HTL, tris(8-hydroxy-quinolinato) aluminium (Alq3) as
an emitting and electron transporting layer [9], and LiF/
Al as a cathode with transparent DMD anodes in a struc-
ture of ZnS/Ag/WO3 as shown in Fig. 1a. (Also refer to
Fig. 1b for energy-level diagram. The highest occupied
molecular orbital (HOMO) of WO3 is given as the range
of values considering the values reported in the literature
[10,11].) Control samples on conventional ITO on polyeth-
ylene naphthalate (PEN) substrates (Peccell Technology
Inc., 250 lm) were also fabricated in the same batch for
comparison.

All the measurement was carried out in an N2-filled
glove box that is directly connected to the deposition
chamber. Current density–voltage (J–V) and luminance–
voltage (L–V) characteristics were recorded using a
source-measure unit (Model 2400, Keithley), a photodiode
(FDS100-CAL, Thorlab) with the calibrated spectral re-
sponse, and a pre-calibrated fiber–optic spectrometer
(EPP-2000-UV–VIS–NIR, StellarNet). For a bending cycle
test, we used a custom-made bending tester which can
modulate both the number of bending cycles and the ra-
dius of curvature.
3. Results and discussion

3.1. The properties of ZAW multilayer electrodes

In DMD electrodes, both outer and inner dielectric lay-
ers, or Do and Di layers as shown in Fig. 1a, respectively, are
used to enhance the optical transparency. It is known that
a dielectric layer with a higher refractive index n has an
advantage in that it can fulfill the optimum ‘zero-reflec-
tion’ condition with a thicker metal film, making it easier
to realize a low sheet resistance without sacrificing the
transmission [12]. A good example illustrating the advan-
tage of using high-n dielectric layers is presented in
Fig. 2 which clearly shows the calculated maximum
achievable transmission T in both DiMDo/glass geometry
(air-to-air T) and organic layers/DiMDo/glass geometry (or-
ganic-to-air T) increases monotonically as n of Do layer in-
creases. (Calculation is based on the transfer-matrix
formalism of multilayer thin films [12,13].) In such respect,
ZnS (n = 2.35 ± 0.05 at k = 550 nm) [7] has been chosen as
Do layer rather than WO3 (n = 1.95 ± 0.05 at k = 550 nm)
[14]. For Di layer, however, we chose WO3 because it is
known to have a good hole injecting property to common
organic HTLs [10]. ZnS was previously tried by Pang et al.
for Di layer in OLED devices based on ZAZ anodes, but there
was a significant increase in turn-on voltage with respect
to ITO-based devices [7], indicating that the hole injection
of ZAZ electrodes is fairly limited when compared to that of
ITO electrodes. In our own trial, devices based on ZAZ elec-
trode indeed showed the turn-on voltage as large as 10.7 V,
which is approximately four times larger than that of typ-
ical ITO-based NPB/Alq3 devices.

In addition to the selection of dielectric layers and opti-
mization of their optical structure, our study indicates that
one of the key factors in achieving both high transmission
and low sheet resistance in these DMD electrodes is in fact
to obtain uniform and continuous metal thin films, as their
thickness is typically in the range of 5–20 nm. Making the
metal films thicker could ease the continuity issue but
would result in a rapid decrease in optical transmission.
Fig. 3 shows the two distinctive cases for scanning electron
microscopy (SEM) images of Ag films with a nominal thick-
ness of 10 nm that were deposited at the same batch. The
Ag films grown on a bare microscope slide glass (Fig. 3a)
exhibited a morphology characterized with numerous
small clusters of silvers that are essentially separated from
one another, resulting in the sheet resistance RSH that is too
high to be measured. On the other hand, the Ag films
grown on a microscope slide glass planarized by SU-8 films
(Fig. 3b) exhibited continuous and uniform film morpholo-
gies. In such case, RSH values of Ag films having the thick-
ness of 12 and 20 nm were 14.5 and 6.0 X/sq.,
respectively, which are comparable to the results reported
by O’Connor et al. [15].



Fig. 1. (a) Schematic device structure of the OLED device with ZnS/Ag/WO3 (ZAW) anodes under study and (b) its energy-level diagram. Di layer refers to the
inner dielectric layer which interfaces with organic semiconductors and Do layer refers to the outer dielectric layer which is closer to a substrate. The HOMO
of WO3 layer is given as a range of values considering the values reported in the literature.
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Fig. 3. Scanning electron microscopy (SEM) images of Ag films with a nomina
substrate planarized by SU-8 polymer films.
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In a DMD electrode prepared on a glass substrate, ZnS
layer with a thickness of a few tens of nanometer was able
to provide a smoothening effect by itself, and therefore,
high quality Ag films could be achieved on its top without
an additional planarization layer. However, in case of PET
substrates, successful DMD electrodes could not be real-
ized without the planarization layer. This is regarded due
to the typical high roughness of their surfaces and acciden-
tal occurrence of peaks even higher than 50–100 nm [16].
Fig. 4a compares RSH of ITO on PEN substrates with ZnS
(40 nm)/Ag (x nm, x = 10, 15, 20) layers deposited on PET
substrates planarized by the SU-8 layer as a function of
the radius of curvature rC after repeated bending. The
experiment was done by bending a substrate 50 times
against a cylindrical object with the substrate-side facing
the object, resulting in a tensile stress on electrode layers
(see the inset of Fig. 4a). First of all, one can note that the
RSH values of ZnS/Ag electrodes on PET substrates are com-
parable to the values observed in glass-based samples,
indicating the effectiveness of SU8-based planarization in
achieving low RSH values on plastic substrates. Moreover,
the observed tendency of RSH with respect to rC demon-
strates the superiority of these multilayer electrodes in
terms of mechanical flexibility over conventional ITO elec-
trodes on PEN substrates. As one can easily note in the
atomic force microscopy (AFM) images presented in
Fig. 4b, formation of deep cracks was observed in the ITO
films on PEN substrates after the repeated bending at rC
l thickness of 10 nm grown on (a) a bare glass substrate, and (b) a glass
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of 5 mm [4]. On the other hand, the ZnS/Ag multilayer
films exhibited only the hint of slight bending-induced line
defects after the same bending experiment (see Fig. 4c),
accounting for the fact that its RSH value remained almost
unchanged down to rC of �5 mm. Such low level of degra-
dation in RSH under the harsh bending condition is consid-
ered to result from the fact that sheet conduction in these
multilayer electrodes occurs mostly within the metal films,
which inherently have a good ductility [17].

3.2. The device performance and flexibility of OLEDs with
ZAW anodes

Fig. 5a and b compare the performance of the OLED de-
vices based on the proposed ZAW structure on PET sub-
strates with the ITO-based control devices. The ZAW-
based devices exhibit desirable OLED characteristics such
as a turn-on voltage (VTO) as small as 2.4 V and a luminous
efficacy (gL) of 6.2 cd/A at 1000 cd/m2 with the maximum
external quantum efficiency (EQE) of 2.0%. (See also the in-
set of Fig. 5a for the ZAW-based device under operation
while it is bent.) This level of performance is well com-
pared with those of ITO-based control samples which
exhibited VTO of 2.4 V, gL of 5.0 cd/A at 1000 cd/m2, and
the maximum EQE of 1.7%. Also in the independent study
using glass substrates (see the inset of Fig. 5b), devices
based on the same ZAW structure was shown to exhibit a
better performance than devices based on ITO electrodes,
and moreover, they outperformed devices based on ZAW
electrodes with a thicker WO3 layer, although the current
geometry had a lower air-to-air transparency (�60% at
k = 550 nm) than those with a thicker WO3 layer [8]. It is
not necessarily unusual because optimization of any OLED
structure should carefully consider both optical and elec-
trical aspects, and moreover, because optical optimization
should consider a situation pertaining to the whole OLED
configuration rather than simple air-to-air transmission
of electrodes. Detailed description for optimization of
ZAW-based OLED device structure will be reported else-
where [18].

Fig. 6a presents the luminance (L) of the flexible OLEDs
as a function of rC under the same bending test (=50-time
bending; tensile stress as shown in the inset of Fig. 4a)
used for the results in Fig. 4. Test was done by monitoring
L at the bias V of 5.25 and 4.85 V for ITO-based and ZAW-
based devices, respectively, which initially resulted in L of
510 ± 10 cd/m2. One can easily note that ITO-based devices
started to exhibit a rapid bending-induced degradation as
rC became smaller than 15 mm, and then lost all the lumi-
nescent output at rC of 5 mm. Comparison between J–V
characteristics (the inset of Fig. 6a) for rC of 42 and 7 mm
shows a significant change in their forward slopes, indicat-
ing that the degradation comes partly from the increase in
RSH of ITO electrodes. On the other hand, the ZAW-based
devices exhibited no degradation down to rC of 7 mm
and started to lose about 30% of the initial L at rC of
5 mm. Below rC of 5 mm, however, the ZAW-based devices
also lost all the luminescent output.

As can be seen in Fig. 6b, ZAW-based devices exhibited
a significantly better performance than ITO-based devices
also in a dynamic test in which their L values are recorded
as a function of bending cycles N after bending the devices
N times (tensile stress) at rC of 18 and 25 mm, respectively.
Both types of devices maintained the initial luminance
(500 ± 10 cd/m2) up to N of 5 � 103 at rC of 25 mm. How-
ever, the ITO-based devices showed a rapid degradation
after N of 102 and eventually became non-operable after
N of approximately 103 at rC of 18 mm, although rC of
18 mm was the radius of curvature at which the ITO-based
devices began to show only a glimpse of degradation at the
50-time-bending quick test described in Fig. 6a. On the
other hand, the ZAW-based devices maintained the proper
OLED characteristics without any degradation up to the
maximum N we tried (=5�103) at both rC values, demon-
strating their excellent reliability under repeated tensile
stress.



10
0

10
2

cm
2
)

w / ITO

w / ZAW

w / ITO

w / ZAW

(a)

104

10
2

J
(m

A
/c

20000

106

V (V)

(b)

10000

15000

(c
d/

m
2 )

(c
d/

m
2 )

20k

30k

40k

L

5000

L

J

10k

10
4

10
5

0

10
1

10
2

10
3

L
(c

d/
m

2 )

0 1 2 3 4 5 6 7

10

=20nm
WO

3

WO
3
=5nm

100 200 300 400 500 600 700 800

0 200 400
0

ITO

J (mA/cm
2
)

 (mA/cm
2
)

Fig. 5. (a) Current density–voltage (J–V), luminance–voltage (L–V), and (b) L–J characteristics of OLED devices with ITO (closed circles) or with ZAW (open
circles). Inset in (a): a photograph of an OLED with ZAW electrodes under operation while it is bent (compressive stress applied in this picture). Inset in (b):
L–J characteristics of rigid OLED devices with ITO on a glass or with ZAW on a glass with the thickness of WO3 being 5 or 20 nm.

1.2
w / ITO

(a) (b)

1.0

w / ZAW

0.8

L 0

20

0.4

0.6L
/

w/ ITO

r C=42 mm

0.2
w / ITO  w / ZAWrC=7 mm

0.0

r
C
=18mm

r
C

=25mm
5.00 5.75

3

V (V)

10
0

10
1

10
2

10
3

10
40 10 20 30 40

Bending Cycles, Nrc(mm)

cm
2
)

J
(m

A
/c

Fig. 6. (a) Change in L of the ITO-based (squares) and ZAW-based (circles) OLED devices as a function of rC after the same bending test used in Fig. 4. [Tensile
stress applied, as shown in Fig. 4a.] Inset in (a): J–V characteristics of ITO-based devices near observation point for rC of 42 mm (solid) and 7 mm (dashed).
(b) Change in L as a function of bending cycles (N) measured at rC of 18 and 25 mm. L values are normalized to the respective initial values L0 in (a) and (b).

H. Cho et al. / Organic Electronics 10 (2009) 1163–1169 1167



1168 H. Cho et al. / Organic Electronics 10 (2009) 1163–1169
Fig. 7 presents the optical microscope images of OLED
device active layers taken after the bending test corre-
sponding to Fig. 6a at rC of 15, 7, and 5 mm. In case of
ITO-based devices (Fig. 7a), rather macroscopic line defects
were observed in a direction parallel to the bending axis
for small rC values. The image of the ITO-based devices ta-
ken after deposition of Al over the whole sample area on
the device side (the inset of Fig. 7a) shows that such line
defects extends into the non-active area having ITO or
ITO/organic layers only, indicating that the degradation ob-
served in that range of rC is mainly due to the formation of
the cracks within the ITO layer that were observed also in
Fig. 4b.

On the other hand, ZAW-based devices virtually show
no change down to rC of 7 mm and start to exhibit multiple
of short line defects in the active area at rC of �5 mm (see
Fig. 7b). These line defects were only visible when those
samples were seen from the emission side through the
substrate, suggesting that bending-induced strain resulted
in local defects internally within the device active layers. In
order to pinpoint the interfaces or layers that originate de-
fects in these devices, thin Al layer was deposited on the
device side of the whole samples as in the ITO case. Images
taken after the blanket deposition of Al (the inset of Fig. 7b)
reveal that those line defects observed in ZAW devices ex-
ist only in the location where cathode metal and organic
layer both exist, indicating that either of the cathode metal
or organic layers, or interface between them is the one
most subject to creation of defects upon severe bending-
induced tensile strain. Considering that both metal and or-
ganic layers typically have a good ductility and that areas
only with anode and organic layers do not show defects,
one can conclude that it is mainly the delamination occur-
ring at the cathode metal–organic interface that induced
the short line defects in the ZAW-based devices. This re-
minds us that one has to carefully consider the effect of
bending-induced strain on some critical interfaces [19]
while continuing to develop highly flexible electrodes, in
Fig. 7. Images of the device active area (appears as dark finger-like shapes) for (
side through substrates after 50-time-bending test in Fig. 6a at rC = 15, 7, and 5 m
area to tell whether cracks exist also in non-active area. Note that the ITO-based
of cracks comes from ITO itself.
order to realize ultra-flexible OLED devices or similar
systems.

In addition to the device performance and mechanical
flexibility, the operational stability cannot be overempha-
sized for any electrode technology to be practically mean-
ingful. Fig. 8 shows the change in luminance L and voltage
V of ZAW-based and ITO-based flexible OLEDs as a function
of time under a supply of constant current I0 of 1 mA. In
this condition, the initial luminance values L0 were 1600
and 610 cd/m2 for the ZAW-based and the ITO-based de-
vices, respectively. Both devices maintain the initial lumi-
nance quite well throughout the testing time-span of
60,000 s (�16.7 h), as shown in Fig. 8a. The voltage re-
quired to support the current of 1 mA for the ITO-based de-
vice exhibited a gradual increase as time passed. Overall
�10% increase in the voltage was observed after operation
for 60,000 s in the ITO-based device. Such behavior can be
attributed to appearance of localized inactive areas which
effectively decrease the device area and thus increase cur-
rent density for a given current. Different from the case of
ITO-based devices, the voltage for the ZAW-based devices
remained almost constant except for a small fluctuation
at an early stage. It is not yet clear whether ITO-based flex-
ible devices are inherently poor in operational stability or
it is rather specific to the batch of devices we tested. Nev-
ertheless, the above results clearly demonstrate the com-
petence of ZAW electrodes for flexible OLEDs with a high
operational stability.

Another important aspect to consider for device stability
particularly in flexible OLEDs is to protect a device from
permeation of water vapor and oxygen, because most plas-
tic substrates do not provide a sufficient protection by
themselves due to their porous nature [20]. It is known that
some dielectrics and metal layers can improve the barrier
properties of plastic substrates [20]. DMD electrodes may
then play an additional role as a gas barrier to some degree,
as TiOx buffer layers used in organic solar cells were shown
to work also as a barrier layer that reduced the air-sensitiv-
a) ITO-based devices and (b) ZAW-based devices taken from the emission
m. Inset: images taken after deposition of Al layer over the whole sample

devices have cracks also in non-active layers, indicating the major portion
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ity of the cells [21]. A further study is needed to analyze the
operational and environmental stability of these flexible
OLEDs under various conditions and to develop a proper
barrier structure that considers both optical and flexible
properties of the overall device structure.

4. Conclusions

In summary, we have successfully demonstrated
highly flexible OLEDs by replacing ITO electrodes with
ZnS/Ag/WO3 (ZAW) multilayer transparent electrodes
showing an ideal balance among sufficiently low sheet
resistance, mechanical flexibility, and carrier-injection
compatibility with OLEDs. Performance as well as opera-
tional stability of the OLED devices with the proposed elec-
trode geometry was shown to be comparable to or even
better than that of ITO-based control devices. Readers are
cautioned that ZAW electrodes presented in this work
may not be the only DMD electrodes suitable for flexible
organic devices. Because all DMD electrodes rely on ultra-
thin metals for efficient conduction, one may in general ex-
pect that they can potentially be used as highly flexible
transparent electrodes in many demanding applications,
with the following guidelines met: (i) outer dielectrics to
have a high refractive index and a low (possibly zero)
extinction coefficient at visible wavelength; (ii) metal to
have a high conductivity with a low extinction coefficient
at visible wavelength, and to have a tendency to form a
uniform, continuous thin film; and (iii) inner dielectric to
have a relevant carrier-injection (collection) property to
(from) adjacent semiconductors to be used in OLEDs and
transparent thin-film transistors (organic solar cells).

Flexibility of the current OLED devices was only limited
by the rather abrupt formation of delamination that oc-
curred at interfaces between cathode metals and adjacent
organic layers at a radius of curvature of �5 mm. This limit
may be further reduced by the careful engineering of a
multilayer structure so that device layers may be located
near neutral mechanical plane [22]. Since the minimum ra-
dius of curvature allowing for a consistent operation of
flexible devices is highly important in making roll-type de-
vices more compact and reliable, the work reported here is
likely to bring the promise of OLEDs and other similar or-
ganic devices for future ultraportable displays and elec-
tronic appliances much closer.
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Fig. 1. Schematic of the detector operation. The incident X-rays (red)
produce a forward-scattered primary electron (blue) which then pro-
duces secondary ionisation electrons (yellow). This secondary ionisation
excites the phosphor, whose luminescence (green) is detected by the
organic photovoltaic device. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this
article.)
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To create such a detector clearly requires the use of an
inherently flexible electronic device that can be fabricated
over a large area and that is sensitive to the passage of X-
rays. This combination of properties can be achieved by
using an inorganic phosphor that is placed in contact with
an organic photovoltaic device (OPV), with the OPV detect-
ing luminescence emitted by the phosphor following the
passage of the X-rays. Here, the use of an OPV is particu-
larly beneficial as such devices can in principle be fabri-
cated over relatively large areas onto a fully-flexible
plastic substrate [11]. Indeed, an organic-semiconductor
based system has recently been used to detect 70 kV X-
rays used in medical imaging applications, with the device
having sufficient level of radiation stability [12] and low
dark-current [13] to make it suitable for practical imaging
applications. Other recent reports on the sensitivity of or-
ganic materials such as polyfluorenes and poly(triarylam-
ines) [14] and pentacene [15] to X-rays having an energy
of 10’s of kV also suggest such materials are often charac-
terised by very promising levels radiation hardness, sug-
gesting applications as electronic materials suitable for
use in space-environments [15].

In this work, we focus on the detection of X-rays having
higher energy (6 MV) using an OPV-based detector. Such
X-rays are more highly penetrating (less well stopped)
than those used in imaging (e.g. the total mass attenuation
coefficient of 70 kV X-rays in SiO2 is around 10 times great-
er than that of 6 MV X-rays [16]). Furthermore, the MV
X-rays used in radiotherapy are typically delivered at
dose-rates that are much larger than that used in imaging
applications (�100 mGy s�1 compared to <1 mGy s�1 [17]).
A practical detector for such MV X-rays must therefore
have a linear response over a wide exposure range, and
be able to withstand the passage of a significant radiation
flux through its active layer without its functionality being
compromised by radiation-induced damage. Concerns
arise however as to the ability of organic-semiconductors
to withstand the passage of a significant dose of MV X-rays
without the generation of charge traps resulting from local
ionisation. Whilst kV X-rays have been shown to generate
a sufficient quantity of luminescence within a thin scintil-
lator film that is detectable by an OPV [12,13], it is not
clear whether significantly more penetrating X-rays of
interest here would generate a detectable optical signal.
As we report however, the devices that we have created
have a sensitivity that is an order of magnitude better than
that of a conventional (small-area) silicon p–n junction
based device. Furthermore, we show that the organic X-
ray detector prototyped is remarkably radiation tolerant,
with only a small loss (2%) in sensitivity measured over
the course of a relatively large (360 Gy) radiation exposure.
2. Experimental

The OPVs that we have used are based on a thin-film
blend of the conjugated polymer poly(3-hexylthiophene)
[P3HT] and the fullerene derivative PCBM. This material
system currently represents the state of the art for organic
photovoltaic devices, with the highest external quantum
efficiencies (EQE) recorded being around 80% at 500 nm
[18,19]. A schematic of the devices is shown in Fig. 1.
Briefly, devices are fabricated by spin-casting a layer of
PEDOT:PSS onto an ITO anode which is then baked in N2

for 10 min at 100 �C to remove adsorbed water. The sub-
strates are then transferred to an overpressure nitrogen
glovebox, where an 1:0.8 (by mass) blend solution of
P3HT:PCBM in chlorobenzene is spin-cast onto the ITO/
PEDOT:PSS anode. A cathode consisting 100 nm of alumin-
ium is then evaporated onto the organic thin-film at a base
pressure of <10�6 mBar. The devices are encapsulated by
bonding a 0.5 mm glass sheet onto their surface using a
UV curable glue. Finally, the devices are annealed at
150 �C for 60 min. Measurements using a calibrated so-
lar-simulator operating at 100 mW cm�2 (Oriel Instru-
ments AM1.5 solar-simulator calibrated with an NREL
4 cm2 silicon reference cell) indicate that the devices have
a typical power conversion efficiency (PCE) of 3.7% imme-
diately following fabrication. However, since OPVs under-
go a period of degradation when initially illuminated, the
devices were aged for 30 min under 1 sun (AM 1.5) illumi-
nation to improve their stability. This process resulted in
devices with a typical PCE of 3%. The measured EQE of
the OPV devices is shown in Fig. 1. Here, it can be seen that
our devices have a peak EQE of 57% at 504 nm (post aging).
Each device has an active area of 4.5 mm2, which is defined
by the overlap of the anode and cathode strips.

As a phosphor we have used the material Gd2O2S:Tb.
This was purchased from Applied Scintillation Technolo-
gies in the form of a flexible substrate that was coated with
the phosphor at an area density of 279 mg/cm2. In the
experiments described, the substrate was placed in contact
with the OPV such that luminescence emitted was directly
incident upon the transparent anode. To evaluate the effi-
ciency of the composite detector, we have used the linear
accelerator facility at St. James’s University Hospital in
Leeds. The machine forms part of a dedicated research
facility, however the linac is typical of machines used to



Fig. 3. Part (a) shows a log–log plot of output current versus X-ray dose
rate for the OPV both with and without the phosphor present as well as
for the reference silicon detector. Part (b) shows the current recorded
from the device as a function of time whilst exposed to a constant X-ray
dose rate of �100 mGy s�1.
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deliver megavoltage radiotherapy treatments around the
world. This machine provides 6 MV X-rays up to a maxi-
mum dose rate of �100 mGy s�1 (approximately equiva-
lent to 1014 photons s�1 m2).

3. Results and discussion

The MV X-rays studied here can interact with matter in
one of two ways; by Compton scattering and via pair-pro-
duction. In both processes, a high-energy electron (or pos-
itron) is forward-scattered (by a distance of �1.5 cm in
water), producing a shower of secondary ionisation. In
radiation therapy these low-energy (<100 keV) secondary
electrons are used to deliver the energy that destroys
malignant tissue. In our detector, the secondary electrons
created excite the Gd3+ (which is contained within a cera-
mic host-matrix) that then transfers its energy to the rare-
earth Tb3+ dopant [20,21]. The luminescence from the Tb3+

is then detected by the OPV. The emission spectra of the
phosphor recorded under X-ray illumination is shown in
Fig. 2. It can be seen that the peak emission wavelength
(540 nm) coincides well with the peak sensitivity of the
OPV (504 nm), ensuring efficient detection. Indeed, from
the overlap integral of the two spectra, we calculate that
in an idealised device (i.e. having no optical loss), the lumi-
nescent photons should be detected with an efficiency of
44%.

Fig. 3a plots the photocurrent from the device as a func-
tion of X-ray dose rate. We find that the X-rays are de-
tected with a sensitivity of 0.086 C m�2 Gy�1 over the
entire range of dose-rates explored, confirming the appli-
cability of the device as a dosimeter. Control experiments
in which no phosphor layer was used show that X-rays
can be detected directly by the OPV itself but that the sen-
sitivity is over two orders of magnitude lower. This relative
insensitivity of the OPV to direct exposure to X-rays results
from the fact that the active semiconductor is relatively
thin (�150 nm in total), and thus the rate of charge gener-
ation within the OPV semiconductor layers is very low. We
can also estimate the quantum efficiency (g) of the device
(photoelectrons per X-ray absorbed in the phosphor) using
g ¼ k=c where k is the rate at which electrons are produced
at the terminals (calculated directly from the current) and
c is the rate at which X-rays are absorbed. The rate at
which X-rays are absorbed is calculated using c ¼ qDA=E
Fig. 2. The external quantum efficiency of the organic photovoltaic device
shown together with X-ray excited luminescence spectra of the phosphor.
where q is the sheet density of the phosphor, D is the dose
rate, A is the pixel area and E is the average energy of an X-
ray (which is a third of the acceleration voltage). This leads
to an overall efficiency of �62,000 electrons per absorbed
X-ray photon. By dividing this figure by the OPV lumines-
cent photon detection efficiency and assuming an optical
loss of a half, we estimate the phosphor yield to be
47,000 photons per MeV. This value compares favourably
with similar scintillators in the literature [22].

For comparison, we have also recorded the current gen-
erated by a commercial (Scanditronix EDP-10) silicon p–n
junction based X-ray detector under identical conditions
to that described above. This device is based on a silicon
detector that is encapsulated within a stainless-steel/
epoxy block (6.5 mm thick � 12 mm diameter), and works
by directly collecting the ionised charge produced within
the detector (rather than via the detection of lumines-
cence). Encouragingly, we find that the photocurrent pro-
duced by the OPV/phosphor detector was �14 times
larger than that recorded from the silicon-based devices
when exposed to the same radiation flux. We note that a
similar combination of OPV and an Gd2O2S:Pr phosphor
have been used [12] to detect 70 kV X-rays. In such previ-
ous work, the lower energy X-rays were detected with a
sensitivity of 1.28 C m�2 Gy�1 (when the OPV was run in
short-circuit mode); a factor of �15 times higher than that
demonstrated here. We believe that the 10 times higher
penetration depth of the 6 MV X-rays used here most likely
accounts for this difference in sensitivity.

It is clear that our device works as a radiation detector,
however it is important to assess its relative stability under
continuous exposure to X-rays. Devices were therefore
subjected to prolonged operation (with phosphor present)
and the output current monitored. This is plotted in Fig. 3b
in which it can be seen that over the course of the exposure
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(which lasts a period of 60 min and corresponds to a total
radiation dose of 360 Gy) (the detected photocurrent
drops) by around 2%. Measurements of the OPV PCE after
such exposure failed to identify any significant degradation
in device efficiency, demonstrating a relatively promising
level of stability. Indeed, the typical dose received by a de-
vice during an individual radiation therapy treatment
would be �2 Gy, indicating that our un-optimized detector
could survive many individual radiation exposures. We be-
lieve the relative radiation stability of an OPV results from
the fact that the organic-semiconductor layer used in the
OPV is very thin (conjugated polymers are direct-gap semi-
conductors and thus have very high extinction coeffi-
cients). For this application, this relative thinness is a
distinct advantage as the rate of damage that occurs to
the organic-semiconductor via direct interaction with the
highly penetrating (and thus weakly interacting) MV X-
rays is low. This observation is commensurate with the fact
that the directly-generated photocurrent within the OPV is
also low.

Finally, transparency is an important feature of any
thin-film device that is to be used in real-time dosimetry
during radiation therapy. We have therefore used the com-
mercial silicon detector described above to determine the
attenuation in X-ray flux passing through either the OPV,
or the phosphor, or the stacked OPV and phosphor. We find
that the intensity X-ray beam is attenuated by a 1.3% when
passing through the phosphor, by 1.7% when passing
through the OPV and thus by 3% when passing through
the entire stacked device. This is a relatively low rate of
attenuation, and would not compromise the efficacy of a
typical radiation treatment.

4. Conclusions

We have prototyped a MV X-ray detector consisting of a
flexible phosphor layer in contact with an organic photo-
voltaic fabricated from P3HT:PCBM. X-rays incident on
the phosphor generate luminescence that is then detected
by the organic photovoltaic. In order to increase the stabil-
ity of the detectors, the organic photovoltaics were aged
for 30 min under AM 1.5 simulated sunlight in order to re-
move any initial degradation in performance, however,
even after this process the external quantum efficiency
was greater than 55% at the peak wavelength emitted by
the phosphor. This well matched spectral response be-
tween the phosphor and the organic photovoltaic resulted
in a device having a sensitivity higher than a commercial
silicon detector. The system also had excellent radiation
hardness with less than 2% variance in output recorded
over 360 Grays of radiation dose. Our measurements there-
fore suggest that organic detectors may find application as
real-time, patient-specific dosimeters used in the imaging
of X-rays for radiotherapy treatment.
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[14–16]. In these tandem cells, the subcells were con-
nected by external circuits to realize parallel connection.
In this letter, we demonstrate a tandem polymer PV cell
with the two stacked subcells having complementary
absorption in parallel connection without using external
circuit connection. A semitransparent metal layer com-
bined with inorganic semiconductor compounds is utilized
as the intermediate electrode of the two subcells to create
the required built-in potential for collecting photo-gener-
ated charges. The advantage of this kind of tandem poly-
mer solar cells is that each subcell can be optimized
individually to achieve a highest JSC since the overall JSC

of the stacked cell is the sum of the two subcells.

2. Experimental details

Fig. 1a shows the structure of the tandem polymer PV
cells and the chemical structures of the active materials
used in this study. The conjugated polymers of poly[2,6-
(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0]dithi-
ophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) and
poly(3-hexylthiophene) (P3HT) are synthesized by our
group with the number-average molecular weight (Mn) of
21,000 g/mol and a polydispersity index (PDI) of 3.15 for
PCPDTBT, and a Mn of 24,000 g/mol, a PDI of 1.59 and a reg-
ioregularity higher than 97% for P3HT, respectively. The
P3HT and PCPDTBT with different band-gaps are used as
electron donors, which are blended with electron acceptor
of [6,6]-phenyl C61-butyric acid methyl ester (PCBM) (pur-
chased from Solenne Co. with a purity higher than 99%,
used as received) to serve as the active layers in different
subcells, respectively. As shown in Fig. 1a, the device was
fabricated on a patterned indium tin oxide (ITO)-coated
glass substrate with 10 X/square sheet resistance. An elec-
tron transport layer of titanium oxide (TiOx) was prepared
by means of sol–gel chemistry. Tetrabutyl titanate
(Ti[OC4H9]4, 10 mL) was as a precursor and mixed with
ethanol (100 mL) and de-ionized water (2 mL) together.
The mixture solution was heated to 80 �C and stirred for
2 h to form a TiOx precursor sol–gel solution. The precursor
sol–gel solution was diluted in ethanol and spin-coated
onto the ITO glass substrate in air with a 0.45 lm filter at
3000 r.p.m. for 60 s. The film is subjected to hydrolysis to
form a 10-nm-thick TiOx layer (the ratio of Ti to O is
1:1.74). Then the substrate was transferred into a nitro-
Fig. 1. (a) The device configuration of the tandem polymer PV cell and the che
device configuration in which the subcells’ performance can be measured in sit
gen-filled glove box and annealed at 150 �C for 10 min on
a hot plate. A PCPDTBT:PCBM (1:3 in weight ratio) layer
was spin-coated from chlorobenzene solution with a
0.45 lm filter on the TiOx layer at 900 r.p.m. for 60 s to
serve as the active layer of the front subcell. The connect-
ing layers of molybdenum oxide (MoO3, purchased from
Alfa Aesar with a purity higher than 99.99%) (10 nm)/Al
(2 nm)/Ag (15 nm)/MoO3 (10 nm) were deposited succes-
sively via thermal evaporation in vacuo at a base pressure
of about 4 � 10�4 Pa. The evaporation rates for all layers
were 0.2 nm/s. Then the P3HT: PCBM (1:0.8 in weight ra-
tio) active layer of the back subcell was spin-coated from
chlorobenzene solution with a 0.45 lm filter at 700 r.p.m.
for 60 s. Finally, a 100-nm-thick Al was deposited to serve
as the top cathode. The finished PV cells were thermally
annealed at 110 �C for 5 min on a hot plate inside the glove
box and encapsulated for measurement. The active area of
the tandem polymer PV cells is ca. 0.14 cm2.

In order to measure in situ the device performance of
the subcells and tandem cell, respectively, the ITO and
top Al electrodes of the tandem polymer PV cells were pat-
terned as shown in Fig. 1b that gives the top view of the
patterned device configuration. It can be seen that there
are four tandem PV cells on one substrate. From this kind
of patterned device configuration, the device performance
of the front and back subcells can be measured from right
top and right bottom devices, respectively. The device per-
formance of the tandem PV cell can be measured from the
left two devices.

Current density–voltage (J–V) characteristics of the PV
cells were measured using a computer-controlled Keithley
236 source meter in the dark and under AM1.5G illumina-
tion from a calibrated solar simulator with irradiation
intensity of 100 mW/cm2. The incident photon-to-current
collection efficiency (IPCE) was measured with a lock-in
amplifier at a chopping frequency of 280 Hz during illumi-
nation with the monochromatic light from a Xenon lamp.
The absorption and transmittance spectra were measured
using Shimadzu UV-3600 spectrophotometer.

3. Results and discussion

Fig. 2 shows the energy level diagram of the tandem
polymer PV cells. Since the two subcells are stacked in par-
allel connection, the front subcell is designed with an in-
mical structures of the used materials. (b) The top view of the patterned
u.



Fig. 2. Energy level diagram of the tandem polymer PV cell.
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verted configuration. In the front subcell, TiOx is used as an
electron transport layer between the ITO electrode and the
active layer. The lowest unoccupied molecular orbital
(LUMO) level of TiOx (4.5 eV) provides an ohmic contact
with the LUMO level of PCBM (4.3 eV) for the electrons
generated in the front cell [10,17]. The TiOx layer also acts
as a hole-blocking layer since its highest occupied molecu-
lar orbital (HOMO) level is ca. 8.1 eV [10,17,18]. A thin
MoO3 layer with a HOMO level of 5.4 eV is inserted be-
tween the semitransparent metal anode and the active
layer to serve as the hole transport layer [19–23]. There-
fore, the insertion of the TiOx and MoO3 layers makes the
front subcell to form an inverted structure. In the back sub-
cell, a thin layer of MoO3 is also introduced between the
semitransparent metal anode and the active layer to ex-
tract holes. The top Al cathode provides ohmic contacts
with the LUMO level of PCBM to realize efficient electron
extraction. The energy level alignment of the materials in-
volved in the tandem polymer PV cell shows that the two
subcells are in parallel connection.

Fig. 3 shows the absorption spectra of PCPDTBT:PCBM
(1:3) and P3HT:PCBM (1:0.8) composite films used as the
active layers in the tandem polymer PV cells. The absorp-
tion of the PCPDTBT:PCBM (1:3) composite film covers
from 400 to 900 nm with strong absorption located at
the range of 650–800 nm. The absorption of the
Fig. 3. Absorption spectra of the PCPDTBT:PCBM (1:3) and P3HT:PCBM
(1:0.8) bulk heterojunction composite films and transmittance of the
middle connecting unit of MoO3 (10 nm)/Al (2 nm)/Ag (15 nm)/MoO3

(10 nm).
P3HT:PCBM film covers the visible spectral range from
400 to 650 nm, just falling in the valley of the
PCPDTBT:PCBM absorption spectrum. The complementary
absorption of the PCPDTBT:PCBM (1:3) and P3HT:PCBM
(1:0.8) composites in the tandem polymer cells may effec-
tively enhance the solar light harvesting. Transmittance of
the multilayer structure of the MoO3 (10 nm)/Al (2 nm)/Ag
(15 nm)/MoO3 (10 nm) connecting the two active layers is
also shown in Fig. 3. It can be seen that the transmittance
of the middle connecting layers decreases with the wave-
length increasing. The transmittance is higher than 40% be-
low 550 nm. When the wavelength is above 600 nm, the
transmittance is less than 30%. In order to ensure more
photons passing through the middle connecting layers
and efficient light absorption in the back subcell, the
P3HT:PCBM composite film is used as the active layer of
the back subcell.

J–V characteristics of the tandem polymer PV cell to-
gether with the front and back subcells under AM1.5G illu-
mination with an intensity of 100 mW/cm2 are shown in
Fig. 4 and the detailed parameters of these PV cells are
summarized in Table 1. The J–V characteristics of the two
subcells are measured in the stacked structure, and the J–
V characteristic of the tandem polymer PV cell is measured
with the ITO and top Al cathode being connected as shown
in Fig. 1b. The front PCPDTBT:PCBM PV cell has a VOC of
0.65 V, a JSC of 6.49 mA/cm2 and a calculated FF of 0.34.
Therefore, the overall PCE for this cell is ca. 1.45%. For
the back P3HT:PCBM PV subcell, the VOC, JSC and FF is
0.60 V, 4.25 mA/cm2 and 0.49, respectively, leading to a
PCE of 1.24%. The VOC of the tandem polymer PV cell is
0.65 V, similar to each of the two subcells and the FF is
0.42. The JSC of the tandem cell reaches 11.32 mA/cm2,
close to the sum of the JSC’s of the two subcells indicating
that the two subcells are in parallel connection. The overall
efficiency of the tandem polymer PV cell is ca. 3.10%. Inter-
estingly, this value is even higher than the sum of those of
the two subcells. This may be attributed to the reduced
overall series resistance (RS) when the two subcells are
stacked in parallel connection. The RS of the front subcell,
back subcell and the tandem cell are 35, 15 and
11 X cm2, respectively, deduced from the illuminated J–V
Fig. 4. The J–V characteristics of the front PCPDTBT:PCBM PV cell, the
back P3HT:PCBM PV cell and the tandem polymer solar cell under
100 mW/cm2 simulated AM1.5G illumination.



Table 1
Photovoltaic parameters for the front cell, back cell and tandem cell.

Device Voc (V) Jsc (mA/cm2) FF PCE (%) Rs (X cm2)

Front cell 0.65 6.49 0.34 1.45 35
Back cell 0.60 4.25 0.49 1.24 15
Tandem cell 0.65 11.32 0.42 3.10 11

Fig. 5. IPCE spectra of the front PCPDTBT:PCBM PV cell, the back
P3HT:PCBM PV cell and the tandem polymer solar cell.
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curves of these PV cells at a voltage above 1 V. The low RS

of the tandem polymer PV cell leads to improved JSC and
PCE.

Fig. 5 shows the IPCE spectra of the two subcells and the
tandem PV cell. It can be seen that each subcell shows the
known spectral response of its bulk heterojunction com-
posite, which is in good agreement with the absorption
spectra of the two composites as shown in Fig. 3. The front
PCPDTBT:PCBM cell covers from 350 to 800 nm showing
two dominant IPCE peaks with ca.17% at 430 nm and 26%
at 750 nm. The back P3HT:PCBM cell exhibits a IPCE of
30% at a range of 450–620 nm. The tandem PV cell shows
an improved IPCE which is sum of the two subcells.

4. Conclusion

In summary, we fabricated a parallel-connected tandem
polymer solar cell with two different conjugated polymer/
fullerene derivative blends as the active layers in the two
subcells to improve the spectral coverage. The required
built-in potential in the subcells is created by using inor-
ganic semiconductor compounds as the charge transport
layers and parallel-connected tandem PV cell is realized.
Although the achieved efficiency of ca. 3.10% is not very
high, the proposed structure of the stacked polymer solar
cell possesses great potential to realize high PCE if the
two subcells are well optimized and the middle connecting
semitransparent metal layer is replaced by highly trans-
parent ITO.
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Table 1
List of device performance of OPV devices without PTFE, with PTFE and
with UV treated PTFE.

Device structure Teflon
thickness (nm)

Jsc (mA/
cm2)

Voc

(V)
FF
(%)

g
(%)

ITO/CuPc/C60/BCP/Al – 1.6 0.41 54.9 0.44
ITO/PEDOT:PSS/CuPc/

C60/BCP/Al
– 2.5 0.44 52.4 0.70

ITO/PTFE/CuPc/C60/
BCP/Al

0.3 2.8 0.4 60.9 0.83
0.5 2.5 0.45 59.1 0.81
1.0 2.1 0.47 27.9 0.34

After ultraviolet-illuminated fluoropolymer ITO buffer layers
ITO/PTFE/CuPc/C60/

BCP/Al
0.3 3.1 0.41 58.5 0.91
0.5 4.8 0.48 56.3 1.58
1.0 4.3 0.49 42.5 1.09
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The double heterostructure OPV cells were fabricated
on pre-cleaned glass substrates pre-coated with an ITO
anode. ITO glass is pre-cleaned following an oxygen plas-
ma treatment for 3 min prior to use for device fabrica-
tion. Films were grown at room temperature with a
base pressure of 2 � 10�5 Torr in the following sequence:
thermal evaporation of PTFE layer varied between 0.3,
0.5 and 1.0 nm; 20 nm thick film of the donor-like cop-
per phthalocyanine(CuPc); followed by a 40 nm thick
film of the acceptor-like buckyball C60. A 12 nm thick
large band-gap material, bathocuproine(BCP) was depos-
ited as an exciton-blocking layer(EBL) because a previous
report has found that BCP can be used to transport elec-
trons to the cathode from the adjoining acceptor layer
through the cathode-induced defect states in EBL energy
gap, at the same time as effectively blocking excitons in
the lower-energy-gap acceptor layer from recombining at
the cathode [4]. Subsequently, an 100 nm thick Al cath-
ode was deposited by thermal evaporation through a
shadow mask. A Honle UV America Inc. UV light source
SOL 500 I was used, with a stabilization period of at least
10 min prior to UV exposure on PTFE films. The work
function of ITO/PTFE layers before and after UV exposure
were determined by examining the contact potential dif-
ference(CDP) of the sample using a Kelvin probe arrange-
ment (SKP5050, KP Technologies). All the current–voltage
(I–V) measurements were made with a Keithley 2400
source meter in air ambient, in dark and under
82 mW/cm2 solar irradiance (Oriel light source). The ac-
tive area for all the devices was in excess of 0.1 cm2

for this study. The consistency of the device performance
was obtained by measuring a minimum of 5 samples for
each individual devices structure.

In Fig. 1, the Jsc of the devices are plotted as a function of
the PTFE thicknesses. It is clear that the device with 0.5 nm
of PTFE as the buffer layer has better performances in term
of Jsc, Voc and FF compare to reference device with and
without PEDOT:PSS. By inserting a 0.3 nm of PTFE, the Jsc

increase 75% from 1.6 to 2.8 mA/cm2, while the Voc re-
mained constant at 0.41 V (Table 1). The Voc are signifi-
cantly increased from 0.41 to 0.49 V when the PTFE layer
thickness increased to 1.0 nm. However, the Jsc is de-
Fig. 1. I–V characteristics of OPV devices with and without PEDOT:PSS
and with the different PTFE thicknesses.
creased when the PTFE thickness increase. Since PTFE is
an insulating material, with an extremely high resistivity
of 1018 X/cm for its bulk properties, and a large value for
its ionization potential of 9.8 eV [11], it is reasonable to ex-
pect that the short-circuit current densities of OPVs de-
crease with increasing thickness of the PTFE layer.

To study the effect UV treatment on the ITO/PTFE layers,
Kelvin probe measurements were conducted on ITO, ITO/
PTFE(0.5 nm) and ITO/PTFE(0.5 nm) with different UV
exposure times with the resultant the work functions
listed in Table 2. The work function of the anode was
shown increase to from 4.83 eV (bare ITO) to 5.00 eV after
a 0.5 nm PTFE layer was deposited on the ITO. For the UV-
illuminated ITO/PTFE samples, the work function increased
approximately to �5.17 eV after 5 min of UV-illumination.
However, further increase of the UV exposure time de-
creased the work function of ITO/UV-illuminated PTFE
layer as shown in Table 2.

A similar treatment on the ITO buffer layer was used to
make organic photovoltaic devices. The I–V characteristics
of these OPV devices under solar simulator illumination
are shown in Fig. 3. The Jsc and Voc of the devices improved
in parallel with the increased UV-illumination time for the
initial 5 min. However, further increase of the UV-illumi-
nation time beyond 5 min saw a decrease in the Jsc and
the Voc. This observation is in agreement with the results
from work function measurements where the work func-
tion increased for the first 5 min, with further increase in
the illumination time reducing the work function of the
ITO/PTFE anode.
Table 2
Work function of ITO, ITO/PTFE and ITO/PTFE with different UV exposure
time measured by Kelvin probe.

Sample UV exposure
time

Work function eV
(±0.01)

Oxygen plasma cleaned
ITO

– 4.84

ITO/PTFE(0.5 nm) – 5.00
1 min 5.13
4 min 5.15
5 min 5.17
7 min 5.17
10 min 5.02
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The high Jsc in OPV devices with PTFE layer are mainly
due to the reduction in the barrier height between ITO
and organic matrix [11] and subsequently improved hole
extraction processes. The improvement in current extrac-
tion from CuPc layer to anode is mainly due to the smaller
barrier of charge extraction and, hence, an increased
photo-generated current under forward bias was observed
with the increment in Jsc. As shown in Fig. 1, the Voc of the
devices are strongly dependent on the PTFE thicknesses.
For the reference devices, with the structure of ITO/CuPc/
C60/BCP/Al and ITO/PEDOT:PSS/CuPc/C60/BCP/Al, the typi-
cal Voc were found to be 0.41 V and 0.44 V, respectively
(Table 1). However, the Voc is found to be improved up to
0.55 V for the device with 1 nm of UV treated PTFE buffer
layer (Fig. 2). The work function of the ITO surface typically
varies from 3.90 to 4.80 eV depending on the surface treat-
ment [12,13]. After inserting the untreated PTFE layer and
the UV treated PTFE layer, the Voc is improved from 0.41 to
0.49 V, because of the strong dipole layer created by the
negatively charged fluorine rich untreated PTFE layer and
UV treated PTFE layer that has modified the surface and
further increased the effective work function of the ITO.
As show in Table 1, the devices with UV treated PTFE buffer
Fig. 2. I–V characteristic of OPV devices consist of ITO/PTFE with different
thicknesses exposed to 5 min UV treatment.

Fig. 3. The I–V characteristics of OPV devices consisting of PTFE (0.5 nm)
as a buffer layer on ITO, which is exposed to different UV exposure times.
layer exhibited at least a factor of 2 increases in term of
power conversion efficiency, compared to the devices with
untreated PTFE buffer layer. Among the device with PTFE, a
device with a 0.5 nm UV treated PTFE buffer layer exhib-
ited the best performance with the PCE of 1.58%, which is
attributed to the good coverage of 0.5 nm UV treated PTFE
on the ITO to modify the ITO surface without increase in
the surface resistance of ITO/UV treated PTFE anode. It
can be seen from Fig. 2 that Jsc of the structure ITO/UV trea-
ted PTFE(0.5 nm)/CuPc/C60/BCP/Al is the highest because
of the smallest hole extraction barrier. Interestingly, UV
treatment of PTFE buffer layer can significantly change
the contact properties [11]. Our results show that while
the pristine PTFE layer is useful for reducing the contact
barrier, its effect is considerably enhanced by UV-
illumination.

Modification of polymers by exposure to UV irradiation
has been reported previously [14,15]. Radiation energy can
be absorbed via ionization, phonon excitation and atomic
displacement. This causes bond breaking, followed by scis-
soring and subsequent release of volatile fragments, which
may result in the cross-linking through C-C bonding. In our
case, clusters of sp2 bonding may also be formed, leading to
an increased in conductivity [8]. At present, there is no
clear explanation with regard to the interaction of UV light
with PTFE properties and PTFE is found to be highly resis-
tant to UV exposure [16]. However, UV-illumination on a
few atomic layers of PTFE may have a very different inter-
actions compared to UV radiation and impact on bulk
properties of PTFE. In 2004, Tong and his co-workers have
shown that UV-illumination on fluorocarbon coatings CFx

(the basic structure of PTFE), created the graphitic regions
identified by X-ray photoelectron spectroscopy results.
This leads to the higher conductivity of the CFx layer and
further improved OLED performance [8]. The same expla-
nation may apply to the UV-illuminated PTFE layer where
the Jsc of the OPV is improved due to the relatively higher
conductivity of PTFE after UV-illumination.

In summary, insertion of UV treated PTFE buffer layer at
the anode of ITO/organic interface can significantly im-
prove the Jsc, Voc and PCE of bulk-heterojunction OPV.
The improved performance in the UV treated PTFE-coated
ITO contact are consistent with its small hole extraction
barrier. This fluoro-material also offers a significant advan-
tage in that the film can be simply prepared by thermal
evaporation.
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Fig. 1. External quantum efficiency, gEQE, at k = 650 nm of three different
organic photovoltaic heterojunction structures as a function of the
applied bias, V. Inset shows the phase change for the photocurrent, DU,
as obtained from the lock-in amplifier.
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behavior within a bulk HJ polymer cell, but have not con-
sidered the potential differences in alternative device
structures [15].

The OPV cells studied in this work were based on cop-
per phthalocyanine (CuPc) donor molecules and C60 accep-
tor molecules. Devices with three different HJ structures
were fabricated: planar (or bilayer) [16,17], mixed [18–
20], and planar-mixed [21,22]. The photoactive region in
the planar devices consisted of 20 nm thick CuPc followed
by 40 nm thick C60; the photoactive region in the mixed HJ
devices was a CuPc:C60 mixed layer with varying thickness
and mixing ratio. The planar-mixed HJ structure consisted
of a 20 nm thick CuPc:C60 mixed layer (with a 1:2 weight
ratio) sandwiched between a 10 nm thick CuPc layer and
a 30 nm thick C60 layer. These structures were chosen spe-
cifically to provide different situations for carrier genera-
tion and transport, thereby influencing the behaviors of
the drift and diffusion photocurrents. For example, the dif-
fusion current in a mixed HJ device is expected to be min-
imal as charges are generated across the entire active layer
and there are no obvious potential barriers for charge
transport in either direction; in a planar HJ device the dif-
fusion current should be significant as charges are only
generated at the HJ interface and the energy level offsets
at the donor–acceptor interface (�1 eV) [16,23] prevent
electrons and holes from diffusing into the donor and
acceptor layer, respectively, giving rise to a concentration
gradient.

The OPV cells were fabricated on glass substrates pre-
coated with patterned indium–tin oxide (ITO) (�15 X/h
sheet resistance) anode stripes using a high vacuum ther-
mal evaporator with a base pressure of approximately
10�7 Torr. Prior to use, the glass substrates were succes-
sively sonicated in a solution of Liquinox (by Alconox),
deionized water, acetone, and isopropanol, and were ex-
posed to a UV–ozone environment for 15 min immediately
prior to loading into the deposition chamber. During depo-
sition, quartz crystal microbalances were used to monitor
the mixing ratio and total film thickness. An 8 nm thick
exciton blocking layer [13] of bathocuproine (BCP) was
deposited on the organic active region prior to the deposi-
tion of a 100 nm thick aluminum cathode. CuPc (Sigma–Al-
drich) was purified by gradient zone sublimation [24] prior
to use; high purity C60 (MER Corp.) and BCP (Lumtech)
were used as purchased.

The photocurrent voltage and wavelength dependen-
cies of the OPV cells were measured using a Stanford Re-
search Systems 830DSP lock-in amplifier and Keithley
428 current amplifier. White light from a Xe-arc lamp
was shined through an Oriel monochromator to provide a
monochromatic light; this light was chopped at 800 Hz
using a mechanical chopper prior to incidence on the de-
vices. The monochromatic light intensity, P0, was mea-
sured using a calibrated Newport Si detector and was on
the order of 1–10 lW/cm2. A white light bias from a halo-
gen lamp with an intensity of approximately one sun (or
100 mW/cm2) was also used to illuminate the devices to
set up the electric field and charge carrier distribution
within the device as specified by the ASTM E1021 standard
[25]. In this configuration, the total current of the device
consists of the dark current, the photocurrent due to the
constant white light bias, and the photocurrent due to
the periodically varying monochromatic light; the results
obtained by the lock-in amplifier only correspond to the
last component.

Based on the measured photocurrent density, Jph, the
external quantum efficiency gEQE is determined as
gEQEðV ; kÞ ¼ hc

qk

JphðV ; kÞ
P0ðkÞ

, where V is the applied voltage bias, k
is the incident monochromatic wavelength, and h, c, and
q are Planck’s constant, the speed of light, and the elemen-
tary charge, respectively. Under forward bias, the ITO an-
ode and Al cathode were connected to positive and
negative potentials, respectively. The current (both dark
and photo) is defined as positive when it flows from anode
to cathode. Fig. 1 shows the dependencies of gEQE at
k = 650 nm for the three different CuPc:C60 HJ structures.
For both the planar and planar-mixed devices, gEQE mono-
tonically decreases with the increase of the applied volt-
age, V, from gEQE > 10% at the short-circuit (V = 0 V) to
<0.05% at V = 1 V. Data at V > 1 V were unreliable due to
overloading in the current amplifier. The voltage-depen-
dence of the photocurrent for each of these two devices
does not show significant changes as the wavelength of
the incident monochromatic light is varied.

For the mixed HJ device, which has a 90 nm thick 1:1
(by weight) CuPc:C60 active layer, gEQE reaches a minimum
value at V � 0.55 V and is restored to �10% at V � 0.70 V.
For comparison, the open-circuit voltage under one sun
illumination is approximately VOC � 0.5 V for these devices
[22]. Shown in the inset is the phase change of the photo-
current recorded from the lock-in amplifier. While the
phase does not change significantly in either the planar
or planar-mixed devices, it is shifted by 180� for the mixed
HJ devices at the same voltage where the minimum of gEQE

is observed. This suggests that in the planar and planar-
mixed devices, the photocurrent remains negative, i.e.
flowing from cathode to anode, at any voltage. However,
in the mixed HJ device, the photocurrent exhibits a reversal
of direction as the voltage is increased from 0 to 1 V, with
gEQE = 0 occurring at V0 � 0.55 V (V0 defined as the voltage
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at which the photocurrent vanishes). At V > V0, the photo-
current is positive, i.e. flowing from anode to cathode.

The zero-photocurrent bias, V0, of the mixed HJ devices
is shown to be dependent on the wavelength of the inci-
dent monochromatic light and the mixed layer thickness,
exhibited in Fig. 2. For a device with a 90 nm (1:1) CuPc:C60

mixed layer, V0 has a maximum of 0.58 V at k 6 380 nm
and reaches a minimum of 0.51 V at k � 440 nm. When
k > 600 nm, V0 is relatively independent of k, with
V0 � 0.55 V. When the mixed layer thickness is reduced
to 60 nm, the V0 minimum wavelength is blue-shifted, to
k � 390 nm. Conversely, by increasing the mixed layer
thickness to 120 nm, the global minimum for V0 is red-
shifted to k � 500 nm, with a local minimum emerging at
k � 380 nm.
Diffusion motion

Drift motion

Net photocurrent

Planar HJ:
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High BiasLow Bias
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Fig. 3. Schematic energy level diagrams of the donor–acceptor hetero-
junctions illustrating the behaviors of the drift and diffusion photocarrier
motions at high and low positive biases. The net photocurrent direction is
also indicated. Here, HOMO and LUMO stand for the highest occupied and
lowest unoccupied molecular orbitals, respectively.
To explain the different observed photocurrent behav-
iors in each HJ device structure, we have considered the
drift and diffusion motions of the photocarriers. As shown
in Fig. 3, in planar HJ devices excitons dissociate at a dis-
tinct interface between the two planar layers, giving rise
to a strong carrier concentration gradient within the de-
vice. The energy level offsets at the interface, �1 eV for
the CuPc/C60 interface [16,23], will also confine holes with-
in the donor layer and electrons in the acceptor layer. The
internal electric field points from the cathode to the anode
when the applied bias V is low (or negative). As a result,
both the drift and diffusion motions drive carriers away
from the HJ interface, with holes moving toward the anode,
and electrons the cathode. However, at sufficiently high
applied biases, so that the internal electric field points
from the anode to the cathode, the drift current tends to
move carriers towards the HJ interface, resulting in an in-
creased carrier concentration gradient that in turn in-
creases the driving force for diffusion. Hence, as the
applied bias is increased the negative diffusion current in-
creases accordingly. As we did not observe a change in the
overall photocurrent direction in the planar and planar-
mixed HJ devices, this suggests that at high applied biases,
the negative diffusion current is more than enough to over-
come the positive drift current. The steady decrease in the
photocurrent with bias at V > 0.5 V can be understood by
considering the heterojunction interface as a ‘‘leaky capac-
itor”. With holes confined in the donor side and electrons
in the acceptor side, the interface is effectively a capacitor.
Hence, when the photocarriers corresponding to the
monochromatic light are generated at the two sides of
the capacitor, it is understandable that an overall negative
photocurrent will be produced with the discharging of the
capacitor through the external circuit. There are, however,
two main carrier leakage mechanisms within the capacitor,
which become increasingly significant with the increase of
the applied bias. As the bias is increased and more charge
carriers accumulate at the interface, interface recombina-
tion of electrons and holes becomes more significant. In
addition, the charge carriers will increasingly be able to
overcome the potential barrier height at the interface by
thermally assisted tunneling with an increased positive
electric field. Both mechanisms lead to a reduced magni-
tude of the negative photocurrent at high biases.

In mixed HJ devices, charge carrier generation is distrib-
uted throughout the active layer, leading to no significant
contiguous concentration gradient. In addition, there are
no potential barriers within the active region to limit the
transport of charge carriers in either direction. Diffusion
is therefore a minor component compared to the drift cur-
rent, except when the applied bias is such that the drift
current vanishes as the internal electric field approaches
zero. Note that CuPc and C60 molecules are homogeneously
mixed at the ratios considered here [26]; hence we do not
expect any significant variation in the local electric field
distribution. Consequently, with the reversal of the electric
field direction at sufficiently high biases, the direction of
the drift current is reversed as well, leading to the total
photocurrent changing from negative to positive.

The above explanation suggests that V0 must occur at a
bias when the internal electric field is negligible in mixed
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HJ devices. To explain the wavelength dependence of V0 in
these devices, one has to consider the details of carrier gen-
eration within the mixed layers. Fig. 4a shows the calcu-
lated carrier generation field G(x, k) within a 90 nm thick
CuPc:C60 (1:1) active layer. Also indicated on the plot in
white dots are the weighted average centers of charge gen-
eration at each wavelength, denoted as xc. Here,
G(x, k) = a(k) � I(x, k), where x is the distance from the an-
ode/organic interface, a(k) is the absorption coefficient of
CuPc:C60 (1:1), and I(x, k) is the optical intensity field,
which is calculated using a transfer-matrix method [13].
The interference of the incident light and the portion of
light reflected off the metal cathode leads to a standing
optical wave whose peak intensity is located approxi-
mately at a distance of (2m + 1)k/4n away from the metal
cathode, where n is the refraction index of the organic
materials and m = 0, 1, 2, . . . is an integer indicating the or-
der of interference. Hence, at k P 450 nm, with the in-
crease of k, the peak optical intensity position shifts away
from the cathode, causing a similar shift in xc. However,
at k 6 400 nm, the emergence of the second-order (m = 1)
intensity peak draws xc much closer to the anode. At
k � 430 to 440 nm, xc is closest to the cathode. Fig. 4b
shows a comparison of the wavelength dependence of
the average center of charge generation in mixed HJ de-
vices with different CuPc:C60 active layer thicknesses.
Compared with the experimental V0 data shown in Fig. 2,
we see a strong resemblance between the wavelength
dependencies of V0 and xc, especially in the wavelengths
of V0 minima.

While a comprehensive device model may be needed to
fully explain the correlation between V0 and xc, we hypoth-
esize that it is related to the details of the diffusion current.
In a CuPc:C60 (1:1) mixture, the hole mobility is approxi-
mately three orders of magnitude lower than the electron
mobility, �10�5 cm2/V s vs. �10�2 cm2/V s [26]. Logically,
the charge extraction from the active region is limited by
hole transport. When most holes are generated closer to
the cathode, the corresponding hole diffusion current be-
comes lower due to the longer distance holes need to travel
to reach the anode. Thus, it requires a smaller positive drift
current to cancel the negative diffusion current, and there-
fore a lower forward bias, leading to a lower V0.

To summarize, we have found that the molecular hetero-
junction structure has significant effects on the photocarrier
behavior in organic photovoltaic cells. The interplay be-
tween carrier diffusion and drift leads to an always negative
photocurrent in planar and planar-mixed HJ cells where dis-
tinct interfaces for charge generation and barrier heights
preventing charge transport in certain directions exist. The
drift current generally dominates in a mixed HJ cell, leading
to a reversal of photocurrent direction at high biases com-
pared to that at the short-circuit condition; however, when
the internal electric field is negligible the diffusion current
becomes dominant and the detailed distribution of charge
carriers throughout the mixed layer results in a wavelength
dependence of the diffusion current and, consequently, a
varying zero-photocurrent voltage.
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Fig. 1. (a) Chemical structure of the TTCDI-5C molecule. (b) AFM image of
the TTCDI-5C thin film.

Fig. 2. Scheme and optical microscope image of the top-contact TTCDI-5C O
(bottom).
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affinity [9]. In the present study, we investigate the
behaviour of the charge carrier mobility of OTFTs con-
structed using N,N0-Bis(n-pentyl)terrylene-3,4:11,12-tet-
racarboxylic diimide (TTCDI-5C, cf. Fig. 1a) with
different metal electrodes to assess carrier transport in
these OTFTs.

2. Experiments

TTCDI-5 thin films were deposited on SiO2/Si substrate
in vacuum with a base pressure below 5 � 10�9 Torr. A
deposition rate of about 0.06 ml min�1 was used for all
films prepared in this work. The thin films thickness is
15 ml. A detailed description of experimental procedure
was given in previous work [9]. Fig. 1b presents an AFM
image of a TTCDI film deposited at an optimized substrate
temperature of 140 �C. Film morphology consists of com-
pact rectangular grains with an average area of 0.06 lm2/
grain. Roughness of the surface is 2 nm. From XRD spectra
(not shown here), we found the molecules were highly or-
dered and oriented with the (0 0 1) axis normal to the sur-
face substrate.

For the thin film transistors (OTFT), all experiments
including molecular deposition, electrode contact as well
as electrical measurement were carried out in vacuum.
First, the TTDCI films were deposited on thermally grown
SiO2 (200 nm)/p-Si (0 0 1) substrates. Metals of electrodes
TFT (top), typical drain current–drain voltage curves of TTCDI-5C OFET
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with a thickness of 50 nm were deposited using an e-beam
evaporator for aluminium and a heated crucible for gold.
The channel length was 50 lm and the width 400 lm. An
illustration and photograph of the top-contact OTFT struc-
ture are shown in Fig. 2 (top). OTFTs thus prepared were
transferred into the electrical measurement chamber for
transistor analysis by means of a vacuum transfer system
to avoid exposure to air. Electrical measurements were
performed in vacuum of 10�5 Torr at a variable tempera-
ture from 50 to 310 K.

3. Results and discussion

3.1. Thermal behaviour of carriers mobilities

Fig. 2 (bottom) presents typical ID–VD curves of the
TTCDI-5C transistors at room temperature (gold electrode).
A clear difference in the threshold voltages (Vt) was ob-
served depending on electrode metals. The Vt for Au and
Al electrodes were 20 and 16 V, respectively. The main rea-
son for the lower Vt in the Al electrode device originate
from its lower work function (4.3 eV for Al and 5.1 eV for
Au).

We calculated the mobilities of the TTCDI-5C OTFTs in
the temperature range from 50 to 310 K in both devices
prepared using gold or aluminium electrodes using the fol-
lowing equation [10,11]:

ID;sat ¼
W
2L

CoxlsatðVG � VTÞ2

where Cox, lsat and VT are the gate dielectric capacitance
per unit area, field effect mobility at saturation regime
and the threshold voltage, respectively. Then we prepared
the Arrhenius plots of the carrier mobilities of the OTFTs
which are shown in Fig. 3. These plots can be divided into
two ranges: less temperature dependent range from 50 to
150 K and thermal activation temperature range from 150
to 310 K. Below 150 K, it can be regarded that the carriers
are trapped at the defects and temperature is not high en-
ough to activate these trapped carriers to conduction. This
is a property of the TTCDI film and is not related to the me-
tal used to prepare the electrodes.
Fig. 3. Arrhenius plot of the carrier mobilities of the TTCDI-5C OFETs with
gold and aluminium contacts.
A clear difference depending on the electrode material
was observed in the temperature range above 170 K. To
interpret this observation, we referred to the multiple trap-
ping and release model (MTR). It supposes that charge
transport in the semiconductor is ruled by charges trap-
ping into localized states in the forbidden gap followed
by thermal release [8,12] Thus we fitted the Arrhenius
plots using next equation:

l ¼ l0 exp
�Ea

kBT

� �

where l, kB and Ea are carrier mobility, the Boltzmann con-
stant and the activation energy, respectively. The activa-
tion energies were determined to be 130 and 85 meV for
Au and Al contacts, respectively.

3.2. Discussion

Two distinct factors –trapping at the interface and en-
ergy mismatch between work function and LUMO– are
probably contributing to the difference in the activation
energy. In the following sections, we discuss respective
factors.

3.2.1. Trapped carriers
To explain the difference between the values of the acti-

vation energies, we first evaluated carrier traps. In Fig. 4,
both OTFTs exhibited positive threshold voltage shifts with
decreasing temperature. Indeed at lower temperature
there is less thermal energy available to activate trapped
carriers into delocalized states. Thus more carriers remain
trapped and screen the gate field. Therefore, OTFTs re-
quired a greater gate voltage to enable conduction [7,13].
The shifts in the threshold voltage DV were 23 V for the
Au contacts and 15 V for the Al contacts. The number of
trapped carriers can be estimated using the following
equation with the elementary charge e [7,13]:

Nt ¼
DVCox

e

In the case of gold electrodes, Nt is about 2.4 � 1012 car-
riers/cm2 while the corresponding value for the aluminium
electrodes is 1.9 � 1012 carriers/cm2. These values seem to
Fig. 4. Evolution of the threshold voltage versus the temperature.



Fig. 5. Energy diagram of HOMO/LUMO levels of TTCDI-5C molecules and
work function of god and aluminium.

1190 M. Petit et al. / Organic Electronics 10 (2009) 1187–1190
be quite high when compared with the molecular density
of TTCDI thin films which is typically in the range of 1014

molecules/cm2. However Nt is a total summation of carri-
ers including those trapped at the insulator/organic and
the metal/organic interfaces, as well as those fixed in the
insulator and organic films. Among these trapped carriers,
the observed difference in Nt for the respective electrode
metals can be ascribed to the carriers trapped at the me-
tal/organic interfaces. This means that the activation ener-
gies should be determined by taking into account the
carrier transfer at the metal/TTCDI interface. Here we note
that the threshold voltage of the OTFT with Al electrodes
remained lower than that with gold electrodes. This gap
is linked to the defects at the metal/organic layer interface
in addition to the relative work function of the metals.
Regarding the defects, it should be mentioned that Al
was deposited using a cooled e-beam evaporator while
gold was deposited using a heated crucible so that the sub-
strate temperature for the case during gold deposition was
slighty higher possibly generating defects and increasing
the numbers of trapped carriers at the Au/TTCDI interface.

3.2.2. HOMO/LUMO levels and metals work functions
With respect to the work functions of the electrode

metals, we examined the energy-level diagram involving
HOMO/LUMO levels and work functions of the electrode
metals as shown in Fig. 5. In passing from gold to alumin-
ium, the difference in energy between work function and
the LUMO level of TTCDI-5C molecules is reduced. Conse-
quently injection of electrons into the LUMO, as well as
into the defects states, becomes easier causing a decrease
in the energy for activating the charges into the organic
layer. This explains the difference between the activation
energies (Ea) of the different metal electrodes. Also, the
mismatch between the Al work function and the LUMO is
still around 0.78 eV according to our diagram so that this
barrier should affect the charges injection. This point has
been raised previously and it has been proposed that the
presence of an interfacial electric dipole layer lowers the
barrier to electron injection and the apparent metal work
function can vary by up to 1 eV [14–16].

4. Conclusion

In summary we have designed OTFTs based on TTCDI-
5C which operated as n-channel transistors. Two kinds of
transistors were prepared containing gold or aluminium
electrodes. Dependences of the carriers mobility and
threshold voltage on temperature were investigated. Two
different behaviours were observed for carrier transport:
a temperature independent behaviour below 170 K and a
thermally activated one at higher temperature. Activation
energies were calculated from the temperature depen-
dence of the carrier mobility. Those were 85 meV for alu-
minium contacts and 130 meV for gold contacts. The
difference in activation energies can be explained by the
energy matching mainly between work function of elec-
trodes metals and the LUMO level of the TTCDI-5C mole-
cules. Additionally, defects and dipoles produced at the
metal/molecule interface also influence carrier transport.
These experimental results emphasize the importance of
optimizing the energy levels of molecules with work func-
tions of the metal electrodes, as well as the interface for-
mation techniques.
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Fig. 2. Typical nonpolar I–V switching characteristics of Au/PEDOT: PSS/
Au memory devices, the sweep sequence and direction are indicated by
the alphabets and arrows, respectively. The upper inset is the I–V fitting of
ON-state in log–log scale, demonstrating a linear correlation, and the
bottom inset is the reproducibility of the resistive switching character-
istics under dc sweeping mode.
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Au memory device. The nonpolar switching is different
from the previous reported WORM characteristics [12,13]
and the bipolar switching characteristics [16,17]. Au elec-
trodes are used in order to avoid oxidization [18] and the
disputation about the use of Al electrode. It is found that
no ‘‘forming” process is required to induce the resistive
switching. The device area dependence, reproducibility,
data retention, and nondestructive readout properties are
also investigated.

2. Experiment

Fig. 1a and b show the schematic structure of PEDOT:
PSS, which serves as an active layer in our memory devices.
It has a tunable high electrical conductivity and high sta-
bility in air. The memory devices are fabricated using the
following procedures. After a standard clean using sulfuric
acid, hydrofluoric acid, and acetone sequentially, 10 nm Cr
and 50 nm Au are deposited successively by an electron
beam evaporator on a silicon substrate as the bottom elec-
trode. Then a layer of PEDOT: PSS (1.3 wt% dispersion in
H2O) is spun on the bottom electrode initially at 500 rpm
for 6 s, then at 3000 rpm for 60 s. After spin coating, the
film is baked on a hot plate at 95 �C for 5 min in air. The
film thickness is about 90 nm measured by a Veeco Dek-
tak150. The top electrode is 80 nm Au deposited directly
on the top of the PEDOT: PSS film with a shadow mask
by the same electron beam evaporator. Then the sample
is etched in oxygen plasma for 5 minutes to remove excess
PEDOT: PSS using the gold electrode as an etching mask.
Fig. 1c shows the schematic diagram of the memory device
with a Au/PEDOT: PSS/Au sandwiched structure. All elec-
trical measurements are performed at room temperature
in darkness. The current–voltage characteristics are mea-
sured by a Keithley 4200 semiconductor characterization
system.
3. Results and discussion

Fig. 2 shows the typical I–V characteristics of the Au/
PEDOT: PSS/Au memory devices, in which the bias polarity
is defined with reference to the bottom Au electrode. Dif-
ferent from the previous results on ITO/PEDOT: PSS/Al
Fig. 1. The structure of (a) PEDOT which has the properties of tunable
high electrical conductivity and high stability in air, (b) PSS which is used
as aqueous polyelectrolyte in the polymerization of 3,4-ethylene-dioxy-
thiophene to form a dark blue, aqueous PEDOT/PSS dispersion, and (c) the
schematic diagram of the device with Au/PEDOT: PSS/Au structure.
[16], no ‘‘forming” process is required to induce the resis-
tive switching in our devices. The fresh devices are usually
in the ON-state with a resistance of hundred ohms. When
the bias voltage is increased to about 1 V in either polarity,
the device enters the OFF-state (curve a or c). This bias
voltage is referred to as the reset voltage (Vreset). In order
to turn the device back to the ON-state, a current-limited
set voltage (Vset) in either polarity should be added to the
device (curve b or d). This limited current is called the com-
pliance current. The typical resistances of the ON- and OFF-
state at 100 mV are on the order of 102 X (Ron) and 105 X
(Roff), respectively. From the top inset of Fig. 2, the ratio be-
tween the ON- and OFF-state is determined to be about
103. It is found that the devices exhibit a nonpolar switch-
ing behavior, i.e., the back and forth switching between the
ON- and OFF-state could be realized in either positive bias
or negative bias. There are other two kinds of resistance
switching memory devices: unipolar and bipolar switch-
ing. In a unipolar resistance switching memory device,
the operation is restricted to a special bias polarity; in a
bipolar device, write and erase must be performed in the
opposite bias polarity. Although the nonpolar switching
behavior is widely reported in inorganic memory devices,
such as V-doped SrZrO3 [19], Cu doped SiO2 [20] and Cu
doped ZrO2 [21], it is seldom reported in organic memory
devices. The nonpolar device can be write, erase, and read
in only one bias, while the bi-polar device must be write
and erase in different polarity of bias. This operating bias
flexibility makes it easy to achieve memory application
for the nonpolar switching characteristic compared to the
bipolar one.

The bottom inset of Fig. 2 shows the reproducibility of
the resistive switching characteristics under a dc sweeping
mode. Although Vset and Vreset show some variations, Vset is
always higher than Vreset. No overlap between them is ob-
served. Beginning from either resistance state (ON or OFF),
the Au/PEDOT: PSS/Au memory devices can be switched to



Fig. 4. Retention test upon continuous readout voltage (@ 100 mV). The
devices are tested at room temperature in darkness.
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the other one by choosing a proper voltage value irrespec-
tive of bias polarity.

The compliance current (Icomp) during set process is
necessary to prevent a permanent breakdown in memory
devices. Shown in Fig. 3a is the change of reset current (Ir-

eset, defined as the peak current during the reset process)
and ON-state resistance (Ron) when Icomp varies from
100 lA to 10 mA. The Ireset increases and Ron decreases
with the increasing of compliance current.

To further evaluate the performance of PEDOT: PSS
memory devices, the scalability and resistance uniformity
are studied on devices with different areas. The active area
dependence of both ON and OFF resistance is shown in
Fig. 3b. Each point represents an average value of ten dif-
ferent devices. Although the OFF-state resistance exhibits
a clear dependence on the device area, the ON-state resis-
tance shows a little dependence on device area. The resis-
tance of the OFF-state increases about 4 � 103 times when
the area of the devices shrinks 4 � 103 times, while the
resistance of ON-state increases only 30 times at the same
device area decreasing. This result also shows the ratio of
Ron and Roff increases with device area decreasing, and pro-
vides promising scaling down prospect of Au/PEDOT: PSS/
Au devices. As shown in Fig. 3b, the error bars indicate
standard deviation, according to which the resistance uni-
formity of each size devices is concentrated enough to dis-
tinguish the ON- and OFF-state.

Besides scalability and resistance uniformity, the reten-
tion time is also an important parameter for memory de-
vices. Fig. 4 shows the retention ability at room
temperature in darkness. By applying a continuous readout
voltage (@ 100 mV), the device resistance is sampled every
60 s. The resistances of both ON- and OFF-state are stable
and show no significant degradation over 104 s continuous
stress test. This could provide low misreading rate, indicate
nonvolatile nature and nondestructive readout property of
the devices. The nonpolar nonvolatile characteristics of the
devices can be observed after the retention testing.

To understand the mechanism of nonpolar switching
behavior of PEDOT: PSS based devices, the I–V curve of
Fig. 3. (a) Dependence of ON-state resistance (Ron) and reset current
(Ireset) on the set compliance current (Icomp), and (b) the device area
dependence of ON- and OFF-state resistance. Each point of the plots
represents averaged values of ten different devices, and the error bars
indicate the standard deviations of the devices.
ON-state is fitted with linear fitting in log–log scale. As
shown in the upper inset of Fig. 2, the ON-state fitting
curve demonstrates that the I–V characteristics follows a
linear ohmic conduction (slope is close to 1). One of the
probable models for the linear conducting behavior is the
forming of conductive paths in insulating film. The conduc-
tive path mechanism is further confirmed by the depen-
dence of the ON- and OFF-state resistance on the device
area. The high conductive current in the ON-state is deter-
mined by a set of conductive paths [15], whose total effec-
tive cross-section area is much smaller than the device
area and not sensitive to device area. In contrast, the low
conductive current in the OFF-state is decided by the leak-
age current of the PEDOT: PSS film, which is proportional
to the area of the device in principle.

Based on the analysis above, it is concluded that the
forming and rupture of conductive paths is probably re-
lated with the oxidation and reduction of the PEDOT: PSS
film. As shown in Fig. 5, hole hopping transport through
PEDOT involves extraction and injection at each PEDOT
site, which corresponds to transient reduction–oxidation
cycles [22]. Initially, the device stays at the ON-state and
the current transmits through the PEDOT+ conductive
paths, which exist in the oxide state of PEDOT: PSS film.
As a reset voltage adds to the device, the holes, referred
to h+, are extracted from the PEDOT+ and transported to
the cathode where the holes are neutralized. The PEDOT+

conductive paths change to low conductive PEDOT chains
and the device changes to OFF-state. When a much higher
current-limited voltage is added to the device at OFF-state,
the holes are injected into the PEDOT again at the strong
electric field and presence of Au. The low conductive PED-
OT chains return to PEDOT+ conductive paths and the de-
vice is set back to ON-state correspondingly. However, it
is not sure that the oxidation and reduction of PEDOT:
PSS is the only mechanism. Au atoms penetrating into
the film during metal deposition and other defects may
also influence the formation of conductive paths. Further
studies are required to understand the detailed process of
conductive paths formation.



Fig. 5. Schematic diagram of the holes (h+) injection and extraction
process in PEDOT, which correspond to the forming and rupture of
conductive paths.
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4. Conclusion

The Au/PEDOT: PSS/Au sandwiched structure is fabri-
cated and investigated for nonvolatile memory applica-
tions. It shows a nonpolar resistance switching
characteristics, which is different from both the WORM
characteristics and the bipolar switching characteristics re-
ported before. No ‘‘forming” process is required to induce
the resistive switching of the devices. This memory device
shows reproducible resistive switching, a large ratio (>103)
of Roff and Ron, a long retention time (104 s), and nonde-
structive readout. The area dependence of ON- and OFF-
state guarantees the sufficient sensing margin when the
device is scaling down. According to the experiment re-
sults, the nonpolar switching behavior is due to the form-
ing and rupture of the conductive paths in the PEDOT: PSS
film. The oxidation and reduction of the PEDOT is consid-
ered to be the probable mechanism to explain the forming
and rupture of conductive paths in Au/PEDOT: PSS/Au
devices.
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Fig. 1. The chemical structures of: (a) PEDOT, (b) PSSH and (c) P3HT. (d) The schematic cross section shows the monolithic integration of an electrolyte-
gated OFET and an organic electrochromic pixel device. The graphs report the electrical characteristics of the isolated components: (e) The output
characteristics of an EDLC–OFET with a channel width-to-length ratio (W/L) equal to 2000/7. (f) The charging/discharging current (solid line) versus time
when a voltage (dashed line) is applied between the two PEDOT:PSS electrodes in the electrochromic pixel.
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conventional dielectrics typically operate at low voltages
(<2 V) only for ultra-thin gate insulating layers (<50 nm);
hence making printing impossible. Recent reports indicate
that electrolytes constitute a promising electronic insulat-
ing layer to separate the gate electrode and the semicon-
ductor [13–20]. This class of OFETs has a unique feature
suitable for reel-to-reel manufacturing: the operating po-
tential, of few volts, does not strictly depend on the elec-
trolyte thickness [15]. One class of electrolytes used is
proton conducting polyanionic membranes [15,19], such
as polystyrenesulfonic acid (PSSH) [19] (Fig. 1b). The for-
mation of the electric double layer capacitors (EDLCs) at
the semiconductor/electrolyte and electrolyte/gate inter-
faces occurs at low voltages. The high capacitance and
the quick response of the EDLC enable fast enhancement
mode switching (�50 ls) and low-voltage operation
(<1 V) of the EDLC–OFETs.

In this letter, we demonstrate the monolithic integra-
tion of an EDLC–OFET, including regio-regular poly(3-hex-
ylthiophene) (P3HT) (Fig. 1c) as the semiconductor, and a
PEDOT:PSS-based electrochromic display cell. The compat-
ibility of the two devices is ensured by the common pat-
terned PSSH layer acting both as the gate insulator in the
OFET structure and as the proton transporting layer in
the electrochromic display (Fig. 1d).
In this work, no attempts were made to achieve a fully
printed OFET, rather our major goal was to demonstrate
operational compatibility between the electrolyte-gated
OFET and the electrochemical (EC) display device. To con-
struct the OFET sketched in Fig. 1d, gold electrodes are pat-
terned on a silicon wafer with thermally grown oxide by
using photolithography and wet-etching. First, a 20 nm
thick layer of P3HT is spin-coated from chloroform and
then covered with a thin layer (85 nm) of PSSH. A titanium
top gate contact is vacuum deposited through a shadow
mask to complete the transistor. The output characteristics
of this EDLC–OFET, with a channel length and width of 7
and 2000 lm, respectively, shows current modulation al-
ready below 1 V (Fig. 1e) and a maximum current through-
put of around 5 lA. Upon negative gate bias, mobile
protons migrate towards the gate electrode and the immo-
bile polyanionic chains PSS� remain at the vicinity of the
P3HT layer, which allows for the formation of a positively
charged conducting channel between the source and the
drain electrodes (p-channel). It should be noted that poly-
anions are immobile and, hence, cannot penetrate the or-
ganic semiconductor. Thus, electrochemical doping of the
semiconductor bulk is entirely prevented, in contrast to
EC transistors where current modulation is governed by
bulk electrochemistry. The calculated carrier mobility for



Fig. 2. The updating scheme of the smart pixel is realized in four
combinations of electrical biases: (i) VG = 0 V, VP = �1.2 V; (ii) VG = �1.2 V,
VP = �1.2 V, (iii) VG = 0 V, VP = 0 V, (iv) VG = �1.2 V, VP = 0 V. (a) Time
evolution of the current crossing the smart pixel after each of the four
steps. The two devices are integrated on a silicon substrate and the OFET
has W/L = 154. (b) The sketch of the smart pixel illustrates the direction of
charge carriers (electron, hole and proton) involved in the four steps. (c)
Evolution of the potential drop across the transistors for various channel
lengths (5, 7, 9, 13, 23 and 43 lm) during the updating scheme from step
(i) to step (iv).
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the EDLC–OFET at saturation is in order of
3.67�10�3 cm2 V�1 s�1.

The electrochromic display cell consists of a PSSH
(AGFA PSSH 5% in water) layer sandwiched between two
PEDOT:PSS (AGFA ICP-1010) electrodes, see Fig. 1b. The
top polymer electrode serves as the electrochromic display
element, while the counter electrode is hidden below the
PSSH electrolyte. A white titanium dioxide nanopowder
is added to the electrolyte to increase the color contrast.
In its pristine transparent state, PEDOT:PSS is composed
of positively doped PEDOT chains neutralized by sulfonate
anions attached to the polystyrene chains (PSS). When a
potential difference is applied between the two electrodes,
the PEDOT of the negatively biased top electrode is re-
duced (undoped) and turns blue. During this electro-
reduction, protons migrate from the PSSH electrolyte into
the top PEDOT:PSS electrode to neutralize the sulfonate
anions (previously the doping counter-charge for PEDOT).
The oxidation takes place at the bottom electrode. This
electrochemical reaction is characterized by a current peak
of around 33 lA (for 1 mm2 sized display cell) during the
first second (Fig. 1f). At 16 s, the potential is then set to
zero and the top PEDOT:PSS electrode is re-oxidized to
its transparent state. This electrochemical process is
reversible such as that the display cell can be repeatedly
cycled many times. Beside its low operating voltage, the
electrochromic display pixel shows a high degree of bi-sta-
bility; i.e. the pixel electrode remains reduced while the
electrodes are disconnected. Many combined factors are
dictating the switch time of an electrochromic pixel, such
as the ionic resistance of the PSS layer which depends on
geometrical parameters and water content (proton mobil-
ity and concentration). For low ionic resistance, the reac-
tion can be limited by the electron transport rates, which
depends on the applied voltage.

The EDLC–OFET and the electrochromic display pixel
are assembled into a smart pixel circuit by coating partially
the gold drain electrode of the transistor with the PED-
OT:PSS bottom electrode of the pixel. The characteristics
of the individual components and the smart pixels are
measured using a Keithley 4200-SCS Semiconductor Char-
acterization System in ambient atmosphere (40% relative
humidity, room temperature). The smart pixel is updated
in four steps: (i) VG = 0 V, VP = �1.2 V; (ii) VG = �1.2 V,
VP = �1.2 V; (iii) VG = 0 V, VP = 0 V; (iv) VG = �1.2 V, VP =
0 V. During the entire updating cascade, the current is
monitored (Fig. 2a) and the direction of the electron, the
hole and the proton currents are illustrated in Fig. 2b.
The potential drop (Vdrop) across the transistor channel is
continuously measured during the entire updating scheme
in Fig. 2c. Firstly, despite the applied voltage across the dis-
play cell (VP = �1.2 V), the pixel remains in its off-state
(PEDOT:PSS transparent) as indicated by the negligible
current (curve (i) in Fig. 2a) that passes through the smart
pixel. The transistor suppress updating of the display cell
since it is in its high impedance state (VG = 0 V) as indi-
cated by the large potential drop across the transistor (step
(i) in Fig. 2c). Secondly, as VG is set to �1.2 V, the transistor
channel opened and the potential across the OFET drops
(step (ii) in Fig. 2c). Since VP equals �1.2 V, the major part
of the potential drop is across the display pixel. Holes flow
through the OFET (curve (ii) in Fig. 2a), which leads to oxi-
dation of the bottom PEDOT:PSS electrode while PEDOT of
the top electrode is reduced and turns blue. Thirdly, for
VG = 0 V and VP = 0 V, charges cannot leak through the OFET
(curve (iii) in Fig. 2a) and the pixel remains blue. In step
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(iii) in Fig. 2c the pixel acts as a loaded battery such that
the potential across the OFET is opposite as compared to
the first updating step shown in step (ii) in Fig. 2c. Finally,
the pixel is discharged to its transparent off-state by open-
ing the transistor channel (VG = �1.2 V) and keeping VP at
0 V (curve (iv) in Fig. 2a). The efficiency of the smart pixel
relates to the amount of charges that can be stored over
long period of times. After a full cycle, we found a charge
mismatch of about 9% between charging and discharging
steps, which we attribute to the spontaneous re-doping
of the reduced PEDOT by dioxygen. Note that this side
reaction does not damage the electroactivity of the con-
ducting polymer or the reversibility of the process.

The dynamic switch characteristics of the display pix-
els can be quantified with the time evolution of the charg-
ing/discharging current (Fig. 3a and b) and the associated
color changes (Fig. 3c and d). The electrochromism is fol-
lowed by irradiating a pixel of 1 mm2 with a red laser
(peaking at 650 nm to match the absorptions peak for a
neutral blue-colored PEDOT:PSS) at an incident angle of
45� and detecting the diffused light with a Si-photodiode
placed in the normal direction vs. the pixel surface (inset
in Fig. 3c). A low photocurrent corresponds to a high de-
gree of absorption of the red light, i.e. the PEDOT of the
display cell is reduced and is deep blue. The response of
the smart pixel is recorded for different OFET dimension;
W = 2000 lm and L equals 43, 23, 13, 9, 7 and 5 lm. The
response time of the display pixel depends significantly
Fig. 3. (a) Charging/discharging currents (solid line) vs. time supplied by transist
W = 2000 lm) at VG = �1.2 V and VP = �1.2 V or 0 V (dashed line). (b) Maximum c
current in (a). The solid line is the linear fit of the measured maximum charging
pixel for various transistor channel lengths. The setup of this measurement is
(dashed line in c) vs. W/L.
on the channel length; which indicates that the rate of
the PEDOT:PSS electrochemical reaction of the display
pixel is not the limiting updating mechanism for the spe-
cific PSS thickness and VP chosen. The response time of
the electrochromic display pixel is correlated to the cur-
rent delivered by the OFET; which is proportional to W/
L. Shorter channel lengths result in a larger current levels
(Fig. 3b) and a pixel that correspondingly switches on and
off relatively faster (<1 s) (Fig. 3d). The reduction process
of the pristinely doped top electrode is not limiting the
updating rate because of its high electrical conductivity
(�10 S/cm). Interestingly, the off-switching is fast and
only weakly dependent on the transistor channel length.
In this case, the limiting factor for updating is not the cur-
rent through the OFET but instead the high impedance of
the reduced (colored) PEDOT of the top display electrode.
The bottom PEDOT:PSS electrode is not limiting since in
its highly doped state. Noteworthy, for long transistor
channels (>15 lm), the electrochromic display pixel is un-
able to reach its fully reduced blue-colored state within
the chosen time scale. Because the full reduction of the
top PEDOT electrode cannot be reached for long transistor
channels, there are fewer charges stored in the display
pixel and the resistance of the pixel top electrode remains
low. These two factors contribute together to fast dis-
charging of the cell for long channels. The maximum
charging current varies between 34 lA for L = 5 lm and
5 lA for L = 43 lm (Fig. 3b). This corresponds to a switch-
ors with different channel lengths (L = 5, 7, 9, 13, 23 and 43 lm, and width
harging current vs. W/L (filled squares), recorded as the top of the charging

currents. (c) Photo-currents reflect the kinetic of the color change in the
shown as an inset. (d) Time of the 20% of the maximum photo-currents
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ing time of 0.66 and 7.6 s for channel lengths of 5 and
43 lm (Fig. 3d).

In summary, we have presented a monolithic integra-
tion of an EDLC–OFET and an organic electrochromic pixel,
i.e. a combination of a solid state device operating in a
field-effect mode and a display cell operating in an electro-
chemical mode. Electrolyte gated-OFETs are more compat-
ible with electrochemical displays than OFETs with
traditional dielectrics for the following reasons: (i) low
operating voltage (<1 V) independent of the electrolyte
thicknesses, (ii) the large current throughput (5 lA for
W/L = 285) because of the large capacitance of the EDLCs
(20 lF/cm2); and (iii) acceptance to humid environments.
Even though this type of transistor delivers less charge as
compared to the electrochemical transistor equivalence,
it is still capable of switching 1 mm2-sized display cells.
Such electrolyte-gated smart pixels possess relatively fas-
ter updating speeds, lower power consumption (thanks
to the enhancement mode operation of the OFET) and no
parasitic propagation of a reduction front, as compared to
smart pixels built with EC transistors. The versatility of
electrolyte-gating provided by the PSS layer, as it serves
as both the gate insulator in the transistor and as the elec-
trolyte in the display pixel, implies manufacturing with
less materials and processing steps. This, in turn, promises
for easy manufacturing of low-voltage operating and
matrix-addressed displays using standard printing
techniques.
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Fig. 1. (a) The conventional device structure and (b) the energy level
diagram of the device depicted in (a).
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dopant has resulted in improved efficiency, retaining the
color co-ordinates [12].

External quantum efficiency (EQE) of OLED depends
heavily on the efficiency of carrier injection and recombi-
nation as well as on the electron–hole balancing. There-
fore, in order to achieve the maximal efficiency, a
balanced carrier recombination in the emissive layer
(EML) is a must for the device. Especially in the blue
OLED, the recombination region should be confined within
the EML closer to the anode side to avoid the recombina-
tion at the EML/electron transport layer (ETL) interface to
ensure color purity [13]. However, the commonly used
configuration of OLEDs does not provide the required con-
ditions for a balanced carrier injection/transport that leads
to efficient recombination. One of the reasons is that the
injected hole is more mobile than the injected electron
under the same applied electric field. Therefore, establish-
ing an electron–hole balance by reducing the number of
holes or increasing the number of electrons reaching the
EML is considered one of the most direct and viable solu-
tions to improve device efficiency. Hole Blocking Layers
(HBLs) are generally used for this purpose but they in turn
increase the operating voltages [14–16]. These HBLs most
commonly are placed after EML, closer to cathode. An-
other approach has been to place HBL between HTL and
EML. Divayana et al. [15] incorporated a HBL between
Hole Injection Layer (HIL) and HTL, with a view that it
would cause minimal increase in operating voltage, but
this would clearly depend more on the choice of
materials.

Another alternative is to use graded layers as in green
OLED obtained from graded HTL and ETL [17]. But arguably
the most effective approach providing a balance between
loss of process ease and increased efficiency would be to
use multiple quantum wells (MQW) structures [18–20]
which are of two types. In one, the energy levels of the
material having wider energy gap sandwich the energy
levels of the material with the narrow energy gap, thus
confining both electrons and holes in the latter. In the
other, both highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) levels
of both the materials involved in the quantum well struc-
ture are offset in the same direction.

Among the MQW structures, Divayana and Sun [9] fab-
ricated blue OLED by sequentially incorporating multiple
layers of host and dopant for better control of process com-
pared to co-evaporated host and dopant. Qiu et al. [18], in a
green OLED, incorporated multiple layers of NPB (N,N’-di-
phenyl-N,N0-bis (1,10-biphenyl)-4,40-diamine)/rubrene
adjacent to anode such that electrons and holes can be
trapped in the rubrene layer. Therefore, as more and more
multiples of these layers are incorporated, the emission
changes from green to that of rubrene, allowing color tun-
ing. While more common are MQWs with HOMO and
LUMO levels in one well material offset with respect to
the adjacent material in opposite direction, Wang et al.
[20] demonstrated increased efficiency of a blue OLED by
employing NPB/TMADN (2,3,6,7-tetramethyl-9,10-dinaph-
thyl-anthracene) MQW with staggered energy levels. This
has resulted in improved performance of blue OLEDs
marked by an increase in current efficiency to 4.1 cd/A
for the MQW device from 3.4 cd/A for the standard het-
ero-junction structure.

In this paper, we describe a facile method of fabricating
a blue OLED with improved efficiency by stepwise inser-
tion of HTL into EML thereby achieving multiple HTL/EML
interfaces in the EML and the performance of such a mod-
ified device is compared with that of a conventional one
with the same materials. The experimental observations
are qualitatively explained by simulation.

2. Experimental

Device area of 16 mm2 was photolithographically de-
fined on Indium Tin Oxide (ITO) (sheet resistance<10 X/
h) coated glass, which was used as substrate. Prior to or-
ganic layer evaporation, the substrates were thoroughly
cleaned with the routine cleaning procedure and subjected
to oxygen plasma treatment. Evaporation of organic mate-
rials and metal was carried out under high vacuum
(�10�7 Torr). The structure of the conventional device
and the corresponding energy level diagram are shown in
Fig. 1. A HIL (DS205 from Doosan Electromaterials) of
thickness 100 nm was deposited first. Then sequentially
multiple steps of NPB (as HTL) and EML (consisting of a
blue host, BH2 from Kodak, with 1% blue dopant BD3 from
Kodak, deposited by co-evaporation from two crucibles
placed symmetrically below the substrate) were deposited
keeping the total thickness of HTL to be 20 nm and that of
EML 30 nm. A 25 nm thick layer of Alq3 (Tris-(8-hydroxy-
quinoline) aluminum) was deposited as the ETL. Finally a
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1 nm thick LiF layer and 150 nm thick Al layer were depos-
ited as the cathode. All devices were encapsulated with
UV-curable resin and glass cover under inert conditions.
The electro-optical characteristics of the fabricated devices
were measured using a CS-1000 Minolta spectroradiome-
ter and a Keithley 2400 SMU. All measurements were car-
ried out on encapsulated devices.
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3. Results and discussion

For comparing the performance of multiple HTL/EML
layers based devices, the standard devices were made con-
sisting of ITO(150 nm) /HIL(100 nm) /HTL(20 or 30 nm) /
EML(30 nm) /ETL(25 nm) /LiF(1 nm) /Al(150 nm). These
devices are labeled Device 1 and Device 2 based on thick-
ness of HTL as 20 or 30 nm, respectively. While a signifi-
cant effort in this work is on investigating multiple HTL
layers in a device, these two devices are used to examine
if thickness of HTL itself has a dominant effect in the device
performance.

Fig. 1b shows the energy level diagram of these stan-
dard devices. There is an energy offset of 0.3 eV between
the HOMO of the EML host and HOMO of the HTL. This cre-
ates a barrier for hole injection from HTL to EML. Hence
holes could pile up at this interface and their probability
of radiative recombination with the electrons reaching this
interface is high. But it is commonly believed that holes
have much higher mobility in HIL and HTL than electrons
in ETL and, in addition, electrons suffer from injection dif-
ficulty at the cathode. This leads to charge imbalance, lead-
ing to many holes escaping to cathode without
recombining. Accordingly, a poor current efficiency of such
devices is explained.

In the standard device, as Fig. 1b indicates, we note an
energy barrier to hole transport between HTL and EML,
but no barrier for electrons. Conventional methods incor-
porate a separate hole blocking layer to increase lumi-
nance. But, since the HTL/EML interface naturally offers a
barrier to hole transport, in the present work, it is possible
to divide up the total HTL and EML thicknesses in many
parts and include them as repeated structures forcing holes
to encounter this barrier as many times; this arrangement,
in turn, could increase the efficiency of blue OLED by slow-
ing down the holes. Dividing the HTL thickness of Device 1
in two parts, in our improved Device 3, we have inserted
two repeating structures of HTL and EML, keeping their to-
tal thickness the same as in Device 1. Accordingly, the de-
vice structure is ITO(150 nm) /HIL(100 nm) /HTL(10 nm) /
EML(15 nm) /HTL(10 nm) /EML(15 nm) /ETL(25 nm) /
LiF(1 nm) /Al(150 nm). Similarly, in Device 4, the HTL/
EML units are repeated three times according to the
scheme ITO(150 nm) /HIL(100 nm) /HTL(10 nm) /
EML(10 nm) /HTL(6 nm) /EML (10 nm) /HTL(4 nm) /
EML(10 nm) / ETL(25 nm) /LiF(1 nm) /Al(150 nm). Here
we have selected the thickness of different HTL segments
such that its thickness decreases towards the cathode, be-
cause of an expectation that concentration of holes will re-
duce further away from anode. The materials are so
selected that the LUMO levels of HTL and EML host are
similar, implying little energy barrier to electron transport.
Thus, while additional barrier is provided to hole transport
by repeating the HTL/EML unit, electron transport remains
unaffected.

3.1. Current–voltage–luminance characteristics

Fig. 2 shows the current density versus voltage (J–V)
characteristics of all the devices (symbols only). Typical
data from 16 identical devices is plotted for each stack. De-
vices 1 and 2, which differ only in the HTL thickness, have
similar J–V characteristics, indicating hole mobility in HTL
does not limit the carrier transport. But, the current den-
sity in the standard devices is much higher than those with
the multiple layers (Devices 3 and 4), consistent with the
additional hole barriers introduced at HTL/EML interface.
Among these two also, the Device 4 with three such inter-
faces has lower currents than Device 3 with two interfaces.

A small increase in voltage for same current, in princi-
ple, is acceptable as long as luminance also increases,
resulting in increased current and power efficiency. These
situations will imply lower non-radiative recombination
of holes in the device or at cathode, the very reason for
which multiple HTL/EML interfaces were introduced.
Clearly, as demonstrated in Fig. 3, for a current density,
luminance in Device 3 is greater than that in the standard
devices. In principle, the luminance should increase with
further increase in number of such interfaces. However,
the luminance in Device 4 remains the same, possibly be-
cause either most electrons are already recombining with-
in two units of HTL/EML, or increasing the number of
interfaces (for same total thickness) forces thinner layers,
which may result is poor control on film deposition. Addi-
tional consequences of increased number of interfaces and
thinner films may be adverse effect of interface states, dif-
fusion of excitons out of EML and emission quenching by
NPB cation. All these are discussed in a greater detail later.

Two important figures of merit that define the perfor-
mance of a device are the current and power efficiency,
apart from reliability issues, such as life-time. The current
efficiency of our devices with multiple HTL/EML interfaces
is compared in Fig. 4, in which a current efficiency of



0 40 80 120 160

1

2

3

4

5

6

7

8

9
Lu

m
in

an
ce

 x
 1

0-3
 (c

d/
m

2 )

Current Density (mA/cm2)

 Device 1
 Device 2
 Device 3
 Device 4

Fig. 3. Current density–luminance characteristics of the devices studied.
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approximately 3 cd/A is shown for both the standard De-
vices 1 and 2. The Device 3 with two HTL/EML interfaces
exhibits the maximum current efficiency of 5.8 cd/A, and
the Device 4 with three HTL/EML interfaces 5 cd/A, at a
current density of 10 mA/cm2. This indicates that the mul-
tilayer HTL/EML structure significantly improves the de-
vice efficiency, approximately 1.9 times at low current
densities and 1.5 times at its higher values. The luminance
at any current density from Device 3 and 4 appear similar
(see Fig. 3). But at low current densities, slightly higher
luminance in device 3 tends to amplify the current effi-
ciency; note that this result is repeatable. But at higher
current densities, this difference seems to reduce, with
current efficiencies both for Device 3 and 4 becoming sim-
ilar. It may also be noted that the HTL thickness (compare
Device 1 and 2) variation does not impact luminance, just
like the current density, and hence current efficiency.

The second figure of merit is power efficiency, which is
compared in Table 1. Using voltage required for 1 cd/m2

emission as the basis, the luminance threshold voltage in-
creases from 3.6 V in standard devices to 4–5 V in multi-
layer structure. But, correspondingly, the current
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Fig. 4. Current density–current efficiency characteristics of the four
devices.
efficiencies increase from 3 cd/A to between 5 and 6 cd/A.
However, although the voltage of operation would increase
by including the multi-layers, the power efficiency still in-
creases to 2.2 lm/W for Device 3 and, in Device 4, remains
similar (1.5 lm/W) to those of standard devices (1.4 lm/W).
Therefore, the gain in current efficiency combined with
either an increase or similar power efficiency by including
multilayer structure can possibly justify the increased volt-
age of operation.

3.1.1. The CIE color co-ordinates
A typical electroluminescence (EL) spectrum of emis-

sion from these devices is depicted in Fig. 5a. Along with
it, also shown are the photoluminescence(PL) spectra of
500 nm thick blue host and dopant films (excitation at
370 nm). The PL of host with 1% dopant is also included
in the same figure. The PL of host with dopant closely fol-
lows the dopant emissions, indicating substantial energy
transfer to it. Further, the electroluminescent (EL) emission
is in accordance with the corresponding PL for host with 1%
dopant, except an additional peak beyond 500 nm (see the
encircled portion). Since this peak is entirely missing in the
PL spectrum and is reasonably broad and located where we
expect Alq3 to emit, this additional peak in EL is from the
ETL. The color co-ordinates of device emission are, there-
fore, negatively affected by this emission.

Full color displays would require blue emission which is
as saturated as possible. Typically, more important is the
CIE y-co-ordinate, which should be closer to 0.15. The CIE
(x, y) co-ordinates for all four devices are shown in
Fig. 5b. The CIE x-co-ordinate remains relatively un-
changed from device to device, although the devices with
multiple HTL/EML interface yield a better color co-ordi-
nate, especially at higher voltages. The CIE y-co-ordinate,
however, shows much more significant improvement to-
wards deeper blue in multiple interface devices. The im-
proved emission by including multiple interfaces would
accompany lower recombination in ETL (Alq3), which also
therefore shifts the emission to deeper blue in comparison
to the standard devices.

Furthermore, in the practical voltage range, above 6 V,
the color co-ordinates in Device 3 and 4 do not change with
voltage. Thus, these devices may be suitable for display
applications.

3.2. Device simulation

In order to gain insight into the role of multilayer struc-
tures in modifying charge transport and recombination
zone, we developed a simulator. A set of partial differential
equations governing underlying physics of the device is
based on drift-diffusion approximation [21,22]. The injec-
tion/extraction of carriers is modeled with thermionic
emission along with the field dependent barrier lowering
and its time reversed back flowing process according to
the approach of Malliaras and Scott [23,24]. The organic–
organic interface discontinuity has been modeled accord-
ing to the approach of Crone et al. [25], assuming no di-
poles/sheet charges at the interface, but distributed pile-
up of charges being allowed. The recombination in the de-
vice is bimolecular with Langevin coefficient. The density



Table 1
Electroluminescent characteristics of the devices studied. The distribution of the HTL thickness of each device is also given. Threshold voltages are for a
luminance of 1 cd/m2. Current efficiency and power efficiency are measured at 10 mA/cm2.

Threshold voltage (V) Current efficiency (cd/A) Power efficiency (lm/W)

Device 1 3.6 2.9 1.4
HTL:EML (20 nm:30 nm)
Device 2 3.6 3.0 1.4
HTL:EML(30 nm:30 nm)
Device 3 4.0 5.8 2.2
HTL:EML(10 nm:10 nm/10 nm:10 nm)
Device 4 4.8 5.0 1.5
HTL:EML(10 nm:10 nm/6 nm:10 nm/4 nm:10 nm)
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of states in organic materials in the simulator is fixed to its
molecular density and dielectric constant of all layers is ta-
ken as 3. Finally, before using the simulator here, it has
been validated with previously published simulation re-
sults of other groups [24–26].
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Fig. 5. (a) Typical photoluminescence (PL) spectra of host, dopant and
host with 1% dopant and electroluminescence (EL) spectrum of the
standard device. The peak encircled in the EL spectrum is the green
emission due to the recombination in the ETL, Alq3 (b) CIE color co-
ordinates of the devices.
The simulated J–V characteristics are compared with
the experimental data in Fig. 2 (solid lines) for Devices 1,
3 and 4. The mobility of both electrons and holes are as-
sumed to be of the type, l ¼ loe

ffiffiffiffiffiffiffi
E=Eo

p
where E is the elec-

tric field. Accordingly, the other mobility parameters (lo

and Eo) listed in Table 2 are so selected that best match
of J–V characteristics are obtained for all three devices for
the same set of mobility parameters. The simulation suf-
fers from limitations that it does not include exciton diffu-
sion or trap distribution in the organic materials and the
only transport levels are discrete LUMO and HOMO levels.
As a result, the match of J–V characteristics with experi-
mental data is not perfect, but a similar trend allows us
to approximately probe the differences between Devices
1, 3 and 4.

In order to evaluate the effect of introducing multiple
HTL/EML layers, based on Fig. 2, we select two current lev-
els, 15 mA/cm2 (low) and 80 mA/cm2 (high), to examine
the spatial distribution of electron and hole currents and
recombination. In both cases, as shown in Fig. 6, holes in-
jected from anode in Device 1 encounter the first barrier
at HTL/EML interface (at 120 nm) causing a pile-up of holes
(p, thin solid line); correspondingly, there is little or no
voltage drop in HIL and HTL. Also, a large number of holes
are seen to reach cathode. On the other hand, in Device 1,
the electrons (n, thin solid line) injected at cathode also
pile-up at ETL/EML (at 150 nm) interface. Beyond that,
the electron concentration drops rapidly, with few elec-
trons reaching the anode. As a consequence, the electron
current (Jn) in ETL is large, dropping off to nearly zero be-
yond ETL towards the anode. Nonetheless, significant hole
current (Jp) is seen reaching the cathode. Furthermore,
since ETL has significant population of both electrons and
holes, a large amount of recombination (R), defined as rate
of holes or electrons recombining per unit volume, takes
place in ETL. The radiative part of this recombination leads
to Alq3 green emission, which is to be avoided. That, our
devices are primarily blue, and such large recombination
in ETL is suggested by simulations indicates either vicinity
of ETL to the cathode leads to substantial non-radiative
recombination or this large recombination in ETL may be
a consequence of our selection of simulation parameters
(carrier mobilities and transport levels). However, in the
latter case also, qualitative differences arising from differ-
ent device structures (Devices 1, 3 and 4) can still be mean-
ingfully predicted.

Apart from the recombination in EML, primary recombi-
nation leading to blue emission occurs at HTL/EML inter-



Table 2
Simulation parameters.

HIL HTL EML ETL

lo for holes (zero field hole mobility) 6 � 10-8* 6.1 � 10�9* 1.8 � 10�9 1.8 � 10�12

(m2/Vs)
lo for electrons (zero field electron mobility) 6 � 10�10* 6.1 � 10�11* 1.8 � 10�8* 1.8 � 10�11

(m2/Vs)
E0 for holes (V/m) 2 � 106 4.44 � 107 1.11 � 107 1.04 � 107

E0 for electrons (V/m) 2 � 106 4.44 � 107 1.11 � 107 1.04 � 107

* These mobility values even if increased by 10 times make only a minor difference in calculations.
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face (120 nm for Device 1) where the holes pile-up, as do
electrons due to a small barrier. This small barrier for elec-
trons leads to only a small increase in electron concentra-
tion compared to that of holes. The corresponding
recombination is also shown in Fig. 6 for both current den-
sities. We estimate the recombination current that leads to
blue emission by integrating the recombination rate be-
tween 1 nm on either side of HTL/EML interface (119–
121 nm for Device 1) and multiplying it by electron charge.
Accordingly, for Device 1, this current is estimated as 0.06
and 0.56 mA/m2 at a total current density of 15 and 80 mA/
cm2, respectively.

Upon introducing the multiple junctions of HTL and
EML, such as in Device 3, the electrons and holes now
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Fig. 6. (a) Spatial distribution of electron density (n) and current (Jn), hole den
15 mA/cm2 total current density and (b) the same at 80 mA/cm2.
pile-up wherever the same interfaces as in Device 1 are
available. Accordingly, the hole current reaching cathode
decreases with a corresponding increase in electron cur-
rent at the same location (see Fig. 6). As a consequence,
the green recombination in ETL reduces (compare Device
1 with Device 3; due to log scale in Fig. 6, the change ap-
pears small), consistent with color co-ordinate improve-
ment observed experimentally.

In Device 3, multiple HTL/EML interfaces which block
holes lead to added blue emission at each of these inter-
faces. The recombination current near HTL/EML interface
is estimated as 0.95 mA/m2 (from Fig. 6a) and 2.10 mA/
m2 (from Fig. 6b). Thus, in this device the recombination
current at low total current density increases to 0.95 mA/
105 120 135 150 165
0

20

40

60

80

Jn

Jp

 Position from Anode (nm)

Device 1
Device 3
Device 4

Jn

Jp

105 120 135 150 165 1010

1015

1020

1025

1030

80 mA/cm2

Device 1
Device 3
Device 4

105 120 135 150 165 100

105

1010

1015

1020

1025

p

n
80 mA/cm2

Device 1
Device 3
Device 4

(b)
sity (p) and current (Jp) and electron and hole recombination rates (R) at
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m2 from 0.06 mA/m2 in Device 1, which experimentally is
observed as an increase in current efficiency. At a higher
total current density, this increase in calculated recombi-
nation current is from 0.56 mA/m2 in Device 1 to
2.10 mA/m2 in Device 3, representing a smaller increase
than that at lower total current density. The same has been
observed experimentally, where the improvement in cur-
rent efficiency at lower current density is much more sig-
nificant than that at higher current density (see Fig. 4)

Since there is still a substantial number of holes recom-
bining at cathode, adding one more HTL/EML interface in
Device 4 leads to predicting still higher electron current
and lower hole current at cathode, lower recombination
in ETL and increased recombination current to 2.15 (from
Fig. 6a 4.21 mA/m2 (from Fig. 6b) at HTL/EML interface.
Experimentally, however, we observe lower current effi-
ciency in Device 4 in comparison to Device 3.

This observation is similar to the result of inserting
multiple layers of rubrene confined between NPB, where
four layers resulted in maximum current efficiency [18].
The same group also reports a Alq3 OLED with multiple
layers of NPB and CuPc together constituting the HTL
[27]. In this device, four such layers yield best efficiency,
presumably, according to the authors, due to poor film
quality of thinner layers and negative impact of surface
states. In another MQW structure with phosphorescent
materials, the cause of decline in EL efficiency beyond a
number of multiple layers is ascribed to exciton diffusing
out of the emissive region [28]. Therefore, in case of De-
vice 4, a fall in current efficiency could be due to poor
control in depositing thinner films, increased impact of
interface states or exciton diffusion away from EML into
HTL which has lower efficiency of radiative recombina-
tion; none of these effects are included in the simulation
models.

Apart from these reasons, more recently, Young et al.
[29] reported absorption spectrum of NPB cation to be at
similar energies as a blue OLED emission. With this spec-
tral overlap and a large Förster radius in a blue OLED, they
ascribed quenching of emission at the HTL (NPB)/EML
interface. Our simulation of the devices also indicates accu-
mulation of holes (and thus NPB cation) at this interface.
Hence, blue emission from the OLED in which the number
of HTL/EML interfaces is increased is a balance of two
opposing phenomena, the increased emission due to rea-
sons as simulated here and its decrease due to quenching
by NPB cation. This clearly explains why the EL efficiency
decreases in Device 4, after an increase in Device 3.
4. Conclusions

In conclusion, we have fabricated a standard blue OLED
(Devices 1 and 2), in which we have an energy barrier to
hole transport between HTL and EML, but no barrier for
electrons. Therefore, instead of a conventional method in
which a separate hole blocking layer is introduced to in-
crease luminance, we have exploited this hole blocking
feature in a standard device by inserting multiple layers
of HTL and EML of a blue OLED and achieved excellent
improvement in device current and power efficiency. This
can be attributed to the increased recombination probabil-
ity at the HTL/EML interfaces with only a marginal increase
in operating voltage. Selecting materials that exhibit
HOMO level offset between HTL and EML, but not in the
LUMO levels, helps develop an increased carrier concentra-
tion and consequent recombination rate near the interface.
The same HOMO level mismatch between HTL and EML re-
duces the hole current in the device. Together these factors
lead to an improved current efficiency. These observations
were then explained using device simulation. The simu-
lated results qualitatively agree with the experimental
observations and corroborate the assumption that multiple
HTL/EML interfaces increase the recombination rate if the
HOMO level mismatch can help pile up holes at such inter-
faces and this leads to improved efficiency. In the present
case the color co-ordinates are also improved upon intro-
ducing more than one HTL/EML interfaces because this re-
duces chances of radiative recombination at the ETL. It
appears that this technique could be applied to red and
green emitters as well.
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its excellent electrical characteristics. However, it has been
reported that the processing condition of C-PVP requires
very high temperature (higher than 175 �C) rendering C-
PVP unsuitable to fabricate electronic devices on various
flexible substrate [22–31]. It has been reported that
cross-linking reaction between PVP and cross-linker
(CLA) occurs at high temperature and it enhances the
mechanical, thermal and electrical properties of C-PVP.
However, we believe there is high possibility that the pro-
cessing temperature of C-PVP can be reduced much below
100 �C.

In this paper, we report low-temperature processability
of poly(4-vinylphenol) based gate dielectric by investigat-
ing the effect of composition and processing temperature
on the thermal, mechanical and electrical characteristics
of the gate dielectric. We also report the fabrication of flex-
ible OTFT and complementary inverter with the low-tem-
perature processable C-PVP. In order to investigate the
effect of composition and processing conditions on
mechanical, thermal and electrical properties of gate
dielectrics, we have prepared six gate dielectrics based
on PVP (G1–G6). The results and discussion section begins
with the preparation of the gate dielectrics and their phys-
ical properties according to the composition and process-
ing condition using pencil hardness test,
thermogravimetry analysis, contact angle measurement
and electrical analysis. It is followed by a discussion for
the fabrication and performance of OTFTs with the six gate
dielectrics and complementary inverter on a flexible
substrate.
2. Experimental

2.1. Materials

Pentacene and Copper hexafluorophthalocyanine
(F16CuPc) for the active layer formation were purchased
from Aldrich Company and used without further purifica-
tion. G1 and G2 Gate dielectric solutions were prepared
from 10 wt.% poly(4-vinylphenol) (PVP) (Mw = 20,000 g/
mol) in n-butanol and n-propanol, respectively, and fol-
lowed by curing at 60 �C/10 min and 125 �C/60 min for
G1 and at 40 �C/10 min and 70 �C/60 min under vacuum
(10�2 Torr) for G2. G3, G4 and G5 gate dielectric solutions
was prepared from 10 wt.% PVP and 5 wt.% cross-linking
Table 1
Solution composition, curing condition and physical and electrical properties of th

Composition
(PVP wt%/CLA wt%)

Curing temp/
time (�C/min)a

T
(

G1 10/0 60/10 125/60 3

G2 10/0 40/10 70/60 7
G3 10/5 80/10 175/60 6
G4 10/5 60/10 125/60 4
G5 10/5 40/10 70/60 7
G6 6/3 40/10 70/60 3

a All gate dielectrics were cured under vacuum (10�2 Torr). First and second
respectively.

b Propylene glycol monomethyl ether acetate.
agent (CLA), poly(melamine-co-formaldehyde) methylated
(Mn = 511 g/mol) in PGMEA, n-butanol and n-propanol,
respectively. The spin-coated films were cured at 80 �C/
10 min and 175 �C/60 min under vacuum (10�2 Torr) for
G3, at 60 �C/10 min and 125 �C/60 min under vacuum
(10�2 Torr) for G4 and at 40 �C/10 min and 70 �C/60 min
under vacuum (10�2 Torr) for G5. G6 gate dielectric solu-
tion was prepared from 6 wt.% PVP and 3 wt.% CLA in n-
propanol and cured at 40 �C/10 min and 70 �C/60 min un-
der vacuum (10�2 Torr).

2.2. Device fabrication

Top-contact pentacene OTFTs were fabricated on a glass
substrate on which a 200 nm indium tin oxide (ITO) layer
was patterned as the gate electrode by a conventional pho-
tolithographic method. The ITO/glass substrate was
cleaned using the general cleaning process for electronic
application: sonication in detergent, deionized water, ace-
tone, and isopropanol in that order for 15 min at room
temperature. The gate dielectrics solution was spin-coated
on top of the ITO gate electrode as a gate insulator and then
cured under the preparation conditions summarized in Ta-
ble 1. A 50 nm thick pentacene layer was deposited on top
of the gate dielectric through a shadow mask by a thermal
evaporation at a pressure of 5 � 10�6 Torr. The evaporation
rate of pentacene and substrate temperature were 0.3 Å/s
and 90 �C, respectively. OTFTs were then completed by
thermally evaporating a 50 nm thick source and drain gold
electrode on top of the pentacene layer through a shadow
mask (channel length (L) = 50 lm and width
(W) = 1000 lm). Metal–insulator–metal (MIM) device
were prepared for capacitance and leakage current mea-
surements of the gate dielectrics. The MIM devices were
completed by evaporating the top gold electrode. The final
thickness of gate dielectric films were controlled to
500 nm. The active area of MIM device was 1.75mm2. Flex-
ible complementary inverters were fabricated on an ITO
coated polyethersulfone (PES) substrate. The gate dielec-
trics solution was spin-coated on top of the ITO gate elec-
trode and then cured under the preparation conditions
summarized in Table 1. Then, a 50 nm thick pentacene
and copper hexafluorophthalocyanine (F16CuPc) were
deposited by a vacuum thermal evaporation for a p-type
and n-type active layer, respectively. The deposition rate
and substrate temperature were 0.3 Å/s and 90 �C, respec-
e gate dielectrics.

hickness
nm)

Solvent
(bp/�C)

Contact
angle (�)

Capacitance
(pF/mm2)

50 n-Butanol
(117.2)

79 70–75

00 n-Propanol (97) 71 35–40
00 PGMEAb (146) 80 40–45
00 n-Butanol 80 70–75
00 n-Propanol 72 35–40
00 n-Propanol 71 75–80

column corresponds pre-baking and post curing temperature and time,
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tively. The complementary inverter was completed by
forming a 50 nm thick gold electrode on top of the active
semiconductor layer. The channel length and width for p-
type OTFT were 250 and 200 lm, respectively. The channel
length and width for n-type OTFT were 50 and 4000 lm,
respectively.

2.3. Characterizations

The thickness of gate dielectrics was determined using
an AMBIOS XP-100 surface profiler. All atomic force
microscopy (AFM) images (512 pixels wide) of the surface
of gate dielectrics were taken with a Digital Instrument
Nanoscope IV operating in tapping mode in air using a
low-force imaging technique (a small tip-sample contact
area), which is beneficial for high-resolution imaging of
polymers. Water contact angle on the gate dielectrics
was measured using DSA100 drop shape analyzer. The
electrical characterization of OTFT and complementary in-
verter were carried out using a HP4145B semiconductor
parameter analyzer controlled by LabView program.
Capacitance of the gate dielectrics was measured with a
HP 4294A LCR meter. All electrical measurements of the
devices were carried out in air without any encapsulation.
Thermogravimetry analysis was carried out using PERKIN
ELMER thermogravimetry analyzer TGA 7. Pencil hardness
test of gate dielectrics was measured with WA-008 pencil
hardness tester.

3. Results and discussion

Fig. 1 shows the chemical structure of PVP and C-PVP
gate dielectric along with the chemical structure of CLA
used for the fabrication of OTFT and complementary inver-
ter. For this study six gate dielectrics (labeled as from G1 to
G6) were prepared by spin coating the gate dielectric solu-
tions in organic solvents with a different boiling tempera-
ture. The spin-coated films were further cured under
different processing conditions for the preparation of the
gate dielectrics. Organic solvents used for the preparation
of the gate dielectrics were PGMEA (b.p. 146 �C), n-butanol
(b.p. 117 �C) and n-propanol (b.p. 97 �C).

G1 and G2 gate dielectrics were prepared by spin coat-
ing a solution composed of only PVP (Mw = 20,000 g/mol)
in n-butanol (G1) and n-propanol (G2), followed by curing
Fig. 1. Chemical structure of poly(4-vinylphenol) (PVP), poly(melamin-co-forma
PVP).
at 125 �C (G1) and 70 �C (G2). Other gate dielectrics (G3–
G6) were prepared by spin coating a solution composed
of PVP and cross-linking agent, poly(melamine-co-formal-
dehyde) methylated (Mn = 511 g/mol, CLA) in different or-
ganic solvents, followed by curing at different
temperature; G3: PGMEA and 175 �C, G4: n-butanol and
125 �C, G5: n-propanol and 70 �C and G6: n-propanol and
70 �C. G5 and G6 were prepared under the same process
condition except that the concentration of the two solu-
tions is different for the thickness control. The composition
of the gate dielectrics, processing condition, thickness and
physical and electrical properties of G1�G6 were summa-
rized in Table 1.

It is well-known that cross-linked polymer thin-film
usually shows stronger mechanical properties than non-
cross-linked one due to the network structure formation
between polymer chains by a cross-linking reaction. We
expect that G3–G6 with CLA have the network structure
and thus their mechanical and thermal properties are
stronger than G1 and G2. In order to investigate mechani-
cal properties of the gate dielectrics, we carried out pencil
hardness test for G1, G3, G4 and G5 gate dielectric depos-
ited on ITO/glass substrate and the results were shown in
Fig. 2a. Gate dielectric G1 (PVP only) was completely re-
moved by 4H pencil. Gate dielectric G3, which was pre-
pared by the method reported previously by other groups
(cured at higher than at 175 �C) [22–31], showed improved
mechanical properties, little scratch by 4H pencil. This is
because the linear structured main chain of PVP was chan-
ged to network structured one through a cross-linking pro-
cess by the CLA at that high temperature. Gate dielectric
G4 and G5 cured at 125 �C and 70 �C, respectively, showed
comparable mechanical properties to that of G3 and much
better than G1. From the pencil hardness test results, it can
be inferred that the cross-linking reaction can be occurred
at as low as 70 �C so that the curing temperature of gate
dielectrics based on PVP can be reduced to 70 �C by simply
changing the solvent from PGMEA to n-propanol with a
lower boiling temperature.

In order to further support the possibility of cross-link-
ing reaction at that low-temperature, we carried out ther-
mogravimetry analysis (TGA) for the G1, G3, G4 and G5
gate dielectrics as shown in Fig. 2b. For the TGA measure-
ment all the gate dielectric solutions were spin-cast on a
glass substrate and pre-cured according to the preparation
ldehyde) methylated (cross-linking agent, CLA) and cross-linked PVP (C-



Fig. 2. (a) Pencil hardness test, (b) thermogravimetry analysis (TGA) thermograms for the G1, G3, G4 and G5 gate dielectrics and CLA and (c) leakage current
density as a function of applied electric field (J–E) for all gate dielectrics.

1212 Y. Choi et al. / Organic Electronics 10 (2009) 1209–1216
method for each gate dielectric. Then the films were peeled
out from the substrate and used for the TGA measurement.
An abrupt weight loss was observed at 410 �C for G1 and
the residual weight around 600 �C is almost zero. It indi-
cates that the linear structured main chain of G1 is ther-
mally weak and starts to decompose around 410 �C and
decomposed almost completely around 600 �C.

On the other hand, for G3 prepared from PVP and CLA
solution in PGMEA, no abrupt weight loss was observed
in the entire range of temperature and residual weight
was about 45% even at 800 �C indicating that linear struc-
tured main chain of PVP was changed to network struc-
tured one through a cross-linking reaction by the CLA at
175 �C. For G4 prepared from PVP/CLA solution in n-buta-
nol by a curing at 125 �C, it showed almost identical ther-
mal behavior to G3 indicating that the cross-linking
reaction has been fully occurred even at 125 �C. G5 pre-
pared from PVP/CLA solution in n-propanol by a curing at
70 �C showed similar thermal behavior to G3 and G4 up
to 600 �C (indicated by an arrow), but when further heated,
weight loss was observed. Please note that the first weight
loss was observed in the temperature range of 200–300 �C.
The different behavior is caused by the different pre-curing
condition for TGA samples (See Table 1). In order to make
sure that the different thermal behavior of G3, G4 and G5
from that of G1 and G2 is not caused by CLA itself, we re-
corded TGA thermogram of CLA. The thermogram of CLA
shows very different thermal behavior from the gate
dielectrics. That is, the CLA starts to decompose before
PVP does and is thermally very weak. It indicates that the
better thermal behavior of G3, G4 and G5 than G1 is caused
not by the added CLA but by a cross-linking reaction. In
separate experiments we measured FT–IR spectra of G3
and G5. It was found that the two spectra were almost
identical with each other. It gives us another indirect evi-
dence for the cross-linking reaction between PVP and
CLA at the low temperature.

The leakage current of gate dielectrics is one of the
important concerns regarding high performance OTFTs.
To determine the leakage current of the gate dielectrics,
we prepared metal–insulator–metal (MIM) devices on the
pre-cleaned ITO/glass substrates by sandwiching the gate
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dielectric between bottom ITO and top gold electrode as
shown in the inset of Fig. 2c. The active area was
1.75 mm2. The plots of current density and an applied elec-
tric field (J–E) for the gate dielectrics are shown in Fig. 2c. It
showed non-linear J–E behavior, which is typical for MIM
devices based on polymeric gate dielectric. Although the
leakage current (1.0 � 10�9 A/cm2 at 1.5 MV/cm) of G5
and G6 is higher than that (1.0 � 10�10 A/cm2 at 1.5 MV/
cm) of G3 and G4 cured at 175 �C and 125 �C, respectively,
it is much lower than that (2.0 � 10�8 A/cm2 at 1.5 MV/cm)
of G1 and G2, which is PVP only gate dielectric cured at
125 �C and 70 �C, respectively. The breakdown voltage of
the gate dielectrics was more than 1.5 MV/cm. Capacitance
of the gate dielectrics was measured using the same MIM
devices and the values was summarized in Table 1.
Fig. 3. AFM image of 50 nm thick pentacene film on (a) gate diele

Fig. 4. (a) Schematic diagram of pentacene OTFTs. Output characteirstic curves a
with G4 (b) and G6 (c). Transfer characteristic curves (d) for pentacene OTFTs wit
Vds was set at –30 V. The OTFT has a channel length of 50 lm and a channel wi
From the results of pencil hardness, TGA analysis and
leakage current density measurement, it can be inferred
again that the curing temperature of PVP based gate dielec-
trics can be reduced up to 70 �C by choosing an appropriate
solvent without any significant change in electrical, ther-
mal and mechanical properties of the gate dielectrics.

The water contact angle on the gate dielectrics were
measured and found to be in the range of 71–80� (see Table
1) indicating that the composition and processing condition
does not significantly influence surface properties of the
gate dielectric. Fig. 3 shows the AFM images of pentacene
deposited on gate dielectrics (G3, G4 and G6). Although
the composition and curing conditions of the gate dielec-
trics are different from each other, the AFM images of penta-
cene are almost identical with each other having 2–3 lm
ctrics G3, (b) gate dielectrics G4 and (c) gate dielectrics G6.

t various Vgs (from 0 V to �40 V with a step of �10 V) for pentacene OTFTs
h all gate dielectrics (G1–G6). While Vgs was swept from +20 to –40 V and

dth of = 1000 lm.



Table 2
Performance parameters of pentacene OTFTs with the gate dielectrics. All
parameters were extracted in the saturation region.

Vth (V) Ion/Ioff l (cm2/V s) ss (V/dec)

G1 �6 to �14 7 � 102–2 � 103 0.13–0.25 7–11
G2 – 30 – –
G3 �15 to �17 7 � 105–2 � 106 0.1–0.13 0.7–0.9
G4 �13 to �15 8 � 105–2 � 106 0.08–0.12 0.7–0.9
G5 �15 to �21 1 � 104–1 � 105 0.07–0.11 0.8–2.8
G6 �8 to �13 1 � 104–5 � 104 0.2–0.5 2.5–3.0
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big leaf-like crystals. It tells us again that the composition
and processing condition does not affect the surface prop-
erty of gate dielectrics and growth of pentacene on them.

Based on the finding for low-temperature processability
of PVP based gate dielectrics, we have fabricated OTFTs and
Fig. 5. (a) Schematic structure of the complementary inverter along with the c
transfer (c) characteristic curves of n-type OTFT (L = 50 lm, W = 4000 lm), and o
W = 200 lm) built in complementary inverter with G5 gate dielectric (cured at
flexible complementary inverter. A top-contact geometry
was used for analyzing the electrical characteristics of
pentacene OTFTs. The device fabrication procedures are
depicted in Fig. 4a. The output (drain current vs. drain volt-
age, Ids vs. Vds) and transfer (drain current vs gate voltage,
Ids vs. Vgs) characteristic curves of the pentacene OTFTs
with G1–G6 gate dielectrics are measured and are shown
in Fig. 4b–d. The output curves of the OTFTs with G4 and
G6 cured at 125 �C and 70 �C, respectively, at various Vgs

(from 0 V to �40 V with a step of �10 V) are shown in
Fig. 4b and c. It showed typical p-type characteristics with
a clear transition from linear to saturation behavior. At a
given Vgs, Ids initially increased linearly with small negative
Vds and then saturates at high voltage. Fig. 4d shows trans-
fer characteristic curves of OTFTs with G1–G6, where Vgs
hemical structure of F16CuPc as a n-type semiconductor, output (b) and
utput (d) and transfer (e) characteristic curves of p-type OTFT (L = 250 lm,
70 �C) on a PES substrate.
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was swept from +20 to –40 V and Vds was set at –30 V. The
field-effect mobility (l) was extracted from the plot of

ffiffiffiffiffi
Ids
p

vs. Vgs in a saturation regime based on the following
equation:

Ids ¼
WCi

2L
lðVgs � VThÞ 2 ð1Þ

where W, L, VTh and Ci are channel width, channel length,
threshold voltage and capacitance per unit area, respec-
tively. VTh was determined from the plot of the square root
of the Ids and Vgs by extrapolating the measured data to
Ids = 0. The inverse subthreshold swing (ss), which is a mea-
sure of how sharply the device transits from the OFF to the
ON state, is given by

ss ¼ d logðIdsÞ
dVgs

� ��1

:

The performance parameters of the OTFTs with G1–G6
were summarized in Table 2.

The OTFTs with G1 and G2, which are PVP only gate
dielectric cured at 125 �C and 70 �C, respectively, showed
high leakage current caused by poor electrical characteris-
tics of G1 and G2 (see Fig. 2c). The performance of OTFTs
with G4 (cured at 125 �C) is almost identical to that of ref-
erence OTFT with G3 prepared by the curing condition re-
ported previously (175 �C/1 h). Furthermore, the OTFTs
with G5 and G6 (cured at 70 �C) showed much better per-
formance than OTFTs with G1 and G2, and it showed com-
parable performance to the reference OTFT with G3 except
for a little decrease of ION/IOFF and increase of ss. This indi-
cates that C-PVP can be prepared by curing at 70 �C using
n-propanol with a lower boiling temperature instead of
PGMEA and act as a good gate dielectric.

Based on the results of OTFTs, we prepared the flexible
complementary inverter by integrating p- and n-type
OTFTs on a single PES substrate through a thermal vacuum
evaporation and spin coating process. Fig. 5a shows the
schematic structure of the complementary inverter along
with the chemical structure of F16CuPc. Pentacene and
F16CuPc were used as p- and n-type semiconductor,
Fig. 6. The voltage transfer (Vout–Vin) characteristic curve of the complementary
the signal gain and the photograph of the inverter.
respectively, and G4 and G5 were used as a gate dielectric.
The electrical characteristics of each p- and n-type OTFTs
of the complementary inverter with G4 (cured at 125 �C)
were measured right after fabrication. The calculated l,
VTh, ION/IOFF and ss of the F16CuPc OTFT with a channel
length and width of 50 lm and 4000 lm were
0.24 � 10�2 cm2/Vs, 14 V, 3 � 102 and 10 V/dec, respec-
tively. These device performance parameters are all similar
to those of F16CuPc with silicon dioxide and polyimide
gate dielectric indicating that the G4 is also suitable for a
gate dielectric of n-type OTFT [32]. The calculated l, VTh,

ION/IOFF and ss of the pentacene OTFT with a channel length
and width of 250 lm and 200 lm were 0.12 cm2/Vs,
�12 V, 3 � 104 and 1.8 V/dec, respectively.

Compared with the performance parameters of single
pentacene OTFT with G4 (see Fig. 4), the pentacene OTFT
of the complementary inverter shows a little worse perfor-
mance. This may be due to the additional processes to fab-
ricate the n-type OTFT and/or the longer channel length to
match the Ids of p- and n-type OTFTs for symmetric noise
margin of the organic complementary inverter. We also
have fabricated flexible complementary inverter with G5
gate dielectric, which is cured at 70 �C on a PES substrate.
Fig. 5b and c show the output and transfer characteristic
curves of the F16CuPc OTFT, respectively, and Fig. 5d and
e shows the output and transfer characteristic curves of
the pentacene OTFT, respectively. The calculated l, VTh,

ION/IOFF and ss of the F16CuPc OTFT were 0.3 � 10�2 cm2/
Vs, 7 V, 1 � 102 and 20 V/dec, respectively. The calculated
l, VTh, ION/IOFF and ss of the pentacene OTFT were
0.18 cm2/Vs, �12 V, 3 � 103 and 2.6 V/dec, respectively.

The performance of the inverter is almost similar to that
of inverter with G4. Fig. 6 shows the voltage transfer
(Vout � Vin) characteristic curve of the complementary in-
verter with G4 and G5. The supply voltage (VDD) is 40 V.
The swing range of Vout for both inverters is the same as
VDD, which ensures ‘‘zero” static power consumption in
digital circuits. Fig. 6 also shows almost symmetric noise
margin as intended. For the inverter with G4, the noise
margins for low and high voltage are 17 V and 14 V,
inverter based on F16CuPc (n-type) and pentacene (p-type) OTFTs. Inset:
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respectively. The logic threshold, i.e. Vin where Vin is equal
to Vout, is 22.5 V and the maximum voltage gain (oVout/oVin)
of 7.8 is obtained at Vin = 22.5 V. The inverter with G5
showed almost identical characteristics to that of the in-
verter with G4 as shown in Fig. 6. The logic threshold is
21 V and the maximum voltage gain (oVout/oVin) of 8.1 is
obtained at Vin = 21.0 V. The photograph of the flexible
complementary inverter is shown in the inset of Fig. 6.

4. Conclusions

We have investigated the effect of composition and pro-
cessing conditions on the thermal, mechanical and electri-
cal properties of the PVP based gate dielectric using pencil
hardness test, thermogravimetry analysis and electrical
analysis. Unlike the reports telling that high processing
temperature is required to prepare C-PVP gate dielectric,
we found that the processing temperature can be reduced
to up to 70 �C which allows most polymeric materials to be
suitable to flexible substrate. Using the prepared low-tem-
perature processable C-PVP gate dielectric we have suc-
cessfully fabricated high performance pentacene and
F16CuPc OTFTs, and flexible complementary inverter on a
plastic substrate.
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amorphous Si (a-Si:H) TFTs [11–15]. Low temperature
a-Si:H thin-film transistors are generally n-channel
[11,12,16] while organic semiconductors such as penta-
cene are generally p-channel [9,17,18]. Recently, penta-
cene-based thin-film transistors have had significant
improvement, and are now comparable to a-Si:H TFTs
[7,9,19]. Also, organic semiconductors showing n-type
behavior with mobilities in the order of those of a-Si:H
have been achieved; although this has been achieved in
relatively simple devices [20,21].

In this work we demonstrate a novel CMOS integration
approach that incorporates inorganic a-Si:H as the n-chan-
nel element and pentacene as the p-channel element using
photolithography-based processing. Furthermore, the
devices are fabricated on flexible substrates (PEN) and
the maximum processing temperature is kept below the
glass transition temperature of the substrate (<180 �C).
Although CMOS devices have recently been demonstrated
[5,7,9,20,22–24], our integration approach demonstrates
an all-photolithography-based integration to fabricate
several logic components integrated in the same substrate
and compatible with current backplane manufacturing
technology.

2. Results and discussion

The integration of a-Si:H and pentacene has been dem-
onstrated in rigid substrates and by interconnecting the
discrete devices [5,7]. As opposite to those initial reports,
the CMOS integration scheme presented in this work in-
volves fabricating the CMOS devices in a flexible substrate
and using standard interconnection technology. The pro-
cess starts by fabricating the a-Si:H nMOS devices first, fol-
lowed by the pentacene pMOS devices. The resulting CMOS
circuits are then encapsulated using parylene as passiv-
ation and vias are opened for further testing. A schematic
cross-section and optical photograph of the CMOS devices
on PEN are shown in Fig. 1a and b, respectively.

The detailed process is as follows. After planarization of
the flexible substrate (PEN) the nMOS TFTs (a-Si:H) are
fabricated using an inverted staggered architecture with
Fig. 1. (a) Cross-section of the integrated flexible CMOS.
the gate underneath and the semiconductor and source/
drain on top (Fig. 1a). The components of the a-Si:H TFTs
are: molybdenum as gate metal, Si3N4 gate dielectric, and
aluminum as the source-drain metallization. Data lines
and contacts are formed by deposition and patterning the
n+ doped a-Si:H via PECVD and Al metal by DC sputtering.
The maximum process temperature for nMOS fabrication
was 180 �C. This process is completed at the Flexible Dis-
play Center at Arizona State University.

Typical current voltage characteristics for the resulting
n-channel a-Si:H TFTs are shown in Fig. 2. From Fig. 2a
we extracted a saturation mobility of 0.75 cm2/V s with
an Ion/Ioff current ratio >108. Subthreshold slope is approx-
imately 0.35 V/decade and threshold voltage of �1.14 V.
Fig. 2b shows a typical IDS–VDS family of curves for the n-
channel a-Si:H process described above. Well behaved
transistors characteristics are observed.

After nMOs fabrication, pentacene-based pMOS TFTs
are fabricated at UT-Dallas. pMOS TFTs are fabricated using
a bottom gate approach. In our process, the gate insulator
(parylene) is deposited after the inter-level dielectric
(ILD) [12,25,26]. This fabrication process includes alumi-
num as gate metal, parylene as ILD (500 nm), parylene
(100 nm) as gate dielectric and gold as source-drain con-
tacts and interconnect metallization. The pMOS fabrication
process starts with the ILD (0.5 lm of parylene) deposition
over Al gate metal formed during nMOS fabrication. The
ILD is deposited at room temperature and patterned to de-
fine the metal gate vias and channel region (Fig. 1a). Next,
gold (100 nm) is deposited by e-beam evaporation and pat-
terned to form source-drain contacts and interconnects.
Pentacene (150 nm) is then deposited at room temperature
to create the active channel [27]. Finally, the devices are
capped using a parylene encapsulation process and vias
are opened for device testing. As we reported, this ap-
proach provides a pristine and hydrophobic surface, which
provides a favorable surface for pentacene growth [25,26].
If the gate dielectric layer is patterned before patterning
the ILD layer the gate dielectric surface becomes hydro-
philic due to exposure to the RIE oxygen resulting in
degraded pentacene performance [25].
(b) Photograph of flexible CMOS fabricated on PEN.



Fig. 2. (a) IDS–VGS for a-Si:H nMOS TFTs. (b) IDS–VDS for a-Si:H nMOS TFTs.

Fig. 3. (a) IDS–VGS for pentacene pMOS TFTs. (b) IDS–VDS for pentacene pMOS TFTs. Excellent transistor behavior is observed.
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Fig. 3b shows typical IDS–VDS for the pMOs transistors
obtained using the process described above. From these re-
sults we extracted a hole mobility of (0.05 cm2/V s) and
threshold voltage of �1.4 V. Fig. 3b shows the IDS–VDS

curve-family, where drain-source voltage (VDS) is swept
from 0 V to �25 V for different gate voltages (VGS). Excel-
lent transistor characteristics are observed. The resulting
circuits fabricated with the integration approach described
above are discussed next.

Fig. 4a shows an optical image of a CMOS inverter, fabri-
cated with the process described above. A typical voltage
transfer curve for inverters is shown in Fig. 4b. The CMOS
inverter has W/L for pMOS and nMOS of 500/5 and 100/
11 lm, respectively. The inverter transition point is at
VDD/2, as expected from our circuit simulations, and shows
a maximum DC gain of �16. Figs. 5a and b show optical
images and input–output characteristics for 2-input NAND
and NOR gates, respectively. In both cases, for input A, a
square wave with a 20 ms period and 50% duty cycle is
used; for input B, a square wave with a 40 ms period and
50% duty cycle is used. As expected for a NAND gate, the
output stays high except when both A and B are logic high.
On the other hand, for NOR gates the output stays low ex-
cept when both A and B are logic low, as expected. These re-
sults demonstrate that with our integration approach we
can achieve working CMOS devices on flexible substrates.

It is well known that many types of TFTs are electrically
unstable, and their performance degrades with electrical
usage and/or ambient conditions [28]. We have performed
initial electrical stress testing of the integrated devices and
the results are shown in Fig. 6. Fig. 6a (top) shows an opti-
cal image of a pMOS device from an inverter before stress;
no noticeable defects observed. However, after stress, de-
fects in the dielectric appear and are likely due to weak
spots present in the parylene dielectric. Recently, we re-
ported detailed time dependent dielectric breakdown
(TDDB) studies of parylene [29]. We demonstrated that
TDDB has a power law distribution and that the parylene
breakdown is mainly driven by defects in the dielectric.
This is likely the cause of the parylene gate dielectric
breakdown observed in the pMOS devices used to fabricate
our CMOS circuits (Fig. 6b). Nevertheless, the devices func-
tioned for approximately 8 h before failure (50% duty
cycle).



Fig. 4. (a) Optical image of the resulting CMOS inverter. (b) Voltage transfer curve and gain of the hybrid CMOS inverter.

Fig. 5. (a) Optical image of the resulting NAND (top) and logic verification (bottom). (b) Optical image of the resulting NOR (top) and logic verification
(bottom).
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Fig. 6. (a) Optical image showing as fabricated (top) and stressed devices (bottom). (b) Area and voltage dependence for parylene TDDB. For a given stress
voltage the larger the area the lower the time to breakdown. This indicates the presence of defects in the parylene dielectric.
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3. Conclusions

We have demonstrated a novel integration approach for
pentacene pMOS and a-Si:H nMOS. These TFTs were inte-
grated on a flexible PEN substrate to fabricate CMOS
circuits including inverters, NAND and NOR gates. The
maximum processing temperatures are 180 �C for nMOS
and 120 �C for the pMOS. Inverters with a gain of 16 were
demonstrated and 2-input NAND and NOR gates with
excellent logic behavior were demonstrated. Initial reli-
ability of these devices indicates that the parylene gate
dielectric in the pMOS limits device lifetime due to electri-
cal stress. We are currently evaluating alternate gate
dielectrics to improve CMOS device reliability.

References

[1] T. Aoyama, K. Ogawa, Y. Mochizuki, N. Konishi, Inverse staggered
poly-Si and amorphous Si double structure TFT’s for LCD panels with
peripheral driver circuits integration, IEEE Transactions on Electron
Devices 43 (1996) 701–705.

[2] M. Yamano, H. Takesada, M. Yamasaki, Y. Okita, H. Hada, The 5-inch
size full color liquid-crystal television addressed by amorphous-
silicon thin-film transistors, IEEE Transactions on Consumer
Electronics 31 (1985) 39–46.

[3] M.C. LeMieux, Z.N. Bao, Flexible electronics stretching our
imagination, Nature Nanotechnology 3 (2008) 585–586.

[4] M. Hamedi, R. Forchheimer, O. Inganas, Towards woven logic from
organic electronic fibres, Nature Materials 6 (2007) 357–362.

[5] A. Dodabalapur, J. Baumbach, K. Baldwin, H.E. Katz, Hybrid organic/
inorganic complementary circuits, Applied Physics Letters 68 (1996)
2246–2248.

[6] L. Han, P. Mandlik, K.H. Cherenack, S. Wagner, Amorphous silicon
thin-film transistors with field-effect mobilities of 2 cm2/V s for
electrons and 0.1 cm2/V s for holes, Applied Physics Letters 94 (2009)
162105.

[7] M. Bonse, D.B. Thomasson, H. Klauk, D.J. Gundlach, T.N. Jackson,
Integrated a-Si:H/pentacene inorganic/organic complementary
circuits, Presented at International Electron Device Meeting, 1998.

[8] H. Iechi, Y. Watanabe, H. Yamauchi, K. Kudo, Characterization of zinc
oxide and pentacene thin film transistors for CMOS inverters, IEICE
Transactions on Electronics E91C (2008) 1843–1847.

[9] J.H. Na, M. Kitamura, Y. Arakawa, Complementary two-input NAND
gates with low-voltage-operating organic transistors on plastic
substrates, Applied Physics Express (2008) 1021803.
[10] M.S. Oh, D.K. Hwang, K. Lee, W.J. Choi, J.H. Kim, S. Im, S. Lee,
Pentacene and ZnO hybrid channels for complementary thin-film
transistor inverters operating at 2 V, Journal of Applied Physics 102
(2007) 076104.

[11] S.M. Venugopal, D.R. Allee, Integrated a-Si:H source drivers for 4
QVGA electrophoretic display on flexible stainless steel substrate,
Journal of Display Technology 3 (2007) 57–63.

[12] G.B. Raupp, S.M. O’Rourke, C. Moyer, B.P. O’Brien, S.K. Ageno, D.E.
Loy, E.J. Bawolek, D.R. Allee, S.M. Venugopal, J. Kaminski, D. Bottesch,
J. Dailey, K. Long, M. Marrs, N.R. Munizza, H. Haverinen, N. Colaneri,
Low-temperature amorphous-silicon backplane technology
development for flexible displays in a manufacturing pilot-line
environment, Journal of the Society for Information Display 15
(2007) 445–454.

[13] S.M. Venugopal, D.B. Allee, Z. Li, L.T. Clark, Threshold-voltage
recovery of a-S:H digital circuits, Journal of the Society for
Information Display 14 (2006) 1053–1057.

[14] A. Nathan, B.R. Chalamala, Flexible electronics technology, part II:
materials and devices, Proceedings of the IEEE 93 (2005) 1391–1393.

[15] A. Nathan, B.R. Chalamala, Special issue on flexible electronics
technology, part 1: systems and applications, Proceedings of the IEEE
93 (2005) 1235–1238.

[16] A. Sazonov, D. Striakhilev, C.H. Lee, A. Nathan, Low-temperature
materials and thin film transistors for flexible electronics,
Proceedings of the IEEE 93 (2005) 1420–1428.

[17] G. Horowitz, R. Hajlaoui, R. Bourguiga, M. Hajlaoui, Theory of the
organic field-effect transistor, Synthetic Metals 101 (1999) 401–
404.

[18] G. Horowitz, Organic field-effect transistors, Advanced Materials 10
(1998) 365–377.

[19] Y.Y. Lin, D.J. Gundlach, S.F. Nelson, T.N. Jackson, Pentacene-based
organic thin-film transistors, IEEE Transactions on Electron Devices
44 (1997) 1325–1331.

[20] H. Yan, Y. Zheng, R. Blache, C. Newman, S. Lu, J. Woerle, A. Facchetti,
Solution processed top-gate n-channel transistors and
complementary circuits on plastics operating in ambient
conditions, Advanced Materials 20 (2008) 3393–3398.

[21] R. Schmidt, J.H. Oh, Y.S. Sun, M. Deppisch, A.M. Krause, K. Radacki, H.
Braunschweig, M. Konemann, P. Erk, Z. Bao, F. Wurthner,
High-performance air-stable n-channel organic thin film
transistors based on halogenated perylene bisimide semicon-
ductors, Journal of the American Chemical Society 131 (2009)
6215–6228.

[22] J.H. Na, M. Kitamura, Y. Arakawa, Low-voltage-operating organic
complementary circuits based on pentacene and C60 transistors,
Thin Solid Films 517 (2009) 2079–2082.

[23] M.S. Oh, W. Choi, K. Lee, D.K. Hwang, S. Ima, Flexible high gain
complementary inverter using n-ZnO and p-pentacene channels on
polyethersulfone substrate, Applied Physics Letters 93 (2008)
033510.



1222 S. Gowrisanker et al. / Organic Electronics 10 (2009) 1217–1222
[24] X.H. Zhang, W. Potscavage, S. Choi, B. Kippelena, Low-voltage flexible
organic complementary inverters with high noise margin and high
dc gain, Applied Physics Letters 94 (2009) 043312.

[25] S. Gowrisanker, Y. Ai, H. Jia, M.A. Quevedo-Lopez, H.N. Alshareef, I.
Trachtenberg, H. Stiegler, H. Edwards, R. Barnett, B.E. Gnade, Organic
thin-film transistors with low threshold voltage variation on low-
temperature substrates, Electrochemical and Solid State Letters 12
(2009) H50–H53.

[26] S. Gowrisanker, A. Yuming, M.A. Quevedo-Lopez, H. Jia, E. Vogel, B. E.
Gnade, A gate dielectric last approach to integrate organic based
devices on plastic substrates, in: Proceedings of the Flexible
Electronics and Displays Conference and Exhibition, 2008, pp. 1–3.
[27] S. Gowrisanker, Y. Ai, M.A. Quevedo-Lopez, H. Jia, H.N. Alshareef, E.
Vogel, B. Gnade, Impact of semiconductor/contact metal thickness
ratio on organic thin-film transistor performance, Applied Physics
Letters 92 (2008) 153305.

[28] R. Shringarpure, S. Venugopal, Z. Li, L.T. Clark, D.R. Allee, E. Bawolek,
D. Toy, Circuit simulation of threshold-voltage degradation in a-Si:H
TFTs fabricated at 175 �C, IEEE Transactions on Electron Devices 54
(2007) 1781–1783.

[29] S. Gowrisanker, M.A. Quevedo-Lopez, H.N. Alshareef, B. Gnade, TDDB
of parylene gate dielectrics, Organic Electronics 10 (5) (2009) 1024–
1027.



Scheme 1. (a) Schematic depiction of P3HT/C60 BHJ solar cell using novel approach with retro Diels–Alder reaction, (b) structure of soluble fullerene
derivatives.

1 (For interpretation of the references to colour in Fig. 2, the reader is
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solubilizing group [13]. But more dramatically, polyacety-
lene was processed from a soluble precursor and converted
to insoluble polyacetylene via a retro Diels–Alder reaction
by Feast et al. [14] and a phthalocyanine was generated
in situ via a retro Diels–Alder reaction by Aramaki et al.
[15].

We thus have attempted a novel approach for high-effi-
ciency BHJ solar cells utilizing a BHJ active layer consisting
of poly(3-hexylthiophene) (P3HT) as a donor and buckmin-
sterfullerene, C60 as an acceptor. Recently, we synthesized
the modified fullerene derivatives [16], hexyl 5,6-C60-bicy-
clo[2.2.1]hept-2-ene-2-carboxylate (C60–CpCO2Hex), octyl
5,6-C60-bicyclo[2.2.1]hept-2-ene-2-carboxylate (C60–Cp
CO2Oct), and 2-ethylhexyl 5,6-C60-bicyclo[2.2.1]hept-2-
ene-2-carboxylate (C60–CpCO2EHex) to provide better sol-
ubility in organic solvents. Interestingly, the addends with
their solubilizing side chain, in these derivatives, are easily
dissociated into pure C60 and side chain by retro Diels–Al-
der (DA) reaction over 100 �C. A BHJ film of P3HT and one
of the above mentioned modified fullerene derivatives
spun-cast from solution converts efficiently into one con-
sisting of P3HT and pure C60 after heat-treatment above
100 �C (Scheme 1).

2. Results and discussion

The soluble fullerene derivatives, C60–CpCO2Hex, C60–
CpCO2Oct, and C60–CpCO2EHex used in this study were
synthesized from Diels–Alder reaction of C60 and Thiele’s
esters that are made by DCC coupling reaction of Thiele’s
acid (dicyclopentadiene dicarboxylic acid) and hexanol,
octanol, and 2-ethlyhexanol, respectively. The retro DA
reaction of these derivatives occurs by simple annealing
above 100 �C, and the dissociated side chains are evapo-
rated below 200 �C, as shown by thermogravimetric analy-
sis (TGA).

All C60–CpCO2Hex, C60–CpCO2Oct, and C60–CpCO2EHex
films by solution processing reveal typical behavior of ideal
n-type OFETs as shown in Fig. 1. A non-negligible big dif-
ference between C60–CpCO2Hex, C60–CpCO2Oct, and C60–
CpCO2EHex in the Ids vs. Vgs is not clearly observed. The lin-
ear plot of I1=2

ds vs. Vgs derived from the measurements of Ids

vs. Vgs yields electron mobilities of l1 = 1.4 � 10�3 cm2/V s,
l2 = 1.5 � 10�3 cm2/V s, and l3 = 3.1 � 10�3 cm2/V s for C60

–CpCO2Hex (l1), C60–CpCO2Oct (l2), and C60–CpCO2EHex
(l3), respectively.

BHJ films were prepared under optimized conditions
according to the following procedure reported previously
[7]. In the course of studying the characteristics of over
500 solar cells, we have determined the optimum compo-
nent ratio for the BHJ consisting of P3HT/C60–CpCO2R. The
characteristics of device performance were compared with
a P3HT/C60 BHJ solar cell as reference device. To clarify the
new approach for P3HT/C60 BHJ solar cells, we investigated
the change of infrared (IR) absorption for P3HT/C60–CpCO2-

Hex BHJ films. Fig. 2 shows the FTIR spectra of as-prepared
P3HT/C60–CpCO2Hex BHJ film (red line),1 after annealing at
referred to the web version of this article.)



Fig. 1. FET device performance of C60–CpCO2Hex (black line), C60–
CpCO2Oct (red line), and C60–CpCO2EHex (blue line) films by solution
processing. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. Infrared (IR) spectra of as-prepared P3HT/C60–CpCO2Hex BHJ film
(red line) after annealing at 120 �C (black line) followed by vacuum
drying (blue line). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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120 �C (black line), followed by vacuum drying (blue line).
The carbonyl stretching peak of at 1700 cm�1 from C60–
CpCO2Hex ester group appears clearly in the as-prepared
film and decreases in intensity after annealing at 120 �C,
Fig. 3. Photovoltaic device characteristics (efficiency (a), Jsc (b), Voc (c), and FF (
(R = Hex (red), Oct (blue), and EHex (green)) film. (For interpretation of the re
version of this article.)
indicating the dissociation into pure C60 and volatile side
chain. The peak almost disappeared after vacuum drying
below <10�6 torr of the annealed P3HT/C60–CpCO2Hex
d)) of ref. P3HT/C60 (black) and P3HT/C60 induced from P3HT/C60–CpCO2R
ferences to colour in this figure legend, the reader is referred to the web
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BHJ film at 120 �C. Similar results were also observed with
the other addends, C60–CpCO2Oct and C60–CpCO2EHex.
From these results, it is clear that the retro DA reaction ap-
proach applied to P3HT/C60–CpCO2R (R = Hex, Oct, and
EHex) BHJ films, produces a P3HT/C60 BHJ film and the dis-
sociated side chain could be removed under the high vac-
uum conditions required for the aluminum electrode
deposition.

Fig. 3 shows the photovoltaic device characteristics (e.g.
Jsc, Voc, FF, and power-conversion efficiency) of refs. P3HT/
C60 and P3HT/C60 resulting from P3HT/C60–CpCO2R
(R = Hex, Oct, and EHex) films. The P3HT/C60 BHJ film from
P3HT/C60–CpCO2R exhibits better performance than the
ref. P3HT/C60. The optimum efficiencies of these thermally
generated P3HT/C60 BHJ devices, from all P3HT/C60–
CpCO2R, are observed after post-annealing at 120 �C and
that are significantly degraded beyond this temperature
Fig. 4. Tapping mode AFM images of ref. P3HT/C60 BHJ film after annealing at 1
CpCO2Hex BHJ film after annealing at 120 �C (c) and 140 �C.
The ref. P3HT/C60 BHJ device exhibits a decreased efficiency
above 100 �C. As shown in Fig. 2, the C60–CpCO2Hex yields
the highest performance among these C60–CpCO2R
(R = Hex, Oct, and EHex) fullerene derivatives. The effi-
ciency is two times higher than that obtained with C60,
likely derived from high Jsc and fill factor. The values ob-
tained from all devices are similar. Besides, interestingly,
the decrease in efficiency of P3HT/C60 BHJ devices derived
from P3HT/C60–CpCO2R by annealing above 120 �C are
mainly governed by the decrease in their Jsc but the de-
crease in efficiency of ref. P3HT/C60 BHJ device above
100 �C is caused by the decrease in their fill factor. These re-
sults indicate that the morphology of P3HT/C60 BHJ film
based on P3HT/C60–CpCO2R BHJ film could be better than
as-prepared P3HT/C60 BHJ film and the use of C60–CpCO2-

Hex gives the best P3HT/C60 BHJ film, compared to the
others.
20 �C (a) and 140 �C (b) and P3HT/C60 BHJ film induced from P3HT/C60–
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Fig. 4 shows the tapping mode AFM images of ref.
P3HT/C60 BHJ film after annealing at 120 �C (a) and
140 �C (b) and the images of P3HT/C60 BHJ film produced
from the P3HT/C60–CpCO2Hex BHJ film after annealing at
120 �C (c) and 140 �C (d). As shown in Fig. 3, the ref.
P3HT/C60 BHJ film at 120 �C exhibits large aggregated do-
mains of C60 due to its strong Van der Waals interaction
but even though the P3HT/C60–CpCO2Hex BHJ film at
120 �C, had converted into a P3HT/C60 BHJ film, it exhib-
ited much better morphology compared with the refer-
ence P3HT/C60 BHJ film. Although more and larger
aggregate domains of C60 are observed in the reference
film at 140 �C, the film based on P3HT/C60–CpCO2Hex
BHJ at 140 �C shows relatively less aggregated morphol-
ogy. These results indicate that the P3HT/C60 BHJ film
converted from well-defined P3HT/C60–CpCO2Hex BHJ
film by retro DA reaction produces better morphology
than that of the ref. P3HT/C60. Note that the polymer
in a well-blended former film can slow down the aggre-
gation of C60 with increasing temperature, resulting in a
better bicontinuous network.

3. Conclusions

In conclusion, we have demonstrated a new approach
for high-efficiency BHJ solar cells utilizing a BHJ active
layer consisting of P3HT as a donor and buckminsterfuller-
ene, C60 as acceptor. P3HT/C60 BHJ films generated by facile
separation of C60 from its soluble adduct, C60–CpCO2R
(R = Hex, Oct, and EHex) by retro Diels–Alder reaction
above 100 �C exhibit enhanced performances and showing
better morphologies, compared to an as-prepared P3HT/
C60 BHJ film. In addition, the polymer in the former film re-
duces the aggregation of C60 with increasing temperature,
an effect that is absent in the latter films with concomitant
decrease in efficiency of P3HT/C60 BHJ solar cells.

4. Experimental

Poly(3,4-ethylene-dioxythiophene):poly(styrensulfona-
te) PEDOT:PSS (Baytron PH) was spun-cast on an indium
tin oxide (ITO)-coated glass substrate from aqueous solu-
tion to form a film of thickness around 40 nm. The sub-
strate was dried for 10 min at 140 �C in air, then
transferred into a glove-box to spin-cast the active layer.
A solution containing a mixture of P3HT/ C60–CpCO2R (R
= Hex, Oct, and EHex) (1:0.7) in chlorobenzene was then
spun-cast on top of the PEDOT:PSS layer. Subsequently,
after the film was dried at 80 �C for 10 min, followed by
retro DA reaction at 120 �C in N2 atmosphere, the device
was pumped down in vacuum (<10�6 torr; 1 torr –
133 Pa), and a �100 nm thick Al electrode was deposited
on top. For calibration of the solar simulator, we first care-
fully minimized the mismatch of the spectrum (the simu-
lating spectrum) obtained from the Xenon lamp (300 W
Oriel) and the solar spectrum using an AM1.5G filter. We
then calibrated the light intensity using calibrated stan-
dard silicon solar cells with a proactive window made from
KG5 filter glass traced to the National Renewable Energy
Laboratory (NREL). Measurements were done with the so-
lar cells inside the glove-box using an optical fiber to guide
the light from the solar simulator outside the glove-box.
Current density–voltage curves were measured with a
Keithley 236 source measurement unit. The AFM images
were obtained with a Dimension 3100 atomic force
microscope.
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of molecules due to their ability to self-assemble into
microscopic elongated crystalline aggregates, or ‘nanofi-
bers’ [6]. In addition to their polarized and highly aniso-
tropic photoluminescence output [7] and their wave
guiding [8] and lasing [9] properties, chemical functionali-
zation of these molecular building blocks opens the way
for the specific tailoring of nanofiber properties at the
molecular level [10]. Electrical interfacing to individual
nanofibers allows the electrical properties to be studied
[11] and could enable the fabrication of nanoscale LEDs
(as electroluminescence has been observed from oligo-
phenylene thin films [12]) with configurable properties.

We have previously conducted experimental investiga-
tions of charge transport in a large number of individual
nanofibers made from para-hexaphenylene (p6P) mole-
cules and have found their hole mobility to be above
0.3 cm2 V�1 s�1 [13]. In this work, we present a similar
investigation of two other types of nanofibers made from
5,50-di-4-biphenylyl-2,20-bithiophene (PPTTPP) [14,15]
and 4–40-di-2,20-dithienyl-biphenyl (TTPPTT) [15], respec-
tively, and compare the results here with those from the
p6P nanofibers. The molecular structures, crystal lattice
geometries, and fluorescence microscopy images of all
three materials are shown in Fig. 1.

To complement the experimental studies, we have also
used quantum–mechanical calculations to study the
charge transport properties. There are two main régimes
of charge transport in organic molecular crystals, the
band-like régime, similar to ‘conventional’ charge trans-
Fig. 1. Molecular and crystal structures of (a) p6P, (b) PPTTPP, and (c) TTPPT
respectively. The arrows indicate the crystal lattice directions used in the den
microscopy images of nanofibers made from the above molecules (p6P nano
130 lm � 74 lm).
port in inorganic single crystals, or the hopping régime,
where the carrier is localized on one molecule through
the formation of a self-trapped state (a polaron) and trans-
port occurs through a thermally activated hopping mecha-
nism [19]. The band-like régime is generally observed only
at low temperatures in highly ordered samples [20], so that
the hopping mechanism is usually in effect at tempera-
tures relevant for practical technological applications. In
the hopping régime, the carrier mobility is proportional
to the intersite electron transfer rate kij, which, in the
semi-classical approximation, can be evaluated by the
Marcus equation [19,21],

kij ¼ t2
ij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p

�h2kBTkij

s
exp �ðDEij � kijÞ2

4kijkBT

 !
; ð1Þ

where tij is the transfer integral, kij is the reorganization en-
ergy, DEij is the energy difference between the initial and
final states, T is the temperature, and kB and ⁄ are the Boltz-
mann and Planck constants, respectively. Since the energy
difference between initial and final states in a crystal is of-
ten vanishingly small [22], the two parameters governing
the transfer rate at a particular temperature are the reorga-
nization energy and transfer integral. Here, we have used
density functional theory (DFT) to evaluate differences in
reorganization energies and transfer integrals of the three
types of molecular crystals and have related these calcu-
lated charge transfer parameters to experimentally deter-
mined charge carrier mobilities.
T. The geometric data of the crystal structures are from Refs. [16–18],
sity functional theory calculations. The bottom part shows fluorescence
fibers, 112 lm � 63 lm; PPTTPP nanofibers, 223 lm � 125 lm; TTPPTT,
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2. Methods

2.1. Experimental details

The nanofibers are fabricated by physical vapor deposi-
tion of the molecules from a Knudsen cell onto a heated
muscovite mica substrate under high vacuum conditions
[6]. Through interaction with the electrical surface dipoles
of the mica substrate, the molecules align and self-assem-
ble into nanofiber aggregates with typical cross-sectional
dimensions of a few hundred nanometers (width) by tens
of nanometers (height) and a length of tens of microme-
ters. The fluorescence micrographs in Fig. 1 show the three
types of as-grown nanofibers on mica substrates. Upon
growth, a few nanofibers are transferred from the mica
substrate to a prefabricated device substrate consisting of
an elevated silicon dioxide platform on a silicon chip. The
nanofiber transfer is accomplished by gently pressing the
mica substrate against the device substrate under condi-
tions of high humidity, which releases the nanofibers from
the mica substrate. By inspection with a fluorescence
microscope, a suitable nanofiber is identified and a set of
electrodes is made using a silicon nanowire as a local sha-
dow mask during metal deposition to form the two gold
top contacts on the nanofiber [11]. Gold has a relatively
high work function and, consequently, the use of gold con-
tacts leads to hole conduction [13]. After metal deposition,
the nanowire shadow mask is removed by mechanical
manipulation, and the sample is wire bonded for electrical
characterization. The electrical measurements are carried
out using a home built setup consisting of a Labview-con-
trolled NI PCI-6229 DAQ device and Stanford Research
SR570 current pre-amplifier. The transport properties are
studied by two-point measurements in which current is
measured as the applied voltage is increased from 0 V.
The sample dimensions, in particular the uncoated length
of the nanofiber (distance between electrodes) and its
cross-sectional dimensions, have been determined from
SEM and AFM (tapping mode) measurements.

2.2. Theoretical details

To determine the charge transfer rate, kij, using Eq. (1),
the transfer integral and the reorganization energy must be
calculated. The transfer integral is determined mainly by
the intermolecular overlap of the frontier molecular orbi-
tals of the involved molecules – HOMO (highest occupied
molecular orbital) for hole transfer and LUMO (lowest
unoccupied molecular orbital) for electron transfer. There-
fore, its value depends on molecular packing structure. Re-
cently, Valeev et al. [22] described a transfer integral
calculation method that includes the influence from site
energy differences that can arise from geometric differ-
ences and polarization effects between inequivalent mole-
cules in the crystal unit cell. By defining one-electron
dimer states from localized monomer orbitals (wi) and
assuming that the dimer HOMO and HOMO�1 (LUMO+1
and LUMO) originate only from the interaction of the
monomer HOMOs (LUMOs), the site energies ei and trans-
fer integrals tij are obtained from
ei ¼ wih jĤjwii ð2Þ

tij ¼ wih jĤjwj

�
; ð3Þ

where Ĥ is the Hamiltonian. Since Eq. (1) assumes an
orthogonal basis and the monomer orbitals are, in fact,
not strictly orthogonal, the transfer integral as determined
by Eq. (3) cannot be applied directly. First, an orthonormal
basis set is required and is obtained using Löwdin’s sym-
metric transformation [22] to give

teff
12 ¼

t12 � 1
2 ðe1 � e2ÞS12

1� s2
12

; ð4Þ

where S12 is the overlap integral. Here, density functional
theory (DFT) is used together with Eqs. (2)–(4) for calcula-
tion of transfer integrals.

The reorganization energy comprises both inter- and
intramolecular contributions [1]. The intermolecular part
is due to the polarization and relaxation of the surrounding
medium. The intramolecular part is due to the changes in
equilibrium geometries of both the donor and acceptor
molecules upon charge transfer and, therefore, consists of
two terms related to each of the molecules involved: (1)
the relaxation of the donor molecule upon going from
the charged-state geometry to the neutral-state geometry
(k0) and (2) the relaxation of the acceptor molecule upon
going from the neutral-state geometry to the charged-state
geometry (k1), respectively. The intramolecular reorganiza-
tion energy is determined from the adiabatic potential sur-
faces as
k 0 ¼ E0=1 � E0=0 ð5Þ

k1 ¼ E1=0 � E1=1; ð6Þ
where E0/0 and E1/1 are the ground state energies of the
neutral and charged molecule, respectively, E1/0 is the en-
ergy of the charged state at the optimal geometry of the
neutral state, and E0/1 is the energy of the neutral state at
the geometry of the charged molecule. The intramolecular
reorganization energy is determined by calculating the
energies at the various optimized geometries of a single
molecule in the gas phase. In the gas phase, all three mol-
ecules considered here will exhibit significant inter-ring
torsional angles that are not observed in the solid-state
geometry where the molecules exhibit more coplanar
geometries. To be consistent with the geometries observed
in the crystal structure, intramolecular reorganization
energies have been obtained by constraining the molecules
to planar geometries during the optimization process.

The transfer integral calculations have been performed
using the Amsterdam Density Functional [23] and Gauss-
ian 98 [24] software packages, while the calculation of
the intramolecular reorganization energies was done using
Gaussian 98 [24]. For the transfer integral calculations, the
PW91 functional was used with a DZP basis set. This func-
tional was found by Huang and Kertesz to provide results
in closest agreement with experimental values [25]. In
the calculation of reorganization energies, hybrid function-
als that include a fraction of Hartree–Fock exchange pro-
vide higher estimates of reorganization energies than
pure DFT methods. By comparison with experimental re-
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sults from photoelectron spectroscopy studies on oligoac-
enes [26] and oligothiophenes [27], recent reports found
the B3LYP functional to yield values closest to experi-
ments. Therefore, the B3LYP functional is used in the calcu-
lations of intramolecular reorganization energies.

3. Results and discussion

3.1. Experiment

Fig. 2a shows a typical current–voltage data set from an
individual nanofiber (a TTPPTT oligomer type) contacted
Fig. 2. (a) Typical result of a current versus voltage measurement on a
single nanofiber (here made from TTPPTT molecules) contacted with two
gold electrodes. The arrow indicates the point used in the calculation of
the mobility as described in the text. (b) Scanning electron microscopy
image of a nanofiber supported on silicon dioxide and contacted with two
gold electrodes. (c) Charge carrier mobility estimates from individual p6P,
PPTTPP and TTPPTT nanofibers based on the Mott–Gurney formalism as
described in the text.
with gold electrodes. We use the Mott–Gurney formalism
to analyze the data, as has been done in previous studies
[13]. This allows the charge carrier mobility l to be esti-
mated from

lmin ¼
8IL3

9ere0AV2 ; ð7Þ

where I is the current, L is the device length, ere0 is the
dielectric permittivity, A is the cross-sectional area, and V
is the applied voltage. The use of Eq. (7) implicitly assumes
charge transport in the space-charge limited (SCL) regime
and does not account for additional current-limiting fac-
tors such as interface barriers or charge traps. These factors
effectively reduce the current from its theoretical maxi-
mum. The resulting mobility estimated from Eq. (7)
should, therefore, be interpreted as a lower bound to the
accurate value of the mobility.

A TTPPTT nanofiber with gold electrodes is seen in the
SEM image in Fig. 2b, from which the uncoated length
(321 nm) and width (428 nm) are obtained. The height
(35 nm) is determined from AFM data (not shown), and A
is found as the product of the width and height. We esti-
mate the uncertainty on the length and width data to be
±5% and on the height data to be ±10%. The uncertainty
on the mobility is considered to be affected primarily by
the uncertainty on the SEM and AFM data. This leads to a
worst-case uncertainty on lmin of +35%/�26%. Ten samples
were prepared for each of the PPTTPP and TTPPTT nanofi-
bers. From those samples, seven PPTTPP and nine TTPPTT
samples exhibited current–voltage characteristics that
indicate current flow through the nanofibers. The remain-
ing samples displayed much lower resistances, which upon
closer inspection were found to originate from short cir-
cuits caused by metal residues from the contacting pro-
cess. Fig. 2c shows these 16 mobility values versus
nanofiber length together with the data from 24 p6P nano-
fiber samples from Ref. [13].

Since charge carrier mobility is an intrinsic material
parameter, no length dependence is expected. The mobility
data presented in Fig. 2c seems to indicate that the longer
the nanofiber, the higher the estimated mobility. This im-
plies that for the shorter nanofibers, the estimate provided
by Eq. (7) is significantly below the true mobility, most
likely due to contact effects that reduce the current. This
is not unexpected, as contact effects are more severe for
short samples where the bulk nanofiber resistance is com-
parably small. For longer nanofibers, however, the contri-
bution from the nanofiber bulk to the resistance is
higher, and Eq. (7) is expected to provide a better estimate.
Therefore, we expect that the long nanofibers provide the
best estimate of the true mobility. The largest estimated
carrier mobility is found for PPTTPP and is 1 cm2 V�1 s�1.
Both p6P and TTPPTT exhibit carrier mobilities approxi-
mately an order of magnitude below that.

3.2. Theory

The transport properties and hence charge mobility in
molecular crystals exhibit a directional anisotropy. By
selecting different combinations of molecules, the effective



Table 2
B3LYP/6-31G(d) intramolecular reorganization energies (k) for p6P, PPTTPP,
and TTPPTT, in comparison to the hexathiophene and pentacene values.

khole (meV) kelectron (meV)

p6P 162 192
PPTTPP 225 236
TTPPTT 195 185
a-6Ta 255
Pentaceneb 97 132

a Ref. [27].
b Ref. [31].

Fig. 3. Hole and electron transfer rates in the d direction of the p6P
crystal as a function of varying the amount of intermolecular reorgani-
zation energy.
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transfer integrals along various crystal directions indicated
in Fig. 1 can be found and are listed in Table 1. Pentacene is
often regarded as a benchmark for evaluating electronic
coupling strengths and hole mobilities, with typical mobil-
ity values of more than 1 cm2 V�1 s�1 at room temperature
[28] and with values up to 35 cm2 V�1 s�1 having been re-
ported [29]. For comparison, the transfer integrals for
pentacene are larger than those calculated for the systems
that are investigated here. In pentacene, the effective hole
transfer integral (along the d1 diagonal direction) is
85 meV [30]. The intramolecular reorganization energies
relevant for both hole and electron transfer in p6P, PPTTPP,
and TTPPTT molecules were calculated and are listed in Ta-
ble 2. Reorganization energies for pentacene and hexathi-
ophene (a-6T) are provided for comparison.

In order to obtain an estimate of the charge transfer
rate, the charge transfer parameters we have calculated
can be injected into Eq. (1). The contribution of the inter-
molecular part to the total reorganization energy is usually
assumed to be smaller than or of same order of magnitude
as the intramolecular contribution [1,32]; exact values are
difficult to estimate since they require to take account of
the lattice phonons. Here, since we are mainly interested
in trends, we have chosen to take into account the poten-
tial contributions of the intermolecular reorganization en-
ergy to the entire reorganization energy in an effective
way: we have simply calculated the hole and electron
transfer rates along the diagonal direction in the p6P crys-
tal for different amounts of external reorganization energy,
shown in Fig. 3. If an intermolecular reorganization energy
of 0.1 eV is used, transfer rates of 3 � 1012 s�1 and
3 � 1010 s�1 for electron and hole transfer are obtained,
respectively. Fig. 3 illustrates that when similar values
for the external reorganization energies are used for both
electron and hole transfer, the hopping rate for electrons
is �102 larger than for holes in this crystal direction.

The intermolecular contribution to the reorganization
energy is generally less dependent on the chemical struc-
ture than the intramolecular part [1]. Thus, as a first step,
we assumed that the external contributions were similar
in all the systems considered here and evaluated the
charge carrier transfer rates relative to that in pentacene.
Due to its superior transport properties, the latter can be
considered as a benchmark system and its transfer rate
has been found by inserting the previously quoted transfer
integral and reorganization energy into Eq. (1). The charge
transport parameters for oligophenylene and oligophenyl-
ene–thiophene crystals have been calculated to describe
charge transport in nanofiber structures. In order to make
Table 1
Absolute values of the effective transfer integrals (teff) along different crystal dire

teff,a (meV) teff,b

p6P hole (HOMO) 0 16
p6P electron (LUMO) 1 71
PPTTPP hole (HOMO) 0 7
PPTTPP electron (LUMO) 1 77
TTPPTT hole (HOMO) 0 8
TTPPTT electron (LUMO) 1 62

a Cofacial dimer configuration with a separation distance of 3.6 Å.
this correlation, we consider the transfer integrals corre-
sponding to charge transfer along the long direction of
the nanofiber, which approximately corresponds to the
direction of the applied electric field in the experimental
geometry shown in Fig. 2. For p6P, this would correspond
to the charge transfer occurring in the d direction of the
crystal (see Fig. 1). Since the contact face between the
growth substrate and the PPTTPP or TTPPTT crystals is cur-
rently not known experimentally, the direction of the ap-
plied electric field relative to the crystal structure is also
unknown. Therefore, a charge hopping direction similar
to that observed in p6P is assumed, i.e. along the diagonal.
For hole transfer, we find that the transfer rates in p6P and
PPTTPP are similar and approximately three orders of mag-
nitude smaller than in pentacene. The large hole transfer
integral along the d direction in TTPPTT (see Table 1) re-
ctions in p6P, PPTTPP, and TTPPTT.

(meV) teff,d (meV) teff,cofacial
a (meV)

4 247
44 297
5 252
37 308
24 255
56 308
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sults in a hopping rate (using a planar geometry to calcu-
lated the intramolecular reorganization energy) �10�2

times that of pentacene.

3.3. Discussion

The experimentally found carrier mobilities are up to
1 cm2 V�1 s�1 for PPTTPP and roughly an order of magni-
tude smaller for both p6P and TTPPTT. The value of
1 cm2 V�1 s�1 for PPTTPP is one of the largest observed
mobilities for such nanoscale organic crystals. These re-
sults can be compared with the mobility found in penta-
cene of up to 35 cm2 V�1 s�1. However, it should be
noted that pentacene molecules cannot to our knowledge
self-assemble into nanofibers and are, therefore, less suited
for applications that require structuring at the nanoscale.
Based on the transfer rate calculations, crude estimates of
the mobility can be made from the Einstein relation
l = eD/kBT, in which e is the electronic charge and D the
diffusion coefficient [33]. D can be estimated from
D = L2kij/2, where L is the effective length of charge transfer
that can be approximated by the center of mass distance
[33]. By neglecting the intermolecular reorganization en-
ergy, this leads to mobility estimates of 10�2 cm2 V�1 s�1

for p6P and PPTTPP, while TTPPTT is predicted to have a
mobility of 10�1 cm2 V�1 s�1. For comparison, this type of
calculation provides an estimate of the mobility in penta-
cene of 101 cm2 V�1 s�1. We again emphasize that the
approximations made here render these mobility esti-
mates rather crude.

The theoretical evaluations of the transfer rates (and
thus mobilities) for all three systems considered here re-
sult in values that are two to three orders of magnitude
lower than that found in pentacene, in reasonable agree-
ment with the experimental findings. However, while
PPTTPP is found experimentally to exhibit the highest
mobility, theory estimates TTPPTT to be the better conduc-
tor. The likely explanation resides in the assumption we
made of equal intermolecular contributions to the reorga-
nization energy of all systems; we come back to this point
below.

In general, the LUMO transfer integral is larger than the
corresponding HOMO transfer integral. The magnitude of
the transfer integrals along different directions can be
rationalized by considering the molecular structures in
Fig. 1. The distance between molecules in a pair has a
strong influence on the degree of electronic interaction
[19]. As seen in Table 1, the electronic coupling strength
is large in the cofacial geometry. Since the dimers taken
out of the crystal structure in the a and b directions are
essentially displaced cofacial dimers, and since the mole-
cules oriented along the b direction are significantly closer
to one another than the molecules along the a direction,
the transfer integrals are found to be larger along the b
direction.

The reorganization energies in the oligophenylene and
oligophenylene–thiophene molecules are larger than the
corresponding values determined for pentacene. This is
consistent with the observed lower charge mobilities.
The molecular backbone of these structures is less rigid
than in pentacene, which has very low reorganization en-
ergy on the order of 0.1 eV [34]. The reorganization energy
for hexathiophene is also included in Table 2, since hexa-
thiophene would be the next molecular structure in the
sequence of p6P, PPTTPP, and TTPPTT. An increase in reor-
ganization energy is observed upon the presence of thio-
phene rings with TTPPTT having a lower reorganization
energy than PPTTPP. We recall that the reorganization
energies have been calculated while constraining the mol-
ecules to planar geometries, which is reasonable in the
case of p6P and PPTTPP for which on average approxi-
mately coplanar geometries are observed in the crystal
structure [17,35]. In contrast, TTPPTT exhibits a wavy
oscillation in the geometry along the long axis of the mol-
ecule [18] (seen clearly looking down the long axis of the
molecule shown in Fig. 1). We speculate that the wavy
structure in the crystal phase could give rise to more
significant intermolecular contributions to the reorganiza-
tion energy; this might be the origin of the discrepancy
in the trends between the calculated transfer rates
and the measured carrier mobilities in our series of
compounds.
4. Conclusions and outlook

The charge transport properties for three molecular sys-
tems: p6P, PPTTPP, and TTPPTT, all of which can self-
assemble into nanofiber structures, have been investigated
both experimentally and theoretically. The experimental
study was made by electrical two-point measurements
on individual nanofibers. The analysis of the electrical
measurements is based on the Mott–Gurney formalism,
which describes charge transport in the space-charge lim-
ited régime. Therefore, it provides estimates of the lower
bound of the carrier mobility. Experimentally, all three
types of nanofibers were found to exhibit carrier mobility
ranging from 0.1 to 1 cm2 V�1 s�1 with PPTTPP nanofibers
having the highest mobility.

In such molecular crystals, charge transport occurs via
incoherent hopping between neighboring molecules. We
analyzed the transport parameters on the basis of the
semi-classical Marcus theory, which relates the rate of
charge transfer to the transfer integral between the two
molecules involved in the transfer process and to the reor-
ganization energies accompanying the charge relocation.
The transfer integrals in various crystal directions and
the intramolecular reorganization energies were estimated
for the three systems by density functional theory calcula-
tions. In the crystal direction corresponding to the charge
transport direction in the experimentally realized geome-
try, the theoretical estimates of the magnitude of the car-
rier mobilities in p6P, PPTTPP, and TTPPTT with respect
to that for pentacene were found to be in good agreement
with experiment.

Further experimental effort is now focused on investi-
gating the charge transport properties in a field-effect tran-
sistor configuration to enable the determination of the
field-effect mobility. Furthermore, other types of nanofi-
bers can be formed from other phenylene-based mole-
cules, which could exhibit improved electrical
characteristics. The next step will be to include theoretical
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modeling of these systems to determine the most promis-
ing candidates for experiments.

Acknowledgements

We thank Dr. Manuela Schiek for providing the nanofi-
ber samples incl. the synthesis of the PPTTPP and TTPPTT
molecules. The VILLUM KANN RAMUSSEN FONDEN and
the Danish research councils FTP and FNU are acknowl-
edged for financial support. This work has been partly sup-
ported by the MRSEC Program of the National Science
Foundation under Award DMR-0212302.
References

[1] J.-L. Brédas, D. Beljonne, V. Coropceanu, J. Cornil, Chem. Rev. 104
(2004) 4971.

[2] R.H. Friend, R.W. Gymer, A.B. Holmes, J.H. Burroughes, R.N. Marks, C.
Taliani, D.D.C. Bradley, D.A. Dos Santos, J.L. Brédas, M. Logdlund, W.R.
Salaneck, Nature 397 (1999) 121.

[3] C.J. Brabec, N.S. Sariciftci, J.C. Hummelen, Adv. Funct. Mater. 11
(2001) 15.

[4] G. Horowitz, Adv. Mater. 10 (1998) 365.
[5] C.D. Dimitrakopoulos, D.J. Mascaro, IBM J. Res. and Dev. 45 (2001) 11.
[6] F. Balzer, H.G. Rubahn, Appl. Phys. Lett. 79 (2001) 3860.
[7] J. Brewer, C. Maibohm, L. Jozefowski, L. Bagatolli, H.G. Rubahn,

Nanotechnology 16 (2005) 2396.
[8] F. Balzer, V.G. Bordo, A.C. Simonsen, H.G. Rubahn, Phys. Rev. B 67

(2003) 115408/1.
[9] F. Quochi, F. Cordella, A. Mura, G. Bongiovanni, F. Balzer, H.G.

Rubahn, Appl. Phys. Lett. 88 (2006) 041106/1.
[10] M. Schiek, F. Balzer, K. Al-Shamery, J.R. Brewer, A. Lützen, H.G.

Rubahn, Small 4 (2008) 176.
[11] J. Kjelstrup-Hansen, H.H. Henrichsen, P. Bøggild, H.-G. Rubahn, Thin

Solid Films 515 (2006) 827.
[12] M. Klemenc, F. Meghdadi, S. Voss, G. Leising, Synth. Met. 85 (1997)

1243.
[13] H.H. Henrichsen, J. Kjelstrup-Hansen, D. Engstrøm, C.H. Clausen, P.

Bøggild, H.-G. Rubahn, Org. Electron. 8 (2007) 540.
[14] F. Balzer, M. Schiek, H.-G. Rubahn, K. Al-Shamery, A. Lützen, J. Vac.

Sci. Technol. B 26 (2008) 1619.
[15] F. Balzer, M. Schiek, A. Lützen, K. Al-Shamery, H.-G. Rubahn, Proc.

SPIE 6470 (2007) 647006/1.
[16] K.N. Baker, A.V. Fratini, T. Resch, H.C. Knachel, W.W. Adams, E.P.

Socci, B.L. Farmer, Polymer 34 (1993) 1571.
[17] S. Hotta, M. Goto, R. Azumi, M. Inoue, M. Ichikawa, Y. Taniguchi,
Chem. Mater. 16 (2004) 237.

[18] M.-H. Yoon, A. Facchetti, C.E. Stern, T.J. Marks, J. Am. Chem. Soc. 128
(2006) 5792.

[19] J.L. Brédas, J.P. Calbert, D.A. Da Silva Filho, J. Cornil, Proc. Natl. Acad.
Sci. U.S.A. 99 (2002) 5804.

[20] W. Warta, N. Karl, Phys. Rev. B 32 (1985) 1172.
[21] R.A. Marcus, Rev. Mod. Phys. 65 (1993) 599.
[22] E.F. Valeev, V. Coropceanu, D.A. Da Silva Filho, S. Salman, J.-L. Brédas,

J. Am. Chem. Soc. 128 (2006) 9882.
[23] G. Te Velde, F.M. Bickelhaupt, E.J. Baerends, C. Fonseca Guerra, S.J.A.

Van Gisbergen, J.G. Snijders, T. Ziegler, J. Comput. Chem. 22 (2001)
931.

[24] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R.
Cheeseman, J. Montgomery, J.A., T. Vreven, K.N. Kudin, J.C. Burant,
J.M. Millam, S.S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi,
G. Scalmani, N. Rega, G.A. Petersson, H. Nakatsuji, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox, H.P. Hratchian, J.B. Cross,
C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, A.J.
Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala, K.
Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G.
Zakrzewski, S. Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D.K.
Malick, A.D. Rabuck, K. Raghavachari, J.B. Foresman, J.V. Ortiz, Q. Cui,
A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R.L. Martin, D.J. Fox, T. Keith,
M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M. Challacombe, P.M.W.
Gill, B. Johnson, W. Chen, M.W. Wong, C. Gonzalez, J.A. Pople,
Gaussian 03, Revision B.05, Gaussian, Inc., Wallingford CT, 2004.

[25] J. Huang, M. Kertesz, J. Chem. Phys. 122 (2005) 234707/1.
[26] R.S. Sánchez-Carrera, V. Coropceanu, D.A. da Silva Filho, R. Friedlein,

W. Osikowicz, R. Murdey, C. Suess, W.R. Salaneck, J.-L. Brédas, J. Phys.
Chem. B 110 (2006) 18904;
J.C. Sancho-García, Chem. Phys. 331 (2007) 321.

[27] D.A. da Silva Filho, V. Coropceanu, D. Fichou, N.E. Gruhn, T.G. Bill, J.
Gierschner, J. Cornil, J.-L. Brédas, Phil. Trans. R. Soc. A 365 (2007)
1435.

[28] S.F. Nelson, Y.Y. Lin, D.J. Gundlach, T.N. Jackson, Appl. Phys. Lett. 72
(1998) 1854.

[29] O.D. Jurchescu, J. Baas, T.M. Palstra, Appl. Phys. Lett. 84 (2004) 3061.
[30] V. Coropceanu, J. Cornil, D.A. Da Silva Filho, Y. Olivier, R. Silbey, J.-L.

Brédas, Chem. Rev. 107 (2007) 926.
[31] V. Coropceanu, M. Malagoli, D.A. da Silva Filho, N.E. Gruhn, T.G. Bill,

J.L. Brédas, Phys. Rev. Lett. 89 (2002) 275503/1.
[32] G.R. Hutchison, M.A. Ratner, T.J. Marks, J. Am. Chem. Soc. 127 (2005)

2339.
[33] M.-Y. Kuo, H.-Y. Chen, I. Chao, Chem. Eur. J. 13 (2007) 4750.
[34] N.E. Gruhn, D.A. da Silva Filho, T.G. Bill, M. Malagoli, V. Coropceanu,

A. Kahn, J.-L. Brédas, J. Am. Chem. Soc. 124 (2002) 7918.
[35] R. Resel, Thin Solid Films 433 (2003) 1.



Fig. 1. The molecular structures of blue phosphorescent iridium complex
FIrpic and the orange phosphorescent osmium complex
Os(bpftz)2(PPh2Me)2.
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represents a monodentate phosphine ligand] (as shown in
Fig. 1) were employed in the preparation and studies of
WOLEDs. The widely used blue phosphorescent emitter,
FIrpic, exhibits very high photoluminescence (PL) quantum
efficiency (>90%) in wide-gap hosts [6–8]. On the other
hand, the Os complex Os(bpftz)2(PPh2Me)2 with high steric
hindrance shows orange–red emission around 603 nm,
short excited-state lifetime (0.97 ls) and high PL quantum
yield of �90% in solution [9–11]. The present and related
Os complexes had been used to fabricate highly efficient
orange to red phosphorescent OLEDs with external quan-
tum efficiencies approaching 20% [9–11]. Thus both irid-
ium and osmium triplet emitters are intrinsically very
efficient.

Selected spectral data of Os(bpftz)2(PPh2Me)2: MS (FAB,
192Os): m/z 1130 (M+), 930 (M+–PPh2Me), 730 (M+–
2PPh2Me). 1H NMR (400 MHz, d6-acetone): d 10.04 (d,
2H, JHH = 6.8 Hz), 7.26–7.24 (m, 4H), 7.15–7.09 (m, 4H),
7.00 (t, 4H, JHH = 7.6 Hz), 6.93–6.86 (m, 8H), 6.65–6.60
(m, 4H), 1.29 (s, 18H, tBu), 1.22 (d, 6H, JHP = 3.2 Hz, Me).
UV/Vis kmax (CH2Cl2): 401 (16,000), 448 (2500), 520
(1400) nm (e, M�1cm�1); EL kmax (degassed CH2Cl2, RT):
603 nm; / = 0.91; sobs = 972 ns. EL kmax (as thin film):
613 nm; sobs = 136 ns. Anal. Calcd. for C50H50F6N8OsP2: C,
53.18; N, 9.92; H, 4.46. Found: C, 53.30; N, 10.06; H, 4.62.

2.2. OLED fabrication

All compounds used were subject to temperature-gra-
dient sublimation under high vacuum before use. OLEDs
were fabricated on the ITO-coated glass substrates with
Fig. 2. Schematic structure
multiple organic layers sandwiched between the transpar-
ent bottom indium–tin-oxide (ITO) anode and the top me-
tal cathode. The organic and metal layers were deposited
by vacuum evaporation in a vacuum chamber with a base
pressure of <10�6 torr. The deposition system permits the
fabrication of the complete device structure in a single vac-
uum pump-down without breaking vacuum. The deposi-
tion rate of organic layers was kept at �0.2 nm/s. The
active area of the device is 2 � 2 mm2, as defined by the
shadow mask for cathode deposition.

2.3. Device characterizations

Current–voltage–luminance (I–V–L) characterization of
the devices was measured using an Agilent 4155B semi-
conductor parameter analyzer and a Si photodiode cali-
brated with Photo Research PR650. EL spectra of devices
were collected by a calibrated CCD spectrograph. Total
photon output from the device (either from the viewing
direction or from all surfaces of the device) was measured
in an integrating sphere containing a calibrated
photodetector.

3. Results and discussion

The first type of WOLEDs using these two complexes
(i.e. Device A in Fig. 2) involved co-doping both emitters
into the wide-gap host 1,3-bis(9-carbazolyl)benzene
(mCP) as the emitting layer (EML) [12,13]. The structure
of Device A was: ITO/a-NPD (30 nm)/TCTA (30 nm)/mCP:
Firpic 8 wt.%: Os(bpftz)2(PPh2Me)2 0.5 wt.% (15 nm)/TAZ
(50 nm)/LiF (0.5 nm)/Al (150 nm), where 4,40-bis[N-(1-
naphthyl)-N-phenyl-amino] biphenyl (a-NPD) and
4,40,400-tris(carbazol-9-yl)-triphenylamine (TCTA) were
used as the hole-transport layers (HTLs) [14,15], 3-(4-bi-
phenylyl)-4-phenyl-5-(tert-butylphenyl)-1,2,4-triazole
(TAZ) as the electron-transport layer (ETL) [16], and LiF as
the electron-injection layer [17].

Fig. 3a shows the electroluminescence (EL) spectra of
Device A (normalized at the emission peak of the Os com-
plex) at different brightness levels, and Fig. 3b shows the
corresponding 1931 CIE coordinates. The EL shows contri-
butions from both blue emission of FIrpic and red emission
of the Os complex, giving a white emission. The efficiency
characteristics and the current–voltage–luminance (I–V–L)
s of various devices.



Fig. 3. (a) The normalized EL spectra of Device A at different brightness
levels; (b) CIE coordinates of different brightness levels. (c) Current–
voltage–luminescence (I–V–L) characteristics. (d) External quantum effi-
ciency/power efficiency (in the forward viewing direction) versus
brightness.
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characteristics of Device A are shown in Fig. 3c and d,
respectively, and are summarized in Table 1. Impressively,
with a simple single-emitting-layer configuration, the De-
vice A shows rather high peak efficiencies of 17% photon/
electron, 35.6 cd/A, and 28 lm/W for the forward viewing
directions. Such high quantum efficiency implies a high
internal quantum efficiency of nearly 85% in the device
(assuming �20% optical out-coupling efficiency from the
device). At the practical brightness of 100 cd/m2, the for-
ward viewing efficiencies remained high at around 15.1%,
30.4 cd/A, and 13.6 lm/W. For lighting applications, the
light emitted from all surfaces of the substrate can in prin-
ciple be redirected to the forward direction by some light-
ing fixtures; hence the total efficiencies of the device were
also characterized using an integrating sphere setup
[18,19]. The total quantum and power efficiencies mea-
sured in the sphere were about 1.7 times larger than the
forward viewing efficiencies, consistent with previous re-
ports [2]. As such, Device A gave a peak total external
quantum efficiency and a total power efficiency of 28.8%
and 47.5 lm/W, respectively.

The high quantum efficiencies of the WOLED A were in-
deed surprising, since the control blue-emitting device
with a structure similar to A exhibited substantially lower
efficiencies. This control blue-emitting OLED (Device B,
Fig. 2) had the structure of: ITO/a-NPD (30 nm)/TCTA
(30 nm)/mCP: Firpic 8 wt.%/TAZ (50 nm)/LiF (0.5 nm)/Al
(150 nm), which was nearly the same as that of Device A
except for no Os complex co-doped into the mCP host. Such
a blue-emitting device gave a substantially lower peak
external quantum efficiency of �4.8% (in the forward view-
ing directions, Fig. 4c and Table 1). With co-doping a smal-
ler amount of the Os complex in the emitting layer (i.e.
Device A), the quantum efficiency of the whole system
was more than tripled, indicating that the Os complex
had additional and critical functionalities other than just
serving as an energy acceptor for the blue emitter FIrpic.

To investigate the role of the Os complex, a third testing
device structure (Device C, Fig. 2) with the Os complex
doped into a portion (25 nm) of the hole-transport layer,
TCTA, was then fabricated and characterized. This device
had the structure of: ITO/a-NPD (30 nm)/TCTA:
Os(bpftz)2(PPh2Me)2 3.0 wt.% (25 nm)/TCTA (5 nm)/mCP:
Firpic 8 wt.% (15 nm)/TAZ (50 nm)/LiF (0.5 nm)/Al
(150 nm). The EL spectra and corresponding CIE coordi-
nates of Devices B and C are shown in Fig. 4a and b, respec-
tively. The external quantum efficiency versus luminance
of Devices B and C are shown in Fig. 4c. As shown in
Fig. 4a, EL from Device C shows dominant blue emission
of FIrpic, yet the peak quantum efficiency is now largely
raised to 11.7% (25.7 cd/A) as compared to 4.8% observed
for Device B (Fig. 4c and Table 1). It is also worth mention-
ing that by replacing the 5-nm non-doped TCTA buffer in
Device C with the higher-energy-gap mCP (Device C1,
Fig. 2), the efficiency of the blue OLED can be further in-
creased to 14% due to better confinement of high-energy
triplet excitons (Table 1).

Comparing device results of Devices A, B, and C clearly
suggests that doping the Os complex into either the hole-
transport layer TCTA or the mCP host layer had improved
the balance between hole and electron injection/transport



Table 1
Summary of devices characteristics.

Device Efficiency (max.) [%, cd/A, lm/W] Efficiency (at 102 cd/m2) [%, cd/A, lm/W] Total efficiency [%, lm/W] CIE coordinates (at 102, 104 cd/m2)

A 17.0, 35.6, 28.0 15.1, 30.4, 13.6 28.8, 47.5 (0.388, 0.363), (0.315, 0.348)
B 4.8, 10.2, 6.1 4.4, 9.3, 4.9 – (0.170, 0.356), (0.172, 0.355)
C 11.7, 25.7, 12.6 11.7, 25.6, 11.8 – (0.178, 0.359), (0.208, 0.366)
C1 14.0, 28.7, 16.8 13.6, 27.9, 12.2 – (0.205, 0.344), (0.220, 0.344)
D 14.9, 29.3, 17.8 13.1, 25.9, 8.9 25.4, 35.3 (0.334, 0.362), (0.311, 0.356)

Fig. 4. (a) The EL spectra of Device B and C at different brightness levels;
(b) CIE coordinates of Device B and C at different brightness levels; (c)
external quantum efficiency (in the forward viewing direction) versus
current density for Device B and C.

Fig. 5. Current–voltage (I–V) characteristics of Devices A, B, and C.

1238 C.-H. Chang et al. / Organic Electronics 10 (2009) 1235–1240
into the emitting layer mCP:FIrpic, thus greatly enhanced
the EL efficiency. Electrochemical characterizations of re-
lated Os complexes show that they in general possessed
low oxidation potentials (and thus low ionization poten-
tial). The ionization potential of the present Os complex
estimated from the oxidation potential is about 4.8 eV
[9], which is substantially lower than those of TCTA, mCP
and FIrpic (all of 5.5–6.0 eV) [6,12–15]. In view of such
an energy-level relationship, it is well expected that the
Os complex functioned as an effective hole traps in both
Devices A and C, retarding hole-transport and reducing
excessive hole-injection into the emitting region [20–23].
Indeed, the lower voltage of Device B compared to those
of Devices A and C (as compared in Fig. 5) clearly supports
this hole-trapping picture. This hole trapping also reduces
excessive hole-injection into the electron-transport layer
since the UV emission from the electron-transport layer
TAZ was generally reduced by doping the Os complex
[24]. The accumulation of trapped holes might also help
establish a stronger electric field for enhancing electron
injection into the emitting layer. Overall, all these factors
contributed to better balance of the carrier transport for
both carriers and the efficiency enhancement.

The efficiencies of Device A are impressive, yet one no-
tices that it showed a significant color shift when the bias/
brightness was increased (Fig. 3a and b). Blue emission from
FIrpic grows relatively to Os(bpftz)2(PPh2Me)2 emission at
higher current densities, causing the 1931 CIE coordinates
to blue-shift from (0.388 0.363) to (0.315, 0.348) at the
brightness of 102–104 cd/m2. Color variation with increased
bias is commonly seen in WOLEDs [25–27]. This issue may
be mitigated by creating another channel in the device for
the high-energy excitons to remain appropriately relaxed
or be transferred to the lower-energy excited states of Os
complexes even at high excitation densities. The bias- and
brightness-dependent EL spectra of Device C (Fig. 4a and
b) indeed provided a good hint to the design of such a de-
vice. In Device C, the contribution of the Os emission
(although smaller) increased with the brightness, contrary



Fig. 6. (a) The normalized EL spectra of Device D at different brightness
levels; (b) CIE coordinates of Device D at different brightness levels; (c)
Current–voltage–luminescence (I–V–L) characteristics. (d) External quan-
tum efficiency/power efficiency versus brightness.
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to the case of Device A. Such characteristic suggests that in
Device C, at higher bias/brightness, either the carrier
recombination zone shifted closer to the TCTA:Os(bpftz)2

(PPh2Me)2 layer or a portion of the high-energy excitons
in the mCP:FIrpic layer migrated to the TCTA:Os(bpftz)2

(PPh2Me)2 layer (which is possible because the triplet
energy of the 5-nm buffer TCTA was lower than that of
FIrpic), increasing the emission from the Os complex.

Making use of such phenomena, the second type of
WOLEDs in this work, Device D (Fig. 2), was fabricated
using the structure of: ITO/a-NPD (30 nm)/TCTA:
Os(bpftz)2(PPh2Me)2 3.0 wt.% (25 nm)/TCTA (5 nm)/
mCP:Firpic 8 wt.%: Os(bpftz)2(PPh2Me)2 0.3 wt.% (15 nm)/
TAZ (50 nm)/LiF (0.5 nm)/Al (150 nm). Device D simulta-
neously incorporated a red EML and a white EML. On one
hand, the concentration of the Os complex in the white
EML was decreased to suppress the red emission from
the white EML and to achieve a more balanced white at
lower biases. On the other hand, the Os complex in the
TCTA layer enhanced the red emission at higher biases.
The resulting EL spectra and CIE coordinates of Device D
at different brightnesses are shown in Fig. 6a and b. Com-
pared to Device A, the variation of EL spectra with biases in
Device D was greatly reduced, substantially improving the
color stability. As shown in Fig. 6b, for the brightness of
102–104 cd/m2, only a small shift of CIE coordinates from
(0.334, 0.362) to (0.311, 0.356) was observed, giving
(Dx = �0.023, Dy = �0.006). Fig. 6c and d show the I–V–L
characteristics and efficiency of Device D. Device D gives
peak efficiencies of 14.9%, 29.3 cd/A, and 17.8 lm/W in
the forward viewing direction, corresponding to total peak
efficiencies of 25.4% and 30.3 lm/W measured by the inte-
grating sphere. At the practical brightness of 100 cd/m2,
this device exhibits efficiencies of 8.9 lm/W, 13.1%, and
25.9 cd/A in the forward viewing direction. The EL charac-
teristics of devices are summarized in Table 1.

4. Conclusions

In summary, we have shown that the unique multifunc-
tional capabilities of the orange–red phosphorescent Os
complex are highly useful for achieving excellent internal
and external efficiencies of WOLEDs. This is not only due
to the high emission efficiency of the Os complex, but also
due to its effective hole trapping capability, which is
beneficial and useful for balancing hole/electron transport
when doped at appropriate locations of the device. Fur-
thermore, by placing an emitting/trapping layer incorpo-
rating the Os complex in the proximity of a white-
emitting layer also incorporating the Os complex, we also
report an efficient phosphorescent WOLED structure that
would provide improved color stability versus biases/
brightnesses. Overall, we conclude that the multi-function-
ality of the phosphorescent Os complex may be of use for
designs of highly efficient white phosphorescent OLEDs.
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OFETs using the ‘‘macroscopic-sized” semiconductor single
crystals. Here the macroscopic-sized crystals are roughly a
0.1-mm-square (or more) in size and the semiconductor
devices can readily be made on them. Such crystals were
hard to make by conventional vacuum deposition methods
[8,9,15–17] including hot wall epitaxy (HWE) [18–23].

Our method resembles the physical vapor transport
(PVT) [2–4,7,24–26] in that the crystal growth is carried
out at an ordinary pressure. However, our method is more
suitable for making the thin crystals directly onto the sub-
strate; the PVT methods are mostly used for the fabrication
of free-standing single crystals. Moreover, we need only a
small size apparatus. The apparatus can be accommodated
in a �10-cm cube (excluding a space of an inert
atmosphere).

To achieve highest possible performance the crystals
must have the smallest possible number of defects.
Although in our initial attempt the crystals involved many
cracks as in the case of the previous paper [13], we have
been successful in removing them by inserting self-assem-
bled monolayers (SAMs) between the semiconductor crys-
tal and the device substrate. At the same time, the SAMs
play a role in constructing a uniform interface between
the organic semiconductor layer and the gate insulator
[27].

Fig. 1a shows a schematic geometry of the apparatus. It
is characterized by a couple of plates (one of which acts as
the FET device substrate) put in close proximity such that
their distance is kept less than 1 mm (typically 0.7 mm)
by spacers placed at either side. Two heaters are vertically
set in close contact with these plates. The source organic
material is placed to be sublimed on the lower plate. The
temperatures of the two heaters are regulated so that the
bottom heater temperature can be held by 5–10 �C higher
than that of the upper heater, allowing the crystals to grow
directly on the upper substrate. In virtue of the narrow
space surrounded with the two plates the crystal growth
proceeds nearly at the thermodynamic equilibrium. This
Fig. 1. (a) Schematic diagram of the crystal growth apparatus. The
distance of a couple of plates (the upper one of which acts as a substrate)
is kept less than 1 mm (typically 0.7 mm) by glass spacers placed at either
side. Two heaters are vertically set in close contact with these plates. (b
and c) Structural formulae of the organic semiconductor materials. (b)
AC5 and (c) P5T.
enables us to produce high-quality single crystals with
macroscopic size. The resulting crystals are well-defined
polygons with individual sides clearly appearing. More-
over, these crystals are of the thickness of a hundred to
several hundreds of nanometers and perfectly suited to
forming the devices.
2. Experimental

2.1. Substrate preparation

We used for the substrates quarried Si wafers (�1 cm �
1 cm) with a thermally grown SiO2 layer (300 nm in thick-
ness). The substrates were cleansed in a hot aqueous solu-
tion of sulfuric acid and hydrogen peroxide for 1 h and
subsequently rinsed with distilled water in an ultrasonic
cleaner for 10 min. These substrates were treated with
three different species of SAMs. For the 1,1,1,3,3,3-hexam-
ethyldisilazane (HMDS) treatment, the substrates were ex-
posed to HMDS vapor at 80�85 �C for 2 h and further
immersed with toluene, acetone and isopropyl alcohol in
the ultrasonic cleaner for 3–5 min each to remove the ex-
cess HMDS. In the case of phenyltrichlorosilane (PTS) the
substrates were immersed into its 0.86 M toluene solution
for 6 h and subsequently rinsed with toluene, acetone, and
isopropyl alcohol in the ultrasonic cleaner for 10 min each.
With the octadecyltrichlorosilane (OTS) treatment the sub-
strates were immersed for 16 h in its 12.5 mM solution of a
hexane/toluene mixture (hexane:toluene = 2:8) and rinsed
similarly. All these substrates were further cleansed with
ethanol vapor before use.

2.2. Crystal growth

Of the organic semiconductors, we chose from among
thiophene/phenylene co-oligomers (TPCOs) 1,4-bis(5-phe-
nylthiophen-2-yl)benzene (AC5) [28] and 5,50000-diphenyl-
2,20:50,200:500,2000:5000,20000-quinquethiophene (P5T) [29]. Their
structural formulae are depicted in Fig. 1b (AC5) and c
(P5T). Their synthesis and purification methods are de-
scribed in the literature [28,29].

The source organic material placed on the lower plate
faced the oxide layer of the quarried Si wafer substrate at-
tached to the upper heater (Fig. 1a). The bottom heater (to
sublime the source material) is 5, 3 and 10 cm in width,
height and length, respectively. The corresponding sizes
of the upper heater (for the substrate) are 5, 3 and 5 cm.
These are composed of a copper block equipped with a
sheath heater. This configuration permits us to grow the
crystal in firm contact with the oxide layer of the Si sub-
strate and subsequently to shape the device. The crystal
growth is routinely performed in a nitrogen atmosphere
with the gas flow rate of 40 ml/min to prevent the organic
material from degrading. In the case of the AC5 (P5T)
growth the temperature of the upper heater was kept stea-
dily at 223 �C (265 �C) for 5.5 h (8.5 h). The temperature of
the bottom heater was kept at 230 �C (270 �C) for the first
1 h and then lowered monotonically to 223 �C (265 �C) tak-
ing another 4.5 h (7.5 h) in the case of the AC5 (P5T)
growth.
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2.3. Structural characterization and electrical measurements

The nonpolarizing and polarizing micrographs of the
grown crystals and fabricated devices were taken with a
NIKON ELIPSE LV100POL microscope equipped with an
Hg lamp. The X-ray diffraction of the AC5 crystals (placed
on the substrates) was measured on a Rigaku RINT 2500
X-ray diffractometer with Cu Ka radiation. The thickness
of the crystals was measured with an ULVAC DEKTAK-
3ST surface profiler. The surface feature of the AC5 crystal
grown on the HMDS-treated substrate was precisely ob-
served using a Veeco Instruments Di Multimode IIIa atomic
force microscope (AFM) operated in a tapping mode. The
electrical measurements were carried out for the crystal
devices using an Advantest R6245 two-channel voltage
current source/monitor under an ambient environment
and under vacuum (�10�3 Pa).

3. Results and discussion

3.1. Crystal growth and characterization

Fig. 2 shows a micrograph of an AC5 crystal (grown on
the SiO2/Si substrate without surface treatment). The crys-
tal is a hexagon with each side ranging from 172 to
251 lm. Many cracks were present on its surface. These
cracks were likely to be generated during the crystal
growth process because of the difference in thermal expan-
sion coefficients between the AC5 crystal and the sub-
strate. The orientation of the cracks is parallel to the
crystal axes. Fig. 3 shows polarizing micrographs of a crys-
tal grown on the substrate treated with HMDS. The micro-
graphs were taken under the diagonal position (Fig. 3a)
and the extinction position (Fig. 3b) of the crossed Nicols.
The hexagon crystal is free from the cracks. The size of
the crystal sides ranged from 199 to 222 lm. An entirely
vanishing view of the crystal at the extinction position
(Fig. 3b) demonstrates the formation of a single crystal.

Fig. 3c shows the X-ray diffraction pattern of AC5 crys-
tals grown on the HMDS-treated substrate. Only the first-
Fig. 2. Micrograph of an AC5 crystal on the SiO2/Si substrate without
surface treatment.
and higher-order peaks (up to 14th at 59.9�) of the same
diffraction plane are observed. The plane distance is evalu-
ated from these peaks to be d = 21.74 Å, in good agreement
with the half distance of the ab-plane (21.63 Å) [30]. We
determined the crystal axes as in Fig. 3a by comparing
the characteristic angles of the crystal with the crystallo-
graphic data [30]. Fig. 3d shows the surface profile of the
AC5 crystal scanned along the crystal b-axis. The crystal
has a uniform thickness of 820 nm within an error of
�3 nm. Fig. 3e shows the three-dimensional AFM picture
of the AC5 crystal scanned over an area of 2 lm � 2 lm.
Fig. 3f shows its depth profile as a function of the position.
The observed step height is estimated to be �0.27 nm,
indicating that the surface of the AC5 crystal is exceedingly
flat with its roughness of at most the molecular length.

With a PVT method Liu et al. [13] fabricated microme-
ter-sized patterns of organic semiconductor single crystals
with controlled sizes and shapes. Recently, we have dem-
onstrated in the solution process that the crystals are
selectively grown on the friction-transferred poly(tetra-
fluoroethylene) with the crystal axes preferentially ori-
ented parallel to the drawing direction [31]. Our present
method can consistently be combined on demand with
such an epitaxial method to produce the micrometer-sized
patterns.

3.2. Field-effect transistors made of the grown crystals

The crystals obtained by our method can immediately
be applied to the OFET devices. Fig. 4a shows a micrograph
of the device made of an AC5 crystal grown on the HMDS-
treated substrate (top-contact configuration). The thick-
ness of this particular crystal was 624 nm. Fig. 4b schemat-
ically shows the device structure. For the device to perform
the normal action, it will be indispensable to secure the oh-
mic contact between the semiconductor layer and (source
and drain) electrodes. This is done with the AC5 device by
improving the deposition of metal; the substrate surface
was tilted�30� to the deposition source to completely cov-
er the crystal edges with gold (see the inset of Fig. 4b) [32].
The gold electrodes (70 nm in thickness) were formed in
vacuum (less than 3 � 10�3 Pa) so as to be the drain and
source contacts. The resulting parallel electrodes define
the channel length as 20.4 lm and the width as
131.0 lm. The silicon wafer and the silicon dioxide layer
were used as a gate contact and a gate insulator, respec-
tively. Fig. 4c represents the output characteristics of the
AC5 device in air. The device shows the typical p-type per-
formance. Compared to our previous top-contact AC5 crys-
tal devices [14,33], the convex-downward behavior of the
drain current near the origin is drastically suppressed.
The estimated mobility and threshold voltage at the satu-
ration region were 0.040 cm2/V s and �0.72 V, respec-
tively. Those measured in vacuum were 0.037 cm2/V s
and �2.0 V. The mobility is significantly larger than those
of our previous studies [14,33,34].

P5T crystal devices exhibit even better device perfor-
mances. Fig. 5a shows a micrograph of the device made
of a P5T crystal on the HMDS-treated substrate. The thick-
ness of this particular crystal was 100 nm. Deposited gold
electrodes define the channel length as 10.4 lm and the



Fig. 3. (a and b) Polarizing micrographs of an AC5 crystal on the SiO2/Si substrate treated with HMDS before the crystal growth. These were taken under (a)
the diagonal position and (b) the extinction position (i.e. rotated by 45� relative to the diagonal position) of the crossed Nicols. An entirely vanishing view of
the crystal at the extinction position demonstrates the formation of a single crystal. (c) X-ray diffraction pattern of AC5 crystals on the HMDS-treated
substrate. (d) Surface profile of the AC5 crystal. (e) Three-dimensional AFM picture of the AC5 crystal and (f) its depth profile.
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channel width as 46.3 lm. The width was the average of
w1 and w2 (Fig. 5a). The P5T device exhibits an excellent
performance and sustains it both in air and in vacuum.
To demonstrate this, we have repeatedly carried out the
electrical measurements both in air and in vacuum (total
15 measurements in air and 10 measurements in vacuum)
during fifteen days after the device fabrication. The device
was stored in a vacuum desiccator after the measurements.
Fig. 5b represents the output characteristics of the said P5T
device measured in air at the last day. The p-type FET per-
formance is characterized as follows: (i) the saturation in
the drain current is clearly noted at higher drain–source
voltages. (ii) the drain currents increase linearly with
drain–source voltage around the origin (see Fig. 5c as the
enlarged diagram); even a hint of a convex-downward
behavior is unnoticeable.

The device sustains the aforementioned characteristics
throughout the whole courses of data acquisition both in
air and in vacuum. During these courses the device stea-
dily keeps the mobility and threshold voltage. Taking into
account all these data (obtained both in air and vacuum),
the mobilities ranged 0.09–0.13 cm2/V s and the thresh-
old voltages ranged �11.6 to �0.27 V. Notice that the
varying range of the threshold voltages (�11 V) is by far
smaller than the corresponding number �100 V which
was observed by Kumaki et al. [35] for the pentacene-
based OFET in air. They attributed this shift to the depro-
tonation of SiOH on the gate insulator surface caused by
the adsorption of H2O and O2 [35]. This contrast is due
probably to that in the present studies the crystals are
in close contact with the gate insulator assisted by the
SAMs. This prevents air and moisture from infiltrating
into that interface and, hence, ensures the steady device
performance.

Similar device performances were attained in the P5T
crystal devices fabricated on the substrates treated with
the other SAMs. Fig. 6a shows the output characteristics
of the P5T crystal device on the PTS-treated substrate.
The characteristics of the OTS-treated device are indicated
in Fig. 6b. The channel length and width of the PTS device



Fig. 4. (a) Micrograph of the device using an AC5 crystal on the HMDS-
treated substrate (top-contact configuration). The gold electrodes were
deposited on the substrate obliquely from the bottom shown as the thick
arrows. (b) Schematic structure of the AC5 crystal OFET. The inset shows
the side view of the device with the arrows representing the gold
deposition. (c) The output characteristics of the AC5 device measured in
air.

Fig. 5. (a) Micrograph of the top-contact OFET device made of a P5T thin
crystal. The substrate was treated with HMDS. (b) The output character-
istics of the P5T device. The measurements were repeatedly carried out
both in air and in vacuum during fifteen days after the device fabrication.
The particular characteristics were obtained in air at the last day. The
carrier mobility and threshold voltage were estimated to be 0.10 cm2/V s
and �0.27 V in the saturation region, respectively. (c) Enlarged charac-
teristics of (b) around the origin.
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are 9.7 lm and 20.7 lm, respectively. Those of the OTS de-
vice are 10.0 lm and 70.8 lm. These SAM-treated devices
exhibited the steady device performances as well. We
examined the device performance during eleven (a hun-
dred) days after the PTS (OTS) device fabrication. For the
PTS device, the mobility and threshold voltage measured
in air (in vacuum) at the last day were 0.13 cm2/V s
(0.13 cm2/V s) and �5.4 V (�9.4 V) in the saturation region,
respectively; those for the OTS device were 0.051 cm2/V s
(0.056 cm2/V s) and 3.2 V (�2.2 V). For this device the
mobility tended to increase with time during the course
of the storage; the threshold voltage varied �20 V across
the 0 V.

The mobilities we have recorded for the AC5 devices are
two times as high as those obtained previously [14,33,34].
The highest mobility achieved in the present studies was



Fig. 6. Output characteristics of the P5T crystal OFET devices on the
substrate treated with (a) PTS and (b) OTS. The PTS-treated device was
measured both in air and in vacuum during eleven days. OTS-treated one
was similarly measured during a hundred days. Both the characteristics
were obtained in air at the last day.
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0.13 cm2/V s for the P5T device, comparable to that of a re-
lated TPCO material, 5,500-bis(4-biphenylyl)-2,20:50,200-ter-
thiophene (BP3T) [14]. Nonetheless, the mobility level
was two orders of magnitude lower than that of e.g. a rub-
rene-based device [7]. Two major issues are present in the
OFET studies. One is related to the electrical contact be-
tween the organic layer and the electrodes and the other
is pertinent to the choice of the gate insulator materials.
The former issue was improved appreciably (see Figs. 5
and 6 for the complete suppression of the convex-down-
ward behavior). With the other issue, however, we were
not able to fully optimize the gate insulator materials. Re-
cently Bisri et al. [36] recorded a mobility 1.6 cm2/V s for
the BP3T-based device, an order of magnitude higher than
that obtained for the same material [14]. The point was
that Bisri et al. [36] used poly(methyl methacrylate) for
the gate insulator, whereas Yamao et al. [14] used SiO2

for it. On the basis of this illustration the gate insulator
materials will have to be further explored including the
SAM species [7,37,38].
4. Conclusions

We have developed the method of making the high-
quality thin single crystals directly onto the SiO2/Si sub-
strates in a vapor phase. The growth apparatus requires
only a small space (�10-cm cube). The crystal growth is
carried out within the narrow space surrounded with the
two plates that are in close contact with heaters. In virtue
of this configuration, the crystal growth proceeds nearly at
the thermodynamic equilibrium, producing well-defined
thin single polygon TPCO crystals of several hundreds of
micrometers in size. In particular, we have succeeded in
growing the exceedingly flat crack-free single crystals on
the substrates treated with HMDS, PTS, and OTS as SAMs.

We have fabricated the top-contact OFETs using the
TPCO crystals. The devices show the excellent performance
and keep it steadily both in air and in vacuum more than
ten days (maximum a hundred days). The pivotal points
are summarized as follows: (i) the ohmic contact is fully
secured between the organic semiconductor layer and
the (source and drain) electrodes. (ii) The firm and uniform
interface is formed between the organic layer and the gate
insulator. The good ohmic contact is achieved by using the
thin crystals (the P5T devices) or by the oblique metal
deposition on the crystal (the AC5 device). The SAM is in-
serted as a part of the gate insulator between the semicon-
ductor crystal and the device substrate to produce the ideal
organic layer/gate insulator interface. The present method
of the crystal growth can thus be suitably applied to other
optical and electronic devices as well as the OFETs.
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[9,10]. In this paper we can rule out this influence. Also fi-
ber isolation is not needed and the use of solvent mixtures
is avoided, which may allow for easier recycling of process-
ing solvent. We found an optimal efficiency at a 42% fiber
content of the casting solution and show that it can be
linked to the morphology of the active layer.
2. Experimental

2.1. Preparation of P3HT fibers

P3HT was prepared via the Rieke method [11]. The reg-
ioregularity was determined at >94.5% and it had a Mn of
23.7 kg mol�1 (polydispersity index of 1.80) as determined
by Analytical Size Exclusion Chromatography (SEC). The
SEC was performed using a Spectra series P100 (Spectra
Physics) pump equipped with two mixed-B columns
(10 lm, 2 � 30 cm, Polymer Labs) and a Refractive Index
detector (Shodex) at 60 �C. Chlorobenzene was used as
the eluent at a flow rate of 1.0 mL/min. Molecular weight
distributions are given relative to polystyrene standards.
P3HT fibers were prepared by slow cooling of an orange
coloured 0.7 wt% P3HT solution in p-xylene, as described
elsewhere [11].

2.2. Solar cell fabrication

After the preparation of the P3HT fibers in the p-xylene
solution, PCBM ([6-6]-phenyl C61-butyric acid methyl ester
(Solenne)) was added to the solution in a 1:1 weight ratio
with P3HT to act as acceptor material. The casting solution
was stirred for �48 h at room temperature. The solar cells
were prepared starting from indium tin oxide (ITO,
100 nm) coated glass plates that were successively cleaned
in a soap solution, demineralised water and acetone, each
for 10 min in an ultrasonic bath. This was followed by clean-
ing in boiling isopropanol for 10 min. A 25 nm thick
poly(3,4-ethylenedioxythiophene–polystyrenesulfonate
(PEDOT–PSS (Bayer)) layer was spin-coated on the clean
glass/ITO substrates. The substrates were dried for 20 min
on a hot plate at 120 �C. The active layer (P3HT:PCBM
1:1), was spin-coated at 750 rpm on top of the PEDOT–PSS
layer. The solution from which the active layer was spin-
coated, was heated gradually to several temperatures (be-
tween 37 and 50 �C). At each temperature used for the
experiment, the solution was left to stabilize for at least
30 min before the active layer was spin-coated on top of
the PEDOT–PSS layer. After deposition of the active layer,
the devices were left in vacuum (10�6 mbar) to get rid of
the remaining solvent. Finally, a calcium layer (�25 nm)
and an aluminium layer (�70 nm) were evaporated to form
the top contact of the solar cell. Each photovoltaic device
had an active area of 25 mm2. The I–V-characteristics were
measured with an Oriel solar simulator equipped with a Xe-
non Short Arc lamp with a power of 150 W.

2.3. Morphology of the active layer studied with TEM

For each solution temperature, the morphology of the
active layer was studied. A thin film, identical to the active
layer of the solar cell, was deposited on a cleaned glass
substrate, using the same procedure as for preparing the
complete solar cell. This film was isolated by etching with
40% hydrofluoric acid (HF) to remove the glass substrate
and then put on a copper TEM-grid. TEM-measurements
were performed with a Philips CM12-STEM. The SAED pat-
terns, recorded through TEM, originally suffered from a
large background that resembled inelastic scattering. To
improve the signal-to-noise ratio, integration across the
complete diffraction ring was done, from which a fitted
background due to inelastic scattering was subtracted (un-
der the assumption that the blend in between the fibers is
quasi-amorphous [12]).

2.4. Determination of the fiber content in the solution

At each solution temperature used for preparing a pho-
tovoltaic device, a small amount (<50 lL) of the casting
solution was isolated just after spin-coating and diluted
in �3 mL of p-xylene of the same temperature. UV–Vis
measurements (with a Varian Cary 500 Scan UV–Vis–NIR
spectrophotometer) were performed on this highly diluted
solution after cooling to room temperature. The obtained
UV–Vis spectra were fitted as a sum of previously recorded
spectra of PCBM, well-dissolved P3HT and fully fibrillar
P3HT, all in p-xylene. The known relation between the lat-
ter two spectra allowed for the determination of the fiber
content [11].
3. Results and discussion

Fig. 1 shows the photovoltaic (PV) parameters of solar
cells with a nanofiber-P3HT:PCBM 1:1 active layer as a
function of casting solution temperature together with
the fiber content of the solution at each temperature. The
graph shows that the fiber content of the solution is very
sensitive to temperature. When raising the temperature
from 37 to 50 �C, the fiber content of the solution decreases
from 60% to 14%. The solar cell efficiency displays a qua-
dratic dependence on temperature. An optimal efficiency
of �3.2% is found for a solution temperature of 45 �C. At
this temperature, the fiber content was 42%. When com-
paring the different PV-parameters, it seems that the
behavior of the efficiency is strongly related to the behav-
ior of the short circuit current Jsc. The open circuit voltage
Voc of the solar cells has an increasing trend. The fill factor
follows a rather rough course.

The origin of the dependence of the photovoltaic perfor-
mance on the temperature of the casting solution can be
found in the active layer morphology. Fig. 2 shows Bright
Field Transmission Electron Microscopy (BFTEM) images
of the active layers. The active layer spin-coated from a
solution at a relatively low temperature (37 �C) shows
large (up to 50 lm) needles (Fig. 2(a, left)). Spots in the Se-
lected Area Electron Diffraction (SAED) patterns of the nee-
dles confirm that they are groups of PCBM single crystals
[13]. In between the needles, fibers of P3HT are visible
(Fig. 2(a, right)). They appear dark against a light back-
ground. SAED also gives information about this part of
the active layer. In Fig. 3, the residual intensities of the



Fig. 1. Fiber content of the casting solution, efficiency g, short circuit
current Jsc, open circuit voltage Voc and fill factor of nanofiber-P3HT:PCBM
(1:1) solar cells as a function of solution temperature.

Fig. 2. Bright Field TEM images of P3HT:PCBM 1:1 spin-coated from a
solution at 37.1 �C (a), 40.5 �C (b), 41.9 �C (c), 44.9 �C (d) and 49.9 �C (e), at
low temperatures PCBM assembles in needle-like structures, P3HT fibers
appear as dark or light areas depending on the presence of PCBM within
the polymer matrix. The insets show the SAED patterns of either the
PCBM needles (left) or the homogeneous P3HT:PCBM regions (right).

Fig. 3. Residual intensities of the SAED patterns of the polymer:PCBM
matrix for several solution temperatures.
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SAED patterns of the homogeneous areas of the active lay-
ers are shown (the area in between the PCBM crystals).
These curves were obtained after integration across the
diffraction ring followed by subtraction of a fitted back-
ground due to inelastic scattering (cf. Experimental). For
the film spin-coated at 37 �C, the residual intensity SAED
pattern shows a clear peak at 0.38 nm (Fig. 3). This peak
can be attributed to the superposition of the (0 0 2) and
(0 2 0) reflections from the crystal planes of semi-crystal-
line P3HT [14]. The remainder of the SAED pattern appears
featureless and no peaks corresponding to PCBM can be
distinguished. This indicates that the major part of PCBM
is assembled in the needles. By slightly increasing the solu-
tion temperature to �40 �C, a change in morphology is
immediately observed. The PCBM needles have grown lar-
ger (Fig. 2b). We believe that the PCBM needles were
formed in the casting solution during the long (>48 h) stir-
ring at room temperature and elevated temperatures and
not during spin-coating of the active layer. The spin-coat-
ing takes <120 s, which does not leave much time for the
formation of such large needles. The long time available
during stirring together with the perfect crystal shape
and dependence of the crystal size on the temperature of
the casting solution, all indicate that the crystals were
formed during stirring of the casting solution by an Ost-
wald ripening process [15]. Higher temperatures acceler-
ate the Ostwald ripening; therefore less but larger PCBM
needles are visible at the solution temperature of �40 �C.
These needles have grown at the expense of the needles
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that were present in solution at �37 �C. For the solution
temperature of �40 �C, a small increase in the diffraction
intensity at 0.46 nm can be seen in the SAED pattern of
the area in between the needles (Fig. 3). This small peak
indicates that some amount of nano-crystalline PCBM
[16] is now present in between the fibers. Apparently a
small part of the PCBM has dissolved in the p-xylene at this
temperature; the PCBM is no longer completely grouped in
the needles. This gives a higher yield of exciton dissocia-
tion at the polymer:PCBM interface and thus a higher Jsc

and better solar cell performance (cf. Fig. 1). As opposed
to the film made from a solution at 37 �C, the P3HT fibers
are now visible as light areas in the BFTEM image
(Fig. 2). This is caused by the presence of PCBM with a
higher density in between the polymer matrix [2]. A fur-
ther increase of the solution temperature leads to the dis-
appearance of the PCBM needles (Fig. 2). For solution
temperatures of �42 �C, �45 �C (Fig. 3) and �48 �C (not
shown) strong peaks corresponding to both P3HT (at
0.38 nm) and PCBM (at 0.2, 0.31 and 0.46 nm [16]) are
present. These temperatures also correspond to the best
photovoltaic performances (Fig. 1). Good charge transport
due to crystalline P3HT, in combination with a large inter-
facial area between polymer and PCBM render good solar
cells. At a solution temperature of �50 �C, there is a slight
drop in solar cell efficiency. At this point the fiber content
has decreased strongly, which will likely result in less effi-
cient hole transport.

4. Conclusion

We have demonstrated that the fiber content of the
P3HT-fiber:PCBM casting solution can be easily controlled
by temperature. Meanwhile, the dissolution of PCBM var-
ies with temperature. The combined effect can be used to
control the active layer morphology in photovoltaic de-
vices and thus also their performance. An optimal solar cell
efficiency was found at a solution temperature of �45 �C
when the fiber content was 42%. BFTEM images of the ac-
tive layer morphology combined with SAED patterns re-
vealed that this optimal photovoltaic efficiency occurred
when the PCBM was dissolved completely at the highest
possible fiber content. The initial increase in efficiency
with temperature of the casting solution could be attrib-
uted to an increased solubility of PCBM in the casting solu-
tion. At temperatures lower than 41 �C, PCBM formed large
(>50 lm) needles in the casting solution by Ostwald ripen-
ing, resulting in poorly mixed active layers and low solar
cell efficiencies. At temperatures of 45 �C and higher, the
PCBM was dissolved well and, after reaching its maximum,
the solar cell efficiency started to decrease again with
decreasing fiber content (due to the increasing solution
temperature).
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in combination with its technological compatibility in
terms of materials (e.g. dielectrics including SiO2 and poly-
mers) and device architecture with standard bottom-con-
tact transistors used in circuits.

In this work, we study the injection of electrons and
holes in bilayer gate dielectric memory transistors, and
demonstrate a reprogrammable ambipolar memory tran-
sistor in which trapping of electrons and holes from the
transistor channel into the gate dielectric allows to pro-
gram and erase the memory device at low voltages. The
ambipolar nature of carrier injection in our device is illus-
trated by comparing the behavior of the ambipolar mem-
ory transistor with that of a unipolar p-type (a pentacene
device measured in air) and a unipolar n-type device
(based an a perylene derivative).

2. Experimental

2.1. Organic memory transistor fabrication

The transistors in this study have a bottom gate struc-
ture with top source and drain contacts as depicted in
Fig. 1. All devices were fabricated on a highly n-doped Si
wafer, which serves as the gate electrode, with 20 nm of
thermally grown SiO2 on top. On this substrate, a thin layer
of poly(alpha-methyl styrene) (PaMS) was deposited by
spin-coating a 0.1 wt.% PaMS (Fluka, Mw �700,000) solu-
tion in toluene at 4000 rpm, followed by drying at 120 �C
for 1 min on a hot plate. The thickness of the PaMS layer
was measured by ellipsometry to be 3–5 nm. The SiO2

and the PaMS layers form together the gate dielectric of
the memory transistor. Subsequently, a 40-nm thick layer
of pentacene or N,N0-ditridecyl-3,4,9,10-perylenetetracarb-
oxylic diimide (PTCDI-C13H27) was deposited by thermal
vacuum evaporation (p � 10�8 Torr). The deposition rate
and the substrate temperature during pentacene deposi-
tion were 0.25 Å/s and 68 �C, respectively. PTCDI-C13H27
Fig. 1. Schematic view of a pentacene memory transistor. The band
diagrams in Fig. 11 are taken along the line AB.
was evaporated at room temperature at a rate of 0.40 Å/s.
Finally, Au (on the pentacene devices) or LiF/Al (on the
PTCDI-C13H27 devices) source and drain contacts were
evaporated through a shadow mask.

The transistors had channel lengths, L, ranging from
50 lm to 210 lm. The channel width, W, was 2000 lm.
For the pentacene devices, the initial hole mobility, ex-
tracted from the linear regime, lh,init and the initial thresh-
old voltage VT,init were typically �0.8 cm2/(V s) and ��1 V.
For the devices with PTCDI-C13H27 the initial electron
mobility le,init was �0.1 cm2/(V s) and VT,init �1 V.

2.2. Measurement method

Electrical data was obtained using two computer con-
trolled Keithley 2602 units in a darkened nitrogen glove-
box. Samples were not subjected to air, unless differently
stated.

The typical measurement protocol was as follows. First,
the initial characteristics were measured. The initial turn-
on voltage of the device was determined. We defined the
turn-on voltage, Von, as the gate-source voltage VGS at
which the drain current ID reaches 100 pA. Then, the device
is subjected to a series of programming pulses, with inter-
mediate gate voltage sweeps. The drain-source voltage
during programming VDS,prog is always kept at 0 V.

The exact measurement procedure is illustrated in
Fig. 2. We apply two subsequent pulses with the same
duration, tprog, and equal but opposite gate voltage, VGS,prog.
The pulse with negative VGS,prog shifts the transfer charac-
teristics towards negative VGS, while the positive VGS,prog

shifts them towards positive VGS. This is done twice to have
a stable result. After each of the last two pulses, a small
part of the transfer characteristics is measured to deter-
mine the Von. Von� denotes the turn-on voltage after the
negative pulse, and Von+ denotes the value after the posi-
tive pulse. DVon is defined as the difference between Von+

and Von�. This last value is the memory window between
the two different memory states. These measurement
steps can then be repeated for different tprog or |VGS,prog|.
3. Results and discussion

3.1. Charge carrier trapping as a function of programming
voltage

In Fig. 3a, we plotted the transfer characteristics of
pentacene transistors, obtained with the measurement
procedure described above and with a series of program-
ming pulses of +/�17 V and +/�20 V. In this case, tprog

was kept constant at 1.5 ms. A shift of the turn-on voltage
with the same polarity as the gate voltage is observed. This
is attributed to the trapping of electronic charges in the
vicinity of the semiconductor/insulator interface [6]. When
pentacene is deposited directly on SiO2, the change in turn-
on voltage was less than 1 V (data not shown). This indi-
cates that the presence of the PaMS is key to achieve the
desired charge trapping and that these charge carriers are
probably trapped in the polymer dielectric and/or at the
interface between the polymer dielectric and SiO2.



Fig. 2. Measurement flow diagram used to measure Von� and Von+ in function of tprog and |VGS,prog|.

Fig. 3. For a pentacene device: (a) ID vs. VGS in the initial state (dotted
line) and after programming pulses with tprog = 1.5 ms and VGS,prog = �17 V
(filled squares)/17 V (filled circles)/�20 V (open squares)/20 V (open
circles). (b) Von�, Von+ and DVon as a function of |VGS,prog| for tprog = 1.5 ms.
The measured device is the same as in (a).

Fig. 4. For a pentacene device: Von�, Von+ and DVon as a function of tprog for
|VGS,prog| = 15 V.

1254 M. Debucquoy et al. / Organic Electronics 10 (2009) 1252–1258
In Fig. 3b, Von�, Von+ and DVon are shown in function of
|VGS,prog|. For small values of |VGS,prog|, the transfer charac-
teristics are hardly changed. DVon is much smaller than
1 V. However, when |VGS,prog| increases, the effect becomes
significant above a critical value of |VGS,prog| �10 V. DVon

reaches a maximum value of 12 V for the highest value of
|VGS,prog| being 20 V. When the device is subsequently sub-
jected to a series of decreasing programming pulses, DVon

as obtained in the backward series is identical to the values
obtained in the forward series (i.e. with increasing
|VGS,prog|). When the final Von� and Von+ are compared to Vo-

n,init, a small, overall shift is observed.
The data in Fig. 3 illustrates a number of important

attributes that makes this effect promising to utilize as
memory cells. Most notably is the negligible threshold
voltage shifts at low programming voltages which allows
non-destructive read-out. Furthermore, the large value of
DVon allows easy read-out as this is translated into a large
difference in source-drain current for the different pro-
grammed states. Finally, this large memory window can
be reached at low voltages thanks to the thin gate dielec-
tric (both SiO2 and PaMS layers). Interestingly, Von can be
shifted towards both positive and negative voltages by a
sufficiently large respectively positive and negative pulse
to the gate. This indicates that both electrons and holes
are trapped in the gate dielectric.

3.2. Charge trapping as a function of programming time

The trapping mechanism of the charge carriers is fur-
ther characterized by investigating the dependence of Von�,
Von+ and DVon on tprog. To do so, the measurement proce-
dure described above is repeated with an increasing tprog

while |VGS,prog| is kept constant. In Fig. 4 can be seen that
both Von� and Von+ increase logarithmically with tprog. The
logarithmic time dependence of the amount of trapped



Fig. 6. The initial transfer characteristics of a pentacene device measured
from �3 V to 14.5 V (filled triangles), followed by a sweep from 14.5 V to
�15 V and back (open circles).
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charge on the programming time is well-known in charge
trapping devices: Qtr(t) = rd log (1 + t/t0) with Qtr the
amount of trapped charges. This relation can be predicted
for charge injection where the injection current depends
exponentially on the density of the previously injected
charge and points to tunneling from the semiconductor
into the dielectric as the trapping mechanism [12,13].

3.3. Retention

In Fig. 5, the retention of the trapped charge after a pro-
gramming pulse of �20 and 20 V is shown. In between the
different measurement points, the sample was kept in the
dark in the glovebox, without applying any voltages. Each
data point is the average of a measurement on four differ-
ent devices. Von+ decreases to 0 V within 3 h. This indicates
that the electrons are trapped in shallow traps and that the
positive part of the memory window cannot be used for
practical applications. Von� on the other hand, is only re-
duced to �3 V after 3 months. The holes are deeply trapped
in a more complex distribution, making it possible to use
the negative part of the memory window. In Ref. [11],
the positive part of the memory window is used (program
and erase electrons). In those devices, the thicker polymer
dielectric blocks the electrons from tunneling back to the
channel, improving the retention but also increasing the
programming voltage. In our device we combine low pro-
gramming voltages with a large retention for the negative
part of the memory window (program and erase holes).

3.4. Supply of charge carriers in the channel

A condition for the tunneling of the charge carriers into
the gate dielectric is the presence of these charge carriers
in the channel. Fig. 6 illustrates that both holes and elec-
trons can be accumulated in our pentacene device. The ini-
tial transfer characteristics, measured from �3 V to 14.5 V
show both a hole current and an electron current with
mobilities (lh � 0.8 cm2/(V s), le � 0.01 cm2/(V s)) of the
same order of magnitude as the values reported in litera-
ture [14]. This proves that our memory device is ambipo-
lar. A second transfer sweep, measured from 14.5 V to
Fig. 5. Retention measurement for a pentacene device. The first point of
the Von� curve is reached after a pulse with |VGS,prog| = �20 V and
tprog = 1.5 ms. The first point of the Von+ curve is reached after a pulse
with |VGS,prog| = 20 V and tprog = 1.5 ms.
�15 V and back to 14.5 V shows how the memory transis-
tor is programmed during the sweep: the Von of the first
part of this sweep is shifted towards a more positive VGS

with respect to Von,init, by the accumulation of electrons
in the transistor channel and subsequent tunneling in the
gate dielectric, around 14.5 V. In the second part of the
sweep, Von is shifted to a VGS more negative than Von,init

by the accumulation and the tunneling of holes, around
�15 V. Although tprog and VGS,prog are not accurately defined
during this kind of sweeps, such measurement confirms
that Von,init can be moved both towards more positive and
more negative biases by the accumulation and the tunnel-
ing of electrons and holes, respectively.

Fig. 7 shows the temperature dependence of Von� and
Von+. Von� is the result of the accumulation and tunneling
of holes and shows to be temperature-independent. Von+,
on the other hand, decreases at lower temperatures. As
the tunneling process itself is temperature-independent,
the temperature dependence of Von+ might result from
the temperature dependent supply of electrons in the
channel [15,16]. In Fig. 8 we plot the electron mobility
and Von+ on an Arrhenius plot. The fact that both can be fit-
ted with the same activation energy EA,e = 53 meV, indi-
cates that the supply of electrons is indeed limiting the
tunneling of the electrons [15,16]. For the holes, with a
Fig. 7. For a pentacene device: Von� and Von+ as a function of the
temperature for tprog = 1.5 ms and |VGS,prog| = 20 V.



Fig. 8. The electron mobility (open circles) and Von+ (filled circles) of a
pentacene device, in function of 1000/T. Von+ was measured with
tprog = 1.5 ms and VGS,prog = 20 V. The symbols are measurement points,
the dotted lines fits with an Arrhenius equation (activation
energy = 53 meV).

Fig. 9. (a) The initial transfer characteristics for a pentacene device,
brought in air for 1 day and measured in air from �3 V to 14.5 V (filled
triangles), followed by a first sweep from 14.5 V to �15 V and back (open
circles) and a second sweep from 14.5 V to �15 V and back (open
squares). (b) The initial transfer characteristics for a PTCDI-C13H27 device
measured in the glovebox from 3 V to �14.5 V (filled triangles), followed
by a first sweep from �14.5 V to 15 V and back (open circles) and a
second sweep from �14.5 V to 15 V and back (open squares).

Fig. 10. Von� and Von+ as a function of |VGS,prog| for tprog = 1.5 ms for a
pentacene device, brought in air for 1 day and measured in air (open
symbols and full line) and for a PTCDI-C13H27 device measured in the
glovebox (open symbols and dotted line).
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mobility of almost two orders of magnitude higher, the
supply in the channel is not the limiting factor and Von�
is temperature-independent. The activation energy for
the hole mobility, EA,h is 22 meV, which is similar to values
reported in literature for pentacene on OTS-treated SiO2

[17].
The finding that a lack of electrons reduces the memory

window in this type of memory transistors should be kept
in mind during the interpretation of results reported in lit-
erature. In the study of Baeg et al. [18], the memory win-
dow was shown to be smaller for a polar polymer
dielectric like PVP (poly(4-vinyl phenol)) or PVA (poly vi-
nyl alcohol) than for PaMS. Such polar dielectrics contain
OH-groups which are known to decrease the electron
mobility [19]. According to our findings, the smaller mem-
ory window in these devices could be partly explained by
the poorer electron supply. Similarly, Katz et al., showed
that hydrophobic dielectrics lead to larger shifts in VT than
hydrophilic ones [6], which we can directly relate to the
corresponding electron mobilities expected to be larger
on hydrophobic dielectrics compared to on hydrophilic
dielectrics. Furthermore, illuminating the devices during
programming improves the trapping of electrons but not
that of holes [20]. We suggest that the effect of illumina-
tion is to supply extra electrons which can be trapped,
analogous to how illumination accelerates bias stress
[21]. Supplying more holes by illumination has no effect,
as holes are already omnipresent in the channel.

3.5. Hole trapping only

Exposure of pentacene transistors to humid air leads to
electron traps in the pentacene [22,23], which hampers the
accumulation of electrons [24], leading to near-zero elec-
tron mobility. In Fig. 9a, we show the characteristics of a
pentacene device which was left in air for 1 day and then
measured in air: no electron current can be measured in
the initial sweep from �3 V to 14.5 V. Consequently, Von

cannot be shifted towards more positive VGS during the
next sweep from 14.5 V to �15 V and back. On the other
hand, holes can still be accumulated and Von can still shift
towards more negative VGS. We note that the mobility of
the holes decreased somewhat, to lh � 0.6 cm2/(V s), by
the exposure to air, probably caused by moisture-related
traps [25]. Remarkably, if the sweep from 14.5 V to
�15 V and back is measured a second time, no difference
in Von for the first and the second part of the sweep can
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be noticed. This means that even at 14.5 V trapped holes
cannot be removed from the dielectric and as a result the
memory window is actually decreased to zero. When
Fig. 9a is compared with Fig. 6, it becomes clear that the
electrons are needed to overwrite the tunneled holes
which can otherwise not be removed from the dielectric
at these gate fields. A similar observation can be made in
Fig. 10 for the same pentacene sample measured in air.
At |VGS,prog| = 15 V, holes can be trapped but not be re-
moved, while in Fig. 3b, for a pentacene sample in the
glovebox, the holes could be trapped and removed at
|VGS,prog| = 15 V. If in Fig. 10, |VGS,prog| is increased to 20 V,
the trapped holes can be removed from the dielectric, but
still no electrons can be trapped. We draw from this exper-
iment the important conclusion that in this type of mem-
ory devices ambipolarity in the transistor channel, i.e. the
possibility to accumulate both types of charge carriers in
the device channel, is a requirement for achieving repro-
grammability at low gate fields.

3.6. Electron trapping only

To verify the more general validity of the statement that
ambipolarity is required for erasing a programmed mem-
ory state at relatively low gate fields, we carried out exper-
iments using the perylene derivative PTCDI-C13H27 as the
organic semiconductor. PTCDI-C13H27 is a good electron
conductor; hole conduction has not been reported for this
material. In Fig. 9b, a PTCDI-C13H27 device measured in the
glovebox only shows electron current and no hole current.
In a memory device with bilayer oxide/PaMS dielectric, Von

can only be shifted towards more positive VGS by tunneling
of abundantly present electrons, but not towards more
negative VGS. When scanning to 15 V, the memory can be
programmed only once, and trapped electrons cannot be
removed from the dielectric. Similar results in Fig. 10 for
the same PTCDI-C13H27 sample: electrons can be trapped
from |VGS,prog| = 10 V on, but cannot be removed. Even if
|VGS,prog| is increased to 20 V, the electrons stay trapped in
Fig. 11. Schematic band diagram of a pentacene memory transistor during prog
channel into the dielectric upon the application of a negative VGS (�15 V for e
channel into the dielectric and overwrite the trapped hole upon the application o
cannot be pushed back to the channel upon the application of a low positive VG
the dielectric. This is the pendant case of the pentacene de-
vice in air, and corroborates the statement that in order to
erase trapped charges at relatively low gate fields, it is re-
quired to overwrite them with charges of the opposite sign,
rather than to remove them by detrapping.

3.7. Model

From the figures in 3.4–3.6, it is obvious that to maxi-
mize the memory window of organic charge carrier trap-
ping memory transistors, the accumulation of both holes
and electrons needs to be possible. In this case, both charge
carriers can be supplied in the channel, and one type of
charge carrier can be used to overwrite the other, trapped,
one.

A possible explanation for this behavior is schematically
drawn in the band diagram in Fig. 11, taken along a vertical
line in Fig. 1. In Fig. 11a, a charge carrier, a hole in this case,
is accumulated in the channel and subsequently tunnels
into the dielectric upon the application of an appropriate
VGS. The vertical electric field drops mainly over the two
gate insulators and the driving force to tunnel into the
dielectric is large. In a first approximation:

EPaMS ¼ VGS
eSiO2

tPaMSeSiO2 þ ePaMStSiO2

ð1Þ

In our device for VGS,prog = 15 V, EPaMS = 9 MV/cm. We
assume that the trap in the gate dielectric that stores the
injected charge carrier is deep. In Fig. 11b, in an ambipolar
device, electrons can be accumulated in the channel and
tunnel into the dielectric. The positively charged hole traps
are likely to attract such electrons, such that injected elec-
trons can erase the initially positively trapped charge, be-
fore a net negative charge of trapped electrons is stored
in the gate dielectric. Also for electron injection, the elec-
tric field drops mainly over the two insulators. In
Fig. 11c, we sketch the situation when an equal gate volt-
age is applied in a unipolar device, pentacene measured
in air for example. No electrons are accumulated, such that
ramming, taken along the line AB in Fig. 1. (a) A hole can tunnel from the
xample). (b) Measured in the glovebox: an electron can tunnel from the
f a low positive VGS (15 V for example). (c) Measured in air: a trapped hole
S (15 V for example).
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part of the electric field drops over the organic semicon-
ductor, reducing the electric field over the gate insulators.
The remaining field, to first approximation:

EPaMS

¼ VGS
eSiO2 epentacene

tPaMSeSiO2epentacene þ ePaMStSiO2 epentacene þ ePaMSeSiO2 tpentacene

ð2Þ

is insufficient to detrap the trapped hole from its deep hole
trap (EPaMS is only 3 MV/cm for VGS,prog = 15 V).

4. Conclusions

We fabricated an ambipolar bilayer organic transistor
device, in which both holes and electrons can be accumu-
lated in the channel and subsequently trapped into the
gate dielectric. As both charge carriers can be trapped, a
large memory window, extending on both sides of the ini-
tial turn-on voltage can be realized. Only the negative part
of this memory window can be used (trapped holes) as the
retention of the positive part (trapped electrons) is too low.
The trapping mechanism for both charge carriers showed
to be tunneling from the channel into the dielectric.

Our measurements indicate that the supply of the
charge carriers in the channel can be a limiting factor for
the memory behavior. This is for example the case for
the low mobility electrons in the pentacene devices: fur-
ther lowering their mobility results in a decreased memory
window. This has its consequences for the chosen polymer
insulator as this material will not only be part of the charge
storage medium but also needs to be carefully chosen to
not hinder the electron transport in the organic
semiconductor.

Finally, we also show that the optimal method to erase
a trapped charge carrier from the dielectric is overwriting
it with a charge carrier of opposite polarity. Although the
retention of the electrons is low, these electrons are neces-
sary to lower the voltage to erase the trapped holes.
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The combination of H16CuPc and F16CuPc was used be-
fore in bilayered field-effect transistors (FET) [11–13] to ob-
tain ambipolar transport. For both materials a threshold
voltage shift was observed if the respective other material
is deposited on top of the transport material in the FET. For
thicker layers the second deposited material opens an addi-
tional channel for the opposite charge carrier type to give
ambipolar transport. The threshold voltage shift was related
to a charge transfer with holes accumulating in H16CuPc and
electrons in F16CuPc. Therefore the bilayer structure can be
used to engineer the threshold voltage in FETs.

Mixed crystals of strong DA systems like TTF-TCNQ are
well-known since the 1970s [14]. However, the growth of
crystalline thin films of two organic semiconductors by
vacuum deposition is a relatively new aspect for organic
electronics. It has been demonstrated that charge transfer
salts, such as TTF-TCNQ and its many derivatives, can be
deposited as crystalline films by thermal evaporation of
the bulk material [15]. The formation of mixed crystalline
films by co-evaporation of molecules has only recently
been observed for rod-like molecules [16], such as sexithi-
ophene (6T), sexiphenyl (6P) and dihexylsexithiophene
(DH6T). Thereby the structure of the films is predomi-
nantly determined by the size of the conjugated system.
It was also shown that pentacene and perfluoro-pentacene
can be grown as intercalated mixed crystalline layers on
top of SiO2; thereby the ionization energy can be continu-
ously varied by the layer composition [17].

Here we present a study of blends using hydrogenated
copper-phthalocyanine H16CuPc in combination with its
per-fluorinated version F16CuPc. In addition to studying
the fundamental structural, optical, and electrical proper-
ties centering around the question of the formation of
mixed crystals we investigate the usability of these mate-
rials for photovoltaic cells as planar and bulk-heterojunc-
tion devices.
2. Experimental

The materials used in this study were purchased from
Sigma Aldrich as sublimation grade and additionally puri-
fied by temperature gradient sublimation; for F16CuPc the
Fig. 1. Structural formulae of hydrogen-terminated copper phthalocyanin
sublimation procedure was repeated once. The structural
formulae are given in Fig. 1. The organic semiconductor
films were deposited by thermal evaporation from two
independent low-temperature effusion cells in a vacuum
better than 10�7 mbar. The thickness of the films was con-
trolled via deposition monitors using quartz microbal-
ances. For mixed films two independent monitors were
used. The layer sequence for the bilayer structure consists
of H16CuPc deposited on the hole injecting layer followed
by F16CuPc. The deposition rates were 0.35 Å/s for neat
films and up to 1.4 Å/s for the material with the higher vol-
ume fraction in the mixtures. As substrates glass slides
covered with 130 nm of indium-tin oxide (ITO) and
30 nm of the conducting polymer polyethylenedioxythi-
ophene–polystyrenesulfonate (PEDOT:PSS, purchased from
H.C. Starck as BAYTRON P) were used. For the optical
absorption measurements the films were deposited on
quartz glass slides. During the deposition of the phthalocy-
anine molecules the substrate was held either at room
temperature (about 300 K) or at an elevated temperature
(about 375 K).

The charge transport properties were analyzed in both
unipolar and ambipolar diodes. For hole-only diodes the ac-
tive organic layer was deposited on an ITO/PEDOT:PSS
anode and a 100 nm thick Au film with a thin interlayer
of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane
ðF4TCNQÞ was used as hole injecting layer [18]. The elec-
tron-only diodes contained a 100 nm thick Al bottom elec-
trode and a 100 nm thick Al electrode on the top of the
organic film with a 0.5 nm thick interface doping layer of
LiF for the latter one. Using an ITO/PEDOT:PSS bottom con-
tact together with a LiF/Al top electrode ambipolar injec-
tion and charge transport were obtained. The active
organic layer in all investigated devices consisted of an
80 nm thick film of neat or blended materials (volume mix-
ing ratio of 1:1). The active area was about 2� 2mm2. Elec-
trical characterization was performed without air-exposure
under vacuum or in a nitrogen filled glove box.

To analyze the current–voltage characteristics the mea-
sured curves were fitted by the model of trap-free space
charge limited currents (SCLC, Eq. (1)) [19] combined with
a Poole–Frenkel type field-dependent mobility [20], which
gives the current density as
e H16CuPc and fluorine-terminated copper phthalocyanine F16CuPc.
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This equation contains a zero-field mobility l0 and a field
activation parameter c. d is the film thickness and Veff

the effective applied voltage V � VBi, with VBi being the
built-in voltage, i.e. the difference of the work functions
at both electrodes. The parameters l0, c and VBi are deter-
mined by fitting the measured data in the higher voltage
range above VBi.

Devices showing ambipolar injection and transport, i.e.
devices comprising ITO/PEDOT:PSS and LiF/Al electrodes
were additionally investigated as solar cells. In this case
the active organic film consisted either of an 80 nm thick
1:1 blend or two neat layers with 40 nm thickness for each
material. Current–voltage characteristics of the solar cells
were measured in darkness and under illumination. The
intensity of the solar simulator (AM1.5 filters) was varied
up to 100 mW=cm2, i.e. one sun.

In addition to the electrical measurements, the neat and
blended organic films were analyzed by scanning force
microscopy (SFM) and specular X-ray reflectometry. The
SFM measurements were performed using a Thermo
Microscopes Autoprobe CP-Research in non-contact mode.
The X-ray scattering measurements were conducted on a
GE/Seifert X-ray diffractometer (Cu Ka1 radiation, multi-
layer mirror, and double bounce compressor monochroma-
tor). The optical absorption spectra were recorded for films
deposited on quartz glass substrates using a Perkin Elmer
Lambda 950 with a spectral range from 0.5 to 5.0 eV. X-
ray scattering, SFM, and optical absorption measurements
were performed under ambient conditions.
3. Results and discussion

3.1. Structural properties

The morphology of phthalocyanine films deposited on
PEDOT:PSS/ITO was determined by non-contact scanning
force microscopy. The results are shown in Fig. 2. Neat
films evaporated at room temperature have a granular
structure with a typical grain size of about 50 nm. Phthalo-
cyanine films deposited at elevated temperature display a
needle-like structure with a typical length of about
300 nm. The higher temperature during evaporation al-
lows a faster diffusion of the molecules and thereby a bet-
ter ordering resulting in these needle-like crystals. Blended
phthalocyanine films show a similar morphology and
roughness as the neat films at the same deposition condi-
tions. This similarity in morphology is a first indication for
the formation of mixed crystalline films. To confirm this,
the films were further analyzed by X-ray scattering.

Fig. 3 shows the out-of-plane first order diffraction
peak for the neat films as well as for the 1:1 blend depos-
ited at room temperature. Importantly, the blended
H16CuPc=F16CuPc film shows only one diffraction peak lo-
cated between the diffraction peaks of the neat materials.
The peak width is similar to that of the neat films and
the lattice spacing lies between those of the neat materials,
consistent with a truly mixed crystalline film, which was
already observed for 1:1 mixtures of different hydrogen
terminated planar phthalocyanines [21]. The dependence
of the lattice spacing on the concentration is summarized
in Fig. 3(right). Additional blend ratios are included (3:1
and 1:3) which were not presented in Fig. 3(left) for clarity
reasons. The lattice parameter for the mixed crystal system
H16CuPc=F16CuPc changes linearly with the concentration
between the lattice parameters of the neat materials. This
linear change is related to the gradual change of the con-
tent of the two planar molecular species with different
diameter in the blends. The more crystalline films depos-
ited at higher substrate temperature show basically the
same lattice spacing with a slightly reduced peak width re-
lated to larger crystallites with coherent diffraction in
agreement with the SFM analysis.

At this point it is useful to compare the results with
other structural data. Identified by the Bragg-reflection at
qz ¼ 0:48 Å

�1
, neat thin films of H16CuPc on PEDOT:PSS

crystallize in the a-phase, which is common for H16CuPc
thin film growth [22]. This structure was earlier deter-
mined to be isostructural with other phthalocyanine a-
phases, which show a herringbone structure with two mol-
ecules per unit cell [23]. However a later reexamination has
shown that the H16CuPc a-phase has a triclinic structure
with only one molecule per unit cell [24]. According to this
structural data the peak at qz ¼ 0:48 Å

�1
corresponds to the

(100) reflection, which means that the H16CuPc molecules
are standing nearly upright and stack in the direction paral-
lel to the substrate. For growth on SiO2 F16CuPc thin films
exhibit two polymorphs coined b-phase and bbilayer-phase
[25,26]. The two polymorphs exhibit different in-plane-
stacking behaviour, in particular the b-phase has a herring-
bone arrangement, where as the bbilayer-phase has a single
molecule per unit cell and forms stacks parallel to the sub-
strate similar to the H16CuPc a-phase. Since both F16CuPc
polymorphs have an identical out-of-plane spacing, it can-
not be determined by the data of Fig. 3 whether a herring-
bone arrangement is present in the neat film or not.

Due to the different size of the terminating atoms the
size of the molecule varies and thereby also the lattice
spacing a perpendicular to the substrate (see Fig. 4)
[24,26]. The values are about 1.24 nm for the a-phase of
H16CuPc and about 1.43 nm for F16CuPc films, respectively.
Several other molecular arrangements have been observed.
E.g. H16CuPc crystallizes in a b-phase when heated higher
than 480 K [27]. For the present study the key point is
not the subtle differences between different polymorphs,
but rather the fact that the ordering motifs for both com-
pounds are similar, thus facilitating the formation of mixed
crystalline films. Fig. 4 shows schematic film structures for
the neat phthalocyanines and a 1:1 mixture. A gradual
change of the layer spacing can be rationalized by a varying
content of the two molecular species with different size
and a change of the tilt angle.

We note that the observation of a single diffraction peak
in the blends does not automatically imply the formation
of an ordered mixed crystalline film with an in-plane
superstructure (as Fig. 4 would suggest). It merely indi-
cates that both constituents are homogenously mixed on
a molecular length scale without detectable phase separa-
tion or precipitation.



Fig. 2. Scanning force microscopy images taken in non-contact mode for neat F16CuPc and H16CuPc films as well as for a 1:1 blended film grown at 300 K
(upper row) and 375 K (middle row) on PEDOT:PSS films. In the lower row the surface morphology of F16CuPc films deposited on top of a H16CuPc film is
shown for deposition at room and high temperature, respectively. The total image size is 2 � 2 lm2. The max height is given as the difference between the
lowest value (dark blue) and the highest value (white) in each of the images. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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The bilayer system containing a neat H16CuPc and a
neat F16CuPc film was analyzed, too. The SFM images are
shown in Fig. 2 (third row). The F16CuPc film on top of
the H16CuPc film evaporated at room temperature is full
of fissures. When the evaporation is performed at elevated
temperature the film is closed and displays needle-like
crystals. The room temperature grown film already shows
XRD peaks (see Fig. 3), but only films evaporated at ele-
vated temperatures have closed layers and can be used
for bilayer devices.

3.2. Optical properties

Fig. 5 shows the optical absorption under normal inci-
dence for neat phthalocyanine films as well as a blended
and a bilayer film. Both materials are almost transparent
in the range of 2.5 eV to 3.0 eV. The absorption of
H16CuPc films between 1.4 and 2.3 eV is related to the Q-
band and the absorption in the UV-range (between 3.1
and 4.0 eV) to the B-band [28]. The Q-band absorption of
H16CuPc shows one strong peak at about 1.81 eV in solu-
tion and displays two strong peaks in the solid state (peaks
at 1.80 eV and 1.97 eV). As mentioned before F16CuPc films
crystallize in two different crystal structures [25,26] with
different absorption behaviour. In the visible range one
structure is related to the peaks at 1.89 eV and 1.77 eV
and the other structure has a large crystal shift resulting
in a peak around 1.56 eV [29].

The measured spectrum of the blend (Fig. 5, left) shows
one strong peak at 1.97 eV and a shoulder at about 1.80 eV.
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Fig. 4. Schematic molecular arrangement for neat and mixed phthalocyanine films. The interlayer spacing changes gradually from H16CuPc to the blend and
further to F16CuPc. For easier visualization an ordered structure of the blend is assumed. The lattice parameter a is about 1.3 nm related to the a-phase in
H16CuPc and about 1.45 nm for F16CuPc [24,26].
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to differences in the interference effect due to the larger film thickness.
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These features are located in the spectral range where both
molecules show absorption. In addition, the far red-shifted
peak at 1.56 eV in F16CuPc disappears indicating that the
related packing motif is no longer present in the blend.
This is another demonstration of the formation of mixed
crystalline films by co-evaporation of the two different
phthalocyanine molecules.

The absorption of a bilayered film (F16CuPc on top of a
H16CuPc film) is shown in Fig. 5(right). There all peaks of
the neat films are present and scale with the doubled film
thickness in the bilayered system (40 nm H16CuPcþ 40 nm
F16CuPc) as compared to the neat films (40 nm).

3.3. Electrical properties

The current–voltage characteristics were measured
using various electrodes to realize hole-only, electron-only
and ambipolar transport [30] and are shown in Fig. 6. In all
samples unipolar electron currents are higher than unipo-
lar hole currents. For the ambipolar transport, however,
there is a huge difference between neat materials and the
1:1 blend. While for the former the ambipolar current is
close to the current in the electron-only devices, indicating
that the current is carried mostly by electrons, the latter
system shows a reduction of the current by about four or-
ders of magnitude in comparison to the ambipolar currents
of the neat films and both unipolar currents in the blend.
The resulting mobilities using the before described SCLC
model are also shown in Fig. 6.
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Fig. 6. Current–voltage characteristics of electron-only, hole-only and ambipola
layer. All films were deposited using high substrate temperatures. The lower righ
for all nine diodes.
The unipolar mobilities of the blend are located be-
tween the unipolar mobilities of the neat materials. This
alignment of the unipolar mobilities shows similar p-p-
overlap in the mixed crystalline films as in the neat films.
However, the ambipolar mobility in the blended film is or-
ders of magnitude lower than both unipolar mobilities and
the ambipolar mobilities of the neat materials. The same
trend is observed for films grown on room temperature
substrates, though, the reduction of the ambipolar mobility
is more pronounced in the heated films. As the unipolar
mobilities in the 1:1 mixture are just in between the values
for neat films, the ambipolar transport cannot be limited
by the absence of percolation pathways. The strongly re-
duced ambipolar mobility should rather be related to the
simultaneous presence of both charge carrier types in the
mixture. A possible explanation is the formation of charge
transfer (CT) excitons by the injected charge carriers. These
CT states will then limit the transport by blocking the
occupied molecules for further injected charge carriers;
they would be self-trapped. The idea of generation of
charge transfer excitons is supported by the high EA of
F16CuPc. As mentioned in the introduction, the IP is
5.0 eV for H16CuPc and 6.1 eV for F16CuPc, respectively.
Taking identical transport gaps of 2.3 eV for both materials
[31], results in a LUMO level of F16CuPc being only 1.2 eV
above the HOMO of H16CuPc. Thus, an intermolecular
low-lying CT state could be possible in H16CuPc=F16CuPc
blends. However, as we do not see a signature in the opti-
cal absorption measured down to 0.6 eV (not shown here),
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a direct electronic transition into and from this CT state
seems to be not allowed, thus stabilizing the charge sepa-
rated state. Consistently, due to the ambipolar nature of CT
excitons the unipolar mobilities would not be affected.

The possibility of self-trapped CT excitons was sug-
gested before for molecular crystals consisting of stacked
alternating donor–acceptor molecules, such as anthra-
cene-PMDA [32]. Materials of this type are insulating and
CT excitons created by optical excitation are not mobile.
We suggest that this could also happen in the system pre-
sented here for simultaneous injection of electrons and
holes into a 1:1 blend.

We note that, strictly speaking, differences between
electron-only and ambipolar devices could also be caused
by different film growth modes, because in the former case
Al is used as substrate whereas the latter films are grown
on PEDOT:PSS. However, as there is also a large difference
of the mobility in the blend between unipolar hole-only
and ambipolar devices, which have the same PEDOT:PSS
layer as anode, we do not consider the substrate as the
decisive parameter for the significant drop of the ambipo-
lar mobility in the 1:1 blend.

3.4. Photovoltaic cells

Organic donor and acceptor materials are promising
candidates for photovoltaic cells [34]. In these cells the
generated excitons dissociate into free charge carriers at
the donor/acceptor interface by an ultra-fast photo-in-
duced charge transfer [35,36]. To create this donor/accep-
tor interface bilayered (planar heterojunction) [4] and
blended (bulk-heterojunction) [5,37] photovoltaic cells
are employed. In bilayered systems the dissociation is
localized at the interface between the two layers, while
in bulk-heterojunction cells it occurs within the whole vol-
ume of the blended film. Due to this mixture of donor and
acceptor materials the photon-to-current conversion effi-
ciency and the power conversion efficiency were found
to increase [5,37,38]. An obvious choice for donor–acceptor
blends are organic semiconducting materials in their
hydrogenated and fluorinated form, since they combine
potentially suitable electronic properties with potential
structural compatibility of the two constituents.
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Fig. 7. (left) Current–voltage characteristics for the blended H16CuPc=F16CuPc so
shown for different white light intensities (simulated AM1.5 illumination). The co
[33]. (right) Open circuit voltage ðVOCÞ and short circuit current density ðJSCÞ de
Fig. 7 shows the I–V characteristics for a solar cell con-
taining a blended H16CuPc=F16CuPc film as active layer
deposited at elevated temperature. The measurement in-
cludes the dark current and the current under various illu-
mination intensities up to one sun. The compensation
voltage is about 0.36 eV [33] and slightly higher than the
open circuit voltage at the highest intensity. The short cir-
cuit currents are orders of magnitude lower than compara-
ble cells made from CuPc=C60 blends [39,40]. Regarding the
low ambipolar mobility in the H16CuPc=F16CuPc blends the
very low photocurrents are probably related to the above
mentioned self-trapping process. However, the charge
transfer excitons are not formed by a direct optical transi-
tion but rather by a photo-induced charge transfer after
light absorption by one of the two molecular species. The
fill factor of about 25% and a power conversion efficiency
of only 0.002% shows the ill performance and the limited
usability of this system in photovoltaic cells. Comparable
solar cells deposited at room temperature show an even
smaller open circuit voltage and similar short circuit cur-
rents as the heated ones. The power conversion efficiency
is reduced to 0.001%.

Fig. 8 (left) shows the I–V characteristics of the planar
H16CuPc=F16CuPc heterojunction in the dark and under
white light illumination at one sun. Comparing to Fig. 6
one immediately notices a remarkable difference: the dark
current at 2 V is about 6 orders of magnitude higher than in
the blend, however, there is almost no effect of illumina-
tion. Even more remarkable is the fact that the reverse cur-
rent at �1 V is about one order of magnitude higher than
the forward current at þ1 V. Forward biasing allows for
the injection of electrons into F16CuPc and holes into
H16CuPc. Both carrier species are transported to the inter-
face between both materials where they recombine. The
formation of CT excitons is not an issue in this case due to
the applied electric field across the interface. Under reverse
bias conditions the injection of charge carriers should be
blocked by large energy barriers at the electrodes. However,
if the energy offset between the HOMO of H16CuPc and the
LUMO of F16CuPc is small enough, tunneling of electrons
from the further into the latter should be possible as shown
in Fig. 8(right). This effect of creating an electron-hole pair
under reverse bias conditions at an interface between a
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p- and an n-type material is known as charge generation
layer and has been employed in multilayer stacked organic
LEDs and tandem solar cells [42,43]. We also investigated
the influence of light for the planar heterojunction. As visi-
ble in Fig. 8 the forward current is only weakly increased by
photo-generated charge carriers. In backward direction,
however, this photo-induced change is obscured by the
higher current due to the charge generation layer. Due to
the absence of an open circuit voltage and the weak influ-
ence of light, this planar heterojunction can not be used
as photoactive interface in organic photovoltaic cells.

4. Summary

In conclusion, we have shown that molecularly mixed
crystalline films can be grown by co-evaporation of
H16CuPc and F16CuPc on device-relevant ITO/PEDOT:PSS
substrates. These blends show the usual X-ray spectrum
and needle-like film morphology known from neat films
of phthalocyanines. Due to different size of the molecules,
a continuous change of the lattice spacing is observed by
changing the mixing ratio. Optical absorption measure-
ments confirm this scenario: they are not just a superposi-
tion of the spectra of neat materials, as would be expected
for phase-separated blends, but show distinct new fea-
tures. In particular the disappearance of the characteristic
band at 1.56 eV in F16CuPc is a clear indication of molecular
mixing of both species.

A CT exciton could serve as an explanation for the unex-
pectedly low charge carrier mobility in ambipolar blends,
which is found to be orders of magnitude lower than the
ambipolar mobility in neat materials and the electron and
hole mobilities in unipolar devices. The reduced mobility
is also the origin of the poor performance of photovoltaic
cells containing H16CuPc=F16CuPc blends. The charge col-
lection efficiency is drastically reduced by the suggested
formation of bound CT excitons. In contrast, a bilayered
H16CuPc=F16CuPc device works as a charge generation layer
which could be of interest in tandem solar cells.
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Fig. 1. One segment of a single-material beam before (a) and after (b)
bending. Layer ab is the Neutral Layer; Layer cd, c’d’ is the same layer
before and after bending with radius R.
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(BL), can an adequate solution to both issues at the same
time be achieved?

2. Theory

To understand the mechanism of bending a device com-
prising more than one layer, one can imagine a 175 lm
thick polyethylene terephthalate (PET) substrate covered
with a 100 nm ITO thin-film to have a structure somewhat
analogous to a leaf spring, with 1750 soft leaves and one
hard leaf, each 100 nm thick and connected in parallel. In
contrast to the leaf spring, however, here the adjacent sur-
faces of neighbouring leaves are firmly bound to one an-
other. When the structure is bent so that the uppermost
surface of the thin layer is concave, it is reasonable to as-
sume that there will be one ‘‘leaf” out of the 1751, which
maintains its original length, and all others laid above it
are stretched whilst those below it are compressed. The
one with its original length is called the neutral layer
(NL). The position of this layer is crucial because the strain
in any of these springs is proportional to the distance from
itself to the neutral layer. This will be deduced later.

To determine the position of NL in a multi-layer struc-
ture, others such as Kim and co-workers [7] and Hsueh
[8] have put forward analytical solutions. In these studies,
both the position of the NL and the stress in the layers are
considered to be unknown parameters, and are solved with
equations of equilibrium of static force and torque in the
cross section. In the work presented here, the method
introduced enables us to consider the multi-layer bending
situation, visually. It is not a new concept since engineers
have used routinely it to deal with the stress problems that
arise when building with multi-material composite beams
[9]. However, it is equally applicable to the realm of plastic
electronics, where the nanoarchitectures involved com-
prise multiple thin layers on a much thicker flexible sup-
port, a particular example of which would be a flexible
OLED device.

For the longitudinal stress in a plain film being bent, the
stress is given by:

r ¼ E0e
E0 ¼ E

1�m2

ð1Þ

where the Young’s modulus of the film material is E, m is
the Poisson’s ratio, E0 is the reduced elastic modulus and
the strain of the film is e. This strain is defined by:

e ¼ Dl
l

ð2Þ

where l is the original unbent length, and Dl is the change
of length after bending. Although these thin-films are not
real springs, the strain caused by bending is only about
0.01 even when the radius is 10 mm. This means the higher
order terms are negligible and Hooke’s Law is still valid.
When an arbitrary segment of a homogeneous film with
a symmetric cross section is analysed, the NL should be
right at the centre of the film. Assume the layer denoted
by ab in Fig. 1a is the NL, and by definition its length re-
mains unchanged on bending to an extent where R defines
the radius of curvature experienced by the NL. Set the
length of ab to be l. Now consider the strain of another
layer in the film, cd, say, when the radius of curvature at
the NL (ab) is R. Before bending (Fig. 1a):

cd ¼ ab ¼ l ð3Þ

whilst after bending (Fig. 1b) the new length of cd becomes
c0d0, so that

ab ¼ l ¼ Rh ð4Þ

c0d0 ¼ lþ Dl ¼ ðRþ yÞ � h ð5Þ

where y is the distance from the layer to NL. The strain in
the cd element at this distance from the NL thus becomes:

eðyÞ ¼ Dl=l ¼ y=R ð6Þ

Therefore, the stress in any layer in a film with its dis-
tance from the NL being y is

rðyÞ ¼ E0y
R

ð7Þ

The total bending moment M at one end of the segment is

M ¼
Z h�C

�C
rwydy ¼ E0

R

Z h�C

�C
wy2dy ¼ E0

R
Ix ð8Þ

where h is the thickness of the film, C is the displacement
from the bottom of the film to the NL, w is the width of the
cross section and Ix is the second moment of area of the
cross section. So we have the following equation to de-
scribe the stress developed in the layer as a result of bend-
ing completely:

r
y
¼ E0

R
¼ M

Ix
ð9Þ

From the above, the most critical property is the posi-
tion of the NL. In a single-material, the position of NL is
easy to determine. It is just at the centroidal axis of the
cross section, so the distance from the layer of interest to
the NL, y, will be known. When the architecture comprises
two or more layers of different materials, for example ITO
on a PET substrate, slightly more effort is required.



Fig. 2. Cross-section (a) and effective cross-section according to the top
layer (b) of a two-material composite beam. The thickness of each layers
are hi and hs.
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Fig. 2a shows the cross section of the typical ITO coated
PET substrate where hs is the thickness of the substrate,
and hi is the thickness of ITO. Assume both layers are with
the same width w and different Young’s modulus: Es and Ei.
The total bending moment is

M ¼
Z

rwydy ¼ E0s
R

Z hs�C

�C
wy2dyþ E0i

R

Z hs�Cþhi

hs�C
wy2dy

¼ E0s
R

Is
x þ

E0i
R

Ii
x ¼

E0i
R

E0s
E0i

Is
x þ Ii

x

� �
� E0i

R
Ieffective
x

ð10Þ

C is the position of NL from the bottom of substrate. The
position of C is chosen at the y = 0 axis in the integration
to determine the second moment of area instead of the
conventional choice of the centroidal axis of the individual
cross section. Formally, it is determined by equating the
net force acting on the cross section under bending, to zero
as follows:

0 ¼ E0s
R

Z hs�C

�C
wydyþ E0i

R

Z hs�Cþhi

hs�C
wydy ð11Þ

Eq. (10) shows that the total bending moment M of an
ITO/PET composite film is the same as the pure ITO film
with the effective cross section Ieffective

x . Compared with Eq.
(8), it can be seen that the effective cross section is really
the original cross section of ITO plus the cross section of
PET with the new width w0 given by:

w0 ¼ E0s
E0i

w ð12Þ

Therefore, in the case of longitudinal stress, an ITO/PET
composite film (as shown in Fig. 2a) is identical to the pure
ITO film (as shown in Fig. 2b). This greatly reduces the ef-
fort of solving the position of NL from Eq. (11) to simply
determining the centroidal axis of the effective cross sec-
tion as if it were made from a single-material. When deal-
ing with structures of more than two layers, with each
layer having a different Young’s modulus, the task of deter-
mining the position of NL using the Eq. (11) becomes even
more complicated. However, the method we used here re-
quires only the calculation of the effective cross section by
determining w0 of each layer, using the reduced elastic
modulus of the layer of interest as the denominator in
Eq. (12). Once the equivalent cross section is determined,
with the assumption that all the layers are now made from
an identical material to the layer of interest, the NL is tar-
geted at the position of centroidal axis of this effective
cross section, and the stress in the layer of interest is just
a factor times its distance from the NL in the effective cross
section: the calculation has transformed the multi-mate-
rial composite film into a single-material film made solely
from the layer under investigation.
3. Results and discussion

Due to the poor performance of plastic substrates with
respect to permeation of water and oxygen, mentioned
earlier, one or more extra barrier layers would usually be
inserted between the ITO layer and the PET substrate.
The question is: is it possible that a single additional layer
could both reduce the stress in the ITO to give it an extra
relief when bending and provide an adequate oxygen/
water barrier at the same time?

Glass, for example, has a permeation rate of oxygen and
water vapour lower than the detection limit [10] and is
therefore a good candidate for the protecting layer. Typi-
cally, an oxygen permeation rate for soda lime float glass
is given as <10�15 (cm3 STP) cm�2 mm�1 s�1 (mm Hg)�1.
Applying the conventional assumption that permeability
is inversely proportional to the layer thickness, and pro-
portional to pressure difference across the layer, the per-
meability for a 1 mil (25 lm) film thickness, and a 1 atm
pressure difference, is estimated to be <2.6 � 10�2

cm3 m�2 day�1, in the conventionally adopted units for
discussing OLED device performance. By comparison, both
oxygen and water permeation rates in 25 lm thick films of
SiOx produced by plasma-enhanced chemical vapour
deposition (PECVD) have been measured, and are 8 �
10�2 cm3 m�2 day�1 at 1 atm pressure difference and
0.5 g m�2 day�1 at >90% relative humidity, respectively
[11]. The upper limits for adequate OLED device perfor-
mance are currently thought to be on the order of
10�3 cm3 m�2 day�1 (oxygen) and 10�5 g m�2 day�1

(water), where material composition, layer thickness, and
pressure difference are variables to achieve these values.

The reduced elastic modulus of ITO, glass, and PET film
are assumed to be 120 GPa [12], 74 GPa, and 5 GPa, respec-
tively, as in Table 2. If the total thickness of glass plus PET
composite substrate is kept constant at 175 lm, with a
typical ITO thickness of 100 nm, and the whole composite
subjected to a bend radius of 10 cm, then from Eq. (7) the
thicknesses of glass and PET optimized by simulation are
35 lm and 140 lm, respectively, as shown in Fig. 3. This
structure would reduce the stress in ITO from the plain
PET substrate – and, indeed, also a plain glass substrate –
by a factor of 2.5.

To further understand how the overlaid OLED and cath-
ode layers would affect the ITO stress, a knowledge of the
Young’s modulus of these organic layers is required. The
lack of such information is partly because the PET sub-
strate is softer than the organic layer which leads to the



Table 1
The list of samples tested by nano-indentation technology.

Substrate material Substrate thickness (mm) Coating material Coating thickness (nm)

Sample 1 PET 0.1 Alq3 100
Sample 2 PET 0.1 Alq3 200
Sample 3 PET 0.1 NPD 200

Table 2
The value of Young’s modulus and reduced elastic modulus used in the
simulation.

Young’s modulus (GPa) Reduced elastic modulus (GPa)

Al 70 78
OLED N/A 12
ITO 120 120
BL N/A 6–70
PET 4 5
Glass 70 74
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Fig. 4. Reduced elastic modulus of 100 nm Alq3 (solid square), 200 nm
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depth in the triboindenter measuring. All samples are deposited on
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difficulty for the elasticity measurement. However, with
the aid of triboindenter technology, the surface of the sam-
ple can be probed on the scale of several nanometers, thus
allowing the effect of the soft base to be filtered out. Three
samples are prepared, as listed in Table 1, in order to gauge
the elastic property of N,N0-bis(naphthalen-1-yl)-N,N0-
bis(phenyl)benzidine (NPD) and tris-(8-hydroxyquino-
line)aluminum (Alq3). The PET substrate was cleaned first
with acetone, and then with isopropanol in an ultrasonic
bath for 5 min each. Three separate samples were prepared
by evaporating 100 nm of Alq3, 200 nm of Alq3 and 200 nm
of NPD, respectively, on the PET substrate separately using
the Kurt J. Lesker thermal evaporator under the vacuum of
5 � 10�7 mbar.

The Young’s moduli of the samples were measured by
standard nano-indentation techniques. For each material
nano-indentation tests were performed under displace-
ment control with maximum displacements from 10 nm
to 1000 nm using a Hysitron Triboindenter fitted with a
sharp Berkovich diamond indenter (tip end radius
�50 nm). The diamond tip shape was carefully calibrated
with a fused silica test sample (using the standard Oliver
and Pharr method [13]) before and after testing with no
change in shape recorded.

The indenter displacement is made up of two compo-
nents, the plastic depth of the indent (contact depth) and
the elastic deflection of the surface at the edge of the con-
tact. The contact depth is typically <0.67 of the maximum
displacement. Nano-indentation load–displacement curves
were recorded for each indent and only those where evi-
dence of plastic deformation was observed (i.e. the loading
and unloading curves are different) were used in the anal-
ysis of Young’s modulus by the Oliver and Pharr method
[13]. In this approach, the initial slope of the unloading
curve can be used to determine the contact depth and
the elastic modulus of the sample (effectively from the
recovery of the elastic deflection of the surface) based upon
the Sneddon flat punch solution. This requires the contact
area to be calculated from the contact depth based upon an
accurate knowledge of the tip end shape and defines the
need for careful tip calibration as mentioned previously.

The result is shown in Fig. 4. The reduced elastic modu-
lus in the y-axis direction only differs from the real Young’s
modulus by a factor of (1 � m2)�1. Because the thickness of
the organic layers are 100 nm and 200 nm, the readings of
the reduced elastic modulus at the contact depth deeper
than a third of the coating thickness are greatly dominated
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by the PET substrate. The Young’s modulus commonly
used for PET film is 4 GPa, and the Poisson’s ratio lies be-
tween 0 and 0.5. However, the reduced elastic modulus
in this regime is measured to be lower than 4 GPa, rather
than larger values in the range 4–5 GPa as the common
values above suggest. We believe this might be due to
the thin planarization layer (smoothing layer) coated by
the supplier (DuPont Teijin Films), which could be softer
than PET.

When the contact depth is within a third of the coating
thickness, the measured reduced elastic modulus contains
an increasing contribution from the thin coating itself. So
the value of the reduced modulus when the contact depth
is extrapolated to zero can approximate the Young’s mod-
ulus of the coating layer deposited. From Fig. 4, all the
three samples have about same value of 12 GPa when the
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Fig. 6. The stress in ITO against the device bending radius with different buff
Buffer(20 lm)/ITO(100 nm)/OLED(100 nm)/Aluminium(100 nm). (b) PET(100 lm
contact depth approaches zero regardless of the difference
in their thickness. For such a thin coating on a compliant
substrate it is difficult to completely filter out the effect
of the substrate and there may be considerable scatter in
the extrapolated modulus due to the quality of the data
available for extrapolation. Fracture in the coating can lead
to discontinuities in observed behaviour and, at low inden-
ter penetrations where most data is needed for accurate
extrapolation, plastic deformation is limited. Thus,
although this extrapolation process has been adopted in
ISO 14577-4 (2007) for the assessment of the reduced
modulus of thin coatings there remain some questions
about its validity; for instance for a substrate harder or
softer than the coated layer, the modulus determined by
nano-indentation can be different [14]. The way the small
molecules grow on different materials could alter the elas-
tic response of the coating as well, therefore, we measured
the samples on a PET substrate in order to keep everything
the same as a working FOLED device. A full study of the
Young’s modulus of Alq3 and NPD on different substrates
to assess the reliability of the data is the subject of further
work.

For OLED operation in a flexible regime, the value of
12 GPa suggests that the materials in small molecule based
OLEDs are not remarkably different in their elastic moduli
relative to either the long chain polymer materials in
PLEDs (typ. 2–6 GPa) or, say, a PET support (4 GPa). Only
the ITO (120 GPa) and metal cathode layers such as alumi-
num (70 GPa) require more careful attention.

The five-layers structure: PET (100 lm)/Buffer (x)/ITO
(100 nm)/OLED (100 nm)/Aluminium (100 nm) is simu-
lated with different values of reduced elastic modulus of
the buffer layer (BL) and different thicknesses, x. The
extension to accommodate the multiple thin layers in this
case is particularly straightforward. The combined thick-
ness of the thin layer stack is nearly three orders of magni-
tude less than that of the support, so the position of the
neutral layer is determined almost exclusively by the com-
position of the thicker support. The stress in each of the
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thin layers is then determined by the reduced elastic mod-
ulus of the thin layer, the distance from the neutral plane
to the surface on which the thin layer is coated and the
bend radius, just as for the single thin layer case. The re-
duced elastic modulus of the PET substrate is set to be
5 GPa. Assuming the bending radius is 15 mm, the stress
in ITO against the thickness of BL is shown in Fig. 5. This
shows a series of different buffer layer moduli, in the
whole device structure. In contrast to Fig. 4, the PET layer
now has a constant thickness and the buffer thickness is
increased from zero. As the buffer material modulus in-
creases, values in the range 14–70 GPa exhibit minima in
ITO stress at a thicknesses of 15–20% of the PET layer.
When the reduced elastic modulus of BL is smaller than
14 GPa, the ITO stress is increased. For a BL modulus of
70 GPa, the stress has the maximum reduction – about
50% – for a thickness of 20 lm. However, a larger stress oc-
curs when it is thicker than 70 lm. This is the result of the
competition between the changing of the NL position and
the distance of ITO layer from NL as mentioned before.
The stress in ITO against the bending radius with BL thick-
ness of 20 lm and 100 lm is shown in Fig. 6a and b. This
simulation presents a very interesting result. For the for-
mer thickness, it seems that the larger the Young’s modu-
lus, the better. But the effect will saturate eventually.
However, the latter suggests that when BL is as thick as
the PET layer (100 lm), the stress in ITO will never be re-
duced no matter what material is chosen. The value of
Young’s modulus and reduced elastic modulus used in
the simulation is in Table 2.
4. Conclusion

An alternative approach to calculate the stress devel-
oped in a thin-film multi-layer has been adopted. With this
method, the position of the NL can be determined and a
concept of visualising changes in stress as the structural
architecture is fine-tuned has emerged. A plastic/glass
composite substrate with the thickness of 140 lm and
35 lm respectively, acting to provide a flexible barrier to
oxygen and water vapour, has been predicted to reduce
the stress in ITO deposited on the glass surface by a factor
of 2.5, compared with 175 lm of either glass or PET on its
own. The yield strength of ITO (the limit beyond which
material deformation is irreversible) corresponding to a
failure strain of ca. 1%, is 1.2 GPa [15]. The support compo-
sition above can be shown to adequately protect a thin ITO
layer to bend radii significantly less than 1 cm; indeed, the
stress in the ITO layer is predicted to reach its yield
strength value at a bend radius as low as 3.3 mm. This pre-
diction is particularly interesting, since currently, flexible
glass as thin as 50 lm has been achieved, and the prospect
of 30 lm is reported to be within reach [16]. The discus-
sion of break stress in the flexible glass itself is beyond
the scope of this report, and will be disclosed in the forth-
coming patent literature [17]. As a guide, flexible glass
with a thickness in the region of 30 lm exhibits a break
stress of ca. 0.15 GPa. It is estimated that a composite
glass/PET support of 175 lm total thickness could with-
stand a bend radius of 1.2 cm for a range of 10–40 lm glass
thickness without breakage.

Finally, a practical five-layer OLED device structure has
been simulated using the reduced elastic modulus values
for NPD and Alq3 measured here. It shows that the choice
of the BL material’s modulus, and its thickness relative to
that of the underlying PET, are crucial in reducing the
stress in ITO. For BL thicknesses equal to that of the PET,
the BL is unable to decrease the ITO stress, regardless of
its modulus. One has to bear in mind that all the materials
in this simulation are assumed to be elastic. The mecha-
nism of creep (changing of strain under fixed applied
stress) and stress relaxation (changing of stress under fixed
applied strain) is omitted. The mechanism of cracking is
also not considered. There would be some cracks generated
initially on each film during their fabrication, and the ini-
tial pattern of these cracks would not be expected to be
the same for every sample. Nevertheless, reducing the
stress in the most brittle layer should still slow down or
prevent cracks from migrating further, thereby extending
the device lifetime.

Practically, for commercial FOLED devices, it is gener-
ally necessary to cover the device with an extra encapsula-
tion layer. With a careful choice of the thickness and elastic
property of this encapsulating layer, it is possible to further
reduce the distance between NL and the brittle anode layer
thus diminish the stress even to zero. However, the prob-
lem of deformation or delamination between layers, either
due to thermal stress or bending, may become the domi-
nant concern in the FOLED device degradation.
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open-circuit voltages of around 1 V. Moreover, in contrast
to many other conjugated polymers, the lowest unoccu-
pied molecular orbital (LUMO) energy level at 3.4 eV is
close in energy to that of PCBM. Therefore, less voltage is
lost during electron transfer at the D–A interface [7]. How-
ever, the photovoltaic performance of PF10TBT cells is
strongly dependent on the molecular weight (MW) of the
polymer [8]. Low MW devices show significantly lower
short-circuit currents and fill factors, resulting in a reduc-
tion of the maximum output power by a factor of 2 com-
pared to the best high MW devices.

For the further design of new donor polymers under-
standing of the dependence of solar cell performance on
their chemical and structural properties is crucial. Low fill
factors are commonly attributed to unbalanced charge car-
rier transport in the polymer and fullerene phase [9].
Molecular weight dependent hole mobilities have been ob-
served in regioregular poly(3-hexylthiophene) (P3HT),
using field-effect transistor measurements [10–12],
space-charge limited currents [13] and the time-of-flight
technique [14]. Most studies revealed an increase of the
hole mobility with increasing molecular weight. Suggested
causes include differences in chain packing, interconnec-
tivity of the polymer network, backbone conformation
and interchain hopping. It has been pointed out by Good-
man and Rose that in a solar cell with a significant differ-
ence in the hole- and electron mean free path,
accumulation of the slowest charge carriers will lead to a
nonuniform electric field in the device [15]. When the
slowest carrier has a very low mobility the photocurrent
can even reach a maximum electrostatically allowed limit
at high light intensity [9]. This space-charge limited (SCL)
photocurrent has a three quarter power dependence on
light intensity and a square root dependence on voltage,
which limits the fill factor to 0.42.

A different cause of a low fill factor was recently identi-
fied in solar cells from a narrow band gap polymer and
PCBM [16]. The low fill factor again results from a square
root dependence of the photocurrent on voltage, albeit for
entirely different physical reasons than in the space-charge
limited case. Here, the photocurrent is limited by a small
product of mobility and lifetime of free charge carriers
due to recombination or trapping and is described by [15]:

Jph ¼ qGðlhðeÞshðeÞÞ1=2V1=2 ð1Þ

where G is the generation rate of free charge carriers and
lh(e) and sh(e) are the mobility and lifetime of free holes
(electrons), respectively. Experimentally, this recombina-
tion limited photocurrent can be discriminated from the
SCL case since it depends linearly on light intensity. Fur-
thermore, the saturation voltage Vsat, at which the photo-
current loses its half power dependence on voltage, is
independent of light intensity for the recombination lim-
ited case, whereas for the SCL photocurrent it scales with
the square root of light intensity. In this study we investi-
gate the origin of the low fill factor and photocurrent in
low molecular weight PF10TBT:PCBM solar cells. A half
power dependence of the photocurrent on voltage is ob-
served and its origin is revealed by a combination of optical
and electrical measurements and device simulations.
2. Experimental

PF10TBT was synthesized at the Netherlands Organisa-
tion for Applied Scientific Research (TNO) and used as re-
ceived. In this study two batches were used, which will
be identified by their weight average molecular weight
(Mw) in the remainder of this paper. The low MW polymer
had Mw � 5.1 � 103 g/mol and polydispersity index
PDI � 1.7, the high MW batch had Mw � 1.9 � 105 g/mol
and PDI � 3.5. The electron acceptor, PCBM, was obtained
from Solenne. Polymer and fullerene were mixed in a 1:4
weight ratio and dissolved in chlorobenzene. Since the sol-
ubility of high MW PF10TBT in chlorobenzene at room
temperature is low, solutions were stirred and processed
at 90 �C. ITO-patterned glass substrates were cleaned, trea-
ted in a UV-ozone reactor and coated with a 40–60 nm thin
hole-transporting buffer layer of PEDOT:PSS (H.C. Starck
GmbH). The photoactive layer was spin coated in air with
typically 80–100 nm thickness. Solar cells were finalized
with evaporation of a 1 nm LiF/100 nm Al cathode to en-
sure an ohmic electron contact with the PCBM phase. To
study hole transport properties of the blend, an electron-
blocking 20 nm Pd/80 nm Au top contact was applied in-
stead of the LiF/Al cathode.

Current–voltage characteristics were recorded using a
Keithley 2400 SourceMeter. Measurements were per-
formed in the dark and under illumination from an uncal-
ibrated Steuernagel SolarConstant 1200 metal halide lamp
with an estimated intensity equivalent to ca. 1.3 suns, as
determined by comparison of measured and calculated
short-circuit current densities (see below).

Spectral responsivity (SR) measurements were carried
out with a lock-in amplifier, a transimpedance amplifier
and a focused, chopped monochromatic beam from a
quartz tungsten halogen lamp and several narrow band
pass filters. An estimation of the short-circuit current den-
sity (Jsc) under standard test conditions was calculated by
convolving the SR spectrum with the AM1.5G reference
spectrum, using the verified premise of a linear depen-
dence of Jsc on light intensity. The estimated illumination
intensity for the material under study was taken as the ra-
tio of the measured and calculated Jsc.

The refractive index n and extinction coefficient k of
thin films of PF10TBT:PCBM were determined with vari-
able-angle spectroscopic ellipsometry (VASE), using a VASE
ellipsometer from J.A. Woollam Co., Inc. The VASE mea-
surements were combined with transmission and reflec-
tion measurements to enable accurate fits of the
experimental ellipsometric data in the employed wave-
length range from 300 to 1500 nm. The optical constants
of glass, ITO, quartz, silicon and PEDOT:PSS were deter-
mined first. For ITO and PEDOT:PSS, anisotropic optical
constants were found. Since illumination during current–
voltage measurements takes place at normal incidence,
the components in the direction perpendicular to the plane
of the substrate were used in the transfer-matrix calcula-
tions. The optical properties of LiF and aluminum were ta-
ken from literature. Next, the n and k of composite layers of
PF10TBT and PCBM on various substrates were determined
by fitting the data with several Gaussian oscillators. No



Fig. 2. Index of refraction n and extinction coefficient k of PF10TBT:PCBM
layers on glass. The heterojunction from the low MW polymer (solid line)
shows reduced absorption compared to the one containing high MW
PF10TBT (dotted line). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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indications of anisotropy in the active layers were found
and the data were interpreted with a uniform dielectric
function throughout the layer.

3. Results and discussion

Fig. 1 shows the photovoltaic performance of equally
thick PF10TBT:PCBM solar cells that were made using
low (squares) and high (circles) molecular weight PF10TBT.
The differences in fill factor and short-circuit current den-
sity are striking. Although both cells are 95 nm thick, the
high MW cell produces a 30% higher Jsc compared to its
low MW counterpart. The fill factor increases significantly
with molecular weight as well: it improves from 0.45 to
0.63. In the remainder of this article, we will systematically
address the importance of the various effects of a change in
molecular weight on device performance.

First, considering the marked difference in Jsc, one might
anticipate a change in absorption due to variations in, for
example, interchain interactions [12,17]. Usually low MW
polymers exhibit a blue-shift in solid-state absorption. In
a photovoltaic cell this may alter the number of photogen-
erated excitons and therefore the magnitude of the photo-
current, depending on the overlap of the absorption profile
with the irradiance spectrum. When the absorption maxi-
mum changes in magnitude as well, the effect of changing
MW on Jsc may be intensified. Fig. 2 shows the refractive
index n and extinction coefficient k of composite layers
of PF10TBT and PCBM, as determined with variable-angle
spectroscopic ellipsometry. In the region where PF10TBT
contributes most to the absorption of the blend layer, i.e.,
between 450 and 650 nm, the extinction coefficient of
the low MW sample (black solid line) is indeed blue-
shifted. In addition, the magnitude of k in this region is
much lower. Due to optical interference effects, which play
an important role in thin films capped with a highly reflec-
tive aluminum cathode [18], it is expected that the extent
to which a change in optical constants influences the
absorption in the active layer varies with the thickness of
Fig. 1. Current density under illumination (JL) versus voltage character-
istics of PF10TBT:PCBM solar cells made from low (squares) and high
(circles) molecular weight PF10TBT. Both active layers were approxi-
mately 95 nm thick. The inset shows the chemical structure of PF10TBT.
the layer. The consequences of reduced absorption in low
MW solar cells can be quantified by modeling of the optical
electric field inside the device [18–20]. Using the transfer-
matrix approach described by Pettersson et al. in Ref. [18],
provided with the optical constants of Fig. 2 and the
AM1.5G solar irradiance spectrum, we calculated the
amount of photons that are absorbed each second in the
bulk of the active layer as a function of position in the de-
vice, for both MW cases. The results are shown in Fig. 3.
The active layer in the low MW device clearly absorbs less
photons due to its lower extinction coefficient, yet the dif-
ference between the profiles is not as large as one might
expect from consideration of the optical constants. Integra-
tion of the photon absorption rates over the position gives
total photon absorption rates of 4.8 � 1020 m�2 s�1 and
5.1 � 1020 m�2 s�1 for low and high MW, respectively.
Since these cells show a linear dependence of Jsc on light
intensity, the observed difference of 30% in short-circuit
current density cannot be explained by this increase of
Fig. 3. Photon absorption profiles calculated for the devices of Fig. 1,
using the optical constants presented in Fig. 2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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6% in absorption only. Furthermore, no significant influ-
ence on the fill factor would be expected. We therefore
conclude that optics only account for a minor part of the
variation in photovoltaic performance.

Other than optical effects, a change of molecular weight
might cause electronic differences. As stated in the intro-
duction, space-charge effects can limit the fill factor of an
organic solar cell to 0.42. Such a limitation can only occur
if charge transport in the solar cell is strongly unbalanced.
A significant effect of polymer molecular weight on the
electron mobility in the PCBM phase is highly unlikely,
since the acceptor constitutes the largest part (80 wt.%)
of the active layer. The electron mobility le can be probed
by consideration of the current through the solar cells in
the dark. In fullerene-based solar cells, the dark current un-
der forward bias is usually dominated by electrons due to
their high mobility in the PCBM phase. As shown in
Fig. 4, the dark current of the PF10TBT:PCBM solar cells un-
der study is well described by the single carrier space-
charge limited current (SCLC) [21],

J ¼ 9
8
e0erle

V2

L3 ð2Þ

with L the layer thickness, le = 8 � 10�8 m2/Vs for low MW
PF10TBT and le = 1 � 10�7 m2/Vs for the high MW case.
The applied voltage was corrected for the built-in voltage
(Vbi) and resistive losses in the ITO/PEDOT anode (VRs).
The relative dielectric constant er was taken as the spatial
average of PF10TBT and PCBM. As expected, the electron
mobility is hardly affected by the molecular weight of
the polymer and its value is close to what has been found
previously for PCBM in fullerene-based solar cells [22–24].
Limitations to the photocurrent, if any, should therefore be
caused by a low hole mobility in the low MW polymer. To
elucidate the influence of molecular weight on hole trans-
port in PF10TBT based solar cells, we prepared hole-only
Fig. 4. Determination of the electron mobility from the dark current of
PF10TBT:PCBM solar cells (symbols) using the single carrier SCLC (solid
lines). The fits reveal an electron mobility in PCBM of le = 8 � 10�8 m2/Vs
for low MW PF10TBT and le = 1 � 10�7 m2/Vs for the high MW case. The
applied voltage was corrected for the built-in voltage (Vbi) and the voltage
loss over the ITO/PEDOT anode (VRs). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
diodes from PF10TBT:PCBM bulk heterojunctions in a 1:4
weight ratio. The current density versus effective voltage
characteristics presented in Fig. 5 were measured at room
temperature for two such devices using low MW (squares)
and high MW (circles) PF10TBT. The single carrier space-
charge limited currents were modeled using exactly the
same low-field hole mobility of 6 � 10�9 m2/Vs (solid
lines). Hence, no effect of molecular weight on the mobility
in the PF10TBT phase was found. Measurements on pris-
tine polymer layers revealed similar mobility values in
both MW cases, showing that the hole transport in the
PF10TBT:PCBM blend is also not affected by PCBM loading.
This behavior contrasts to the case of MDMO-PPV:PCBM
heterojunctions [23,25] and to what has been reported
for a similar polyfluorene copolymer [26]. From tempera-
ture-dependent measurements, the thermal activation en-
ergy of hole transport in the blend was found to be 0.33 eV
in both cases. This exactly equals the theoretically pre-
dicted value, obtained from the relation between the uni-
versal mobility prefactor l0 = 3 � 10�3 m2/Vs and the
above-mentioned low-field mobility at room temperature
[27]. Since the hole mobility in the blend is constant with
molecular weight, and differs only an order of magnitude
with the electron mobility in PCBM, a space-charge limita-
tion of the photocurrent in these relatively thin solar cells
is highly unlikely [28].

Fig. 6 presents a comparison of the photocurrent of two
cells based on low (squares) and high (circles) molecular
weight PF10TBT, plotted versus effective voltage. Here,
the experimental photocurrent is defined as the difference
between the current density under illumination JL and in
the dark JD, thus Jph = JL�JD. Since the photocurrent is zero
at V = V0, the horizontal axis represents the effective volt-
age available for charge extraction from the device. In both
cases the photocurrent nicely saturates at high effective
voltage, indicating that at sufficiently large reverse bias
all photogenerated bound pairs are dissociated and
Fig. 5. Current–voltage data of hole-only diodes of bulk heterojunctions
containing low (squares) and high (circles) MW PF10TBT. The solid lines
represent numerical simulations, both using a low-field hole mobility of
lh = 6 � 10�9 m2/Vs. The applied voltage was corrected for the built-in
voltage (Vbi) and the voltage loss over the ITO/PEDOT anode (VRs). (For
interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)



Fig. 6. Experimental photocurrents in solar cells from low (squares) and
high (circles) molecular weight PF10TBT. The lines denote calculations of
Jph = qGL, using a field and temperature-dependent generation rate
G(T,E) = GmaxP(T,E) as given by Braun’s model of dissociation of charge
transfer states [30]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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extracted from the device. The occurrence of saturation
was verified with temperature-dependent measurements
(not shown). At lower voltages, however, the photocurrent
of the low MW cell clearly depends stronger on the electric
field as compared to the high MW cell. In this voltage re-
gime, a square root dependence is observed. This is indi-
cated by the tilted dotted lines with slope ½ in Fig. 7,
which shows intensity dependence measurements of the
photocurrent in the low MW solar cell. The experimental
photocurrent depends linearly on light intensity and the
saturation voltage Vsat is intensity independent. This com-
bination of voltage and intensity dependence of the photo-
current is a clear fingerprint of a recombination limited
photocurrent.
Fig. 7. Intensity dependent photocurrent of the same low MW device as
shown in Fig. 6. The tilted dotted lines denote slope ½, indicating
Jph / V0.5, whereas the horizontal dotted lines mark the saturated
photocurrent at each intensity. The solid lines represent numerical device
simulations. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
Application of Eq. (1) in the square root regime reveals a
free carrier lifetime of approximately 0.5 ls. However, as
was mentioned before, illumination of organic solar cells
does not directly result in free charge carriers: instead,
after charge transfer a bound electron–hole pair is created.
Due to the high Coulomb binding energy in organic solar
cells, only a certain fraction of all photogenerated bound
electron–hole pairs Gmax is dissociated into free charge car-
riers, depending on field and temperature, and therefore
contributes to the photocurrent Jph = qGL. Consequently,
the generation rate G of free charge carriers can be de-
scribed by:

GðT; EÞ ¼ GmaxPðT; EÞ ð3Þ

where P(T,E) is the probability for charge separation at the
donor/acceptor interface. The photogeneration of free
charge carriers in low-mobility materials can be explained
by the geminate recombination theory of Onsager [29]. An
important addition to the theory has been made by Braun
[30], who stressed the importance of the fact that the
bound electron–hole pair (or charge transfer state) has a fi-
nite lifetime. In Braun’s model, the probability that a bound
polaron pair dissociates into free charge carries at a given
electric field E and temperature T is given by:

PðT; EÞ ¼ kdissðEÞ
kdissðEÞ þ kf

ð4Þ

with kf the rate constant with which the bound electron–
hole pair decays to its ground state, and kdiss(E) the rate
constant for separation into free carriers, which is given
by [30]:

kdissðEÞ ¼
3kR

4pa3 e�EB=kBT 1þ bþ b2

3
þ b3

18
þ b4

180
þ � � �

" #
ð5Þ

with a the initial separation distance of the bound elec-
tron–hole pair at the interface, b = e3E/8pe0erkB

2T2, and EB

the binding energy of the electron–hole pair.
Once separated, the charge carriers can again form a

bound pair with rate constant kR. The dissociation model
uses Onsager theory for field-dependent dissociation rate
constants for weak electrolytes [29] for kdiss(E), Langevin
recombination of free electrons and holes [31] and a
Gaussian distribution of donor–acceptor distances. Then,
the generation rate of free electrons and holes depends
on the charge carrier mobilities le and lh of the electrons
and holes respectively, the relative dielectric constant er,
the initial separation of e–h pairs a, and the ground state
recombination rate kf.

As expressed in Eq. (4), the relative magnitudes of dis-
sociation and decay rates determine a field and tempera-
ture-dependent dissociation probability of bound pairs
P(T,E). Consequently, when the photocurrent of an organic
solar cell is interpreted using Eq. (1), the obtained lifetime
is in fact an effective lifetime, equal to P(T,E)s, where s is
now the true lifetime of free charge carriers [16]. Using de-
vice modeling, we can determine whether a low effective
lifetime originates from short lifetimes of bound pairs
(low P) or free carriers (low s).

We continue the investigation of the molecular weight
dependent photocurrents in Fig. 6 by modeling the field-



Fig. 8. Experimental (symbols) and simulated (lines) current–voltage
characteristics of the solar cells of Fig. 1 under illumination. The lines
show numerical fits that only differ in the used values of Gmax

(representing enhanced absorption in high MW PF10TBT) and kf

(obtained from Fig. 6). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 1
Parameters used to fit the current–voltage characteristics presented in
Fig. 8.

Parameter Symbol Value

Low MW High MW

Band gap Egap 1.47 eV 1.38 eV
Electron mobility le 8 � 10�8 m2/Vs 1 � 10�7 m2/Vs
Hole mobility lh 6 � 10�9 m2/Vs 6 � 10�9 m2/Vs
Eff. density of states Nc 2.5 � 1025 m�3 2.5 � 1025 m�3

Generation rate Gmax 6.0 � 1027 m�3 s�1 6.6 � 1027 m�3 s�1

Rel. dielectric
constant

er 3.6 3.6

Initial e/h pair
distance

a 2.2 nm 2.2 nm

e/h Pair decay rate kf 2.1 � 106 s�1 2.3 � 105 s�1
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dependent generation. The solid lines represent calcula-
tions of the photocurrent according to Jph = qGL, using a
field and temperature-dependent generation rate of free
carriers as given by Braun’s model [30,32]. The dissociation
probability P(T,E) is parameterized by the initial separation
distance of the bound electron–hole pair a and the decay
rate kf, which are now the only fit parameters since L is
measured separately and Gmax can be calculated directly
from Jph = qGmaxL in the saturation regime. The fits reveal
a value of a = 2.2 nm, irrespective of molecular weight.
However, the decay rate kf in the low MW cell is at
2.1 � 106 s�1 an order of magnitude higher than kf of the
high MW cell. This value of kf is in very good agreement
with the effective lifetime of free carriers as determined
from Eq. (1), since (0.5 ls)�1 = 2 � 106 s�1.

To model the photocurrent over the entire effective
voltage range, we utilized our numerical device model
[33]. Since diffusion of charge carriers is now also taken
into account, the photocurrent can be simulated at low
effective voltage as well. In the simulations, shown in
Fig. 7, the experimentally determined values of the charge
carrier mobilities, layer thickness, dissociation parameters
a and kf, and generation rate of bound pairs Gmax were
used. The calculations excellently fit the measured data
at various light intensities. This clearly shows that the pho-
tocurrent of low molecular weight PF10TBT:PCBM cells is
limited by recombination of short-lived bound electron–
hole pairs. We speculate that the limitation arises from
insufficient phase separation, resulting in localization of
bound pairs in isolated donor–acceptor regions, which pro-
hibits efficient dissociation. Indeed, transmission electron
microscopy (TEM) measurements on blends of varying
molecular weight have revealed little contrast in blends
of low MW PF10TBT with PCBM, whereas pronounced
PCBM and polymer rich regions were observed in high
MW films [8].

Fig. 8 presents a direct comparison of the simulated cur-
rent–voltage characteristics under illumination of the cells
of Fig. 1. The model parameters that were used to fit the
current–voltage curves are summarized in Table 1. Com-
pared with the simulation of the curve of the low MW cell,
only three input parameters were changed to fit that of the
high MW cell: the slightly higher, experimentally deter-
mined electron mobility was used, Gmax was increased by
10% and the previously determined lower decay rate
kf = 2.3 � 105 s�1 was used. The increase in Gmax closely
agrees with the small (6%) enhancement in the calculated
absorption for high MW cells as presented in Fig. 3. For
these relatively thin active layers, using a constant genera-
tion rate Gmax throughout the active layer does not change
the simulation results compared to the use of the calcu-
lated optical profile as input [34]. The slightly higher Voc

of the low MW cell originates from the inversely propor-
tional relationship between the polymer band gap and
the average number of repeating units in each chain [35].
At short-circuit conditions, the average dissociation proba-
bility of bound electron–hole pairs in the high MW cell is
19% higher (relative) than in the low MW device, due to
the reduction in kf. Thus, the concomitant effects of en-
hanced absorption (10%) and more efficient dissociation
(19%) add up to the observed increase of short-circuit cur-
rent (30%) and fill factor.

4. Conclusions

Using optical and electronic device modeling, we have
unraveled the molecular weight dependence of the short-
circuit current density and fill factor of PF10TBT:PCBM so-
lar cells. The use of high molecular weight PF10TBT causes
an enhancement of the extinction coefficient of the blend
layer, resulting in a slight increase in the amount of pho-
tons that are absorbed. Charge transport in both phases
was found to be virtually unaffected by a change in molec-
ular weight. The electron mobility in the blend is only
slightly higher for high MW PF10TBT and a reasonably
high, molecular weight independent hole mobility was
measured in blend layers as well as pristine polymer lay-
ers, which renders the influence of space-charge on the
photocurrent insignificant. Intensity dependence measure-
ments confirmed that the photocurrent of low molecular
weight cells is recombination limited. From numerical de-
vice simulations, we conclude that a low dissociation prob-



D.J.D. Moet et al. / Organic Electronics 10 (2009) 1275–1281 1281
ability of short-lived bound electron–hole pairs is the main
cause of the poor performance. The limitation is most
likely caused by insufficient phase separation, which leads
to localization of charges on isolated parts of the donor and
acceptor phases.

Acknowledgements

This work was funded by SenterNovem via the EOS
Long Term program ZOMER (EOS LT 03026). This work
was partly supported by the Dutch Polymer Institute
(DPI), Project DPI No. 524.

References

[1] G. Yu, J. Gao, J.C. Hummelen, F. Wudl, A.J. Heeger, Science 270 (1995)
1789.

[2] M.A. Green, K. Emery, Y. Hishikawa, W. Warta, Prog. Photovoltaics
Res. Appl. 17 (2009) 85.

[3] M. Svensson, F. Zhang, S.C. Veenstra, W.J.H. Verhees, J.C. Hummelen,
J.M. Kroon, O. Inganäs, M.R. Andersson, Adv. Mater. 15 (2003) 988.

[4] O. Inganäs, M. Svensson, F. Zhang, A. Gadisa, N.K. Persson, X. Wang,
M.R. Andersson, Appl. Phys. A 79 (2004) 31.

[5] T. Yohannes, F. Zhang, M. Svensson, J.C. Hummelen, M.R. Andersson,
O. Inganäs, Thin Solid Films 449 (2004) 152.

[6] L.H. Slooff, S.C. Veenstra, J.M. Kroon, D.J.D. Moet, J. Sweelssen, M.M.
Koetse, Appl. Phys. Lett. 90 (2007) 143506.

[7] D.J.D. Moet, L.H. Slooff, J.M. Kroon, S.S. Chevtchenko, J. Loos, M.M.
Koetse, J. Sweelssen, S.C. Veenstra, in: Proceedings of the MRS Fall
Meeting, Warrendale, PA, Boston, 2007, pp. CC03–CC09.

[8] S.C. Veenstra, D.J.D. Moet, J. Sweelssen, S.S. van Bavel, E. Voroshazi,
M.M. Koetse, J. Loos, B. de Boer, P.W.M. Blom, J.M. Kroon,
Polyfluorene:[C60]PCBM Based Solar Cells; A Correlation Between
the Molecular Weight of the Polymer and the Photovoltaic
Performance, Presented at the E-MRS 2009 Spring Meeting,
Strasbourg, France, 2009.

[9] V.D. Mihailetchi, J. Wildeman, P.W.M. Blom, Phys. Rev. Lett. 94
(2005) 126602.

[10] R.J. Kline, M.D. McGehee, E.N. Kadnikova, J. Liu, J.M.J. Fréchet, Adv.
Mater. 15 (2003) 1519.

[11] R.J. Kline, M.D. McGehee, E.N. Kadnikova, J. Liu, J.M.J. Frechet, M.F.
Toney, Macromolecules 38 (2005) 3312.
[12] A. Zen, J. Pflaum, S. Hirschmann, W. Zhuang, F. Jaiser, U. Asawapirom,
J.P. Rabe, U. Scherf, D. Neher, Adv. Funct. Mater. 14 (2004) 757.

[13] C. Goh, R.J. Kline, M.D. McGehee, E.N. Kadnikova, J.M.J. Frechet, Appl.
Phys. Lett. 86 (2005) 122110.

[14] A.M. Ballantyne, L. Chen, J. Dane, T. Hammant, F.M. Braun, M.
Heeney, W. Duffy, I. McCulloch, D.D.C. Bradley, J. Nelson, Adv. Funct.
Mater. 18 (2008) 2373.

[15] A.M. Goodman, A. Rose, J. Appl. Phys. 42 (1971) 2823.
[16] M. Lenes, M. Morana, C.J. Brabec, P.W.M. Blom, Adv. Funct. Mater. 19

(2009) 1106.
[17] J.-F. Chang, J. Clark, N. Zhao, H. Sirringhaus, D.W. Breiby, J.W.

Andreasen, M.M. Nielsen, M. Giles, M. Heeney, I. McCulloch, Phys.
Rev. B 74 (2006) 115318.

[18] L.A.A. Pettersson, L.S. Roman, O. Inganas, J. Appl. Phys. 86 (1999) 487.
[19] Z. Knittl, Optics of Thin Films, John Wiley and Sons, 1976.
[20] H. Hoppe, N. Arnold, N.S. Sariciftci, D. Meissner, Sol. Energy Mater.

Sol. Cells 80 (2003) 105.
[21] M.A. Lampert, P. Mark, Current Injection in Solids, Academic Press,

New York, 1970.
[22] V.D. Mihailetchi, J.K.J. van Duren, P.W.M. Blom, J.C. Hummelen, R.A.J.

Janssen, J.M. Kroon, M.T. Rispens, W.J.H. Verhees, M.M. Wienk, Adv.
Funct. Mater. 13 (2003) 43.

[23] V.D. Mihailetchi, L.J.A. Koster, P.W.M. Blom, C. Melzer, B. de Boer,
J.K.J. van Duren, R.A.J. Janssen, Adv. Funct. Mater. 15 (2005) 795.

[24] V.D. Mihailetchi, H.X. Xie, B. de Boer, L.J.A. Koster, P.W.M. Blom, Adv.
Funct. Mater. 16 (2006) 699.

[25] C. Melzer, E.J. Koop, V.D. Mihailetchi, P.W.M. Blom, Adv. Funct.
Mater. 14 (2004) 865.

[26] K.G. Jespersen, F. Zhang, A. Gadisa, V. Sundström, A. Yartsev, O.
Inganäs, Org. Electron. 7 (2006) 235.

[27] N.I. Craciun, J. Wildeman, P.W.M. Blom, Phys. Rev. Lett. 100 (2008)
056601.

[28] M. Lenes, L.J.A. Koster, V.D. Mihailetchi, P.W.M. Blom, Appl. Phys.
Lett. 88 (2006) 243502.

[29] L. Onsager, J. Chem. Phys. 2 (1934) 599.
[30] C.L. Braun, J. Chem. Phys. 80 (1984) 4157.
[31] L.J.A. Koster, V.D. Mihailetchi, P.W.M. Blom, Appl. Phys. Lett. 88

(2006) 052104.
[32] V.D. Mihailetchi, L.J.A. Koster, J.C. Hummelen, P.W.M. Blom, Phys.

Rev. Lett. 93 (2004) 216601.
[33] L.J.A. Koster, E.C.P. Smits, V.D. Mihailetchi, P.W.M. Blom, Phys. Rev. B

72 (2005) 085205.
[34] J.D. Kotlarski, P.W.M. Blom, L.J.A. Koster, M. Lenes, L.H. Slooff, J. Appl.

Phys. 103 (2008) 084502.
[35] R. Hoffmann, C. Janiak, C. Kollmar, Macromolecules 24 (1991) 3725.



B. Mukherjee, M. Mukherjee / Organic Electronics 10 (2009) 1282–1287 1283
planarity, high symmetry, electron delocalization property
and high conductivity and have been studied widely for a
long time [10,11]. The highest mobility reported so far in
Pc based OFET was a single crystal CuPc-FET, where the
mobility reaches as high as 1.0 cm2 V�1 s�1 [12]. The solu-
tion-processed OFETs fabricated from amphiphilic
tris(phthalocyaninato) rare earth triple-decker complexes
have been revealed to display excellent FET performance
with the carrier mobility as high as 0.60 cm2 V�1 s�1 and
current modulation of 105 [13].

The present work explores the potential of a nonper-
ipherally octahexyl substituted lead phthalocyanine
(PbPc), the chemical structure of which is shown in
Fig. 1a, as an active material for OFET devices. The com-
pound was chosen because of its low band gap (1.2 eV) en-
ergy [14] and for its solubility in common organic solvents,
enabling its ready formulation as thin forms by the con-
ventional spin-coating technique and capability of demon-
strating nonvolatile memory phenomena [15]. The
synthesis of the material was reported earlier by Burnham
et al. [16]. As yet only one report in the literature has ad-
dressed the potentiality of PbPc as an active material for
OFET [14], but memory functionality of the material was
not investigated. In this study, we have shown that OFET
based on PbPc can efficiently be used as a nonvolatile or-
ganic memory device with continuous write–read–erase–
read switching performance.

2. Experimental section

The OFETs were fabricated on patterned indium tin
oxide (ITO) coated glass substrate which acted as a gate
electrode. Before using, ITO substrates were cleaned suc-
cessively with detergent, de-ionized water, acetone and
isopropyl alcohol in ultrasonic bath. Polyvinyl alcohol
(PVA, Mol. Weight: 100,000), purchased from Fluka Chem-
icals, was dissolved in distilled water (15 wt%) and after fil-
tering with 0.2 lm syringe filters, was spin coated on ITO
substrate at 2000 rpm. The thickness of the dielectric layer
was measured by a Dektak (3030) surface profilometer to
be around 450 nm. After drying the film at 110 �C for 1 h
in vacuum, a solution of PbPc in tetrahydrofuran, with a
Fig. 1. Chemical structure of (a) nonperipherally substituted octahexyl
lead phthalocyanine compound (PbPc) and (b) polyvinyl alcohol (PVA). (c)
Schematic presentation of the OFET device.
concentration of 4 mg ml�1, was spun on top of PVA film
rotating at 2000 rpm. The deposited films (60 nm) were
then dried in a vacuum oven (10�3 Torr) at 90 �C for 3 h
to allow complete evaporation of solvent and surface mois-
ture. On top of the PbPc layer, gold (Au) was vacuum evap-
orated (below 10�5 Torr) at 0.3 Å/s through a patterned
interdigitated shadow mask to make source/drain
(50 nm) contact. The channel length and width of the
OFETs were 60 lm and 6.4 mm, respectively. The sche-
matic diagram of the OFET device is shown in Fig. 1c. The
electrical characteristics of the OFETs were obtained at
room temperature under ambient condition using Hew-
lett–Packard (HP) 4140B semiconductor parameter ana-
lyzer. We have characterized as many as 10 devices, out
of which eight devices worked excellently and two devices
did not show any FET properties.
3. Results and discussions

Fig. 2 presents the tapping mode atomic force micro-
scope (AFM) images of the PVA surface on ITO substrate
(Fig. 2a) and the annealed PbPc film on top of the dielectric
layer (Fig. 2b). The images in both the cases show almost
smooth surfaces with very low roughness (less than
2 nm). The surface analysis of the dielectric layer indicate
that there is lack of pinholes throughout the film with an
rms surface roughness of 0.75 nm enabling effective carrier
transport throughout the film.

The output characteristics of PbPc FETs with gold drain–
source electrodes are shown in Fig. 3; displaying the drain–
source current IDS versus the applied drain–source voltage
VDS for different gate voltages VG applied to the ITO sub-
strate, which acted as a gate. The device exhibits a field ef-
fect with operation in a p-type accumulation mode. The
linear and saturation regions can be observed clearly with
the increase of drain voltage (VDS). The matching of HOMO
energy level of PbPc (5.2 eV) with the work function of gold
(5.1 eV) can ensure efficient hole injection into the semi-
conductor channel which further ensured high device per-
formance in OFETs based on PbPc.

We observed a difference in VGS�IDS plots when differ-
ent biases are applied to the gate electrode. Fig. 4 shows
the evolution of the hysteresis in the transfer characteris-
tics of PbPc FET, displaying memory windows of the de-
vices as swept to the various gate voltage ranges. Three
different gate voltages (VG = 30, 40 and 50 V) have been
plotted in the figure. The gate bias was swept in a loop,
i.e., from 0 to +VMax, +VMax to �VMax, and finally from �VMax

to +VMax, keeping the source–drain voltage as constant
(VDS = �50 V). The clockwise hysteresis direction indicates
that when a negative gate bias is applied, holes are injected
into the PbPc channel, corresponding to the programming
(writing) process, and when a positive gate bias is applied,
holes are injected from the PbPc channel, corresponding to
the erasing process. The injection or ejection of holes in the
gate dielectric will lead to a threshold voltage (Vt) shift,
which is the so called memory window. When the gate
voltage cycling range is enlarged, the shift of the threshold
voltage (DVt) of the forward and backward sweeps be-
comes wider. This memory window forms the basis for



Fig. 2. Tapping mode AFM images of (a) PVA (dielectric) surface on ITO substrate and (b) spun cast PbPc film on top of the PVA surface. Area of the image
scanned is 1 � 1 lm2 with a height scale of 5 nm.

Fig. 3. Output characteristics of the OFET based on PbPc channel and PVA gate dielectric. Channel length and width of the OFET are 60 lm and 6.4 mm,
respectively. Different gate voltages (VG) applied on the device are indicated in the figure.

Fig. 4. Transfer characteristics of the OFET demonstrating the nonvolatile memory for different gate voltages (VG) and fixed VDS = �50 V. Arrows show the
direction of voltage sweep of VG. Inset shows the dependence of the threshold voltage shift (DVt) with the amplitude of the maximum applied gate voltage
(VG,Max) for eight (8) measured devices. The variation in DVt from device to device has been indicated by error bars.
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PbPc FETs working as memory devices. The shifts in Vt by
5.63 and 9.59 V are observed when the gate voltages are
scanned, respectively, to VMax = 40 and VMax = 50 V with re-
spect to the initial cycle of VMax = 10 V, where the memory
window of only 1.7 V can be observed (not shown). Differ-
ent gate voltages have been applied to the device for the
evolution of the hysteresis. The dependence of the memory
window, i.e., the shift in threshold voltage (DVt) with the
maximum gate voltage applied (VG,Max) is shown in the in-
set of Fig. 4. We have measured eight different devices and
the results are summarized in the figure. The figure shows
that with increase in amplitude of gate voltage (VG,Max), the
memory window increases nonlinearly. This means that
higher the value of VG,Max, larger is the rate of increment
of DVt. In other words, the increase in DVt is more pro-
nounced at higher VG. The similar trends have been ob-
served from all the devices with a slight fluctuation in
the value of DVt (indicated by error bars).

The hysteresis and memory behaviors in OFETs are
normally proposed to be due to the charge storage [17],
slow polarization of the gate dielectric [7] and electron
trapping in the semiconductor [18]. The observation of
hysteresis in the present OFET device is proposed to be
due to locally trapped charges that induce shifts in Vt

[9]. When a large negative gate bias is applied, the in-
jected holes are trapped in the interface, leading to the
built in electric field along the direction opposite to the
applied field. This built in electric field screens the exter-
nal field, resulting in more negative gate bias needed to
turn the transistors on, and thus a negative directional
Vt shift occurs (Fig. 4). Once the charges are trapped in
the interface, they remain trapped leading to on state of
the device, until at large positive bias the charges become
detrapped and the device goes to the off state. The charg-
ing and discharging of PVA films has been known for
quite a long time and was also reported by other groups
[19,20]. We also have measured the gate leakage current
(IG) of the OFET as VG is scanned in a loop with fixed
Fig. 5. Transfer characteristics of the OFET for different drain (VDS) voltages. Gate
directions of VG.
drain–source voltage (VDS = �50 V). It can be seen from
Fig. 5 that the maximum leakage current of the device
is as low as 40 nA which is 25-folds lower than the corre-
sponding drain current. With regard to the large thresh-
old voltage shifts in the ‘‘forward’’ and ‘‘reverse’’ sweeps
of the gate voltage, we applied different drain voltages,
VDS, to observe sizable differences in IDS values. The mem-
ory effect is pronounced even at low VDS (e.g.,
VDS = �30 V) as shown in Fig. 5. The drain current and
memory window, however, decrease with decrease in
magnitude of drain voltage.

Fig. 6 presents a representative result of write–read–
erase–read (WRER) cycle tests conducted on the devices
for hours. Only a section of the results is depicted in
the figure. In the write–read–erase–read cycle, the
‘‘write” (i.e., on state) is made by applying a negative
voltage pulse (�40 V) and the ‘‘erase” (off state) is
achieved through erasing the on state by applying a po-
sitive voltage pulse with an amplitude of 40 V. A small
probe voltage (�20 V) pulse is employed to read the on
state (write) and off state (erase) of the device. The drain
voltage, during the measurement, was kept constant at
VDS = �30 V. The probe current in the on state is clearly
higher than that in the off state. The ratio between the
read currents in the on and off states (on/off ratio) of
the PbPc FET was maintained to be more than five. The
device has been operated under more than 60 WRER cy-
cles and no current degradation is observed for either of
the states. Also, during the test, it produces good rewrit-
able characteristics.

One of the important parameters of any storage device
is its memory retention time, which is defined as the time
for which the memory can be read out unequivocally to be
in the on or in the off state. We investigated the charge
retention properties of the PbPc FET, i.e., the relaxation
dynamics of trapped charge carriers after writing or eras-
ing of the device, the results of which are summarized in
Fig. 7. A voltage pulse of ±40 V was chosen to write (on)
leakage current (IG) is plotted on the right axis. Arrows indicate the sweep



Fig. 6. Memory operation (write-read-erase-read) cycle with writing at VG = �40 V, erasing at VG = 40 V, and reading at VG = �20 V. VDS was kept at �30 V
throughout the measurement.
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or erase (off) the states of the device, followed by a read
out of the states of the device by a �20 V read pulse
(width = 2 s). The drain voltage was kept constant at
VDS = �30 V throughout the measurement. Fig. 7 shows
current as a function of time for each of the two cases. To
reduce the additive effect of the ‘‘probe” or ‘‘read” voltage
on the existing state, we applied the ‘‘read” voltage in a
pulse mode with a duty cycle of only 12%. It can be found
from the figure that the device remains stable for more
than 5 h in either of the states with no noticeable degrada-
tion. However, after 5.5 h, the device degraded a little with
slight decrease in current. Here, we have calculated the
time dependence of on/off ratio for different devices from
their retention time measurements. The results are de-
picted in the inset of Fig. 7. Though there is a little variation
in on/off ratio from device to device (as indicated by error
bars), an average value of seven is maintained for all the
devices for prolonged period of time.
Fig. 7. Data retention measurement of the On- (write) and off state
(Erase) drain current (IDS) of the OFET device measured at VG = �20 V. VDS

was kept at �30 V throughout the experiment. Inset shows the plot of on/
off ratio with time for different devices.
4. Conclusions

In summary, a programmable field-effect transistor
with organic electret (PVA) as the gate insulator and lead
phthalocyanine as the active semiconductor has been fab-
ricated through solution processing. The device exhibited
hysteresis and memory upon sweeping of the gate bias in
the forward and reverse scan. Trapping and detrapping of
charge carriers in the dielectric/semiconductor interface
is proposed to be the mechanism behind the memory phe-
nomena. The memory window increased with increase in
magnitude of gate voltage or source–drain voltage. The de-
vice showed reproducible write–read–erase–read switch-
ing cycles and data retention of more than 5 h. The
device fabrication by cheap solution processing makes it
suitable for large area and low cost electronics. The mem-
ory performance of the device, though very promising, can
further be improved by optimizing the device geometry,
fabrication method and operating conditions.
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Fig. 1. (a) MC vs. magnetic field in the P3HT:PCBM based BHJ solar cell
device in dark and under illumination at the bias voltages of (a) 0.516 V,
below the Voc of the studied device; (b) 0.691 V, above the Voc. The red
solid lines are guides to the eyes. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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photocurrent of �9% at the maximum power voltage of
0.35 V and at B = 100 mT. They explained the enhancement
of photocurrent as the result of an increase in the concen-
tration of T excitons due to the enlarged intersystem cross-
ing (ISC) rate of excitons from S state to T state. The
different explanations on the above various MFEs observed
in similar systems show that the mechanism of the MC ef-
fect in organic semiconductors remains obscure and more
investigation is required.

In this work, we studied the MC of P3HT:PCBM based
bulk heterojunction solar cells (BHJSCs) in dark and under
illumination. The dark current always decreases with the
applied magnetic field (�MC). However, when light illumi-
nation is turned on, the photocurrent is enhanced by the
applied magnetic field (+MC). Because the photocurrent
is in the opposite direction of the injection current, the
MC trace of current under illumination exhibits a sign
change around the open circuit voltage Voc. We suggest
that the +MC in photocurrent is due to the field-suppressed
ISC of e–h pairs from S state to T state and �MC under illu-
mination is mainly contributed by the dominating �MC in
dark current because Iphoto � Idark at those voltages. While
the �MC in dark current is associated with the space
charge limited current (SCLC). Other possible mechanisms
for ±MC effects are also discussed.
Fig. 2. Current variations DI = I(B) � I(0) under magnetic field of 50 mT as
a function of J for the device in the dark and under illumination. The inset
is the photocurrent under field (50 mT) and with no field as a function of
the applied voltage. The olive solid lines are guides to the eyes.
2. Experimental

Our BHJSCs consist of a blended P3HT:PCB M (1:1 in
weight) thin film sandwiched between poly(3,4-ethylene-
dioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS)
coated indium tin oxide (ITO) and a modified metallic cath-
ode. After the traditional cleaning process and UV/O3 treat-
ment, a PEDOT: PSS layer of �50 nm thick was spin coated
onto the ITO covered glass substrate and then annealed for
an hour at 100 �C in vacuum. Then �100 nm thick
P3HT:PCBM photovoltaic layer (solved in dichlorobenzene)
was spin coated onto the PEDOT:PSS layer and dried in vac-
uum at 90 �C for an hour. A 1 nm thick lithium fluoride
(LiF) and a 100 nm thick aluminum cathode were ther-
mally evaporated onto the organic layers through a sha-
dow mask (active areas: 1 � 3 mm2) in high vacuum
(�10�5 Pa). During the measurement process, the samples
were mounted on the cold finger of a close-cycle cryostat
(Janis CCS-350s) which was located between the pole
pieces of an electromagnet (Lakeshore EM647). The mag-
netic field with the maximum strength of 200 mT was ap-
plied parallel to the device surface and measured by Hall
probe GaussMeter (Lakeshore 421) placed close to the
sample. The J–V characteristics in dark or under illumina-
tion were measured by a Keithley 2400 SourceMeter and
a halogen lamp with light intensity �50 mW/cm2 was used
as the light source.

3. Results and discussion

Fig. 1 shows the MCs at two typical biases in the dark
and under illumination as a function of the applied mag-
netic field. The open circuit voltage Voc is 0.55 V in this de-
vice. The MC is defined as [I(B) � I(0)]/I(0), where I(B) and
I(0) are the currents in the presence and absence of a mag-
netic field B. As shown in Fig. 1a, �MC in dark current with
value of�0.7% is observed at 0.516 V below Voc. When light
illumination is turned on, the MC response shows a sign
change and produces positive trace in photocurrent as
shown in Fig. 1a. The same phenomenon is observed at
other bias below Voc. The red lines in this figure are added
just as guides to the eyes. However, both the MCs in the
dark and under illumination are negative at bias above
Voc. Typical traces at 0.691 V are selected and displayed
in Fig. 1b.

Fig. 2 illustrates the current variation DI = I(B) � I(0) un-
der an external magnetic field (�50 mT) as a function of



Fig. 3. (a) Dark J–V characteristics (black solid square) and illuminated J–
V characteristics (blue solid circle) of the device. The red solid line
represents a power law fit to the log(J) vs. log(V) in the bias region (0.4–
1.0 V). (b) MC of current in the dark (black open square) and under
illumination (blue open circle) vs. log (V). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

1290 Y. Lei et al. / Organic Electronics 10 (2009) 1288–1292
the current density J in the dark as well as under illumina-
tion. The photocurrents in the presence and absence of a B
field �50 mT are compared in the inset (only show the cur-
rents around Voc). Nearly constant enhancement of photo-
current is observed for all bias below Voc due to the action
of the magnetic field. When increasing the voltage, the
photocurrent become positive and its variations are linear
with J. Similar linear change is also observed in dark cur-
rent. The observed phenomena suggest that the distinct J
dependences of DI in negative and positive J region must
be related with two different mechanisms of MC.

To investigate the correlations between the MC effect
and the current character in our devices, we measured J–
V characteristics in a small voltage range (0.15–1.0 V) in
dark and under illumination, respectively. As shown in
Fig. 3a, at low voltages the J–V characteristics in dark are
linear. At higher voltages (0.4–1.0 V), power law behavior
of J / Vm with m � 6 (red solid line)1 are observed. The J–
V characteristics under illumination also contain two dif-
ferent regimes: (i) when V < Voc, the current is dominated
by the diffusion of photo-generated charges under the
built-in electric field, (ii) when V > Voc, the current under
illumination is slightly larger than the dark current, i.e.
Iphoto � Idark. The MC-voltage curves are displayed in
Fig. 3b. In dark condition, the MC response is always nega-
tive and shows a weak dependence on the applied volt-
ages. However, under illumination, +MC at bias below Voc

and �MC at bias above Voc are observed. The inversion
and large values of MC occur at voltages close to Voc. In fact,
this feature of MC response in current under light is not
intriguing and has been reported by Desai et al. [18]. It
can be easily understood that though the applied magnetic
field only slightly enhances the negative photocurrent, a
1 For interpretation of color in Fig. 3, the reader is referred to the web
version of this article.
drastic MC response is yielded at bias voltages around Voc

due to the denominator I(0) is nearly zero when the bias
voltage approaches Voc.

At the voltages below Voc, the measured augment of
photocurrent with an applied B field is very similar with
the result reported by Shakya et al. [17]. Instead of thinking
that the external magnetic field can increase the ISC rate of
excitons from S state to T state, we consider the magnetic
field affected hyperfine modulation on the conversion of
e–h pairs from S to T. Kalinowski et al. [1,2] suggested that
the hyperfine interactions of electrons or holes with sur-
rounding nuclei could partially convert the S e–h pairs into
T pairs with a rate constant KST. In the absence of an exter-
nal magnetic field, the S and T (T0 and T±) pair states nearly
degenerate because of the negligible exchange interac-
tions, resulting in an effective S ? T conversion due to
the hyperfine mixing. When a magnetic field is applied,
the triplet degeneracy is removed and the hyperfine mix-
ing can only occur between S and the T0 state, leading to
a decrease in KST and an increase in the concentration of
S pairs. Under light illumination, the S excitons are gener-
ated in the blend by absorbing the photons. They can dif-
fuse to the P3HT/PCBM interface and form the correlated
S e–h pairs through a charge transfer process. Because
the S e–h pairs have a stronger ionic character than T pairs,
they have higher probability for dissociation or charge sep-
aration [1,19]. Under the light illumination with constant
density, the applied B field boosts the population of S e–h
pairs and therefore enlarges the photocurrent. In addition,
a slight high field (B > 50 mT) decrease can be identified in
the MC response of photocurrent when V < Voc. Similar
phenomenon has also been observed by Kalinowski et al.
in the photoconductance of Alq3 film [1]. Their pioneer
interpretation based on the electronic Zeeman effect
attributed this MFE to a non-negligible exchange interac-
tion between S and T e–h pairs. Increasing the magnetic
field pushes the T+ state toward S state, and a sudden in-
crease in the ISC rate from S to T+ pair states and a mini-
mum in the concentration of the S pairs can be expected
at a level crossing field. A weak decreasing trend in the
MFE on the photocurrent or photoconductance can be ex-
pected if considering a Gaussian distribution of the e–h
pairs’ distance instead of a constant charge separation dis-
tance for all e–h pairs.

In addition to the dissociation of S e–h pairs and S exci-
tons, the reactions between the electrode and T excitons
constitute another channel for the generation of photocur-
rent. T excitons can diffuse to the electrode interface owing
to their long diffusion lengths for charge reaction, T + elec-
trode ? e + h, giving the so-called excitonic injection con-
tribution to the total current [1,2,20]. But such a process
in the blends should be much weaker than in the polymer
films because the phase separation of donor and acceptor
can greatly facilitate the interfacial dissociation of excitons
and consequently increase the exciton dissociation effi-
ciency. It was estimated that almost all the T excitons are
highly probable to reach the donor/acceptor interface and
dissociate into free charge carriers [17]. Hence we do not
suggest that the T excitons induced excitonic injection of
current is an important channel in the magnetic field effect
on the photocurrent.
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According to the above discussed mechanism of MFE on
photocurrent, the nearly constant DI in photocurrent at
bias below Voc as shown in Fig. 2 is due to the constant
density of light illumination. When the applied voltage is
larger than Voc, the variations of current under illumination
are linear with J and show a small difference in slope with
the variations of dark current. This small difference could
be caused by the photo-generated charges which fill the
traps or drift in the blend.

As frequently been observed, the bulk transport in or-
ganic semiconductors is often dominated by the space
charge limited current with an exponential traps distribu-
tion which leads to the relationship between J and V as
J / Vm. Referring to Fig. 3a, the J–V characteristics of our
BHJSC device exhibit similar behavior as J / V6 (red solid
line), which is likely a signature of trap filling [21]. There-
fore we suggest that the �MC effect in dark current might
be associated with the case of SCLC. This can be also con-
firmed by the case of current under illumination. At bias
larger than �0.6 V, the current under illumination is also
governed by the SCLC. The MC effects at this current re-
gime under illumination are negative and have only a
small difference in their values compared to the �MC ef-
fect of dark current. Similar effect has also been found in
OLED by Bloom et al. who measured the magnetoresis-
tance (MR) effect of the devices (device was current biased
and the voltage drop was measured) [12,13]. Their findings
show that when the I(V) exhibits power law behavior
(I / V6), the MR is positive (�MC effect), and with the devi-
ation from the power law the MR starts to decrease and
even becomes negative (+MC effect). Currently the micro-
scopic origin of the correlation between the SCLC and
�MC is still unclear. More dedicated experiments are re-
quired to solve this issue and further development of the-
oretical model will also be a great challenge. At large bias,
the current under illumination of our device is actually
dominated by the dark current, for instant, at V = 0.691 V,
Iphoto � Idark. Therefore in this voltage regime, the MC re-
sponse is mainly due to the MFE on dark current. We as-
cribe the small difference between the �MCphoto and
�MCdark to the influence of the MFE on the photo-gener-
ated charge carriers which would decrease the injection
current.

Recently, several groups have used bipolaron model to
explain the MR effect of the organic devices [4,5,12–14].
This model relies on the spin dependent formation of dou-
bly occupied sites during the hopping transport of charge
carriers through the organic film [22]. As indicated in J–V,
the SCLC with an exponential traps distribution would
probably favor the formation of bipolarons. Since the donor
and acceptor phases are separated in P3HT:PCBM blend,
positive polaron pairs (P+P+) and negative polaron pairs
(P�P�) should be formed in the P3HT polymer phase and
fullerene phase, respectively. However, as seen in Fig. 3b,
the �MC response in dark current seems to be voltage
independent. Such a phenomenon is inconsistent with
the bipolaron mechanism because the large concentration
of bipolarons should be able to result in the increase of the
magnitude of MC. Within the bias range of 0.5–0.8 V, the
current density increases nearly two orders as shown in
Fig. 3a. A stronger MC response should be anticipated but
it is not observed in the experiment. Therefore the bipola-
ron model is not suitable to explain our observations.

4. Conclusion

We have investigated the MC effects in P3HT:PCBM
based BHJSCs in the dark and under illumination. We ob-
served a sign change in MC response under illumination
occurred at the bias close to Voc. At bias below Voc, the
+MC in photocurrent can be explained by the field depen-
dent hyperfine mixing between the S and T e–h pairs, lead-
ing to an enhancement in S pair dominated charge
dissociation and photocurrent. At bias larger than Voc, both
current under light and in the dark show similar �MC ef-
fect. Because the current under illumination at bias above
Voc is mainly due to the injection current (dark current),
the �MC can be attributed to the MFE on dark current
which displays the clear character of space charge limited
current with an exponential traps distribution. Our study
leads to the insight into the fundamental magnetic field
dependent properties of the excitonic states formed in or-
ganic optoelectronic devices.
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channel through ambipolar transport. In fabricating effi-
cient ambipolar OLEFETs, balanced carrier conduction
and controlled positioning of the recombination region
are crucial. So far, either utilizing single ambipolar materi-
als or combining two unipolar materials through co-evap-
orated or bilayered structures have been applied to realize
ambipolar carrier conduction [15–23]. In most cases of sin-
gle component- and co-evaporated blend-based OLEFETs,
however, efficient light emission has not been observed
due to the difficulties in achieving a balanced injection
and carrier transport. While there is a physical separation
between hole and electron transports, bilayer heterojunc-
tion-based OLEFETs have demonstrated well-balanced
ambipolarity with high carrier mobilities and have conse-
quently improved luminescence by tuning the gate
voltage.

Another critical factor in fabricating high-performance
OLEFETs is the preparation of good thin films. Unlike tradi-
tional vapor deposition and/or solution-processing meth-
ods, the neutral cluster beam deposition (NCBD) method
employed in this study is a less popular, but promising
deposition approach [24]. Neutral cluster beams of weakly
bound organic molecules are generated at the throat of the
nozzle when the vapor-phase molecules evaporated by
resistive heating undergo adiabatic supersonic expansion
in a high-vacuum. The unique characteristics of a neutral
S
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cluster beam are its high translational kinetic energy and
directionality. The collision of such directional, energetic
neutral clusters with a substrate of interest induces their
facile decomposition into individual molecules, where
their subsequent migration leads to the formation of
smooth, uniform thin films. The novel scheme allows for
significant improvement in surface morphology, crystallin-
ity, packing density, and room temperature substrate
deposition, whose unique advantages cannot be easily
achieved through traditional vapor deposition techniques.
In recent years a series of optoelectronic devices have been
successfully prepared and characterized utilizing the NCBD
method [25–33].

In this article, we describe our application of the NCBD
method to fabricate bilayer heterojunction-based OLEFETs
by successively superimposing two layers of a,x-dihexyl-
sexithiophene (DH6T) and N,N0-ditridecylperylene-
3,4,9,10-tetracarboxylic diimide (P13). DH6T and P13 are
hole- and electron-transporting materials with high mobil-
ities and the relative positions of their highest occupied
and lowest unoccupied molecular orbitals (HOMOs and
LUMOs) are well-matched to form singlet excitons for high
luminescence; the (HOMO, LUMO) levels of DH6T and P13
are estimated to be (�5.2 and �2.9 eV) and (�5.4 and
�3.4 eV), respectively (Fig. 1). For the first time, our
air-stable, heterojunction-based OLEFETs successfully
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demonstrated good field-effect characteristics, stress-free
operational stability, and electroluminescence based on
well-balanced ambipolarity under ambient conditions.

2. Experiment

A homemade NCBD apparatus was employed to prepare
the P13 and DH6T active layers [24]. The apparatus con-
sisted of a pair of evaporation crucibles, a drift region,
and the substrate. The as-received samples were placed in-
side the enclosed cylindrical crucibles (1.0 mm diameter, a
1.0 mm-long nozzle) and sequentially sublimated by sepa-
rate resistive heating between 530 and 570 K for P13 and
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diffractograms for the DH6T, P13, and P13/DH6T thin films deposited on the SiO
480 and 510 K for DH6T. Each sample vapor then under-
went adiabatic supersonic expansion into the high-vacuum
drift region at a working pressure of approximately
6 � 10�6 Torr. Highly directional, weakly bound neutral
cluster beams were formed at the throat of the nozzle
and directly deposited onto the substrates. The optimum
thickness and deposition rate were 300 Å at 1.0–2.0 Å/s
for P13 and 150 Å at 0.5–1.0 Å/s for DH6T, respectively.

The OLEFET devices with a multi-digitated, long chan-
nel-width geometry were fabricated in the top-contact
configuration as shown in Fig. 1. The substrates consisted
of a highly doped, n-type Si wafer coated with an Al layer
as the gate electrode and thermally grown 2000 Å-thick
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SiO2 layers as the gate dielectric. A rigorous cleaning proce-
dure and UV treatment were necessary to improve OLEFET
performance, involving a series of sequential ultrasonic
treatments in acetone, hot trichloroethylene, acetone,
HNO3, methanol, deionized water, and blown dry with
dry N2. The substrates were finally exposed to UV
(254 nm) for 15 min [34,35]. The multi-digitated transis-
tors had a significantly longer channel-width (W) of
180.95 mm at a channel length (L) of 150 lm. Electron-
beam evaporation using a properly shaped shadow mask
was utilized to produce 500 Å-thick Au source and drain
electrodes at a deposition rate of 6–8 Å/s. The current–
voltage characteristics of OLEFETs and their light emission
intensities were measured simultaneously in air, using an
optical probe attached to an HP4140B pA meter-dc voltage
source unit and an 818-UV Si photodiode with an 1830-C
power meter (Newport Co.).
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Fig. 3. Typical output characteristics of P13/DH6T-based OLEFETs
obtained under ambient conditions.
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3. Results and discussion

Surface analysis using an AFM apparatus was carried
out to perform the comparative characterization of surface
morphologies for the DH6T and P13/DH6T films deposited
on SiO2 substrates at room temperatures. The root-mean-
square (Rrms) values for the DH6T and P13/DH6T films
were also measured as about 11 and 12 Å, respectively.
Both films exhibited complete coverage with the highly
packed grain crystallites, suggesting that the P13 bottom
layer did not disturb the deposition conditions at the early
stages and subsequent grain growth. The effect of the P13
bottom layer on the sequential deposition of DH6T active
layer was also examined by the X-ray diffraction measure-
ments using Cu Ka radiation in a symmetric reflection,
coupled h–2h scanning mode. Fig. 2b shows the XRD dif-
fractograms for three different kinds of DH6T (300 Å),
P13 (500 Å), and P13 (300 Å)/DH6T (150 Å) films. All thin
films show a highly ordered structure. The sharp first-or-
der peaks, as well as distinctive higher-order multiple
peaks can be fitted to a series of (0 0 l) reflection lines with
multiple d spacing. The XRD peaks of DH6T films located at
2h = 3.2� and 6.6� correspond to d-spacings of 27.6 and
13.4 Å. The four reflection peaks of P13 films located at
2h = 3.3�, 6.7�, 10.0�, and 13.3� were assigned to be the d-
spacings of 26.8, 13.2, 8.8, and 6.7 Å, respectively. In the
case of the P13/DH6T bilayer films, strong and narrow
first-order peaks were observed. Although the higher-or-
der multiple peaks were much weaker compared to those
in the DH6T films, the reflection peaks clearly showed
the feature of the DH6T layer, indicating that the P13 layer
placed at the bottom supports the crystalline growth of the
DH6T top layer without causing the structural mismatch at
the interface.

Fig. 3 displays the typical output characteristics of P13
(bottom)/DH6T (top)-based OLEFETs obtained under ambi-
ent conditions. The plot clearly exhibits the characteristic
IDS = IDS (VDS, VDS) dependence expected for ambipolar
devices, where IDS is the drain-source current, VDS the
drain-source voltage, and VGS the gate-source voltage. In
the case of the reverse drain mode (VDS < 0), there is a
crossover point from electron-dominated current to hole-
dominated current. At low VGS = 0 to �20 V, the drain cur-
rent due to electron injection at the drain electrode de-
creases quadratically with decreasing VDS (increasing
|VDS|). In the region of VGS 6 �30 V, the drain current in-
duced by hole injection from the grounded source elec-
trode appeared to contribute substantially and showed a
typical p-type transistor working in the accumulation
mode. At a fixed �VGS, IDS initially decreased linearly with
decreasing VDS with IDS tending to saturate due to a pinch
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Fig. 5. Hole and electron mobilities of P13/DH6T-based OLEFETs moni-
tored as a function of (a) time (days) and (b) number of measurements.

H.-S. Seo et al. / Organic Electronics 10 (2009) 1293–1299 1297
off in the accumulation layer. On the contrary, in the for-
ward drain mode (VDS > 0), a totally inverse phenomenon
occurs. There is a crossover from the hole-dominated cur-
rent to the electron-dominated current. At VGS = 0–20 V,
the drain current due to the hole injection at the drain elec-
trode increased quadratically with increasing VDS. In the re-
gion of VGS P 30 V, the drain current induced by electron
injection from the grounded source electrode appeared to
contribute substantially and showed a typical n-type tran-
sistor working in the accumulation mode.

The extent of transport balance between the hole and
electron carriers can be directly examined in the transfer
characteristics. Fig. 4 shows the typical transfer curves in
the saturation regime. Each transfer scan was run with a
constant VDS. In principle, for well-balanced ambipolar
transistors, a symmetric form of the transfer curve cen-
tered near the IDS minimum is expected. A good balance,
especially in the positive VGS region, is demonstrated in
Fig. 4. Using standard FET analysis, quantitative carrier
mobilities (leff) can be calculated in the saturation regime
by the following relationship:

IDS ¼
WCileff

2L
ðVGS � VTÞ2

where Ci is the capacitance per unit area of the SiO2 gate
dielectric and VT is the threshold voltage. For thermally
grown, 2000 Å-thick SiO2, the value for Ci is known to be
17.25 nF cm�2. A hole mobility (leff

h) of 2.22 � 10�2 cm2/
Vs at VDS = �60 V is estimated to be nearly equal to an elec-
tron mobility (leff

n) of 2.78 � 10�2 cm2/Vs at VDS = 60 V,
implying that a well-balanced ambipolar carrier transport
is clearly achieved in our OLEFETs. Several other device
parameters can be also derived from the fits of the ob-
served I–V characteristics for more than 10 OLEFETs and
are listed in Table 1. The maximum hole and electron
mobilities are also listed with the corresponding average
mobilities (leff

avg) with the standard deviation (r). The leff

values at room temperature are comparable to or some-
what less than those obtained from the NCBD-based sin-
gle-layer OFET devices, which are among the best to date
for polycrystalline DH6T- and P13-based transistors using
SiO2 dielectric layers without any thermal post-treatment.

Herein, it should be noted that our measurements were
carried out under ambient conditions, unlike most of the
previous OLEFET investigations conducted either under in-
ert atmosphere or vacuum conditions. In addition, due to
Table 1
Device parameters deduced from the characteristics of single-layer OFETs and bil

Classification (thickness) leff
n (cm2/Vs) leff

n,avg ± ra (cm2/Vs) VT
n

DH6Tb (300 Å) – – –
P13c (500 Å) 0.16 0.11 ± 0.03 46.
P13/DH6T (300 Å/150 Å) 2.44 � 10–2 1.27 � 10�2 ± 1.00 � 10�2 34.

2.56 � 10�2 1.21 � 10�2 ± 9.28 � 10�3 33.
2.63 � 10�2 1.21 � 10�2 ± 8.51 � 10�3 32.
2.78 � 10�2 1.21 � 10�2 ± 9.34 � 10�3 28.

a The mobility data in the text represents the best values. Considering the d
within leff

avg ± 2r (standard deviation).
b Ref. [26].
c Ref. [27].
environmental effects, the deposition sequence of two ac-
tive layers has been found to be critical in the fabrication
process of stable bilayer heterojunction-based OLEFETs.
In this study, by inverting the deposition sequence, the
transistors with the bilayered structure of P13 superim-
posed on top of DH6T were also fabricated and character-
ized. However, since most n-type organic-based devices,
including P13 devices, are sensitive to environmental con-
taminants such as moisture and oxygen that penetrate the
channel region, device parameters such as mobilities
deteriorate with time and therefore the OLEFETs do not
ayer heterojunction-based OLEFETs.

(V) leff
h (cm2/Vs) leff

h,avg ± ra (cm2/Vs) VT
h (V) VDS (V)

4.5 � 10�2 0.025 ± 0.016 �9.3 �60
3 – – – 100
7 1.83 � 10�2 1.23 � 10�2 ± 1.02 � 10�2 �12.7 ±30
9 1.99 � 10�2 1.36 � 10�2 ± 1.14 � 10�2 �11.5 ±40
4 2.15 � 10�2 1.37 � 10�2 ± 1.15 � 10�2 �10.0 ±50
9 2.22 � 10�2 1.31 � 10�2 ± 1.14 � 10�2 �8.5 ±60

istributions of the OFET and OLEFET characteristics, the all leff values lie
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show reproducible device characteristics and operational
stability. Similar deterioration phenomena were also re-
ported in the P13-based organic devices [19,36]. On the
other hand, as described in the previous section, when
DH6T was deposited on top of the P13 layer, the DH6T
layer appeared to act as a protective passivation layer
and significantly improved operational stability. As dis-
played in Fig. 5a, the hole and electron mobilities moni-
tored as a function of time did not change substantially,
even after 40 days. Furthermore, the alleged stress phenom-
enon in our OLEFETs was not observed. The degradation
process is known to occur when the devices are repeatedly
operated. Fig. 5b shows the hole and electron mobilities as
a function of the number of measurements. Transistor
characteristics were consistently reproducible during
repetitive operations up to 50, clearly manifesting that
the operational stabilities of our OLEFETs were well main-
tained without degradation. Therefore, the bilayer struc-
ture with an air-stable organic compound deposited atop
Fig. 6. Device operation and energy level diagram. (a) VGS = VDS = 0 V. (b) VGS < 0 V
shift up with respect to the Fermi levels of the Au metal electrodes and formation
negative VDS, some carrier recombination takes place in the P13 layer to form th
as a protective passivation layer presented a reliable
scheme in producing air-stable, stress-free ambipolar
OLEFETs.

The gate-dependence of the electroluminescence char-
acteristics corresponding to the transfer curves is also
shown in Fig. 4. The light emission was observed in the
region of VGS 6 �25 V. In cases of single-layer OLEFETs,
the maximum emission is generally expected to occur at
VGS = 0.5 VDS, where an equal voltage drop for hole and
electron carriers exists. To the contrary, emission in bilayer
heterojunction-based OLEFETs are not required to satisfy
the relationship. Instead, as revealed in Fig. 3, the position
of the emission maximum shifts slightly with decreasing
VGS (increasing |VGS|) and the intensity increases with
decreasing VDS (increasing |VDS|). On the basis of the energy
level diagram and the device structure in Figs. 1 and 6a, the
operating mechanism to account for the observed light
emission can be described as follows. When the gate elec-
trode is negatively biased, the large electric field causes the
, VDS = 0 V. When the gate is negatively biased, the HOMO and LUMO levels
of the P13/DH6T dipole layer occurs. (c) VGS < 0 V, VDS < 0 V. At the proper
e exciton leading to the electroluminescence.
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HOMO and LUMO levels in both semiconductors to shift up
with respect to the Fermi levels of the Au electrodes,
inducing formation of a positively charged accumulation
layer in the bottom of the DH6T layer (Fig. 6b); the holes
injected from the Au electrodes are transferred into the
DH6T layer with high hole mobility (Table 1) to form the
active channel placed near the organic interface. Since
P13 is an electron-transporting material with negligible
hole mobility, the formation of such an active channel does
not take place in the P13 layer. Instead, due to the positive
charges placed at the interface, the favorable electrostatic
interaction induces the attraction of the negative charges
in the P13 layer with high electron mobility, leading to for-
mation of the DH6T/P13 dipole layer. Afterwards, upon
application of the proper negative drain voltage, the mo-
bile holes can flow into the P13 layer and some carrier
recombination takes place to form the exciton leading to
the observed electroluminescence (Fig. 6c). Here, since
P13 has a smaller energy gap and the higher energy barrier
for hole transport from DH6T to P13 exists compared to
that for the electron transport from P13 to DH6T, most
light emission is highly likely to occur in the P13 layer.
Our observation of the luminescence process stands in
contrast with the measurements for the a,x-dihexylquar-
terthiophene (DH4T)/P13-based ambipolar OLEFETs con-
ducted under vacuum conditions by Dinelli et al. [19].
While the VGS dependence of the emission intensity exam-
ined under vacuum conditions was similar to that in this
study, the light emission due to the balanced transport
was reported to occur only when the DH4T layer was
placed at the bottom, in direct contact with the dielectric,
irrespective of the deposition sequence of the two layers.
Further experimental and theoretical investigations re-
lated to the conduction mechanisms of bilayer heterojunc-
tion-based OLEFETs are required.

4. Summary

The air-stable, heterojunction-based OLEFETs with
well-balanced ambipolarity were fabricated for the first
time, and good field-effect characteristics, stress-free oper-
ational stability, and electroluminescence were demon-
strated under ambient conditions. Fabrication and
characterization of several OLEFETs using various p-conju-
gated molecules through the NCBD method are underway.
We hope these studies to provide further insights into the
operating mechanisms and the structure-performance
relationships at the molecular level.
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promising technique for eliminating the need for alternat-
ing organic/inorganic stacks in the encapsulation of organ-
ic electronics, because of its unique capability of forming
defect-free inorganic films at low temperatures [20–22].
Thin-film encapsulation of organic light-emitting diodes
and small-molecule organic PVs using a single-layer ALD
Al2O3 film, either with or without an organic capping layer,
has been attempted with promising results [23–25], but
has not been reported for polymer bulk-heterojunction
PVs.

In this study, ALD was employed to deposit inorganic
metal oxide thin films to encapsulate polymer bulk-het-
erojunction PVs, where blended poly-3-hexothiophene
(P3HT) and [6,6]-phenyl C61 butyric acid methylester
(PCBM) comprised the active layer. The objectives were:
(1) eliminating O2/H2O-caused degradations to the PVs’
characteristics and (2) achieving high efficiency in the
encapsulated PVs. The effects of the temperature and dura-
tion of the ALD process on the efficiency of the encapsu-
lated PVs were determined to select the optimal settings.
The intrinsic degradation rate of the PVs, i.e., the degrada-
tion rate under O2/H2O-free environment, was determined
as a baseline, against which the encapsulated PVs were
evaluated. Two types of ALD films, Al2O3 and an Al2O3/
HfO2 nanolaminate, were tested, and their gas permeation
rate and microstructure were determined to improve their
effectiveness as encapsulating films.

2. Experimental

2.1. Device fabrication and characterization

The cross-sectional structure of the PV devices used in
this study from anode to cathode was: indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesul-
fonate) (PEDOT:PSS)/P3HT:PCBM/Al/encapsulation, as
illustrated in Fig. 1a. The PEDOT:PSS layer (thickness =
50 nm) was spin-coated from Baytron PH500 (Bayer AG)
followed by baking at 180 �C for 60 min in a glove box.
The P3HT:PCBM layer (thickness = 110 nm) was spin-
coated from a mixed solution of 1 wt.% P3HT (Mn =
50000 gmol�1, regioregularity = 98.5%, purchased from
Rieke Metals and used as received) and 0.8 wt.% PCBM
(purchased from Nano-C and used as received) in anhy-
Fig. 1. Schematics of the cross-section of the PV devices: (a) encapsulated
by a barrier film with complete coverage over all device surface and (b)
encapsulated by a barrier film that has poor surface coverage over the
P3HT/PCBM layer.
drous chlorobenzene. The Al layer (thickness = 250 nm)
was formed by thermal evaporation through a shadow
mask under high vacuum (10�6 torr). The control devices
were annealed at 140 �C for 60 min in the glove box fol-
lowed by encapsulation with a glass lid sealed with UV-
curable epoxy resin (A1438, Addison Clear Wave; used
after degassing under vacuum for 2 h). The current den-
sity–voltage (J–V) characteristics of the devices were mea-
sured with a Keithley 2400 source meter under simulated
AM1.5G illumination (ThermoOriel and ScienceTech solar
simulators with integrated intensity = 100 mW cm�2),
which was calibrated with a Hamamatsu silicon photodi-
ode with KG-5 filter against an NREL-calibrated solar sim-
ulator. The lifetime of the devices, defined as the time
required for the power conversion efficiency (PCE) to drop
to 50% of the initial value, was measured by monitoring the
change in their IV characteristics with the storage time
either in air or in the glove box. All air storage tests re-
ported in this work were conducted in ambient light at
28 �C and 60% relative humidity unless noted otherwise.

2.2. Atomic layer deposition

Savannah 100 ALD system by Cambridge Nanotech Inc.
was used to deposit ALD Al2O3 and HfO2 films. The Al2O3/
HfO2 nanolaminated films were composed of 52 pairs of
alternating 2 Å Al2O3 and 3 Å HfO2 layers. The precursors
used for Al2O3 and HfO2 were trimethylaluminum (TMA)/
H2O and tetrakis(dimethylamido)hafnium (TDMAHf)/H2O,
respectively. The deposition temperature was 140 or
150 �C and the chamber pressure was 0.1 Torr. High-purity
N2 (flow rate = 20 sccm) was used as carrier gas for the pre-
cursors. The ALD cycle for Al2O3 consisted of the following
steps: a 0.03 s pulse of TMA, a 5 s purge with N2, a 0.02 s
pulse of H2O, and a 5 s purge with N2; the ALD cycle for
HfO2 was the same except for the first step, which was a
0.1 s pulse of TDMAHf. It should be noted that the TMA
and TDMAHf pulses were placed before the H2O pulse to pre-
vent incursion of H2O into the devices, as the adsorbed TMA
or TDMAHf molecules would rapidly consume the incoming
H2O molecules before they could entered the devices [22]. A
cycle produced 1 Å and 1.2 Å for Al2O3 and HfO2, respec-
tively, as determined by ellipsometry (EP3, Nanofilm Tech.).
For the ALD process with a soak period for each of the precur-
sors (during which the reactor contained a precursor with-
out being pumped or purged), the steps in the cycle were a
0.1 s pulse of TMA, a 25 s soak, a 25 s purge with N2, a 0.1 s
pulse of H2O, a 25 s soak, and a 25 s purge with N2.

2.3. Surface characterization

Scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectroscopy (EDX) analyses were conducted
with a field-emission SEM (JSM-6700F, JEOL) operated at
an accelerating voltage 10 kV, and the samples were coated
a thin layer of platinum (�3 nm) before analysis. Water
contact angles were measured using a Ramé-Hart contact
angle goniometer (Model 100), where the sessile drop of
2–3 ll in volume was dispensed with a microsyringe and
the contact angle was measured within 30 s after its
formation.
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2.4. Helium permeation measurement

The helium transmission rate (HeTR) of the ALD films
was measured at room temperature with ALD films depos-
ited on polyimide substrates (thickness = 50 lm; area = 5
cm2). The samples were sealed with a rubber gasket be-
tween two isolated volumes, one of which contained He
at constant 0.5 atm and the other of which was connected
to a helium leak detector (ASM142, Alcatel). He molar flow
rates through the samples were recorded with the leak
detector, which divided by the sample area followed by
subtracting the substrate contribution were the HeTR val-
ues. Detailed measurement setup and procedures can be
found elsewhere [26].

3. Results and discussion

As the ALD encapsulation process was operated at ele-
vated temperatures, it inevitably annealed the active layer
and changed its morphology. Given that the performance
of bulk-heterojunction polymer photovoltaics is crucially
dependent upon the morphology of the active layer [27],
it was important to determine the temperature and total
time of the ALD process that would produce the optimal
morphology. The effects of ALD time on the PCE of encap-
sulated cells are shown in Fig. 2 for two ALD temperatures,
140 �C and 150 �C. With both of the ALD temperatures, the
PCE increased initially with increasing time, but the trend
reversed after the PCE reaching an maximum at 30 and
60 min for 150 and 140 �C, respectively. This is similar to
the effects of thermal annealing reported elsewhere
[28,29]. Thermal annealing increases the PCE by inducing
aggregation of the P3HT and the PCBM domains, which
facilitates transport of charge carriers through the do-
mains, but prolonged thermal annealing reduces the PCE
by causing over-aggregation of the domains, which exces-
sively reduces the bulk-heterojunction area that is critical
for charge generation. We verified that the heating action
of the ALD process was the sole cause of the observed
encapsulation-induced changes in the PCE, as devices that
Fig. 2. PCE of the ALD-encapsulated devices versus the ALD processing
time at 140 �C or 150 �C.
were thermally annealed (without the ALD process) under
the same temperature/time condition as those of the ALD
process showed almost identical after-annealing charac-
teristics to those of the ALD-encapsulated devices (Fig. 3
and Table 1). This also indicates that the ALD precursors,
although highly reactive, did not cause damage to the de-
vices during the encapsulation process. Of the two ALD
temperatures tested, 140 �C was used in the rest of this
study because its optimal time in terms of the PCE of
encapsulated devices, 60 min, allowed greater flexibility
in fine-tuning the conditions of the ALD process.

To accurately evaluate the effectiveness of our encapsu-
lation methods, i.e., their capability of blocking O2 and H2O
from air, we first determined the degradation profile of
control devices in an O2- and H2O-free environment, as
shown in Fig. 4, against which we compared the degrada-
tion profiles of encapsulated devices stored in air. The con-
trol devices (annealed at 140 �C for 60 min without
undergoing ALD) were encapsulated with adhesive-sealed
glass plates and then stored in a glove box with below
0.5 ppm O2 and H2O concentrations to minimize any possi-
ble O2 or H2O incursion. As can be seen in Fig. 4, the control
devices degraded slowly but significantly even in the nom-
inally O2/H2O-free environment. This degradation behavior
agrees with those reported elsewhere for P3HT/PCBM
bulk-heterojunction PVs whose morphology were opti-
mized with thermal annealing or controlled drying and
whose initial PCE were >2.4% [30]. We attribute the inher-
ent instability of the cells to two known mechanisms: (1)
reaction of the aluminum cathode with P3HT/PCBM under
sun light [30,31], and (2) gradual shift in the P3HT/PCBM
morphology from the optimum that was initially achieved
by thermal annealing [32]. It should be noted that the PCE
stabilized after reaching �1.6% (45% of initial PCE) and re-
mained above 1.4% (40% of initial PCE) for over 3000 h,
which was consistent with the reported stability of P3HT/
PCBM bulk-heterojunction PVs whose initial PCE was low
(<1%) [33]. The degradation profile of the glass-encapsu-
lated control devices stored in air was also determined
Fig. 3. J–V characteristics of a device encapsulated with the ALD Al2O3

process at 140 �C for 60 min and another device annealed at 140 �C for
60 min without undergoing ALD.



Table 1
Characteristics of the devices plotted in Fig. 3.

Condition Voc

(volt)
Jsc (mA/
cm2)

FF
(%)

PCE
(%)

With ALD encapsulation 0.58 9.85 63.4 3.62
With annealing, but without

ALD
0.58 9.98 63.2 3.66

Voc: open-circuit voltage.
Jsc: short-circuit current density.
FF: fill factor.

Fig. 4. Degradation profiles of the devices with various encapsulations.
All profiles except for that of the control were measured over storage in
air at 28 �C with 60% relative humidity. The initial PCE of the devices
ranged from 3.1% to 3.7%. The Al2O3/HfO2 nanolaminated films were
made with the with-soak process.

Fig. 5. SEM images of the ALD Al2O3 films deposited on a P3HT/PCBM film (a) w
taken at the bright patches in (a); (d) EDS spectrum taken at the dark patches i
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(also shown in Fig. 4): They degraded much more quickly
than stored in the glove box, indicating that degradation
caused by O2 and H2O permeating through the adhesive
at the device perimeter was significant. It was this O2-
and H2O-caused degradation that this study aimed to elim-
inate, and the issue of inherent instability is the topic of
our ongoing work and will not be discussed here.

In encapsulating the PVs with ALD films, we observed
three issues: (1) poor nucleation of ALD films on the sur-
face of the P3HT/PCBM active layer that was exposed at
the edges of the devices, which led to incomplete coverage
of the ALD films (and therefore incomplete encapsulation)
at the device edges (see Fig. 1b for a schematic illustra-
tion); (2) rapid hydrolysis of the ALD films in air, which
caused the encapsulating films to disintegrate as the de-
vices aged; (3) susceptibility of the ALD films to mechani-
cal damages during device characterization and handling.
As can be seen in Fig. 1, the device surfaces to be encapsu-
lated by the ALD film included the Al cathode, the PCBM/
P3HT active layer, the PEDOT:PSS layer and the ITO anode.
Among the surfaces, the PCBM/P3HT layer was hydropho-
bic and therefore difficult for the ALD film to nucleate [34],
while the other layers contained hydroxyl groups at their
surfaces as chemisorption sites for facile ALD nucleation
[35] and were therefore well-nucleated (see Supplemen-
tary materials). The poor nucleation of ALD films on
P3HT/PCBM was observable with SEM and EDS. The surface
of a P3HT/PCBM film coated with a 5 nm ALD Al2O3 layer
appeared highly inhomogeneous under SEM (Fig. 5a), and
EDS analyses (Fig. 5c and d) confirmed that the surface
contained both Al2O3-coated (bright patches in SEM) and
uncoated or little-coated areas (dark patches); on the other
ithout-soak, and (b) with-soak. The scale bars are 1 lm. (c) EDS spectrum
n (a).
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hand, the ALD-coated Al, ITO and PEDOT:PSS surfaces were
homogeneous (featureless) under SEM and were not
shown. The poor nucleation was due to the lack of chemi-
sorption sites (e.g. –OH groups) on the P3HT/PCBM surface.
Nucleation of the ALD films was improved by employing a
25 s soak period for each of the ALD precursors in the first 5
cycles of the ALD process. The soak periods improved
nucleation by allowing more precursor molecules to ad-
here to the P3HT/PCBM surface through physisorption/
absorption, thereby improving surface coverage and uni-
formity of the ALD films. The improvement can be seen
in the SEM image in Fig. 5b, where the P3HT/PCBM surface
was free of heterogeneous features after being coated with
the with-soak ALD process. In terms of the degradation
rate of encapsulated devices, the with-soak ALD process
also showed significant improvement over the without-
soak process, as shown in Fig. 4: with a 26 nm ALD Al2O3

film as encapsulation, the devices encapsulated using the
with-soak process had �2.5-fold longer in-air lifetime than
the devices encapsulated using the without-soak process.
However, even with the nucleation issue addressed, the
ALD-encapsulated devices still showed significant air-in-
duced degradation, as determined by comparing the degra-
dation profile with that of the control. This was attributed
Fig. 6. SEM images and water contact angles (inset) of ALD films deposited on
humidity: (a) as-deposited Al2O3, (b) Al2O3 after storage, (c) as-deposited Al2O
deposited two-layer Al2O3/HfO2 and (f) two-layer Al2O3/HfO2 after storage. The
to hydrolysis of the Al2O3 films upon exposure to humidity
in air, which created defects in the Al2O3 films.

The degradation of the ALD Al2O3 films during storage
in air was evident under SEM (Fig. 6b), which shows severe
delamination of a Al2O3 film from the device surface after
200 h. Meanwhile, the water contact angle of the film’s
surface (insets of Fig. 6b) also greatly reduced, from 68�
to 23�. Conversely, films stored in lower humidity (30% rel-
ative humidity instead of 60%) were able to withstand
longer storage before delaminating. In terms of barrier per-
formance, the helium transmission rate (HeTR) through
the Al2O3 films increased by a factor of �7 after 50 h of
storage in air, which was due to defects created by the
delamination. The fact that degradation was faster at high-
er humidity and that the Al2O3 surface became more
hydrophilic upon air exposure indicated that hydrolysis
was the cause of the degradation, given the strong ten-
dency of Al2O3 to hydrolyze into Al(OH)x [36]. Because of
the low thickness of the ALD films, the effects of hydrolysis,
including volume expansion and micro-structural changes,
can occur not only at the surface but also throughout the
bulk of the films, and therefore the degradation was much
more pronounced than with thicker films. The resistance to
hydrolysis was greatly increased in the Al2O3/HfO2
the solar cells, before and after storage in air at 28 �C with 60% relative
3/HfO2 nanolaminate, (d) Al2O3/HfO2 nanolaminate after storage, (e) as-
scale bars in the SEM images are 1 lm.
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nanolaminated films, where the HfO2 layers, being more
hydrophobic than Al2O3 (water contact angle = 89� for
HfO2 versus 68� for Al2O3, see insets of Fig. 6), served as
moisture barriers that prevented humidity from building
up in the Al2O3 layers. The increased resistance to humidity
can be seen in the SEM images and water contact angle
measurements shown in Fig. 6c and d. Upon being stored
for 200 h in air, the surface of the Al2O3/HfO2 nanolaminat-
ed films remained free of defects under SEM; moreover,
the water contact angle remained constant at 89�, which
is the characteristic value of HfO2 surface [37]. The absence
of hydrolysis-induced damage in the nanolaminates was
also confirmed by their constant HeTR over >400 h of stor-
age in air, as shown in Fig. 7. With good hydrolysis-resis-
tance, the Al2O3/HfO2 nanolaminated films were
significantly more effective encapsulation for the devices
than Al2O3, slowing the degradation rate by �2 folds
(Fig. 4). It should be noted that a two-layer Al2O3/HfO2

laminate (a 12 nm Al2O3 layer capped with a 14 nm HfO2

layer) was also tested and found less effective than the
multilayer nanolaminate, as shown in Fig. 6e and f, where
the two-layer laminate still showed hydrolysis-induced
delamination. This may be due to the crystalline nature
of ALD HfO2 films, which yields ample grain boundaries
as rapid gas-diffusion pathways and therefore were not
effective H2O barriers for the underlying Al2O3 layer
[38,39]. The hydrolysis-resistance of the multilayer nan-
olaminate, on the other hand, is attributed to the inter-
spersed Al2O3 layers, which amended defects in the
underlying HfO2 layers and enhanced nucleation of the
overcoated HfO2 layers.

The Al2O3/HfO2-encapsulated devices, however, re-
quired a UV-curable epoxy resin film as a capping layer
to approach the degradation profile of the control, as
shown in Fig. 4. The requirement of the capping layer
may be attributed to following two reasons. Firstly, the
Al2O3/HfO2 film was susceptible to accidental damages
during device characterization and handling due to its
small thickness, and the resin layer provided mechanical
protection. Notably, the role of the resin layer as an addi-
tional permeation barrier was minimal because of its much
Fig. 7. HeTR of the ALD Al2O3 film and Al2O3/HfO2 nanolaminate ve
higher permeability than the oxide layer (by several orders
of magnitude [18]). Secondly, the hydrophobicity of the
PCBM/P3HT surface may still have caused small defects
in the ALD film even with the with-soak process employed.
This would suggest that the PCBM/P3HT surface may be
more difficult for ALD nucleation than the C60/pentacene
surface studied elsewhere, where a 200 nm ALD Al2O3 film
was found adequate as an encapsulating film for C60/
pentacene bulk-heterojunction solar cells [25]. It should
be noted that in addition to the 26 nm ALD encapsulating
films, we also tested thicker films (100–200 nm) and found
that they yielded poorer results (see Supplementary mate-
rials). This may be accounted for with the two following
mechanisms: (1) the barrier performance of ALD films pla-
teaus in the 10–30 nm thickness range, above which little
improvement is gained [20,21]; (2) the processing time
for depositing the thicker films was longer than what
was optimal (60 min at 140 �C) in terms of the annealing
effect, and therefore the resulted devices were over-an-
nealed and more prone to degradation.
4. Conclusion

A two-layer thin-film encapsulation structure, which
consisted of an 26 nm ALD Al2O3/HfO2 nanolaminated film
and a UV-curable epoxy resin film, effectively protected
P3HT/PCBM bulk-heterojunction photovoltaic cells from
degradations caused by ambient gases, allowing the cells
to show in-air degradation profile that was nearly identical
to that of the control devices stored in a nominally O2/H2O-
free environment. The ALD process also served as a thermal
annealing step, which upon optimization in terms of tem-
perature and processing time resulted in a 3.66% initial
PCE. The surface coverage of the ALD films over the
P3HT/PCBM surface was improved by employing a precur-
sor soaking step, which enhanced nucleation. The nanola-
minated structure prevented the Al2O3 layers from
hydrolysis-induced disintegration in the presence of
humidity, as the HfO2 layers served as hydrophobic
barriers against moisture while the Al2O3 layers amending
rsus storage time in air at 28 �C with 60% relative humidity.
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defects in and enhancing nucleation of the HfO2 layers,
thereby enabling the nanolaminated films to maintain con-
stant barrier performance over time in air. The significant
inherent degradation of the devices, i.e., degradation unre-
lated to ambient gases, were attributed to reaction of the
cathode with the active layer and change in the morphol-
ogy of the active layer, and it will be addressed through
non-encapsulation means that is the subject of our ongo-
ing work.
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molecular systems. For example, charge separation by
internal photoemission and exciton dissociation were
distinguished by surface photovoltage spectroscopy in
porphyrin layers deposited on gold [11].

A possible strategy to engineer surface work functions
is related to the deposition of oriented molecules with
donor–acceptor pairs (D–A), in which the A and D units
are strong electron-withdrawing and electron-donating
moieties, respectively. The appropriate choices of the
molecular geometry and the A and D units characteristics
allows the control of the dipole direction and magnitude.
Furthermore, it is possible to tune the metal work function
using molecular structures that hold D–A moieties with
the capacity to form electropolymerized films over the
metal surface. The electrochemical polymerization permits
fine control over thickness and polymer properties; allow-
ing to obtain stable and reproducible organic films over
metal electrode. In this way, Shi et al. recently showed
the capability of electrochemical deposited poly(3,4-ethyl-
enedioxythiophene) (PEDOT) derivatives in the tuning of
gold and ITO work functions [12].

In this work, we report the changes on gold surface
work function by electropolymeric spirobifluorene-based
bipolar films obtained from the monomers shown in
Fig. 1. Recently, has been reported the electro-optical
properties of polymer thin films on conducting substrate
obtained by electropolymerization of pendant electroac-
tive triphenylamine (TPA) units in spirofluorene deriva-
tives [13–18]. Also, endcapping polyflourenes with hole-
transporting moieties showed the improvement of the
performance of OLEDs [19–22]. The spiro linkage improves
the morphological stability of the materials while retaining
their electrical properties [23]. Moreover, the perpendicu-
lar arrangement of the two molecular halves leads to a
high steric demand of the resulting rigid structure, effi-
ciently suppressing molecular interactions between the
p-systems [23]. In the present case, the spiro configuration
CN

NC

CN-1

NPh2

Ph2N

NPh2

Ph2N
CN

NC

NC
CN

CN-2

Fig. 1. Molecular structures of the spirobifluorene donor–acceptor bipo-
lar systems.
that bonds perpendicularly the two D–A moieties with a
tetrahedral carbon impedes the p-orbital interaction
between the different D–A substituents in the two mole-
cular branches (Fig. 1). The electron-donating (D) moieties
are TPA groups and the electron-withdrawing (A) are the
cyano ones. In particular, CN1 molecules showed the capa-
bility to form stable electrogenerated polymeric films.
Meanwhile CN2 is structurally related to CN1, but with
higher electron acceptor capacity due to the presence of
four cyano acceptor groups, and CN2 does not form an
electropolymer due to the stability of its radical cation
[18]. Here, the electrodeposited layers of CN1 were coated
with CN2 by dipping in solution to investigate the role of
the presence of an acceptor surface layer on the polymeric
film. Changes of the surface work function and charge
separation were studied by measurements of the contact
potential difference (CPD) and surface photovoltage spec-
tra (SPV) [24] in Kelvin-probe arrangement [25,26] in order
to distinguish charge separation mechanisms for different
electronic transitions. It will be shown that spirobifluorene
compounds with donor–acceptor pairs are suitable for
engineering of the surface work function and open new
opportunities in design and study of molecular architec-
tures with applications in organic electronics.

2. Experimental

2.1. General

All the chemicals used where provided by Sigma–
Aldrich in spectroscopic or electrochemical grade and used
without purification. The synthesis and characterization of
CN1 and CN2 molecules have been described elsewhere
[18,27]. The CN1 polymer was obtained both, as film by
electropolymerization over Au electrode, and in solution
by chemical oxidation reaction [28].

2.2. Sample preparation

Layers of CN1 molecules were electro deposited on Au
electrodes from 0.55 mM in acetonitrile (MeCN) solution
containing 0.1 M tetra n-butylammonium perchlorate
(TBAP) as supporting electrolyte [18]. The Au electrodes
were evaporated on glass coated with Cr as adhesion layer.
The electro deposition was performed by cyclic voltamme-
try (CV) at the scan rate of 0.1 V/s. A platinum coil was uses
as counter electrode and a silver wire as a pseudo-refer-
ence electrode. Ferrocene was added to the cell as an inter-
nal standard. Fig. 2a shows 32 voltammograms of
successive electro deposition of CN1 on a gold electrode.
Upon oxidation, the TPA undergoes radical cation dimer-
ization to produce tetraphenylbenzidine (TPB). The two
TPA substituents act independently, in the two molecular
branches, rendering the electropolymerization processes
feasible [17,18]. The successive increase of the current
indicates the formation of an electroactive film over the
gold surface.

After rinsing in MeCN and exchanging the electrolyte to
0.1 M TBAP in MeCN, the electrodeposited layers of CN1
show the typical redox responses whereas the current den-
sity increases with the number of electro deposition cycles
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(Fig. 2b). This behavior demonstrated the formation of sta-
ble layers of CN1 with different thickness. Each polymer
sample was investigated before and after dipping in CN2
solution, in order to investigate the role of a surface layer
with preferentially acceptor like character.

2.3. Kelvin-probe and surface photovoltage spectroscop

The contact potential difference was measured with a
Kelvin-probe (Delta Phi Besocke) in a home-made vacuum
chamber (pressure 2 � 10�5 mbar). The same Kelvin-probe
was used for investigations with surface photovoltage
spectroscopy. The sample was illuminated through the
vibrating gold mesh. A quartz prism monochromator
(SPM2) with a halogen lamp was used for illumination in
the photon energy range from 0.6 to 4 eV. The samples
were stabilized in the dark before starting the surface
photovoltage measurements. The scan rate of the surface
photovoltage measurements was identical for all measure-
ments. The accuracy of the absolute CPD signal is unknown
due to the presence of uncontrolled adsorbates. We
assumed that the relative influence of the adsorbates is
the same for all samples. The measurement accuracies of
the CPD and SPV signals were less than 1 mV. Transition
energies were obtained with accuracies of the order of
10 meV.

3. Results and discussion

3.1. Analysis of the contact potential difference

Fig. 3 shows the dependence of the contact potential
difference of Au electrodes coated with CN1 film on the
number of electrochemical deposition cycles. The behavior
of the contact potential difference describes the change of
the surface work function after layer deposition, i.e. the
change of the surface dipole. The contact potential differ-
ence (CPD) of gold was set to 0 V. The measurements of
the CPD were performed in the dark after relaxation of
the signal to a constant value. The CPD was about
�0.24 V after one electrochemical deposition cycle of
CN1 molecules (CN1-1, Fig. 3). The value of CPD increased
to about 0.2 V after two electrochemical deposition cycles
(CN1-2) and remained nearly constant for more deposition
cycles. The insets in Fig. 3 depict the idealized scheme of
the orientation of CN1 molecules after one, two and more
cycles of electro deposition. The lowest CPD was measured
after one cycle which can be interpreted as a preferential
orientation of –CN groups towards the gold surface. It is
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know the strong surface binding ability of the cyano
nitrogen. Surface-enhanced Raman spectroscopy of a series
of nitrile compounds [29–31] adsorbed on gold indicated
the formation of r-bonding of the nitrile nitrogen to the
metal surface. Thus, it is not unlikely that CN1 monomer
acquire a preferential orientation over electrode surface
in the electropolymerization mechanism. We suggest that
the cyano groups pick up electrons and link to the gold sur-
face. On the other hand, the CPD jumped to its maximum
after two deposition cycles of CN1. This can be explained
in terms of preferential orientation of –CN groups towards
the external surface. In this case, the –NPh2 groups of the
first and second layer would bond each other during elec-
tropolymerization [18], so that the surface dipole changes
the sign. For thick layers, CPD decreases to an average va-
lue. Obviously preferential orientation of surface dipoles is
lost.

However, a layer of CN2 (which does not have electrop-
olymerization capability) over naked gold surface obtained
by dipping procedure shows small positive DCPD effect
(Fig. 4). The observed behaviors could be due to different
molecular structural organization in the deposited layers.
In the case of CN1 films, the polymerized structure can
holds a preferential dipole orientation over gold surface,
which is not present in the case of CN2 layer over naked
gold. This shows the importance of electropolymerization
procedure in the control of electrode work function. On
the other hand, the value of CPD did not change after
depositing CN2 molecules on the Au/CN1-1 sample (see
Fig. 4). Therefore, the deposition of CN2 molecules on
CN1 film by dipping does not change the preferential sur-
face dipole orientation.

3.2. Analysis of the surface photovoltage spectra

The contact potential difference changed under illumi-
nation due to separation of photo-generated charge carri-
ers. Contact potential difference spectra are shown in
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Fig. 4. Contact potential difference spectra under illumination of an Au
electrode dipped in CN2 molecule solution (Au/CN2) red triangles), an Au
electrode with electrodeposited CN1 film after one electrochemical
deposition cycle (Au/CN1-1, blue circles) and dipped in CN2 molecule
solution (Au/CN1-1/CN2, black squares). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web
version of this article.)
Fig. 4 for the Au/CN2, Au/CN1-1, and Au/CN1-1/CN2
samples. A photoinduced increase of the contact potential
difference means a preferential separation of photo-gener-
ated electrons (holes) towards the external (internal) sur-
face whereas a photoinduced decrease of the contact
potential difference means a preferential separation of
photo-generated holes (electrons) towards the external
(internal) surface. For the Au/CN2 and Au/CN1-1 samples
the contact potential difference increases under illumina-
tion, i.e. electrons are separated preferentially towards
the external surface. It should be noted, as is shown in
Fig. 4, that the light induced change of the contact poten-
tial difference was quite small after electro deposition of
layers of CN1 only, and clearly increased after dipping in
CN2 solution. Remarkably CN2 over the naked gold surface
shows only a small SPV effect.

Fig. 5 shows the (negative) surface photovoltage spectra
of the Au/CN2, Au/CN1-1, and Au/CN1-1/CN2 samples
together with the shapes of the optical density spectra of
the CN1 polymer and CN2 molecules in diluted solution.
For the Au/CN2 sample the SPV signal sets on at photon
energy of 1.95 eV (onset of the T1 transition). For compar-
ison, the electronic transition sets on at a photon energy of
2.23 eV for the optical density spectrum. Therefore, the
electronic transitions of the SPV spectrum are red-shifted
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the shapes of the optical density spectra of CN2 (a) and CN1 (b) molecules
in solution. T1, T2 and T3 denote the onset of optical transitions. (For
interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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by 0.28 eV in comparison to the optical density spectrum.
The SPV signal remains nearly constant at photon energies
higher than about 2.4 eV.

For the Au/CN1-1 sample two transitions (T2 and T3)
can be distinguished in the SPV spectrum. The T2 and T3
transitions set on at a photon energies of 1.45 and
2.71 eV, respectively. For comparison, the electronic transi-
tion sets on at 2.71 eV in the optical density spectrum.
Therefore, the T3 and T2 transitions of the SPV spectrum
correspond to the un-shifted and red-shifted by 1.26 eV
electronic transition of the optical density spectrum,
respectively. The separations of photo-generated charge
carriers lead always to the increase of the contact potential
difference of the Au/CN1-1 sample.

All three transitions appear also in the SPV spectrum of
the Au/CN1-1/CN2 sample as demonstrated in Fig. 4c. The
SPV signals related to the T1 and T2 transitions have the
same sign as for the Au/CN1-1 and Au/CN2 samples. At
photon energies larger than 2.45 eV the separation of
photo-generated charge carriers lead to a decrease of the
contact potential difference of the Au/CN1-1/CN2 sample.
The reason for this decrease is a change of the direction
of separation of photo-generated charge carriers for the
T3 transition.

The analysis of the SPV spectrum of the Au/CN1-1/CN2
sample shows that the T2 and T3 transitions are ‘‘broad-
ened” towards lower photon energies, i.e. charge separa-
tion begins even at photon energies less than the onsets
of the T2 and T3 transitions taken from the SPV spectrum
of the Au/ Au/CN1-1 sample.

3.3. Dependence of the T1, T2 and T3 transitions on the CN1
layer thickness

The SPV spectra did not change qualitatively if the
thickness of the CN1 layer was increased by increasing
the number of electrochemical deposition cycles. The
detailed deconvolution of the SPV spectra is rather
complicated since the spectra contain integrated and
non-integrated components. For the discussion of the
charge separation mechanisms a qualitative analysis will
be sufficient. Therefore, here we describe the general
tendencies of the thickness dependent SPV signals for the
T1, T2 and T3 transitions.

For the Au/CN1 samples the thickness dependencies of
the SPV signals related to the T2 and T3 transitions can
be distinguished if comparing the values of the SPV signals
at 2.4 and 3.4 eV (Fig. 5a). The (negative) SPV signal related
to the T2 transition (value at 2.4 eV) increases with
increasing number of electrodeposition cycles from 7 mV
(Au/CN1-1) to 17 (Au/CN1-2) and 33 (Au/CN1-4) mV. For
very large numbers of electrodeposition cycles the SPV sig-
nal related to the T2 transition decreases to 20 (Au/CN1-
32) and 3 (Au/CN1-50) mV.

Contributions of the different transitions to the SPV sig-
nal can be estimated if considering differences of the SPV
at characteristic energies where one or two transitions
dominated the SPV spectrum. For the analysis we assume
that the SPV signals of the various transitions are indepen-
dent of each other and that the SPV signal related to the T2
transition tends to saturation at higher photon energies.
The (negative) SPV signal related to the T3 transition of
the Au/CN1 samples can be described as the difference
between the SPV signal obtained at 2.4 and 3.4 eV (see also
Fig. 6a). The SPV signals related to the T3 transition are 15,
16, 21 mV for the Au/CN1-1, Au/CN1-2 and Au/CN1-4 sam-
ples, respectively what is nearly constant if comparing
with the T2 transition. The SPV signal of the T3 transition
decreases very strongly to 3 and 1 mV for the Au/CN1-32
and Au/CN1-50 samples, respectively.

The (negative) SPV signal of the T1 transition can be
estimated from the SPV spectra of the Au/CN1/CN2 sam-
ples in comparison to the Au/CN1 samples if assuming a
linear superposition. Fig. 6b shows the values of the SPV
signals measured at 2.4 eV for the Au/CN1/CN2 samples to-
gether with the difference between these values and those
values measured at 2.4 eV for the Au/CN1 samples. It can
be seen that the SPV signal related to the T1 transition de-
creases continuously with increasing number of electrode-
position cycles from 96 (Au/CN1-1/CN2), 64 (Au/CN1-2/
CN2), 54 (Au/CN1-4/CN2), 35 (Au/CN1-32/CN2), 23 (Au/
CN1-50/CN2) mV.

3.4. (d) Mechanisms of charge separation

The T1 and T2 transitions should be related to internal
photoemission of photo-generated electrons from Au into
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the LUMO levels of the molecules (Fig. 7). In such case the
red-shifted onsets of the transitions spectra in comparison
to the optical density spectra correspond to the difference
between the Fermi-level of the Au and the energy of the
HOMO level of the respective molecule.

The SPV signal of the T1 transition decreased with
increasing number of CN1 electrodeposition cycles. This
can be understood with respect to Eq. (1).

SPV ¼ Dd
e � e0

� DQ ð1Þ

A surface photovoltage signal contains information
about the amount of charge separated in space (DQ) and
about the distance over which the centres of positive and
negative charges are separated (Dd, charge separation
length) where e0 = 8.85 � 10�12 As/(Vm) and e is the rela-
tive dielectric constant. Both parameters DQ and Dd can
be varied by changing the thickness of ultra-thin layers
in charge selective layer systems. Thus, the charge separa-
tion length increases linearly with increasing number of
CN1 electrodeposition cycles. However, the probability of
internal photoemission of electrons from Au into the CN2
layer decreases exponentially with increasing distance.
Therefore the overall SPV signal of the T1 transition de-
creases with increasing number of CN1 electrodeposition
cycles (Fig. 6b).

Regarding to an exponential decrease of the charge
transfer rate for internal photoemission with increasing
distance, it is really surprising that the SPV signal of the
T1 transition remains relatively large even for Au/CN1-
32/CN2 and Au/CN1-50/CN2 samples. We believe that
prolonged electrodeposition of CN1 leads to the formation
of porous or dendrite like structures giving space for quite
inhomogeneous penetration of CN2 molecules during
dipping. In order to investigate the film permeability, we
performed CV with a model redox couple in solution
(ferrocene), both over bare Au and Au/CN1 films. The ferro-
cene redox potential lies within the potential window
where the CN1 film does not show an electrochemical
response and, therefore, behaves solely as a blocking layer
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Fig. 7. Energy diagram of the T1, T2 and T3 transitions in Au/CN2 (a), Au/
CN1-1 (b) and Au/ CN1-1/CN2 (c) samples. The transitions T1 and T2 are
related to internal photoemission of electrons from the Au electrode into
LUMO levels of the CN1 and CN2 molecules, the transitions T3 is related
to light absorption in the CN1-1 film.
on the Au electrode. If the polymer film forms an ideal
compact layer, without defects or pinholes, not Faradaic
current should be observed in the CV. However, in our case
we obtained typical s-shape ultramicroelectrode voltam-
mogram in the ferrocene oxidation over Au/CN1 film. As
it is know, this kind of behavior is evidence of a high cov-
erage of the Au bare electrode by a film with pores spaced
far apart in relation to the radius of the pores [32]. This fact
supports our assumption about CN2 molecules penetration
during dipping process.

On the other hand, the SPV signal of the T2 transition
increased with increasing number of CN1 electrodeposit-
ion cycles for CN1-1 to CN1-4 (Fig. 6a). This is not surpris-
ing since the amount of electrons emitted from Au to
longer distances in the CN1 film increases with increasing
number of CN1 electrodeposition cycles. However, the SPV
signal of the T2 transition decreased for CN1-32 and CN1-
50 layers. The origin of this effect is unclear, but could be
due to morphological changes in the film with thickness
increasing.

The SPV signal of the T3 transition has to be related to
light absorption in the CN1 film. The (negative) SPV signal
of the T3 transition of the Au/CN1 samples is practically
constant for CN1-1, CN1-2 and CN1-4 since the charge
separation length and the amount of photons absorbed
in the first monolayer of CN1 molecules are practically
unchanged. It means also that the ordering of the first
CN1 monolayer at the Au surface is preserved during
the following polymerization process. For CN1-32 and
CN1-50 the amount of CN1 molecules in front of the first
CN1 monolayer acts as an optical filter limiting strongly
photon absorption in the CN1 monolayer at the Au sur-
face leading to a strong decrease of the SPV signal. The
(positive) SPV signal of the T3 transition in Au/CN1/CN2
samples at energies values higher that 2.35 eV is probably
due to hole injection from CN1 excited state into CN2
molecules.
4. Conclusions

It has been shown that the work function of conducting
surfaces can be engineered by electrodeposition of spirobi-
fluorene compounds with donor–acceptor pairs. It should
be mentioned that a modification of the work function of
organic polymers is also possible due to electrochemically
driven oxidation/reduction (for example, in PEDOT:PSS
[33]). Related effects may disturb changes of the work
function and charge separation caused by changes of pref-
erential orientation of electrodeposited molecules. Some
advantages of the used spirobifluorene derivatives are
their synthetic versatility, stability and charge transport
capability. The results showed that the formation of elec-
trosynthetic films is a versatile tool for surface work func-
tion tuning. Surface dipole of a gold layer can be changed
over more than 0.4 V by electrodeposition of CN1 mole-
cules, and the surface dipole can be modified by internal
photoemission. The highest SPV was reached after the
combination of CN1 electrodeposited film and coated with
CN2 molecule layer. This might become interesting for
molecular electronics.
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it is commonly observed that the more the absorption of an
organic compound is shifted towards low energies, the less
the compound is able to stand long term exposition to
ambient atmosphere [12], especially for a device under
operating conditions (applied bias, illumination, tempera-
ture). To overcome this issue it is often necessary to devel-
op encapsulation techniques for the efficient isolation of
the device active layer from oxygen and moisture [13],
thus increasing complexity and costs, and reducing the
mentioned advantages of the organic technology.

Employing squaraine dyes, thanks to their good absorp-
tion properties in the red-NIR region, as the active absorb-
ing material in bulk-heterojunction configuration with
Phenyl-C61-Butyric-Acid-Methyl-Ester (PCBM), we ex-
plored the possibility to develop fast and efficient NIR
detectors capable of operating in air without need for an
encapsulation.

Since the charge transport properties are crucial in
determining the optoelectronic behavior of devices, we
realized detectors in parallel with transistors, from which
we could easily extract charge carrier mobilities. In order
to provide a fair comparison of the two devices, we devel-
oped photodetectors with a planar architecture, so to have
the same current flow with respect to the substrate as in
transistors [14].
2. Experimental

2.1. Synthesis and characterization of the materials employed

Squaraines AlkSQ and GlySQ were prepared according
to the literature procedure [15,16].

PCBM was purchased from Aldrich Chemicals and used
without further purification.

HOMO and LUMO energies were estimated by Cyclic
Voltammetry (CV) considering the redox peak and the
optical band gap [17].
Fig. 1. Chemical structure of AlkSQ and GlySQ, differing one from the
other by the presence of either alkyl side chains (AlkSQ) or glycolic side
chains (GlySQ).
2.2. Devices preparation

Both the pristine and the bulk-heterojunction devices
were obtained by a two steps spin-coating (60s at
100 rpm followed by 60s at 1000 rpm) of a 10 mg ml�1

chloroform solution. For bulk-heterojunction films, the
1:1 and 1:3 by weight blend solutions of squaraine and
PCBM were stirred overnight prior deposition, in order to
promote the mixing of the two components.

UV–vis absorption spectra (transmission mode) of films
were measured on 500 lm thick fused silica substrates
with a Fourier Transform Infrared Spectrometer Nicolet
MAGNA 560.

Photodetectors were obtained by depositing the active
material on a 500 lm thick fused silica substrate, pat-
terned by lithography with 40 nm thick interdigitated gold
contacts with channel length of 6 lm and width of 15 mm
or 5 mm. The photodetectors, biased with a voltage of 60 V,
were irradiated by means of a set of light emitting diodes
(LEDs) providing 500 ls long light pulses. The resulting
photocurrent was read by connecting the device to a
low-noise transimpedance amplifier. The external quan-
tum efficiency (EQE) was calculated as the ratio of the
number of collected charges, determined by integrating
the transient output photocurrent during the radiation
pulse, and the number of incident photons, obtained by
calibrating the LEDs (giving a light intensity of about 30
mW cm�2) by means of a silicon photodetector. Electrical
cross-talk between the detector circuit and the driving
LEDs has been avoided by carefully aluminum shielding
each component of the set-up with the only exception of
the coupling window between the emitting LED and the
photodetector active area, and by suitably choosing the
detector-LED distance (about 13 mm). Trains of light
pulses were recorded at the output of a band-pass filter
connected to the transimpedance amplifier in order to im-
prove the signal to noise ratio.

Transistors were realized with the same deposition
technique onto a 500 lm thick p+-doped silicon wafer act-
ing as the gate and provided with a 130 nm thick SiO2

dielectric. Gold source and drain contacts were defined
by lithography directly onto the oxide in a bottom contact
configuration, yielding devices with 15 mm channel width
and 6 lm channel length. Field-effect mobility was ex-
tracted from the transfer characteristic curves in the satu-
ration region (|VDS| = 30 V and |VGS| ranging from 0 V to
30 V). Contact resistances were extracted in the linear re-
gime (|VDS| = 1 V and |VGS| ranging from 0 V to 30 V),
according to the procedure outlined in Ref. [18].

All the electrical characterizations were performed both
in vacuum (at 10�6 mbar) and in air.

AFM analyses were performed in non-contact mode
through a Nanosurf EasyScan 2 system.
3. Results and discussion

Squaraines are the condensation product of electron
rich molecules, usually activated arenes, p-excessive het-
erocycles, and heteroaromatic anhydrobases, with squaric
acid [19]. Thanks to their peculiar sharp and intense
absorption mainly localized in the red-NIR region [20],
along with remarkable stability and wide molecular struc-
ture diversity, squaraines have been exploited in a number
of technologically relevant applications including photo-
conductivity [19,21], data storage [22], light emitting
field-effect transistors [23], solar cells [24,15], nonlinear
optics [25], highly stable fluorescent NIR dyes [26] and
fluorescence patterning [27].
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Among the various possible substitution patterns
around the squarylium core that have been described in
the literature [28], we exploited hydrazone end-capped
symmetric squaraines in order to achieve at the same time
an efficient absorption in the red and NIR regions (Figs. 1
and 2) and a reversible redox behavior. As non-functional-
ized squaraines are known to be particularly insoluble and
high-melting point derivatives, on the pyrrolic nitrogen we
introduced a long functionalization chain in order to pro-
vide solubility in chlorinated solvents, where the PCBM is
also particularly soluble.
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Fig. 4. External Quantum Efficiency of planar photodetectors based on
pristine AlkSQ (-N-), AlkSQ/PCBM blend with 1:1 by weight ratio (-H-),
pristine GlySQ (-}-), GlySQ/PCBM blend with 1:1 by weight ratio (-h-)
3.1. Alkyl functionalized squaraine

We started with a pristine squaraine functionalized
with an alkyl chain, named in the following AlkSQ (see
Fig. 1): this functionalization enabled us to prepare films
by spin-coating of a 10 mM chloroform solution of the
dye. The obtained films were rough (25 nm rms) and
Fig. 3. (a) AFM image of the pristine AlkSQ spin-coated film showing the
presence of micron sized structures – (b) Rms value of the film roughness
for devices based on the pristine squaraines and the bulk-heterojunctions,
extracted by the AFM analysis.
showed the formation of globular, micron sized structures
clearly distinguishable in the AFM height images (Fig. 3).
We attributed this behavior to a natural tendency of AlkSQ
towards self-assembling, possibly enhanced by its hydro-
phobic character leading to a repulsive interaction with
the polar substrate (silica).

When characterized in vacuum, the resulting device
showed an External Quantum Efficiency (EQE) under
pulsed illumination of 4.9% in the NIR, with the peak of
the EQE located at 670 nm, as shown in Fig. 4 (see Section
2 for details on EQE measurement). Despite this interesting
efficiency, the device was unsuitable for signal detection
since its response time was unsatisfactory: the transient
response to 500 ls long light pulses showed a 90–10% de-
cay time as long as 3 ms (see Figs. 5 and 6). To better inves-
tigate this aspect, we performed the electrical
characterization of the corresponding thin-film transistor,
extracting a hole mobility lh of 6 � 10�5 cm2 V�1 s�1

whereas no electron mobility ln was detected (see
Fig. 6). If holes were dominating the transients, the hole
transit time (calculated as L2/lhV, with L interelectrode
spacing and V applied bias voltage) should be an estimate
and GlySQ/PCBM blend with 1:3 by weight ratio (-s-) upon light
irradiation with 500 ls long light pulses. Lines are only a guide to the eye.
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by excess of transients themselves. In our case the hole
transit time turned out to be in the range of 400 ls, which
was about an order of magnitude lower than the 90–10%
photodetector decay time. As a consequence, transients
were dominated by electrons, slowly drifting and, likely,
trapped at the grain boundaries [29–31]. To address this
point, the EQE was measured under CW illumination. In
this case, the measured EQE was as high as 200% in the
NIR (the difference with 4.9% under pulsed light arising be-
cause the steady state was not reached within the pulse
duration). This means that pristine AlkSQ-based devices
were affected by a photoconductive gain [32], due to easy
injection and circulation of holes while photogenerated
electrons were trapped [33].

In addition, the device could not be operated in ambient
air because the dark currents, which were in the range of
tens of nA in vacuum, reached the value of tens of lA in
air and were characterized by an erratic and noisy behav-
ior. This was due to p-doping of the dye: in fact AlkSQ-
based transistors showed an on/off ratio as high as 104 in
vacuum, but as low as few units in air. It is likely that dop-
ing was highly facilitated by the surface roughness, leading
to deep penetration of oxygen/moisture into the film
[34,35].

Given the morphology as the source of the ambient
instability, and the unbalanced mobilities hampering the
response speed, we turned to the deposition of a blend of
AlkSQ with a suitable molecule. We chose PCBM, because:
(i) it belongs to the same solubility class of AlkSQ, there-
fore it is expected to favorably and effectively mix with
AlkSQ acting as a disturbing agent against the AlkSQ
self-aggregation; (ii) it is electronically active being a very
good electron conductor; (iii) it has a LUMO level which is
located at about 4.0 eV below the vacuum level, 0.2 eV
lower than the LUMO of AlkSQ (3.8 eV), thus it is poten-
tially able to act as electron acceptor material in the
bulk-heterojunction [36].

The obtained 1:1 by weight ratio blend films indeed
possessed a roughness of about 1 nm, in contrast to the
25 nm rms of the pristine film (Fig. 3), and were essentially
featureless. Air stability was also achieved as no difference
could be observed in the dark currents (about 100 pA) and
in the EQE measured in vacuum or in ambient conditions.
In addition the response time decreased by one order of
magnitude, reaching a 90–10% decay time of 400 ls (Figs.
5 and 6), thanks to PCBM which hampered AlkSQ crystal-
lization, suppressed the electron trapping process and cre-
ated percolation paths for electrons. In fact, from transistor
measurements we extracted an electron mobility of
2 � 10�8 cm2 V�1 s�1 (see Fig. 6).

Despite this goods, the pulsed EQE of the detector
strongly reduced from 4.9% to 0.2%, as shown in Fig. 4: this
means that no photoconductive gain mechanism was
occurring, even though a relatively large (100 fold) mobil-
ity unbalance was still present (given lh = 4.4 � 10�6 cm2

V�1 s�1). Since photoconductive gain requires, in addition
to unbalanced mobilities, an ohmic contact for the injec-
tion of the more mobile carrier, we conclude that PCBM
blending also had an impact on the contacts injecting
properties. To investigate this, we extracted the contact
resistances from transistor measurements [18]: from pris-
tine to blended AlkSQ, contact resistances for holes grew
larger by a factor of 10 (from 12 MX/cm to 106 MX/cm).
This can be explained by considering that the hole mobility
diminished by a factor of about 10 from pristine to blended
AlkSQ, likely due to the less ordered nature of the latter
film, and recalling that semiconductor charge transport
properties are known to strongly affect current injection
in organic semiconductors [37]. In addition, a lower ioniza-
tion potential due to aggregation and hence a more facile
injection cannot be excluded in pristine AlkSQ. This wors-
ening of hole injecting properties from pristine to blended
AlkSQ is confirmed by the drop of the dark currents of a
factor 102 (from about 30 nA to 100 pA at 60 V), which is
not merely justifiable as the consequence of a ten-times
smaller hole mobility and suggests ohmic injection in the
pristine AlkSQ and injection limited conduction regime
in the blend. In conclusion, hole injection efficiency is high
(ohmic) in pristine AlkSQ whereas is poor in the blend,
thus preventing the gain mechanism to occur despite the
unbalanced mobilities.

Since holes were not effectively injected to maintain
electrical neutrality, space charge build-up was expected,
limiting the EQE to the unsatisfactory value of 0.2%2

[38,39] by collapsing the active device area to a small region
close to the contact biased to collect the slow carrier (elec-
trons). The ultimate cause of the bad transport properties
of the device can be traced back to the fact that, belonging
to the same solubility class, PCBM and AlkSQ can probably
mix even too efficiently, affording almost no phase segrega-
tion and yielding poor percolation pathways for electrons
[40–42].
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3.2. Glycolic functionalized squaraine

To solve this problem, we chemically tailored the squa-
raine exploiting a glycolic functionalization pattern
(named GlySQ, see Fig. 1) instead of the alkyl one. The gly-
col functionalization provided the dye with a higher hydro-
philic character, thus reducing its mixing capabilities with
PCBM, while preserving the favorable dye solution
processability.

Firstly, we discuss pristine GlySQ and compare it to
pristine AlkSQ, because the comparison strengthens our
previous observations. In fact, at the molecular level the
two GlySQ and AlkSQ do not differ in their optoelectronic
properties (as the kind of functionalization on the pyrrolic
nitrogen does not affect in a relevant way the squaraine
spectroelectrochemical properties – Fig. 2), therefore any
differences in devices performances can be traced back to
differences at the film level, in terms of degree of order,
molecular packing and morphology. We found that, thanks
to the good wetting capabilities towards polar surfaces
provided by the glycol chain, pristine GlySQ yielded
smooth films (the rms roughness was 1.2 nm – Fig. 3),
and the related devices3 turned out to be air stable: this
confirms the key role of morphology in yielding air stable
devices. On the other hand, the hole mobility was relatively
low (5 � 10�6cm2 V�1 s�1), due to the amorphous nature of
the film. In addition, pristine GlySQ photodetectors showed
an EQE of only 0.11% when measured under CW illumina-
tion, ruling out gain mechanisms. The lack of gain, despite
a probable large mobility unbalance (the electron mobility
was undetected), suggests non-ohmic contacts: this is in
agreement with contact resistances being as large as
150 MX/cm in this case, which is the same order of magni-
tude classified to yield poor injecting contacts in case of
AlkSQ/PCBM. This comparison confirms the role of aggrega-
tion and hence of mobility in determining the degree of
charge injection from the contacts and, ultimately, the
occurrence of photoconductive gain.

Turning now to the GlySQ/PCBM 1:1 blend, we mea-
sured in transistors a practically unchanged mobility for
holes (lh = 2.5 � 10�6 cm2 V�1 s�1) compared to
AlkSQ:PCBM, but a mobility for electrons of 1.5 � 10�7

cm2 V�1 s�1 (Fig. 6), which was one order of magnitude
higher. This is the evidence that by tailoring the squaraine
solubility class it is possible to control the degree of phase
separation. As a consequence of the improved electron
transport, the device optoelectronic properties were en-
hanced: the EQE reached the value of 1.3% (at 670 nm),
while the 90–10% decay time in response to a 500 ls light
pulse turned out to be of about 200 ls (see Figs. 4–6). The
AFM image showed a featureless and smooth morphology
(similar to AlkSQ:PCBM blends – see Supporting informa-
tion) which conferred air stability to the device. In addi-
tion, the device had a striking shelf-life: measurements
carried out in air on a device stored for 1 year under ambi-
ent atmosphere with no precaution whatsoever regarding
oxygen and moisture contamination, demonstrated an
3 Ion/Ioff ratio in FETs in the order of 103 both in vacuum and under air
exposure.
overall decrease in the EQE lower than 25% (see Supporting
information), and no detectable aging related degradation
was observed in the response time.

Finally, with the aim of further enhancing the device
performance, we started an optimization study of the
GlySQ:PCBM blend. Since in the 1:1 blend electrons still
had a mobility one order of magnitude lower than holes,
we increased the PCBM content obtaining a GlySQ:PCBM
1:3 by weight ratio blend, in order to get better efficiency
[39] and transit time. Transistor measurements showed
that this latter blend succeeded into balancing the mobility
of the charge carriers giving lh = 1.27 � 10�6 cm2 V�1 s�1

and ln = 6.25 � 10�6 cm2 V�1 s�1 (Fig. 6). As a conse-
quence, EQE in the NIR improved, reaching the remarkable
value of about 3.5%, and the 90–10% fall time (upon 500 ls
light pulse) diminished by one order of magnitude reach-
ing a value below 10 ls (Fig. 5). Detector speed was further
investigated by testing with light pulses as short as 100 ns
(at 670 nm), obtaining a 90–10% fall time of about 240 ns,
as shown in Fig. 7a. The dependence of the fall time on the
pulse duration is currently not understood and will be the
subject of further investigation, but nevertheless this sug-
gests that detection of fast light pulses is indeed feasible
with this technology. In fact, by suitably amplifying the de-
vice photocurrent (see Section 2), we were able to detect a
photo-response of the device is recorded at the output of a band-pass
filter connected to the transimpedance amplifier (see Section 2), which
introduces a group delay that is responsible for the occurrence of the
peaks of the output voltage in a shifted position (delayed) with respect to
the corresponding light pulse.
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train of light pulses with a repetition frequency as high as
10 MHz, as the single shot acquisition of Fig. 7b shows. In
addition, the ratio between the photogenerated and the
dark current (with the device biased at 60 V), which is par-
ticularly important for applications [43,44], exceeded 104,
with dark currents values settling around 10 pA. All these
characteristics, thanks to a smooth morphology, were
maintained even in ambient air operation.
4. Conclusions

We have studied planar photodetectors operating in the
red-NIR range of the spectrum and based on the bulk-het-
erojunction of squaraine dyes and PCBM as active materi-
als. Guided by the comparison of pulsed and CW
illumination tests on the photodetectors, as well as by the
transport properties extracted from FET structures, we have
addressed the efficiency, speed, and stability issues work-
ing both at the chemical level, by tailoring the squaraine
substitution pattern, and at the device level, by tuning the
blend composition, thus achieving: (i) a smooth morphol-
ogy, which enables long term air stability with no need
for encapsulation (over one year lifetime in the 1:1) (ii) a
good balance between holes and electrons mobility, which
leads to high EQE (3.5% at 670 nm in 3:1 blend) and fast re-
sponse speed in the range of few hundreds of nanoseconds.
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donor/acceptor couple is limited to �5% due to the incom-
plete match with the solar spectrum and the large offset of
the LUMO energy levels of the donor and acceptor
[3,12,13].

The maximum photon flux of the solar spectrum (at
1.6–1.8 eV) lies slightly beyond the reach of most organic
conjugated polymers, which have band gaps >1.8 eV. De-
spite of significant progress in the synthesis and processing
of low band gap polymers, which are capable of absorbing
a broad range of solar photons, only a few polymeric sys-
tems have achieved power conversion efficiency compara-
ble with P3HT [14,15]. A possible route to overcome the
low performance often observed with low band gap poly-
mer might be the use of low band gap small molecule as
donor.

Solution processable small molecules have attractive
features such as low band gap and high charge carrier mobil-
ity than conjugated polymers. These small molecule donors
can be more easily synthesized in many variant and purify
(e.g. of trace metal catalysis employed in the synthesis)
are intrinsically more mono-dispersive, and are often envi-
ronmentally more stable [16–18]. There are several families
of solution processable small molecules that have been used
as donor materials in BHJ solar cells [19–22].

Triphenylamine (TPA) seems to be a promising candi-
date as the electron-rich moieties and polymers contain-
ing TPA unit have presented high photoluminescence
efficiency, good hole-transporting ability, outstanding
photoconductivity, three-dimensional steric, and good
light-harvesting properties. Due to the non-coplanarity
of the three phenyl ring, TPA and related derivatives
can be viewed as 3D systems and the amorphous charac-
ter of these materials offers possibilities to develop ac-
tive materials for optoelectronic devices with optical
and charge-transport properties. Moreover their amor-
phous behavior, electronic and redox properties are also
important and might be influenced by the type of struc-
tures. Dendritic or hyperbranched structures with TPA
derivatives, which show interesting properties like en-
ergy transfer, and light-harvesting antenna, have re-
ceived significant attentions. The three-dimensional
structure of a branched polymer or monomer might im-
prove carrier transport to offer favourable electrical
properties. Certain BHJ solar cells based on materials
containing TPA have been reported very recently [23,24].

Benzothiadiazole (BTD) is a commonly used electron
acceptor, which can conjugatively link with an electron-
rich molecule to form low band gap functional polymers
or small molecules, and materials prepared in this manner
showed usefulness in light emitting diodes, solar cells,
light-harvesting and other optical or electronic functional
devices [25,26].

Cyano groups could be used as the electron-withdraw-
ing units. Materials with high electron affinities played a
crucial role in the development of high-performance con-
jugated polymer optoelectronic devices [27]. The introduc-
tion of cyano groups onto a poly(p-phenylenevinylene)
backbone has been proved an effective way of lowering
the LUMO level of the polymer [28]. Furthermore, the elec-
trochemical stability of the polymers could be enhanced by
introducing cyano groups [29], which is also desirable for
optoelectronic devices.

In this investigation we report the synthesis and charac-
terization of two new vinylene compounds, TPA-TNP and
BTD-TNP, which contain triphenylamine and benzothiadi-
azole segments, respectively. The first compound is a star-
shaped molecule, while the second is a linear molecule.
Their chromophore was extended by incorporating thio-
phene and then vinylene moieties to the central TPA and
BTD unit. Moreover, a cyano and a nitro substituent were
inserted into the vinylene bond and the terminal phenyls,
respectively. The chemical structure of the compounds
was designed so as to broadening their absorption. The
thermal, photophysical, electrochemical and photovoltaic
properties of these compounds were systematically
investigated.
2. Experimental

2.1. Characterization methods

IR spectra were recorded on a Perkin–Elmer 16PC FT-IR
spectrometer with KBr pellets. 1H NMR (400 MHz) spectra
were obtained using a Brucker spectrometer. Chemical
shifts (d values) are given in parts per million with tetra-
methylsilane as an internal standard. UV–vis spectra were
recorded on a Beckman DU-640 spectrometer with spect-
rograde THF. The PL spectra were obtained with a Perkin
Elmer LS45 luminescence spectrometer. The PL spectra
were recorded with the corresponding excitation maxi-
mum as the excitation wavelength. TGA was performed
on a DuPont 990 thermal analyzer system. Ground samples
of about 10 mg each were examined by TGA and the
weight loss comparisons were made between comparable
specimens. Dynamic TGA measurements were made at a
heating rate of 20 �C/min in atmospheres of N2 at a flow
rate of 60 cm3/min. Thermomechanical analysis (TMA)
was recorded on a DuPont 943 TMA using a loaded pene-
tration probe at a scan rate of 20 �C/min in N2 with a flow
rate of 60 cm3/min. The TMA experiments were conducted
at least in duplicate to ensure the accuracy of the results.
The TMA specimens were pellets of 10 mm diameter and
�1 mm thickness prepared by pressing powder of sample
for 3 min under 8 kp/cm2 at ambient temperature. The Tg

is assigned by the first inflection point in the TMA curve
and it was obtained from the onset temperature of this
transition during the second heating. Elemental analyses
were carried out with a Carlo Erba model EA1108 analyzer.

2.2. Reagents and solvents

Tributyl-2-thienyl-stannane was prepared from the
reaction of thiophene with n-BuLi in hexane and subse-
quently with tributylchlorostannane according to the liter-
ature [30]. 4-Nitrobenzyl cyanide was synthesized from
the nitration of benzyl cyanide with concentrated nitric
and sulfuric acid [31]. N,N-Dimethylformamide (DMF)
and tetrahydrofuran (THF) were dried by distillation over
CaH2. Toluene was dried by distillation over sodium. All
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other reagents and solvents were commercially purchased
and were used as supplied.

2.3. Preparation of compound TPA-TNP

A flask was charged with a solution of 3 (0.48 g,
0.83 mmol) and 4-nitrobenzyl cyanide (0.41 g, 2.52 mmol)
in anhydrous ethanol (20 mL). Sodium hydroxide (0.33 g,
8.25 mmol) dissolved in anhydrous ethanol (10 mL) was
added portion-wise to the stirred solution. The mixture
was stirred for 1 h at room temperature under N2 and then
was concentrated under reduced pressure. Compound
TPA-TNP precipitated as a dark green solid by cooling into
a refrigerator. It was filtered off, washed thoroughly with
water and dried (0.44 g, 53%).

FT-IR (KBr, cm�1) (Fig. 1a): 3044, 2924, 2158, 1654,
1584, 1522, 1490, 1440, 1346, 1320, 1290, 1186, 1108,
1014, 854.

1H NMR (CDCl3, ppm) (Fig. 1b): 8.19 (m, 6H, phenylene
‘‘f”); 7.67 (broad, 3H, vinylene ‘‘d”); 7.48 (m, 6H, phenylene
‘‘e”); 7.32–7.31 (m, 6H, thiophene ‘‘c”); 7.23 (m, 6H, pheny-
lene ‘‘b”); 7.09 (m, 6H, phenylene ‘‘a”).

Anal. Calc. for C57H33N7O6S3: C, 67.91; H, 3.30; N, 9.72.
Found: C, 67.23; H, 3.36; N, 9.68%.

2.4. Preparation of compound BTD-TNP

A flask was charged with a solution of 7 (0.14 g,
0.39 mmol) and 4-nitrobenzyl cyanide (0.13 g, 0.80 mmol)
Fig. 1. FT-IR spectrum (a) and 1H NMR spectrum i
in anhydrous ethanol (15 mL). Sodium hydroxide (0.10 g,
2.50 mmol) dissolved in anhydrous ethanol (8 mL) was
added portion-wise to the stirred solution. The mixture
was stirred for 1 h at room temperature under N2 and then
was concentrated under reduced pressure. Compound
BTD-TNP precipitated as a dark green solid by cooling into
a refrigerator. It was filtered off, washed thoroughly with
water and dried (0.16 g, 64%).

FT-IR (KBr, cm�1): 3078, 3044, 2952, 2922, 2150, 1654,
1586, 1522, 1476, 1344, 1292, 1184, 1108, 1016, 936, 876,
830.

1H NMR (CDCl3, ppm): 8.13 (m, 4H, phenylene ortho to
nitro); 7.83 (m, 2H, benzothiadiazole); 7.69 (s, 2H, vinyl-
ene); 7.47 (m, 4H, phenylene meta to nitro); 7.21 (m, 4H,
thiophene).

Anal. Calc. for C32H16N6O4S3: C, 59.62; H, 2.50; N, 13.04.
Found: C, 59.37; H, 2.43; N, 12.95%.

2.5. Fabrication of photovoltaic cells

The photovoltaic performance of the devices was per-
formed with the structures ITO/TPA-TNP:PCBM/Al (device
A) and ITO/BTD-TNP:PCBM/Al (device B). The small mole-
cules TPA-TNP and BTD-TNP were used as donor and PCBM
as acceptor, which were defined as devices A and B. Both
the devices were prepared in air, on the pre-cleaned indium
tin oxide coated glass substrates. The active layer of blend
was prepared by spin coating on ITO glass using a solution
of TPA-TNP:PCBM or BTD-TNP:PCBM (1:1 ratio by wt) in
n CDCl3 solution (b) of compound TPA-TNP.
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1,2-dichlorobenzene. The thermal annealing was carried
out at 100 �C for 10 min in a glove box. The thickness of
the active layer in all devices is around 100 ± 5 nm. Finally,
to complete the devices, the Al electrode was deposited
onto the blend film by thermal evaporation at the vacuum
around 10�5 Torr. The effective area of all devices is about
25 mm2. All of the current–voltage characteristics of the de-
vices were measured in air using a Keithley electrometer
having built in power supply. A 100 W tungsten–halogen
lamp was used as light source. For the photovoltaic mea-
surements, the devices were illuminated through the ITO
side with an illumination intensity of 100 mW/cm2.

3. Results and discussion

3.1. Synthesis and characterization

Schemes 1 and 2 outline the synthesis of the target
compounds TPA-TNP and BTD-TNP which are derivatives
of the triphenylamine and benzothiadiazole, respectively.
The intermediate compounds 1 [32], 2 [33], 3 [33], 4,
[34], 5 [34], 6 [6a] and 7 [33,35] were synthesized accord-
ing to the literature. Compounds TPA-TNP and BTD-TNP
were prepared by reacting 4-nitrobenzyl cyanide with 3
and 7, respectively, in anhydrous ethanol in the presence
of NaOH. This reaction could be catalyzed with tert-BuOK
instead of NaOH. TPA-TNP and BTD-TNP were soluble in
common organic solvents such as THF, chloroform and
dichloromethane even though they lacked of aliphatic
chains. TPA-TNP displayed higher solubility in these sol-
Scheme 1. Synthesis of co

Scheme 2. Synthesis of co
vents than BTD-TNP due to the dendronized nature of
the former and the non-coplanar conformation of the tri-
phenylamine core.

The chemical structures of the compounds were con-
firmed by FT-IR and 1H NMR spectroscopy. Fig. 1 depicts
the IR and 1H NMR spectra of compound TPA-TNP. The
IR spectrum (Fig. 1a) showed characteristic absorption
bands at 3044 (aromatic C–H stretching); 1584, 1490,
1440 (C@C aromatic ring stretching band); 2158 (cyano
group); 1654 (C@C olefinic stretching vibration); 1522,
1346 (nitro group) and 1014 cm�1 (trans olefinic bond).
Furthermore, TPA-TNP displayed characteristic absorption
at 2924, 1320 and 1290 cm�1 assigned to the triphenyl-
amine. Finally, compound BTD-TNP displayed absorptions
at 2952, 2922, 1476, 1292, 1108, 876 and 830 cm�1 associ-
ated with the benzothiadiazole unit.

The 1H NMR spectrum of TPA-TNP (Fig. 1b) exhibited an
upfield peak at 8.19 ppm assigned to the phenylene pro-
tons labeled ‘‘f” which was deshielded by the electron-
withdrawing nitro group. The vinylene proton ‘‘d” reso-
nated at a relatively higher shift (7.67 ppm) than that of
the usual vinylene protons owing to the cyano substituent
on the vinylene bond. The aromatic protons ‘‘e”, ‘‘c”, ‘‘b”
and ‘‘a” gave signals at 7.48, 7.32–7.31, 7.23 and
7.09 ppm, respectively. Likewise, the 1H NMR spectrum
of BTD-TNP showed upfield resonances at 8.13 (phenylene
ortho to nitro) and 7.83 ppm (benzothiadiazole). Finally,
the vinylene protons, the aromatic protons meta to nitro
and the thiophene gave peaks at 7.69, 7.47 and 7.21 ppm,
respectively.
mpound TPA-TNP.

mpound BTD-TNP.



Fig. 2. TGA thermograms of compounds TPA-TNP and BTD-TNP in N2. The inset shows the TMA traces of these compounds. Conditions: N2 flow, 60 cm3/
min; heating rate, 20 �C/min.

Table 1
Thermal and optical properties of compounds TPA-TNP and BTD-TNP.

Compound TPA-TNP BTD-TNP

Td
a (�C) 456 521

Yc
b (%) 65 82

Tg
c 50 62

ka,max
d in solution (nm) 357, 469, 638 348, 469, 650

ka,max
d in thin film (nm) 359, 473, 640 359, 452, 640

Eopt
g

e 1.67 eV (744 nm)f 1.65 eV (751 nm)f

Numbers in italic indicate the long wavelength absorption maximum.
a Decomposition temperature corresponding to 5% weight loss in N2

determined by TGA.
b Char yield at 800 �C in N2 determined by TGA.
c Glass transition temperature determined by TMA.
d ka,max: the absorption maxima from the UV–vis spectra in THF solu-

tion or in thin film.
e Eg: The optical band gap calculated from the onset of the thin film

absorption.
f Numbers in parentheses indicate the onset of the thin film

absorption.
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Thermal characterization of compounds was accom-
plished by TGA and TMA (Fig. 2). The decomposition tem-
perature (Td), the char yield (Yc) at 800 �C in N2 by TGA as
well as the glass transition temperature (Tg) by TMA are
listed in Table 1. Both compounds displayed good thermal
stability since were stable up to �350 �C, decomposed
above 450 �C and afforded Yc of 65–82%. This feature is
attributable to the absence of aliphatic chains in the mole-
cules. BTD-TNP was more thermally stable than TPA-TNP
and exhibited higher Td and Yc values. However, the Tg’s
were relatively low (50–62 �C) due to the monomeric char-
acter of the compounds.

3.2. Photophysical properties

Fig. 3 depicts the UV–vis absorption spectra in both THF
solution (10�5 M) and thin film of the compounds. All the
spectroscopic features are summarized in Table 1.
The absorption spectra (Fig. 3) of the compounds had the
same pattern in both solution and thin film with three max-
ima (ka,max) around 360, 460 and 650 nm. It should be
emphasized that the absorption spectra of the compounds
were broad and covered a wide range of the UV–vis and
near-infrared spectrum up to about 800 nm. This feature
is desirable for the photovoltaic properties of the com-
pounds. The presence of the nitro groups at the terminal
phenyls of the molecules contributed to the broadening of
their absorption as has been well established in the litera-
ture [36]. Even though the long wavelength ka,max in thin
film was identical for both compounds (650 nm), BTD-
TNP showed an absorption onset at slightly higher wave-
length and consequently lower optical band gap (Eopt

g ) than
TPA-TNP. Specifically, the thin film absorption onset was
located at 744 and 751 nm which correspond to Eopt

g of
1.65 and 1.67 eV for TPA-TNP and BTD-TNP, respectively
(Table 1). These Eopt

g values are significantly lower as com-
pared to related materials. Particularly, a series of related
triphenylamine–thienylenevinylene star-shaped mole-
cules57 have shown Eopt

g of 2.38–1.78 eV. In addition, Eopt
g

of 2.14 eV has been reported for star-shaped molecule with
triphenylamine as core and benzo[1,2,5]thiadiazole vinyl-
ene as arms [37]. Finally, a conjugated copolymer [38]
based on 4,7-dithien-2-yl-2,1,3-benzothiadiazole and 2,7-
dibenzosilole had Eopt

g of 1.90 eV.
For the photoinduced efficient charge transfer in bulk

heterojunction photovoltaic devices, the relative position
of the lowest unoccupied molecular orbital (LUMO) of
the donor (D) and acceptor (A) components used in photo-
active layer is crucial. For the initiation of photoinduced
charge transfer process, the difference between the LUMO
level of D and A should be larger than the binding energy of
excitons [39,40]. The magnitude of exciton binding energy
in most of the organic semiconductor is about 0.5 eV [41].
The highest occupied molecular orbital (HOMO) and the
LUMO energy levels of the compounds estimated from cyc-
lic voltammetry measurement are �4.9 and �3.2 eV for



Fig. 3. Normalized UV–vis absorption spectra in THF solution and thin film of compounds TPA-TNP (a) and BTD-TNP (b).
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TPA-TNP, �4.9 and �3.25 eV for BTD-TNP and �4.1 and
�6.6 eV for PCBM. The difference between the LUMO levels
of these small molecules and PCBM is comparatively larger
than the binding energy of the exciton. Therefore, the rel-
evant energy level positions and the absorption in long
wavelength region suggest that these new small molecules
should be effective donors in BHJ with PCBM as acceptor in
photovoltaic devices.

3.3. Electrical properties of BTD-TNP and TPA-TNP films

The J–V characteristics of the ITO/BTD-TNP/Al and ITO/
TPA-TNP/Al devices in the dark are shown in Fig. 4. The J–V
characteristics of the devices show asymmetrical and exhi-
bit rectification. This behavior can be explained by the
small work function of the Al electrode and the p-type
semi-conductivity of both organic layers. The rectification
effect observed in this device is due to the formation of a
Schottky barrier at the Al–organic layer and Ohmic contact
with the ITO electrode. In the present device, the Fermi le-
vel of the ITO (�4.7 eV) matches closely to the HOMO level
of both compounds BTD-TNP and TPA-TNP and indicates
the formation of Ohmic contact for hole injection from
ITO electrode, whereas the Al forms the Schottky barrier
with both organic compounds, which is responsible for
the rectification effect.



Fig. 4. Current–voltage characteristics of the devices based on TPA-TNP and BTD-TNP in the dark.
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In order to get information about the position of Fermi
level and charge carrier mobility for the present organic
compounds, we have measured the current–voltage char-
acteristics of the devices in the dark at different tempera-
tures ranging from 300 to 380 K. It was found that the J–
V characteristics in low voltage region (0–0.3 V), the slope
of log(J)–log(V) curves at different temperature range is
about unity, indicating the Ohmic conduction in this region
as observed for phthalocyanines [42] and other small mol-
ecules [43]. The J–V characteristics in this region are de-
scribed by the following expression

J ¼ NvqlðV=dÞ exp½�EF=kT� ð1Þ

where Nv is the density of the state in HOMO level taken as
1027 m�3, q is the electronic charge, EF is the position of Fer-
mi level above the HOMO level, V is the applied voltage, d is
the thickness of organic film, k is the Boltzmann’s constant
and T is the temperature. By plotting the log(J) against
1000/T at voltage of 0.2 V (as shown in Fig. 5), and fitting
the data in accordance to Eq. (1), the values of EF and l
are being estimated as 0.45 eV and 2.2 � 10�5 cm2/V s,
respectively for TPA-TNP. Similarly, the values of EF and l
for BTD-TNP are 0.41 eV and 4.4 � 10�5 cm2/V s,
respectively.

In order to get information about the formation of Scho-
ttky barrier, we measured the incident photon to the cur-
rent efficiency (IPCE) of the devices. The values of IPCE
have been estimated using the following expression:

IPCE ¼ 1240Jsc=kPin ð2Þ

where Jsc (mA/cm2) is the short circuit photocurrent density
for monochromatic irradiation and k (nm) and Pin (W/m2)
are the wavelength and the intensity of the monochromatic
light, respectively. The IPCE spectra of the ITO/BTD-TNP/Al
device, illuminating through the ITO and Al side are shown
in Fig. 6. Similar results were also obtained for the device
based on TPA-TNP. It can be seen from Fig. 6 that the IPCE
spectra of the device, illuminating through the Al side fol-
low the absorption spectra of BTD-TNP (see Fig. 3). Since
the binding energy of the exciton in the organic semicon-
ductor is about 0.3 eV, the photocurrent in devices based
on these materials is only due to the dissociation of excitons
into free carriers at the Schottky barrier or p–n junction
present in the devices. When the device is illuminated
through the Al side, photons corresponding to the absorp-
tion peak of BTD-TNP are absorbed near the Al/BTD-TNP
interfaces, generate excitons in this region and subse-
quently dissociate into free carrier, resulting higher photo-
current. However, the photons corresponding to the low
and long wavelength regions (low absorption), penetrate
more into the bulk of organic layer and are absorbed far
from the Al/BTD-TNP interface and generate the excitons
there. Only few excitons are able to reach the Al/BDT-TNP
interface resulting low photocurrent because of short exci-
ton diffusion length (10–15 nm) in organic semiconductors.
The IPCE spectra of the device illuminating through ITO do
not follow the absorption spectra of BTD-TNP. When the
device is illuminated through the ITO side, the incident
light penetrate more into the Al/BTD-TNP interface, at the
wavelengths, where the absorption is low and generate
excitons near this interface and subsequently dissociated
into free carriers, resulting high photocurrent. However,
when the absorption coefficient of organic layer is high,
the excitons are generated near the ITO/BTD-TNP interface
and only few excitons reach the Al/BTD-TNP interface
resulting low photocurrent.

From the above results, we conclude that these materi-
als behave as p-type organic semiconductors with average



Fig. 5. Variation of log(J) with 1000/T in Ohmic region for ITO/BTD-TNP/Al device.

Fig. 6. IPCE spectra of the ITO/BTD-TNP/Al device illuminating through ITO and Al side.
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hole mobility of the order of 10�5 cm�2/V s which form an
Ohmic contact and Schottky barrier with high work func-
tion ITO electrode and low work function Al electrode,
respectively. The generation of photocarrier in this device
is due to the dissociation of excitons into free charge carri-
ers due to the built in field at the Al–organic layer inter-
face. These materials can be used as electron donors for
bulk heterojunction photoactive devices.
3.4. Photovoltaic properties of blend TPA-TNP and BTD-TNP
with PCBM

The IPCE spectra of the devices based on TPA-
TNP:PCBM and BTD-TNP:PCBM having same structure,
illuminating through the ITO side, are shown in the
Fig. 7. It seems from this figure that the IPCE spectra of
the device match closely to the absorption spectra of the



Fig. 7. IPCE spectra of the devices using BTD-TNP:PCBM and TPA-TNP:PCBM layers, illuminating through the ITO side.
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active layer. This suggests the formation of donor and
acceptor interfaces throughout the bulk of the active layer.
The peak around 370 nm corresponds to the absorption of
the PCBM. The IPCE value for these devices which corre-
sponds to the absorption peak of donor (TPA-TNP or
BTD-TNP) is higher than that for the device using only
TPA-TNP or BTD-TNP due to the formation of large D–A
interfacial area, resulting effective dissociation of exciton
into free charge carriers.

The current–voltage characteristics (J–V) of the photo-
voltaic devices based on TPA-TNP:PCBM and BTD-
TNP:PCBM blends were measured using an illumination
Fig. 8a. Current–voltage characteristics of the devices based on TPA
intensity of 100 mW/cm2, and are shown in Figs. 8a and
8b, respectively, along with the J–V characteristics for the
devices using only TPA-TNP or BTD-TNP. Under illumina-
tion, the device based on TPA-TNP and BTD-TNP gives a
power conversion efficiency (g) of 0.08%, and 0.09%,
respectively, while the device with TPA-TNP:PCBM and
BTD-TNP:PCBM gives g of about 1.13% and 1.32%, respec-
tively. The overall photovoltaic performance of the devices
using the blend active layers is much higher than that of
TPA-TNP or BTD-TNP. The improvement in the overall
photovoltaic performance can be attributed to the forma-
tion of bulk D/A heterojunction through the volume of
-TNP and TPA-TNP:PCBM under illumination of 100 mW/cm2.



Fig. 8b. Current–voltage characteristics of the devices based on BTD-TNP and BTD-TNP:PCBM under illumination intensity of 100 mW/cm2.
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active layer that leads to an efficient dissociation of photo-
generated exciton into free charge carriers and subsequent
charge transfer from donor to acceptor. The slightly higher
power conversion efficiency for the device with BTD:PCBM
than device with TPA-TNP has been attributed to the more
efficient photoinduced charge transfer in former device.

We have investigated the effect of thermal annealing on
the photovoltaic properties of the BTD-TNP:PCBM (1:1 ra-
tio) based device (Fig. 9) and the photovoltaic parameters
are listed in Table 2. It can be seen from this table that sig-
nificant improvement in the photovoltaic performance was
Fig. 9. Current–voltage characteristics of the devices based on as cast and the
100 mW/cm2.
achieved upon thermal annealing (the power conversion
efficiency increases from 1.32% to 2.42%). The open circuit
voltage is slightly lower than that for the un-annealed one.
The short circuit photocurrent increases by almost one or-
der of magnitude and the fill factor also increases. There-
fore, it is concluded that the annealing process plays an
important role in the improvement of the device
performance.

Different models have been proposed for the origin of
Voc [44,45]. In a single layered organic photovoltaic device,
in which the active layer is composed of one type organic
rmally annealed BTD-TNP:PCBM blends under illumination intensity of



Table 2
Photovoltaic parameters of the devices.

Device Short circuit current (Jsc) (mA/cm2) Open circuit voltage (Voc) (V) Fill factor Power conversion efficiency (g) (%)

ITO/TPA-TNP/Al 0.36 0.54 0.42 0.08
ITO/BTD-TNP/Al 0.42 0.53 0.44 0.09
ITO/TPA-TNP:PCBM/Al 2.9 0.76 0.49 1.13
ITO/BTD-TNP:PCBM/Al 3.37 0.78 0.50 1.32
ITO/BTD-TNP:PCBM

(annealed)/Al
6.42 0.70 0.54 2.42
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semiconductor, donor or acceptor, the open circuit voltage,
Voc is principally determined by the difference in the work
functions between the two metal electrodes: the metal–
insulator–metal (MIM) model [45]. In this model the or-
ganic layer is assumed to have a negligible amount of
intrinsic charge carriers and can therefore be considered
as an insulator. Hence, the upper limit of the Voc can be cal-
culated from the estimation of the difference between the
work function of the two electrodes. The Voc of the ITO/
TPA-TNP/Al device is 0.54 V, which closely matches the
work function difference (0.6 eV) between the ITO
(4.8 eV) and the cathode Al (4.2 eV). However, the MIM
model cannot be applied to solar cells with a BHJ structure.
It has been found that the Voc is highly dependent on the
LUMO level of the acceptors, suggesting that a Fermi level
pining between the negative electrode and acceptor could
be the origin of the Ohmic like behavior of the acceptor-
negative electrode contact [44].

The large values for Jsc and FF, upon thermal annealing
imply lower series resistance and higher carrier mobility.
Thus, the increased efficiency upon thermal annealing re-
sults from higher nanoscale crystallinity due to the de-
mixing between the two components in the bulk hetero-
junction film after thermal annealing.

Fig. 10 shows the experimental Jph of the devices using
as cast and annealed BTD-TNP:PCBM blends in a double
Fig. 10. Variation of photocurrent (Jph) with effective applied voltage (Vo � V)
photoactive layers.
logarithmic plot as a function of the effective voltage
(Vo � V). As can be seen in this figure, the photocurrent
shows a strong enhancement, when the thermally an-
nealed blend is used as active layer for the device. The
short circuit current (Jsc) increases by a factor of 1.9, the
FF increases by a factor of 1.08 and the overall enhance-
ment of g by about a factor of 1.82, when compared to
the device with the cast blend. The effect of the thermal
annealing on the solar cells performance in terms of phys-
ical parameters such as charge carrier mobility and photo-
current generation efficiency in these devices will be
discussed in a following section of the paper.

In present device, after the photoinduced electron
transfer at the donor/acceptor interfaces present in bulk
photoactive layer and subsequent dissociation, the elec-
trons are localized in the PCBM phases, whereas the holes
remain in the BTD-TNP. Subsequently, the free electrons
and holes must be transported via PCBM and BTD-TNP
pathways towards the electrodes to produce the photocur-
rent. Therefore, the electron transport in PCBM and hole
transport in BTD-TNP are crucial for understanding the
photocurrent generation in the BTD-TNP:PCBM blend film.
For pure PCBM the electron mobility was about
2.0 � 10�3 cm2/V s [46], which is about 100 times higher
than the hole mobility in pure BTD-TNP as discussed ear-
lier. An important question is whether these mobilities
of ITO/BTD-TNP:PCBM/Al device employing (a) as cast and (b) annealed
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are modified or not, when the materials are blended as in
the active layer of the photovoltaic device. We have mea-
sured the hole and electron mobility in the blend using
the space charge limited current (SCLC) method.

In order to measure the SCLC for only one type of charge
carrier in the blend, the other charge carrier must be sup-
pressed by a large injection barrier, resulting in an electron
or hole only device. This approach has been successfully
used to measure the hole and electron mobility in the con-
jugated polymer:PCBM blend [47,48], polymer:polymer
blend [46], conjugated polymer: inorganic metal oxide
nanoparticles blends [49,50] and CuPc:C60 blend [51].
Since the HOMO and LUMO offsets between the compound
BTD-TNP and PCBM are approximately 1.7 and 0.8 eV,
respectively (HOMO and LUMO levels have been estimated
from cyclic voltammetry measurements as discussed ear-
lier), the transport of charge carriers in the mixed blend
layer should occur along the paths consisting of only a sin-
gle molecular species, i.e. compound BTD-TNP for holes
and PCBM for electrons. Therefore, we model the J–V char-
acteristics for electron and hole only devices using the
SCLC theory [52].

J ¼ 9
8
eeolðEÞh

V2

d3 ð3Þ

where e = 3.2 is the relative dielectric constant of the or-
ganic film, eo is the vacuum dielectric constant, h 6 1 is
the shallow trapping factor (where h = 1 in the trap free
limit), d is the film thickness and l(E) is the electric field
(E) dependent charge carrier mobility, given by Poole Fren-
kel law [53]

lðEÞ ¼ lo exp½cðEÞ1=2� ð4Þ
Fig. 11a. Current density–voltage characteristics in the da
where lo is the mobility at E = 0 and c denotes the field
activation parameter. The field dependence arises from
the interaction between the charge carriers and randomly
oriented permanent dipoles in a molecular film, where
charge carriers are transported by thermally assisted hop-
ping [53].

Fig. 11a shows the J–V characteristics of the BTD-
TNP:PCBM blend film (as cast and annealed) sandwiched
between ITO and Au electrodes (hole only device). In this
configuration, holes are injected from ITO (work function
of uITO = 4.8 eV) into HOMO of compound BTD-TNP,
whereas electron injection from Au into LUMO of PCBM
is suppressed due to its high work function of 5.1 eV. The
experimental curves are fitted to the above equations
and the zero field hole mobility in the blend (as cast) is
about 6.5 � 10�5 cm2/V s, which is lower than the value
for BTD-TNP. However, when the annealed blend film is
used in the device, the zero field mobility is increased by
one order of magnitude (from 6.5 � 10�5 to
3.4 � 10�4 cm2/V s).

The J–V characteristics of the BTD-TNP:PCBM blend (as
cast and annealed film) sandwiched between two Al elec-
trodes, to allow the efficient injection of electron from Al
into the LUMO of PCBM are shown in Fig. 11b. In this de-
vice, the high injection barrier between Al and HOMO of
BTD-TNP suppress the injection of holes and the device be-
haves as electron only device. The electron mobilities
which were estimated using these curves are about
1.86 � 10�3 and 3.4 � 10�3 cm2/V s, for the as cast and an-
nealed film, respectively. From these results, we conclude
that the electron and hole mobilities are more balanced
for the device in which the annealed blend is used, result-
ing efficient charge transportation and collection that en-
hance the power conversion efficiency.
rk for hole only device using BTD-TNP: PCBM films.



Fig. 11b. Current density–voltage characteristics in the dark for electron only device using BTD-TNP:PCBM films.
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The LUMO level of compound BTD-TNP is at consider-
ably higher energy level than that of PCBM and provides
the sufficient energy to the excitons to dissociate into the
free holes and electrons. The holes and electrons are col-
lected at the respective electrodes by their transportation
through the percolating paths of BTD-TNP and PCBM,
respectively. The large difference between the electron
and hole mobilities in the device with as cast film, results
unbalanced charge transport due to the accumulation of
space charge near the electrode. In this case the space
charge limits the photocurrent. However, when the an-
nealed film is used for the device, the difference between
the electron and hole mobilities is reduced and the space
charge no longer limits the charge transportation due to
the more balanced charge transportation in device based
on the annealed film.

4. Conclusions

Starting from triphenylamine and benzothiadiazole two
new vinylene compounds TPA-TNP and BTD-TNP were
synthesized. These compounds were soluble in common
organic solvents like THF, chloroform and dichlorometh-
ane. They showed relatively low glass transition tempera-
ture and high thermal stability. Both compounds
displayed broad absorption with longer wavelength
absorption maximum at 638–650 nm and optical band
gap of 1.65–1.67 eV. The photovoltaic properties of the
bulk heterojunction devices based on TPA-TNP and BTD-
TNP as electron donor and PCBM as electron acceptor were
investigated through analyzing their current–voltage char-
acteristics. The power conversion efficiency of the device
BTD-TNP:PCBM (annealed) blend is about 2.42%, which is
attributed to the balanced charge transport in the device.
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performance [19], more research has been done to better
control morphology via this facile solvent or solvent mix-
ture method [17,20–24]. By far, it has been developed into
one of the most powerful approaches to modify the mor-
phology of photoactive layer and thus improve device per-
formance. Peet et al. have demonstrated that longer charge
carrier life time can be achieved by adding alkanethiol to
the P3HT:PCBM composites in toluene due to an improved
morphology with the formation of ordered structure in the
untreated film [25]. Also by using this solvent additive
method, Peet et al. have obtained the highest efficiency de-
vice to date in low-band gap polymers [26,27]. Though the
solvents used and systems or materials investigated are
different, one of the key tasks for all these works is to sub-
stantially improve the crystallinity of components in the
composite film while maintaining large interfacial area.

Generally, for any semi-crystalline polymers, besides
the molecular configuration, their crystallinity is fre-
quently influenced by the crystallization conditions which
could be classified into thermodynamic and kinetic deter-
minations. Traditional polymer physics has revealed that
crystallization temperature, time and the environments,
e.g. external force, spatial confinement, surface and so on,
play significant role in determining the crystallization
behaviors of semi-crystalline polymers. Previously, most
efforts have been diverted to the investigations on how
to directly increase the crystallinity or tune the morphol-
ogy of component itself in the composite. However, less
attention has been paid to study how the crystallization
behaviors of a specific component are affected by the other
components involved in the composite, which has been
shown that it plays a key role in determining the morphol-
ogy of the thin composite film served as the photoactive
layer of bulk-heterojunction polymer solar cells [28].

C60, as the first discovered fullerene molecule, is much
cheaper than the widely used PCBM or other novel fullerene
derivates in organic Photovoltaic (PV) devices [29–33].
Therefore, C60 is a worthy candidate for lower production
cost devices. Whereas, the performance of device based on
P3HT:C60 composite film is usually lower than that based
on P3HT:PCBM composite at present. To reveal the hin-
drances towards efficient polymer PV devices based on
the low cost C60, we carry out comparative studies by
choosing two composites consisting of the same electron
donor material P3HT but different acceptors C60 and PCBM.
In this work, we show that though the difference between
C60 and PCBM is small in terms of molecular structure,
the crystallization of P3HT is severely affected by C60 when
compared with PCBM, resulting in distinct crystallinity var-
iation of P3HT in untreated P3HT:C60 and P3HT:PCBM com-
posite films spin coated from solution in the widely used
ODCB solvent. The reason for the extremely low crystallin-
ity of P3HT in P3HT:C60 composite has been analyzed and
the solution to solve this problem has been proposed.

2. Experimental details

2.1. Materials

P3HT with Mw = 100,000 g/mol, regioregularity greater
than 98.5%, was purchased from Rieke Metals Inc. C60,
PCBM and ODCB (anhydrous, 99%) were purchased from
Sigma–Aldrich Co. Ltd. Chlorobenzene (CB), 1,2,4-trichlo-
robenzen (TCB), tetralin, 1-Methylnaphthalene (M-naph)
and 1-Chloronaphthalene (Cl-naph) were purchased from
Beijing Chemical Reagent Co. Ltd., China. All these materi-
als were used as received without further treatment.

2.2. Sample preparation

For C60 and PCBM solubility measurements, first, cer-
tain amount of C60 or PCBM was added into 1 ml solvent
under intensive stirring for more than 24 h at room tem-
perature. Second, the solutions were placed in quiet condi-
tion for at least 12 h to check if there was solid
precipitating from the solution. Third, if no solid or precip-
itate was found, more C60 or PCBM was added to further
dissolve in the solution until very little amount saturating
crystallites are observed by optical microscopy. And for the
solubility of P3HT, the solution was heated to 50 �C to com-
pletely dissolve P3HT by stirring for overnight and then
cooled down to room temperature. Thus obtained solution
was placed in quiet condition for 2 days to achieve thermo-
dynamic equilibrium state. It is well known that if P3HT
forms ordered aggregates, an absorption peak centered at
ca. 610 nm will appear in its UV–vis absorption spectrum
[34–36]. Therefore, UV–vis absorption measurements were
performed on the solution. The approximate solubility of
P3HT could be obtained by determining the concentration
at which the peak at around 610 nm (see Fig. 1) just
appears.

With respect to the preparation of composites, given
amount of C60 or PCBM was firstly dissolved in solvents
or solvent mixtures by intensive stirring. Afterwards, the
designated amount of P3HT was added into the solution
to get a mixture with P3HT:C60 = 5:4 or P3HT:PCBM = 1:1
by weight. These mixtures were continuously stirred in the
dark for more than 12 h so that solutions with a concentra-
tion of 8.0 mg/ml for P3HT were obtained.

The thin films were obtained via spin coating (Laurell
Spin Processor WS-400B 6NPP Lite) the as prepared solu-
tions onto pre-cleaned glass cover slides. The spin coat-
ing speed of 500–1500 rpm was selected so as to
eventually achieve homogeneous thin films having
dimensions in order of one square centimeter and thick-
ness of ca. 80 nm.

PV cells were fabricated according to standard device
fabrication procedures. i.e. the photoactive layer was first
fabricated by depositing the prepared solution on well-
cleaned glass substrates covered with 100 nm thick layers
of indium tin oxide (ITO) and a spin coated layer of
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS). The thickness of the photoactive layer is
around 80 nm for all the devices. The devices were com-
pleted by evaporation of 1 nm LiF layer and subsequently
100 nm Al layer as cathode.

2.3. Characterization: transmission electron microscopy
(TEM)

The spin coated films were floated on distilled water,
then transferred to 400-mesh copper grids and dried in
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Fig. 1. UV–vis absorbance spectra of P3HT with a concentration of (a)
25 mg/ml (b) 32 mg/ml in ODCB solution.

1336 L. Li et al. / Organic Electronics 10 (2009) 1334–1344
vacuum overnight. TEM was performed on a JEOL JEM-
1011 transmission electron microscope operated at an
acceleration voltage of 100 kV. To quantitatively relate
the diffraction intensity in selected area electron diffrac-
tion (SAED) patterns to the crystallinity of the specimen
investigated, all these SAED patterns were performed by
using a standard recording mode. i.e. fixed magnification,
filed-limiting aperture of 100 lm, current density of
0.6 pA cm�2 and exposure time of 11.0 s for SAED acquisi-
tion. Identical settings were used for film development and
digitalization.

2.4. Film thickness measurements

Film thickness measurements were performed with a
Veeco DekTak 6 M stylus profiler via measuring the height
step between sample surface and the scrape.

2.5. Wide angle X-ray diffraction (WAXD)

WAXD profiles were obtained by using a Bruker D8 Dis-
cover Reflector with fixed X-ray wavelength of 1.542 Å.
The diffraction was recorded at h–2h symmetry scanning
mode with scan angle from 2h 3�–18�.
2.6. Atomic force microscope

Surface topography was observed by atomic force
microscopy (AFM) operating in tapping mode on Agilent
5500 at room temperature.

2.7. UV–vis absorption spectroscopy

The obtained mixed solutions and films were directly
used in UV–vis absorption spectroscopy investigations.
The UV–vis absorption spectra were acquired on a Lambda
750 spectrometer (Perkin-Elmer, Wellesley, MA).

2.8. Infrared spectroscopy

Infrared spectra were obtained using a Bruker Vertex 70
FTIR spectrometer. Samples were prepared by drop casting
solution onto potassium bromide substrates and placed in
dark ambient condition for solvent evaporation. After-
wards, the obtained films on potassium bromide sub-
strates were dried in vacuum to exclude the remaining
solvents. Thermal annealing was performed directly on
potassium bromide substrates in inert atmosphere at
180 �C for 20 min.

2.9. Device characterization

Spectral response data were determined in air with a
Keithley-2400 source meter, using monochromatic light
from a xenon lamp in combination with a monochromator.
A calibrated Si cell was used as reference. The performance
characterization for the PV cells was also carried out with a
Keithley-2400 source meter. The cells are illuminated by a
tungsten-halogen lamp (filtered by a Schott KG1 and
GG385 filter resulting in a spectral range of 400–900 nm
with a maximum at 650 nm) at an intensity of 100 mW/
cm2.
3. Results and discussion

3.1. The substantial crystallization suppression of P3HT in its
composite with C60

Both the untreated thin films of P3HT:C60 and
P3HT:PCBM composites basically give similar morphology,
as shown by bright-field TEM images in Fig. 2, however,
there are quite a few short and bright rods observed in
the P3HT:PCBM composite. These nanorods are attributed
to the P3HT crystals as dispersed in smooth thin film with
relatively high density of the matrix. However, SAED pat-
terns (The inset in each figure) which are in situ obtained
disclose obviously different crystalline order in between
the two composite films. For P3HT:C60 composite film, ex-
cept for one diffused diffraction ring can be well resolved
from the SAED pattern (Inset of Fig. 2a), which is associated
to the diffraction from C60 nanocrystallites [7,37], only an
indistinct diffraction ring (indicated by the arrow in
Fig. 2a) with d-spacing of 0.39 nm is observed outside.
However, the SAED pattern for the untreated P3HT:PCBM
composite film gives much clearer diffraction ring (indi-



Fig. 2. BF-TEM images and corresponding SAED patterns (up-left inset) of the untreated composite films spin coated from ODCB solution. (A) P3HT:C60
(5:4, w/w), (B) P3HT:PCBM (1:1, w/w).
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cated by the arrow in Fig. 2b) with d-spacing of 0.39 nm
outside the broad diffractions which is ascribed to PCBM
nanocrystallites [38,39]. As is known, the diffraction ring
with d-spacing of 0.39 nm is associated to the reflections
from crystallographic (0 2 0) planes of typical whisker-like
P3HT crystals [40]. Since SAED pattern has been well
established for semi-quantitative crystallinity analysis
and proven to be a feasible and powerful tool in this field
[7,8,28], we are able to draw a preliminary conclusion that
the crystallization of P3HT in the composite with C60 has
been substantially suppressed compared to that in
P3HT:PCBM composite, as proven by the low electron dif-
fraction intensity of crystallographic (0 2 0) planes of P3HT
in the inset of Fig. 2a.

The crystallinity variation in these two untreated com-
posites was further verified by WAXD measurements. As
shown in Fig. 3a, the diffraction profile associated to un-
treated P3HT:C60 composite shows a broad and hardly to
be resolved diffraction peak at 2h = 5�, which is assigned
to the reflections of crystallographic (1 0 0) planes of
P3HT crystals [41,42]. The very low diffraction intensity
in combination with its broad peak reveals very low crys-
tallinity and quite small crystalline aggregates of P3HT in
this specimen. In contrast, for the P3HT:PCBM composite
a well resolved diffraction peak is observed at the same po-
sition. Particularly, the diffraction intensity of this peak is
even comparable with that of thermally annealed
P3HT:C60 composite film at 150 �C for 20 min. It should
be noted that the position and the width of the crystallo-
graphic (1 0 0) peaks in P3HT:C60 annealed film and un-
treated P3HT:PCBM film are slightly different. The
relatively small d-spacing of P3HT crystallographic (1 0 0)
planes in untreated P3HT:PCBM film is mainly resulted
from the side-chain interdigitation which is usually ob-
served in untreated films prepared by solution deposition
method. Though the P3HT crystallite size calculated by
using the Scherrer equation is smaller in the untreated
P3HT:PCBM film when compared to that in thermally an-
nealed P3HT:C60 film, the WAXD results clearly indicate
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that the crystallinity of P3HT in untreated P3HT:C60 film is
much lower than that in untreated P3HT:PCBM film.

For crystallizable conjugated polymers, the crystallinity
in solid film can also be qualitatively determined by UV–
vis absorption at specific wavelengths. The UV–vis absorp-
tion spectra of thin films of P3HT composites with C60 or
PCBM are shown in Fig. 3b. The spectrum of P3HT:C60
mixture in ODCB is also included for comparison. Two
peaks at 334 and 461 nm, respectively, are observed for
P3HT:C60 composites in ODCB solution. This spectrum is
actually the simple superposition of individual absorption
from C60 molecules and the intra-chain p–p* transition
of P3HT single chain in the solution. For the P3HT:C60 solid
composite film spin coated from above mentioned ODCB
solution, a weak absorption peak additionally appeared at
ca. 607 nm, which is associated to the inter-chain p–p*
transition of P3HT, and the intensity of this peak is corre-
lated to the degree of inter-chain packing order
[35,43,44]. Therefore, the weak intensity at 607 nm again
confirms low crystallinity of P3HT in its untreated compos-
ite film with C60. However, with respect to the untreated
P3HT:PCBM composite film, three peaks associated to the
optical absorption of P3HT can be well resolved in
Fig. 3b. Besides, the absorbance peak related to p–p or-
dered inter-chain packing at ca. 607 nm becomes more
prominent and its intensity is increased when compared
to that in untreated P3HT:C60 composite film, revealing
the crystallinity of P3HT in P3HT:PCBM composite film is
much higher than that in P3HT:C60 composite.

Based on the above observations, we have shown that
the crystallization of P3HT in untreated P3HT:C60 compos-
ite has been substantially suppressed and its crystallinity is
much lower than that in untreated P3HT:PCBM composite.
Generally, decreased crystallinity of a crystallizable poly-
mer in the composite compared to its pure bulk sample
is usually ascribed to the result of ‘‘dilution effect” [45–
47], which hinders the ordered packing of adjacent poly-
mer chains by mechanical or spatial separation of other
components in the composite. However, both composites
(P3HT:C60 and P3HT:PCBM) employed in this study are
prepared with identical conditions, i.e. the identical molar
ratio between the two components, the same solvent, con-
centration and conditions used for solution preparation
and thin film deposition. The only difference is the one
component used in the composites, in which PCBM is dec-
orated with a substitute on C60 cage. However, the crystal-
lization of P3HT in the untreated P3HT:PCBM composite
film is not extremely suppressed. Thereby, the low crystal-
linity of P3HT in the untreated P3HT:C60 composite could
not be explained by the conventional ‘‘dilution effect”. Re-
cently, McGehee et al. [48] have shown that some fullerene
derivates will intercalate between the side chains of conju-
gated polymers to form bimolecular crystals and thus
influence the phase separation and photovoltaic perfor-
mance of the composite films. However, they found that
PCBM could not form such bimolecular crystals with
P3HT due to the reason that there is insufficient room be-
tween hexyl-side chains for intercalation to occur. Based
on their experimental results and simulation [48], the mol-
ecules with diameter smaller than 0.6 nm can intercalate
between the adjacent hexyl-side chains of P3HT whose dis-
tance is 0.78 nm [49,50]. However, the diameter of C60
molecule is 0.71 nm which is much larger than 0.6 nm
and comparable to the distance between adjacent hexyl-
side chains, thus there is not enough free volume between
the hexyl-side chains to accommodate the C60 molecules.
Therefore, the different crystallization behaviors of P3HT in
between the composite of P3HT:C60 and P3HT:PCBM can
not be interpreted by the bimolecular crystals yet.

3.2. The mechanism for substantially suppressed
crystallization of P3HT in P3HT:C60 composites

As shown in Fig. 3b, the obvious red shift of main
absorption of P3HT in the untreated P3HT:PCBM compos-
ite film compared to that of P3HT in the solution reveals
that longer effective conjugation length could be obtained
in solid state even when ‘‘diluted” by PCBM. However, the
main absorption peak of P3HT in untreated P3HT:C60 com-
posite film nearly maintains the same as that in ODCB solu-
tion. Based on the origin of the UV–vis absorption at this
position for P3HT, we can conclude that the effective con-
jugation length of P3HT in the untreated P3HT:C60 com-
posite film is hardly increased upon solidification from
ODCB solution.

To get deeper insight into the conformation of P3HT
chains, we resort to FT-IR spectroscopy investigations. As
shown in Fig. 4a, only one main absorption peak at
821 cm�1, which is assigned to the absorption of out of
plane CH deformation of the thiophene ring [51], is ob-
served in pure P3HT film. For pure C60 film, all the absorp-
tion peaks locate in the region with wave number less than
800 cm�1 for the range of 500–1000 cm�1. However, the
intensity of the peak at 821 cm�1 decreases and a new
absorption additionally appears at ca. 836 cm�1 for P3HT
in the untreated P3HT:C60 composite, resulting in a very
broad absorption within the region in between the wave
number of 821 and 836 cm�1. Whereas upon thermal
annealing at 180 �C for 20 min, the broadened absorption
at 821–836 cm�1 will restore to the same shape and inten-
sity as that observed in pure P3HT, with disappearance of
the newly emerged peak at 836 cm�1. As a reference, we
have also performed FT-IR measurements on the MDMO-
PPV system. However, untreated MDMO-PPV:C60 compos-
ite shows the simple superposed spectrum of C60 and
MDMO-PPV (Fig. 4c) in the whole region. Therefore, the
peak at 836 cm�1 is ascribed to the split of 821 cm�1. Both
the decreased absorption at the band of 821 cm�1 and the
appearance of the split peak at 836 cm�1 suggest that the
chain conformations of P3HT in pure P3HT and P3HT:C60
composite are different. It has been reported that C60 is
‘‘wrapped” by the alkyl-side chain of P3HT in the untreated
film of P3HT:C60 [52]. However, as is proven, fullerenes
will form homogenous nanoscale crystallites instead of
molecularly distributing in solid film when spin coated
from solution [38]. Therefore, the hexyl-side chains of
P3HT will actually wrap the C60 nanoaggregates. The
inclusion of C60 nanocrystallites onto P3HT chains will
greatly influence on their conformations. It is known that
the peak at 821 cm�1 is assigned to out of plane CH defor-
mation of 3-alkylthiophene on the backbone, the appear-
ance of split at 836 cm�1 indicates that the backbone has
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Fig. 4. FT-IR spectra of (a) pure P3HT and C60, respectively, and both
their untreated and thermally annealed composite films; (b) pure P3HT
and PCBM, respectively, and both their untreated and thermally annealed
composite films; (c) pure MDMO-PPV and C60, respectively, and their
untreated composite film. Some curves have been shifted along Y-axis for
clarity.

Table 1
The solubility of P3HT and fullerenes in different solvents at room
temperature (The temperature in the lab varies in between 18 and 22 �C).

Solvent b.p.
(�C)

C60

(mg/ml)
P3HT
(mg/ml)

PCBM
(mg/ml)

ODCB 180 28 30 >50
TCB 214 8 30 >50
CB 130 7 30 >50
Tetralin 207 16 0.5 >50
M-Naph 244 35 20 >50
Cl-Naph 259 56 12 >50
Tetralin/CB (1:1, v/v) 8 17 >50
M-Naph/CB (1:20, v/v) 8 18 >50
Cl-Naph/CB (1:33, v/v) 9 18 >50
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been influenced by the trapped C60 nanoscale crystallites,
which makes the thiophene-thiophene plane distort to
each other. Subsequently, the crystallization of P3HT dur-
ing spin coating process may be severely hindered by the
inclusion of C60 nanoscale crystallites onto its chains.
Due to the high similarity between C60 and PCBM, compa-
rable phenomenon could also be observed in P3HT:PCBM
composite, as shown in Fig. 3b. However, for P3HT in the
untreated P3HT:PCBM composite, the intensity of the ori-
ginal absorption at 821 cm�1 does not drop down that
much compared to pure P3HT, and the newly emerged
absorption at 836 cm�1 appears like a shoulder peak due
to its low intensity. This behavior is obviously different
from that of P3HT in the P3HT:C60 composite, which re-
veals that the distortion of P3HT between thiophene rings
in P3HT:PCBM untreated film is much weaker than that in
P3HT:C60 untreated film.

As a derivative of C60, PCBM has higher solubility in the
most organic solvents upon chemical decoration on its C60
cage, while its physical properties are expected to be pre-
served. Upon a series of solubility determinations on fuller-
enes and P3HT in ODCB, we find that C60 shows
comparable solubility to P3HT (see Table 1), whereas,
PCBM has much higher solubility than P3HT. Based on
these results, we can conclude that when using ODCB as
solvent, C60 and P3HT will nearly simultaneously crystal-
lize from the solution during spin coating. However, due
to high symmetry of C60 molecules, they will form large
number of nanoscale crystallites in the concentrated and
viscous solution in a very short time. Since the crystalliza-
tion of P3HT is a relatively slow process, the presented
large number of nanoscale crystallites in the viscous solu-
tion will severely hinder the ordered packing of crystalliz-
able P3HT chains, which results in severe crystallization
suppression of P3HT. Therefore, the P3HT chains in the un-
treated P3HT:C60 film spin coated from ODCB solution will
nearly maintain their original chain conformation in the
solution, in contrast to the observation in most cases that
the effective conjugation length in a solid film is longer
than that in the solution. This difference is in consistence
with the results of FT-IR and UV–vis measurements (Figs.
4a and 3b). However, in the P3HT:PCBM composite, P3HT
becomes saturated first and it will crystallize from the
ODCB solution before PCBM starts to form tiny crystallites.
In this case, the crystallization of P3HT is less influenced by
the ‘‘dilution effect”, leading to higher crystallinity which
conforms to the observations by TEM, XRD, UV–vis and
FT-IR as shown in Figs. 2, 3a and 4b, respectively. There-
fore, we propose that the tremendous difference of P3HT
crystallinity in between C60:P3HT and PCBM:P3HT un-
treated composite films spin coated from ODCB solution
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may correlate to the different solubility of the components
in ODCB.

To verify this assumption, we first choose TCB as sol-
vent for thin film deposition due to its comparable boiling
point with ODCB but lower solubility of C60 (Table 1).
Upon choosing a speed as high as 3000 rpm for TCB solu-
tion but only 600 rpm for ODCB solution, a comparable
drying time during spin coating process could be achieved
for both solutions. However, the crystallinity of P3HT in
the P3HT:C60 untreated film from TCB is higher than that
from ODCB as proven by red shift and three obvious elec-
tron vibration bands in the UV–vis absorbance spectrum
(Fig. 5a). Second, if CB is used to prepare the film, C60 will
also crystallize from the solution before P3HT due to rather
low solubility of C60 in it. As is shown in Fig. 5a, although
the volatility of CB is higher than ODCB, we are still able to
observe that P3HT shows longer conjugation length in the
P3HT:C60 film as is indicated by ca.10 nm red shift in the
UV–vis absorbance spectrum when compared to the film
prepared from ODCB solution. This result is more obvious
in the films prepared by drop casting (inset in Fig. 5a), with
the appearance of prominent absorption at 607 nm associ-
ated to increased crystallinity of P3HT. Finally, we use
mixed solvent CB/tetralin (1:1, v/v) to further check our
assumption. Tetralin is a very poor solvent for P3HT but
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Fig. 5. UV–vis absorbance spectra of the P3HT:C60 untreated films
prepared from different solvents and solvent mixtures via spin coating.
shows modest solubility for C60. It is anticipated that
C60 will precipitate from the solution later than P3HT
due to the lower volatility of tetralin comparing with CB.
As is shown in Fig. 5b, the addition of tetralin into the CB
solution does not cause any ordered precursors of P3HT
in the solution [17], but the optical absorption spectrum
of the untreated P3HT:C60 film shows obvious red shift
and very prominent three electronic vibration bands, indi-
cating that the crystallinity of P3HT in such composite is
substantially increased. Similar results can also be ob-
tained by replacing tetralin with less amount of M-naph
or Cl-naph which show even higher solubility of C60 than
tetralin. It should be noted that both M-naph and Cl-naph
are low volatile solvents due to their high boiling points,
thus longer crystallization time is obtained when P3HT is
spin coated from M-naph or Cl-naph comparing with CB,
and higher crystalline P3HT is anticipated. However, only
little amount of M-naph or Cl-naph is added into the CB
solvent (M-naph/CB, 1:20; Cl-naph/CB, 1:33, by volume),
the increased crystallinity of P3HT contributed by the high
boiling point is negligible. Moreover, we find that in the
case that C60 forming crystallites before P3HT, the crystal-
linity of P3HT is not as high as in that C60 forming crystal-
lites from the solution after P3HT, as is confirmed by the
UV–vis absorbance measurements (Fig. 5). This finding is
different from the results obtained by Yao et al. in P3HT/
PCBM system [23], in which the formation of PCBM ‘‘clus-
ters” benefit the crystallization of P3HT and improvement
of morphology. Such difference could be originated from
the different crystallization ability between C60 and PCBM.
As is known, lower symmetry of PCBM makes it more dif-
ficult to nucleate, which eventually results in less in quan-
tity but larger in size for PCBM ‘‘clusters” during
crystallization from the solution. In the cases of C60 form-
ing crystallites before P3HT, the higher crystallizability of
C60 results in larger number of C60 nanocrystallites, as
confirmed by the homogenously distributed C60 nano-
crystallites obtained in P3HT:C60 composite [7], in con-
trast to only a few PCBM crystals observed in P3HT:PCBM
system. With the presence of these homogeneously dis-
persed crystallites in the concentrated and viscous solu-
tion, the subsequent crystallization of P3HT will be
hindered, leading to low crystallinity. Whereas, in the
cases that low volatile solvent with high solubility of C60
such as tetralin, M-naph or Cl-naph is added into the main
solvent CB, some part of C60 molecules will preferentially
dissolve in it. Therefore, during spin coating, the C60 mol-
ecules dissolved in the low volatile solvent is still molecu-
larly dispersed, while P3HT starts to crystallize from its
good solvent CB which is relatively volatile. Therefore, dur-
ing spin coating, less C60 nanocrystallites appear in the
concentrated solution, which facilitates the formation of
more highly crystalline P3HT fibers in the final composite
film. It should be pointed out that other factors such as
interaction parameters, surface energy, and interfacial ten-
sion may also contribute to the formation of crystalline
P3HT to some extent [53]. However, the solubility may
play an important role in determining the crystallinity of
P3HT because only by using the low volatile solvent with
higher solubility of fullerene, higher crystallinity of P3HT
or larger ordered aggregates of conjugated polymers can
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be obtained as is shown above and reported by Lee et al.
[26], respectively. Therefore, our observations have proven
that the comparable solubility of C60 and P3HT in ODCB is
mainly responsible for the extremely low crystallinity of
P3HT in P3HT:C60 untreated film prepared from ODCB
solution, thus the low performance of device. Recently,
Troshin et al. have shown that the solubility of PCBM in or-
ganic solvents will also severely influence the phase sepa-
ration scale via forming different sizes of PCBM domains in
the composite film with P3HT and thus it plays an impor-
tant role in determining the final device performance [33].
Therefore, the influence of component solubility on the fi-
nal device performance is universal and it should be taken
into account while designing new materials for more effi-
cient photovoltaic devices.

3.3. Solutions for constructing high performance P3HT:C60
polymer solar cells

With only two short substitute side groups on the ful-
lerene cage, the difference between PCBM and C60 should
be very small in terms of optoelectronic physics, however,
up to now the solar cells based on P3HT:C60 composite
usually show lower power conversion efficiency than its
counterpart system P3HT:PCBM composite. As shown in
Fig. 6a, current density–voltage (J–V) curves reveal signifi-
cantly different performance of the untreated devices by
using these two composites. Except for the slight differ-
ence in open-circuit voltage (Voc), quite low Jsc = 1.74 mA/
cm2 and FF = 0.34 are obtained in devices based on
P3HT:C60 composite, in contrast to the device based on
P3HT:PCBM composite which shows Jsc = 5.20 mA/cm2

and FF = 0.40, respectively, as illuminated by a halogen
lamp with an intensity of 100 mW/cm2. In Fig. 6b, for both
untreated devices, the device based on P3HT:C60 compos-
ite shows a very narrow photocurrent spectral response
and quite low IPCE values compared to that of the un-
treated P3HT:PCBM device. These differences eventually
result in more than triple folds variation in power conver-
sion efficiency of 0.34% for P3HT:C60 and 1.23% for
P3HT:PCBM composite, respectively. The unsatisfactory
performance of the devices based on untreated P3HT:C60
composite is mainly attributed to the very low crystallinity
of P3HT within the photoactive layer, which results in two
negative influences on the device performance. On one
hand, low crystallinity will cause mismatch between the
optical absorption of photoactive layer and solar spectrum.
On the other hand, it will lead to low hole mobility, which
results in inefficient hole transport to the anode. Conse-
quently, the probability of charge recombination increases.
Thereby, higher crystallinity is required for P3HT:C60 solar
cells to further improve device performance.

The above mentioned mixed solvent method has shown
its feasibility to increase the crystallinity of P3HT in
P3HT:C60 composite, therefore it has shown the potential
application in constructing more efficient photovoltaic de-
vices. As we known, besides the crystallinity of P3HT, the
morphology of photoactive layer also plays an important
role in determining the device performance. In Fig. 7a, for
the P3HT:C60 composite film spin coated from ODCB, the
phase separation scale is very small and the whole surface
is quite smooth, indicating that P3HT is nearly molecularly
mixing with C60 nanocrystallites without constructing
interpenetrating networks. However, for the P3HT:C60 un-
treated film prepared from Cl-naph/CB (Fig. 7b), homoge-
neously distributed aggregates ascribing to C60
crystallites are observed over the film. The average domain
size increases greatly and the surface roughness is an order
of magnitude higher than that observed in Fig. 7a, implying
that the phase separation scale between C60 and P3HT has
been increased. The formation of larger C60 crystallites is
mainly contributed by the longer drying time obtained
for ‘‘selectively extracted ”C60 molecules to crystallize
when low volatile solvent with higher solubility of C60 is
added into the main solvent CB. Moreover, from the inset
SAED patterns we can find that the diffraction intensity
of P3HT crystallographic (0 2 0) plane as is indicated by
the arrow in Fig. 7b is higher than that in Fig. 7a, implying
that the crystallinity of P3HT in P3HT:C60 film prepared by
using Cl-naph/CB solvent mixture has really been en-
hanced when compared with that prepared by using ODCB.
The formation of larger C60 crystallites in combination
with long P3HT fibers contributes to an improved mor-
phology in which not only large interface area for exciton
dissociation is preserved but also bi-continuous pathways



Fig. 7. AFM images showing the topography of the P3HT:C60 untreated films prepared from (a) ODCB and (b) Cl-naph/CB (1:33, v/v) via spin coating. Inset
in each figure is its corresponding SAED. Scale bar: 500 nm. RMS in (a) and (b) is 1.0 nm and 11.2 nm, respectively.
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are constructed for more efficient charge transport through
the film. Therefore, better device performance can be
anticipated. As shown in Fig. 6a, current density–voltage
(J–V) measurements reveal that, for the untreated device
based on a thin P3HT:C60 composite film spin coated from
M-naph/CB solution, short circuit current density (JSC) has
been increased from 1.74 to 8.33 mA/cm2, and also an in-
creased filling factor (FF) from 0.34 to 0.52 has been
achieved in contrast to the untreated device prepared from
pure ODCB solution. Generally, a large serial resistance and
too small parallel resistance (shunt) tend to result in re-
duced FF [1]. Therefore, quite large serial resistance exists
in the untreated P3HT:C60 photoactive layer prepared
from pure ODCB while substantially decreased serial resis-
tance is achieved in the photoactive layer prepared by
using the M-naph/CB mixed solvents. Besides, a somewhat
decreased open-circuit voltage (VOC) from 0.58 to 0.47 V is
observed, which is most probably attributed to the en-
hanced electric conductivity of the composite film contrib-
uted from substantially increased crystallinity of P3HT
included [17,20]. However, these parameters eventually
could result in power conversion efficiency (PCE) up to
2.04%, which is higher than that via thermal annealing in
our investigations. Furthermore, the device with compara-
ble efficiency of 2.1% is obtained by using Cl-naph/CB
(1:33, v/v) mixture (Fig. 6a), which is the highest efficiency
to date for bulk-heterojunction devices achieved in un-
treated P3HT:C60 composite. This remarkably increased
device performance by using Cl-naph is mainly attributed
to the substantially increased crystallinity of P3HT and
thus improved morphology in the composite, and the con-
tribution from its inherent high boiling point is very lim-
ited [54].

The increased device performance is further proven by
IPCE measurements. In Fig. 6b, comparing with the un-
treated device prepared from pure ODCB, the device pre-
pared from M-naph/CB and Cl-naph/CB solution show not
only much broader response range but also higher IPCE
values covering from 350 nm to 650 nm, with a maximum
�48% at ca.550 nm. We find that there is �13% variation
between the Jsc calculated from IPCE and that observed in
J–V measurements for the untreated device prepared from
M-naph/CB and Cl-naph/CB. This might be attributed to
degradation of photoactive layer caused by the diffusion
of humidity and oxygen for performing IPCE measure-
ments on devices in air without encapsulation. As a refer-
ence, the device prepared from ODCB solution shows
modest increase of IPCE after thermal annealing, which is
consistent with the device performances obtained above.

Therefore, the crystallinity of P3HT in the untreated
P3HT:C60 composite film could be substantially enhanced
by choosing an appropriate low volatile solvent to form
solvent mixtures with the main solvent, which should sat-
isfy these two criterions. Firstly, both P3HT and C60 could
be dissolved in this solvent mixture to achieve a solution
with required concentration. Second, C60 should have
much higher solubility than P3HT in the low volatile sol-
vent. In such a case, P3HT will on one hand saturate from
the solution before C60, achieving both longer effective
conjugation length and higher crystallinity in the un-
treated composite film. On the other hand, the preferen-
tially dissolved C60 molecules have more time to form
larger crystallites, which ensures more continuous path
ways for electron transport. It should be noted that the effi-
ciency of the PV device fabricated from the solvents mix-
ture in which C60 has higher solubility than that of P3HT
is comparable to those devices prepared via post-treat-
ment (thermal annealing or solvent vapor treatment),
although the compositions still needs to be further opti-
mized to realize more efficient PV devices [55]. However,
the short circuit current has already reached a considerable
high value and it is comparable to those obtained in
P3HT:PCBM devices upon post-treatments, implying an
improved morphology has been achieved in the composite
film (Fig. 7b). The improved morphology not only increases
the optical absorption of the photoactive layer in red re-
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gion due to the enhanced crystallinity of P3HT, but also
provides continuous pathways for faster charge carrier
transportation towards anode. Therefore, we have identi-
fied the influence of specific component solubility on the
crystallization of other components involved in the com-
posite, and also successfully demonstrated an approach
to achieve more efficient devices based on P3HT:C60 com-
posite. Furthermore, our results provide additional rules
for designing new materials for optoelectronic application,
i.e. not only the importance of its optoelectronic property,
but also its other properties, e.g. solubility in the solvent
and its influence on the crystallization and morphology
of counterpart component involved in the composite
should be taken into account.

4. Conclusion

We have demonstrated substantial crystallization sup-
pression of P3HT in the untreated P3HT:C60 composite
film prepared from ODCB solution and its hardly in-
creased conjugation length compared to that in solution.
This has been confirmed to be mainly associated to the
comparable solubility of C60 and P3HT in ODCB, which
leads to formation of numerous C60 nano-crystallites in
the solution and suppresses the subsequent crystalliza-
tion of P3HT. Based on this finding, we propose the solu-
tions to improve both the crystallinity and effective
conjugation length of P3HT in the untreated P3HT:C60
composite via adding small amount of low volatile sol-
vent with much higher solubility of C60 than P3HT into
the main solvent. In such a case, C60 will become satu-
rated in the solution later than P3HT, which lessens the
dilution effect of C60 aggregates on the crystallization of
P3HT. As a consequence, both crystallinity and effective
conjugation length of P3HT could be increased in the
composite, contributing to an improved morphology for
the photoactive layer and thus better device performance.
These results not only demonstrate the feasibility of con-
structing high performance photovoltaic devices based on
the composites of P3HT and low cost C60, but also pro-
vide additional rules for designing new materials for poly-
mer optoelectronic devices.
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few differences between the organic salt-doped devices
and the frozen-junction LECs. The differences include the
fact that the forward- and reverse-biased current–voltage
(I–V) and luminance–voltage (L–V) curves of the typical
LECs are almost symmetric in contrast to the diode-like
behavior of the organic salt-doped devices even at an
elevated temperature. The fact that the organic salt-doped
devices strongly depend on the thickness of active layer in
contrast to the LECs is another claimed difference. Unlike
the dynamic-junction LECs, however, the frozen-junction
LECs show the unipolar light emission which means the
light emission can only be detected if the applied voltage
polarity is the same as during the precharging process,
i.e., positive [14,15]. Since the ions are rendered immobile
in the frozen-junction LECs, the I–V and L–V characteristics
should be asymmetric and similar to those of the conven-
tional organic LEDs. Moreover, in that the frozen-junction
LECs retains all the advantages of LECs operating in the dy-
namic-junction LECs including the insensitiveness of cath-
ode material and balanced carrier injection [2,15], the
frozen-junction LECs have clear advantages. Nevertheless,
since the state of ions present in the organic salt-doped de-
vices has not yet been known clearly as such that the few
previous reports [11–13] had claimed that the ions should
exist as being separated with the active organics near elec-
trodes, we think that it should be clarified by examining
the operating characteristics of the organic salt-doped de-
vices. In this study, we show that the organic salt-doped
devices behave similarly with the frozen-junction LECs in
that the devices exhibit much improved carrier balance,
which is one of the characteristics of LECs.
2. Experimental details

We used poly(N-vinyl carbazole) (PVK; Mw = 1,100,000)
as a host polymer for the devices, which was supplied from
Aldrich and used without further purification. For a single
emissive layer, a hole transporting N,N0-diphenyl-N,N0-
bis(3-methylphenyl)-[1,1-biphenyl]-4,40-diamine (TPD,
Aldrich), an electron transporting 2-(4-biphenylyl)-5-
(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD, American Dye
Source), and a phosphorescent green emitter fac-tris(2-
phenylpyridine)iridium (Ir(ppy)3, Gracel) were added in
the PVK host polymer with an appropriate composition. A
mixture of the active organics was dissolved in a mixed sol-
vent of dichloroethane (C2H4Cl2) and chloroform (CHCl3).
As an organic salt, an appropriate amount of tetra-n-butyl-
ammonium tetrafluoroborate (Bu4NBF4, Aldrich) was
added in the solution mixture for the single emissive layer.
A hole injection material, poly(3,4-ethylenedioxythio-
phene) doped with poly(styrene sulfonate) (PEDOT:PSS)
(Baytron P, AI 4083), was used for the devices.

For this study, PLEDs with ITO/PEDOT:PSS/PVK + TPD +
PBD + Ir(ppy)3 + Bu4NBF4/Al structure were fabricated. For
the devices, a hole injecting PEDOT:PSS was first spin
coated on pre-cleaned ITO substrates for 30 s at 1500 rpm
to have the thickness of 40 nm and then baked at 110 �C
for 5 min. For all the devices, the weight ratio of active
organic materials used was set to PVK:PBD:TPD:Ir(ppy)3 =
0.61:0.24:0.09:0.06. These materials were dissolved in a
mixed solvent of dichloroethane and chloroform with a
ratio of 3:1. The active layer was spin coated for 30 s at
1000 rpm to have the thickness of 70 nm and then baked
for 30 s at 80 �C. In order to investigate the effect of organic
salt on the device performance, the devices was doped with
the organic salt Bu4NBF4 at a concentration of 0.6 wt.%. For
some samples, 1 nm thick LiF layer was thermally evapo-
rated on top of the active layer at a pressure of 5 �
10�7 torr. An Al cathode layer (120 nm) was formed on
top of the devices via thermal deposition at a pressure of
5 � 10�7 torr. After the devices were fabricated, they were
treated thermally and electrically for the activation of or-
ganic salt. For the activation, the devices were brought on
the surface of hot plate maintained at an elevated temper-
ature of 65 �C, and then a preset voltage was applied to the
devices for a period of time.

All electrical measurements were performed under
ambient condition. The current–voltage–luminance (I–V–
L) characteristics were measured using a source measure
unit (Keithley 2400) and using a luminance meter (Minolta
CS100). The electroluminescence (EL) spectra and device
efficiencies of the devices were recorded by using Minolta
CS1000.
3. Results and discussion

When PVK-based single emissive layer has been doped
with the organic salt Bu4NBF4, the anions NBF�4 and
cations Bu4N+ should be separated and forced to move to-
ward the corresponding electrodes under an applied bias.
For this purpose the fabricated devices were subject to
the simultaneous thermal and electrical annealing, which
we call this process with the activation of organic salt.
Due to the rigid and non-electrolytic nature of PVK host
polymer, the layer has been heated to an elevated temper-
ature in order to help the ions to move through the poly-
mer more easily. In this study the layer was heated to
65 �C for increasing the mobility of ions. The temperature
was selected well below the glass transition temperature
(Tg) of PVK which is known to range from 162 to 225 �C
depending on its molecular weight. An external voltage
was applied for a certain time period while the tempera-
ture of the layer was maintained (at 65 �C). Even though
the higher voltage is quite beneficial in increasing the
velocity of the ion movement, there is also the disadvan-
tage that the devices could be degraded by intense light
emission and current flow at the high voltage during the
process. In this study, an applied voltage of 13 V was
selected and the activation time was varied for the salt
activation.

In case of the salt-doped but un-activated devices
(without LiF layer), the L–V curve exhibited the abrupt in-
crease in luminance up to 30,000 cd/m2 around 27 V as
shown in Fig. 1a. Normally, polymer LED devices without
the electron-injecting LiF layer are known to show the
gradual increase in luminance with a high turn-on voltage.
This unique feature in the light emission from the salt-
doped un-activated devices has been reported in the liter-
ature [10]. The activation for a short 10 s at 13 V affected
little the L–V curve. The longer the time for the activation
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process was, the lower the turn-on voltage became and the
higher the maximum luminance reached. Beyond a certain
time of activation, the process started not to affect the L–V
curve advantageously. The highest luminance was ob-
tained with the devices activated for around 90–110 s at
the temperature and applied voltage of 65 �C and 13 V,
respectively. It is obvious from the figure that the salt dop-
ing helps to inject carriers more efficiently to result in low-
er turn-on voltage and enhanced luminance after an
appropriate salt activation.

As shown in Fig. 1b, the L–V curves of the salt-doped
devices with conventional LiF layer were found to show dif-
ferent behavior. First thing to note is that the salt activation
process does not affect appreciably the L–V curve of the de-
vices with LiF layer. We think that it is because the electron
injection occurs dominantly with the help of the LiF layer
rather than the doped organic salt. Also due to the LiF layer,
the devices are turned on at lower operating voltages com-
pared with those without LiF layer. At voltages from 15 to
23 V, however, the increase in luminance with increasing
voltage tends to slow down before the luminance rises
sharply around 25 V. On the contrary, the luminance of
the salt-activated devices (90 s.) without LiF layer increases
steadily with increasing voltage and finally reaches a higher
luminance at a lower applied voltage. We consider that it is
responsible for the fact that the salt doping helps to have
the holes and electrons balanced in the devices while the
LiF layer helps the injection of electrons only.

Even though we do not know how the organic salt ex-
ists in the devices at this stage of research, it is obvious
that the incorporated ions provide the positive effect on
the device performance from Fig. 1. In order to correlate
the increase in luminance with the electrical current flo-
wed through the devices, we showed the I–V and L–V
curves together for two devices (without LiF layer) after
the activation for 10 and 110 s in Fig. 2. In the figures the
scales in luminance and current density were adjusted so
as for the maximum point of luminance and current den-
sity to be overlapped. In this way, the relative behavior
in luminance and current density with respect to the
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applied voltage can be easily investigated. For the device
activated for 10 s, it was observed that the luminance was
measured relatively low throughout the operating voltage
while the current flowed in a considerable amount through
the device. The discrepancy between luminance and cur-
rent density curves was reduced as the activation time in-
creases (not shown here). Finally, when the salt activation
is completed after the simultaneous thermal and electrical
annealing (salt activation) for 110 s, the L–V and I–V curves
became closely matched up to the highest luminance above
50,000 cd/m2. From this observation, we can deduce a cou-
ple of view-points for the operational characteristic of the
devices. The first thing to note is the fact that the current
should have been consumed somewhere, not being utilized
for the emission during the activation when the activation
of organic salt is not enough. We think that the current
could have been consumed for the electrochemical doping
processes near electrodes. Even though it is not clear yet
at this moment, it is likely that the n-doping occurs in elec-
tron transporting PBD with Bu4N+ while the p-doping oc-
curs in hole transporting PVK [9,10,16,18] or TPD [17,19]
with BF�4 . Another important thing to note from Fig. 2b is
that in whole luminance level the electrons and holes are
balanced to form excitons for the light emission. Since the
balance of electrons and holes is a characteristic of LECs,
we think that the organic salt-doped devices in this study
are similar to the frozen LECs formed by the electrochemi-
cal doping of the organic salt into the functional organics in
the active layer. Even though the organic salt-doped de-
vices behave similarly to the frozen LECs, however, there
is also a distinct difference between the two kinds of de-
vices, in that the I–V characteristics of the salt-doped de-
vices were influenced by the addition of LiF layer as
shown in Fig. 1 while those of the frozen LECs should be
insensitive to the electrode structures.

For comparison, we showed the similar L–V and I–V
curves for the un-doped and salt-doped devices with an
electron-injecting LiF layer in Fig. 3. In the figure, we have
arbitrarily scaled the L–V and I–V curves so as for the
curves to fit as close as possible each other. As can be seen
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in the figure, the L–V and I–V curves were found to be quite
different unlike the curves for the previous salt-doped de-
vices without LiF layer. The addition of LiF layer facilitates
the injection of electrons at the cathode via the reduction
of energy barrier independently with the hole injection.
In the case of conventional un-doped devices with LiF
layer, the current density keeps increasing while the in-
crease in brightness tends to slow down at high applied
voltages. This tendency is significantly reduced when the
conventional devices with LiF layer are simply doped with
the organic salt as shown in Fig. 3b. We think that the or-
ganic salt doping greatly improves the carrier balance in
the devices such as the case of frozen-junction LECs. But
still the carrier balance cannot be achieved if the LiF layer
is used in the devices.

In order to investigate the relations between the L–V
and I–V curves further, we show the luminance–current
density (L–I) curves for the devices (without LiF layer) after
the salt activation for different times in Fig. 4. When the
salt activation is incomplete (salt activation time less than
90 s), the concave L–I curves are observed in low current
density region which means that the current flows through
the devices much more compared with the light emission
in the region. After the salt activation is complete (salt acti-
vation time longer than 90 s), the L–I curves become al-
most linear showing that the electrons and holes are
balanced for the emission throughout the whole region of
current density. In the whole region, the luminous effi-
ciency was found close to 15 cd/A. We show an enlarged
graph of the lower left box of Fig. 4a in Fig. 4b. The maxi-
mum luminous efficiency was found close to 20 cd/A and
always higher than 13 cd/A with the luminance level from
0 to 10,000 cd/m2.

The maximum luminance of the conventional un-doped
devices with the LiF layer was found 14,000 cd/m2 as
shown in Fig. 5, while that of salt-doped devices (with
the LiF layer) after the activation leached higher than
40,000 cd/m2. The maximum luminance of the salt-doped



1000 2000 3000 4000 5000 6000 7
0

10000

20000

30000

40000

50000

60000

70000

5 cd/A

10 cd/A

15 cd/A

Lu
m

in
an

ce
 (c

d/
m

2 )

Current density (A/m2)

     0 sec.
   10 sec.
   30 sec.
   50 sec.
   70 sec.
   90 sec.
 110 sec.

20 cd/A

Salt activation at 13 V

(b)

(a)

200 400 600 800 1000
0

2000

4000

6000

8000

10000

     0 sec.
   10 sec.
   30 sec.
   50 sec.
   70 sec.
   90 sec.
 110 sec.

Lu
m

in
an

ce
 (c

d/
m

2 )

Current density (A/m2)

13 cd/A

Salt activation at 13 V

0000

Fig. 4. (a) The luminance–current density curves for the salt-doped devices without LiF layer after the activation for various time durations. (b) The
enlarged graph of the box at bottom-left corner of (a).

0 1000 2000 3000 4000 5000 6000
0

10000

20000

30000

40000

50000

60000

2
Lu

m
in

an
ce

 (c
d/

m
  )

 

Current density  ( A/m 2 )

Salt activation time at 13 V
 60 sec. with LiF
 90 sec. without LiF
 No salt doping with LiF

10 cd/A

Fig. 5. The comparison between the luminance–current density curves for the salt-doped and un-doped devices.

1350 D.-H. Lee et al. / Organic Electronics 10 (2009) 1345–1351



D.-H. Lee et al. / Organic Electronics 10 (2009) 1345–1351 1351
device without the LiF layer was found even higher with a
linear L–I characteristic. An important thing to note from
the figure is that the salt doping makes the devices possible
to handle much higher current density. We think that it is
due to the enhanced balance of electrons and holes
provided by the salt doping. Up to the luminance of
55,000 cd/m2, the luminous efficiency was found steadily
over 10 cd/A, even showing the higher efficiency with the
higher current density. It should be mentioned here that
the organic salt-doped devices showed high luminous effi-
ciency even up to high current density, which means that
the salt doping did not help only for the carrier injection
but also for the carrier mobility. As can be seen in Fig. 5,
the luminance tends to saturate above the current density
of 1000 A/m2 for the conventional devices with LiF layer.
Even though the PBD acting as an electron transporting
material in our PVK-based electro-phosphorescent LEDs,
main host material in the PLEDs with ITO/PEDOT:PSS/
PVK + TPD + PBD + Ir(ppy)3 + Bu4NBF4/Al structure is PVK.
The hole mobility is known to be generally much greater
than the electron mobility in PVK-based LEDs, because
PVK is one of the famous hole transporting materials
[20]. As increasing driving voltage, the energy barriers for
hole and electron injection might be decreased resulting
increase of hole and electron population in the emitting
layer. Therefore, the injected holes will accumulate at the
interface between the emitting layer and Al cathode be-
cause of the difference of charge carrier mobility. Presum-
ably, the saturation in luminance might be due to the
exciton quenching which may be caused by the hole accu-
mulation at cathode interface [21,22]. From the experi-
mental results shown in Fig. 5, however, the doping of
organic salt in the devices seems to prevent the saturation
in luminance regardless of the existence of LiF injection
layer. Therefore, the doping of organic salt seems to in-
crease the carrier mobility, more importantly the electron
mobility in the emissive layer in that the high luminous
efficiency is sustained even up to high current density of
4000 A/m2. Since the electrical conductivity is directly pro-
portional to the carrier mobility at a fixed doping concen-
tration, the sustainment of high luminous efficiency at
high current density evidences the increased carrier mobil-
ity upon the doping of organic salt.

4. Conclusions

We have showed that the doping of organic salt into a
polymer emissive layer and the appropriate activation
could greatly enhance the balance of electrons and holes
in the devices. By enhancing the carrier balance, the salt-
doped devices have exhibited much higher luminance
compared with un-doped counterparts. The salt-doped
devices showed the maximum luminance of 55,000 cd/
m2 after the salt activation. Due to the enhanced carrier
balance, the luminous efficiency of about 15 cd/A was
maintained throughout the whole luminance range up to
the maximum luminance.
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the performance of TEOLEDs encapsulated with each of
these polyurea/Al2O3 pairs were tested to find optimal
thin-film encapsulation design in regard to efficiency and
lifetime of TEOLEDs.

In this study, we fabricated TEOLEDs by using
Ag(100 nm)/ITO(10 nm) as a reflective anode, LiF(1 nm)/
Mg:Ag(10:1 mass ratio, 18 nm) as a semitransparent cath-
ode [11], and tris(8-hydroxyquinolinato)aluminum (Alq3)
doped with 2-wt% 2,3,6,7-tetrahydro-1H, 5H, 11H-10-(2-
benzothiazolyl)quinolizino-[9,9a,1gh] Coumarin (C-545T)
as an emitting layer (EML). N,N0-Bis(1-naphthyl)-N,N0-di-
phenyl-1,10-biphenyl-4,40-diamine (NPB) and Alq3 were
used as a hole transport layer (HTL) and an electron trans-
port layer (ETL), respectively. Thickness of HTL, EML, and
ETL were selected to optimize microcavity effect, so that
the structure of TEOLEDs was Ag(100 nm)/ITO(10 nm)/
NPB(190 nm)/Alq3(33 nm) + C-545T(2 wt%)/Alq3(30 nm)/
LiF(1 nm)/Mg:Ag(18 nm)/NPB(60 nm). The 60-nm NPB
capping layer was added for refractive-index matching to
maximize light extraction [12]. Prior to deposit organic
layers, reflective anode Ag/ITO was treated with 60-watt
oxygen plasma for 90 s. All the organic layers and the
Mg:Ag semitransparent cathode were deposited via ther-
mal evaporation in vacuum better than 1.33 � 10�4 Pa.

We tested 6 different encapsulation schemes for identi-
cal TEOLEDs. The first TEOLED, Device A, was encapsulated
Fig. 1. Cross-sectional SEM image of 5 pairs of Al2O3/polyurea layers on
top of a 0.8-lm-thick polyurea layer. Polyurea and Al2O3 layers were
deposited by alternating sputtering and VPD processes, respectively.

Fig. 2. Comparison of the operating characteristics of Device B-5 (thin-film-encap
current density and luminance versus applied voltage, and (b) luminance yield
with glass under nitrogen atmosphere while placing getter
on one side not to block the light path. The other 5 TEOL-
EDs were encapsulated with alternating layers of Al2O3

and polyurea, and labeled according to the number of
Al2O3/polyurea layer pairs: Device B-1, B-2, B-3, B-4, and
B-5. Inorganic Al2O3 layers were deposited by RF magne-
tron sputtering under the condition of 42-sccm argon flow,
0.29-Pa working pressure, and 300-W RF power. Organic
polyurea layers were deposited at room-temperature from
isocyanate monomer and diamine precursor via vapor
deposition polymerization (VDP) at the working pressure
of 0.49 Pa, and the deposition rate was 1 nm/s. For thin-
film encapsulation, we first transferred a TEOLED to the
VDP chamber to deposit 0.8-lm thick polyurea that was
necessary to minimize damage to TEOLED during Al2O3

sputtering. Next, the TEOLED was transferred back and
forth between the sputtering and VDP chambers to deposit
50-nm Al2O3 and 20-nm polyurea layers in sequence. The
structure of encapsulation layer for Device B-1 was poly-
urea(0.8 lm)/Al2O3(50 nm)/polyurea(20 nm), and those
for other devices were similar except the number of
Al2O3(50 nm)/polyurea(20 nm) pairs on top of the 0.8-lm
thick polyurea layer. The active area of all the TEOLEDs
were 2 � 2 mm2. Keithley238 and PR650 were used as a
source-measurement unit and a luminance meter, respec-
tively, in measuring I–V–L(current-voltage-luminance)
characteristics.

Fig. 1 shows a cross-sectional scanning electron micros-
copy (SEM) image of 5 pairs of Al2O3(50 nm)/poly-
urea(20 nm) layers on top of the 0.8-lm thick polyurea
layer, which is equivalent to the thin-film encapsulation
for Device B-5. Polyurea and Al2O3 layers appear darker
and less dark in the SEM image, respectively. This SEM pic-
ture confirms the formation of a good quality stack of Al2O3

and polyurea layers by alternating sputtering and VPD
processes.

In Fig. 2a, we compare operation characteristics of De-
vice B-5 (thin-film-encapsulated TEOLED) and Device A
(glass-encapsulated TEOLED). It is interesting to note that
current density variation with respect to driving voltage
is almost identical between Device A and Device B-5. This
observation indicates that our thin-film encapsulation pro-
sulated TEOLED) with those of Device A (glass-encapsulated TEOLED): (a)
(EL efficiency) versus current density.



Fig. 3. (a) Comparison of EL spectra (dash lines) simulated based on the
structural parameters in Table 1 with measured EL spectra (solid lines):
(b) systematic variation of simulated transmittance of the five encapsu-
lating thin films at the wavelengths corresponding to EL peaks.
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cess did not induce any damage to the TEOLEDs. However,
there is a noticeable increase in luminance of Device B-5
compared to that of Device A at identical bias voltages.
We attribute the luminance increase of Device B-5 to the
optical effects of the thin-film stack. The luminance in-
crease results in improvement of electroluminance (EL)
efficiency as shown in Fig. 2b. At the current density of
10 mA/cm2, the EL efficiency of Device B-5 is 17.4 cd/A that
corresponds to 23.4% improvement from 14.1 cd/A of De-
vice A.

Table 1 shows the position and width of EL peaks, from
which CIE color coordinates are deduced, and the EL effi-
ciency of the aforementioned six TEOLEDs at the current
density of 10 mA/cm2. It is obvious that there is a periodic
dependence of TEOLED performance on the number of
Al2O3/polyurea pairs for the thin-film encapsulation de-
vices. In particular, when even number of Al2O3/polyurea
pairs was used, the EL efficiency was improved only 11%
(Device B-2) and 15% (Device B-4) compared to that of De-
vice A with glass encapsulation. However, there were
respectively 30%, 25%, and 23% improvement in the EL effi-
ciency when one (Device B-1), three (Device B-3), and five
(Device B-5) pairs of Al2O3/polyurea layers were used for
encapsulation. It is apparent that the optics of multi-layer
stacks resulted in the observed periodic variation of the EL
efficiency, and the position and width of EL peaks.

We simulated the experimentally observed EL peaks
through the combination of the photoluminance (PL) spec-
trum of the Coumarin-doped Alq3, which we used to repre-
sent the original emission from the EML, with the rigorous
modeling of multi-layer optical effects that stem from the
structure of each device. It was surprising to find that
slight thickness adjustment of two NPB layers and a thick
polyurea layer was sufficient to simulate the EL spectra
of all five thin-film-encapsulated TEOLEDs. The thickness
values of these layers, which we used to produce the sim-
ulated EL spectra in Fig. 3a, are listed in Table 1. To mani-
fest the origin of the periodic variation of the EL efficiency,
we compared the simulated transmittance of the five
encapsulating thin films at the wavelengths corresponding
to EL peaks. As shown in Fig. 3b, the transmittance varies
periodically with respect to the increase of number of
Al2O3-polyurea pairs, and higher transmittance is available
from odd number of Al2O3-polyurea pairs. It is worth
emphasizing that the EL efficiency of each of the five
thin-film-encapsulated TEOLEDs is better than that of De-
vice A. In the case of glass-encapsulated TEOLEDs, wave-
guide-mode loss is inevitable because the light emitted
from the EML has to enter an encapsulating glass, having
Table 1
Details of EL performance for a series of top-emission OLEDs at the current densi

Device Structure (nm)

Ag/ITO NPB EML Alq3 LiF Mg:Ag NPB Polyurea Al2O

A (Glass Encap) 100/10 189 33 30 1 18 62 – –
B-1 188 62 800 1 pa
B-2 190 62 806 2 pa
B-3 188 62 795 3 pa
B-4 189 61 790 4 pa
B-5 189 61 810 5 pa

Basic unit for thin-film encapsulation is Al2O3(50 nm) and polyurea(20 nm).
refractive-index of 1.53, through the air gap. However,
similar refractive-indexes of Al2O3 and polyurea, 1.66 for
Al2O3 and 1.52 for polyurea, makes thin-film-encapsulated
devices free from wave-guide loss.

Fig. 4 shows the decrease of luminance, starting from
the initial value of 1000 cd/m2, with respect to operation
time for Device A, and Device B-1, B-3, and B-5. We find
that the half-decay lifetime of Device B-1 was only 592
hours, whereas that of Device A was 2985 h. It seems that
1-lm thick polyurea and one pair of Al2O3/polyurea layers
were not sufficient enough to block permeation of water
vapor and oxygen. However, as we increased the number
of Al2O3/polyurea pairs to three (Device B-3) and five (De-
vice B-3), the half-decay lifetime improved to 1618 and
2570 h, respectively. It is worth emphasizing that the
half-decay lifetime of Device B-5 (2570 h) is about 86% of
that of Device A (2985 h). The variation of lifetime indi-
cates that protection against the permeation of water va-
ties of 10 mA/cm2.

EL performance

3/polyurea EL effi. (cd/A) EL peak (nm) FWHM (nm) CIE (CIEx, CIEy)

14.1 520 23 (0.148, 0.763)
ir 18.3 520 28 (0.143, 0.768)
irs 15.6 524 22 (0.156, 0.758)
irs 17.6 520 25 (0.144, 0.766)
irs 16.2 524 22 (0.152, 0.759)
irs 17.4 520 23 (0.146, 0.763)



Fig. 4. Comparison of half-decay lifetime of the TEOLEDs encapsulated
with 1, 3, and 5 pairs of Al2O3 and polyurea layers (Device B-1, B-3, and B-
5, respectively) to that of the glass-encapsulated TEOLED (Device A).
Initial luminance L0 was 1000 cd/m2. Inset shows a photograph of the
device with 5 pairs of Al2O3 and polyurea layers (Device B-5) after the
lifetime test.

Fig. 5. The result of WVTR measurement at 37.8 �C and 100% RH for a set
of Al2O3(50 nm)/polyurea(20 nm) layers on a PET film. Each data point
represents the average of three-sample measurements. The WVTR of one,
two, three, four, and 5 pairs of Al2O3(50 nm)/polyurea(20 nm) layers on a
PET film were measured as 5, 0.23, 0.04, 0.008, and 0.0005 g/m2 day,
respectively, whereas the WVTR of a bare PET film was 8.2 g/m2 day.
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por and ambient oxygen improves in accordance with the
increase of the number of Al2O3/polyurea pairs. Neverthe-
less, the EL peak positions of Device B-1, B-3, and B-5 are
identical, and the widths of EL peaks of these TEOLEDs
are similar, so that their CIEx,y color coordinates are only
slightly different, because thin-film encapsulation is de-
signed in such a way to minimize the change in color coor-
dinates from those of the original glass-encapsulated
TEOLED, Device A.

Inset in Fig. 4 is a photograph of the device with 5 pairs
of Al2O3 and polyurea layers (Device B-5) after the lifetime
test, which shows that the degradation of the Al2O3/poly-
urea-encapsulated OLEDs occurred typically from the edge
due to the permeation of water vapor and ambient oxygen
through the polyurea layers. Fig. 5 shows the result of
independent measurement of water vapor transition rate
(WVTR) for a set of Al2O3(50 nm)/polyurea(20 nm) layers
on PET films. This WVTR measurement was carried out at
37.8 �C and 100% RH by using the AQUTRAN Model-1 (MO-
CON Co. Ltd.) with the detection range from 5 � 10�4 to
60 g/m2 day. The average of three-sample measurements
for each number of Al2O3(50 nm)/polyurea(20 nm) pairs
showed that the WVTR of one, two, three, four, and 5 pairs
of Al2O3(50 nm)/polyurea(20 nm) layers on a PET film are
5, 0.23, 0.04, 0.008, and 0.0005 g/m2 day, respectively. It
should be noted that the WVTR of the four pairs of Al2O3/
polyurea layers on a PET film is about three orders of mag-
nitude smaller than that of a bare PET film, which is
8.2 g/m2 day, and that the WVTR of the 5 pairs of Al2O3/
polyurea layers on a PET film is close to the detection limit
of the apparatus we used.

In summary we developed a room-temperature process
for thin-film encapsulation of TEOLEDs via alternating
stacking of organic polyurea and inorganic Al2O3 layers. Ini-
tial deposition of a 0.8-lm-thick polyurea layer on top of
TEOLEDs turned out to be effective to prevent TEOLEDs
from experiencing noticeable damage during sputtering
processes. We were able to prove that 5 pairs of Al2O3/poly-
urea layers were sufficient for significant improvement of
half-decay lifetime of the TEOLED, to the 86% of the lifetime
of the glass-encapsulated TEOLED. Moreover, we achieved
23% improvement in EL efficiency without noticeable
change in color coordinates because the thickness of the
Al2O3/polyurea pairs, the thick polyurea buffer layer, the
transparent Mg:Ag layer, and the two NPB layers were se-
lected to maximize light extraction without color distor-
tion. Independent measurement of WVTR for a set of
Al2O3/polyurea layers on PET films showed that the barrier
property against water vapor can be so good that the WVTR
can be as low as 5 � 10�4 g/m2 day with 5 pairs of Al2O3/
polyurea layers, which indicates that the hybrid thin-film
encapsulation based on Al2O3/polyurea layers has the
application potential in developing flexible top-emitting
OLEDs.
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or hole-transport material [8]. Thus the circuit is complete
and the system regenerative.

To date the most efficient dye sensitizers have been
based on heteroleptic ruthenium complexes such as the
‘gold standard’ [cis-di(thiocyanato)-bis(4,40-dicarboxylate-
2,20-bipyridyl)]ruthenium(II) 1 (N3) [9]. The development
of the ruthenium dyes has focused on the following key
properties: improving light absorption both in terms of
wavelength range and molar extinction coefficient – the
lowest energy transition is believed to exhibit ‘metal-to-li-
gand charge transfer’ (MLCT) character which leads to
intramolecular spatial charge separation in the excited
state; strong adsorption and binding to the support pho-
toanode; and rapid (fs) and efficient injection of the excited
electron into the TiO2. This combination of properties
yields peak internal quantum efficiencies of near 100%.

The power conversion efficiency (g) of a DSSC is
strongly related to the light harvesting efficiency (LHE) of
Wave
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Fig. 1. (a) The chemical structures of the materials and graphical representation
(HyperChem 7.0). Note, the distributions of the frontier orbitals in all compounds
the materials (5 � 10�5 mol L�1) in N,N-dimethylformamide.
the dye sensitizers. The LHE has been estimated using Eq.
(1) [10]:

LHEðkÞ ¼ 1� 10�eðkÞ�C ð1Þ

where, e is molar extinction coefficient at wavelength k
and C is the adsorption capacity onto the TiO2 photoanode
(the dye uptake). From Eq. (1) it is clear that the molar
extinction coefficient must be maximized over the solar
wavelength range. This imperative has motivated numer-
ous studies to fine tune the absorption properties of the
ruthenium complexes by introducing conjugated moieties
to one of the bipyridyl ligands of the basic structure of 1
[11–14]. This approach has given rise to ruthenium com-
plexes with enhanced e and absorptions at longer wave-
lengths compared to 1. However, the enhanced spectral
properties of such ruthenium complexes have not always
led to the expected improvements in overall device effi-
length (nm)
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ciency (g) [15–17] with some apparently contradictory re-
sults in dye comparison studies [11,15].

In this manuscript we use ruthenium complex-cored
dendrimers where C (the adsorption capacity or dye up-
take) from Eq. (1) can be tuned to understand why
improvements in device performance have not always fol-
lowed increased light absorption and to explain the afore-
mentioned conflicting device performance. In most reports
on DSSCs the role of adsorption has been largely ignored,
or if commented on not studied in any detail [12]. The den-
drimers are similar to N3 (Fig. 1: 1) but with the carboxylic
acid moieties on one bipyridyl ligand replaced with first
generation biphenyl dendrons connected to the ligand via
vinyl units (Fig. 1: 3, 4, and 5) [18]. The dendronised com-
plexes have the same chromophores and only differ in the
number of surface groups. The use of the same chromo-
phore means that the absorption properties will be essen-
tially the same enabling the direct investigation of the
effect of molecular volume through Eq. (1). We also com-
pare the properties of the non-dendronised complex 2
(Fig. 1), which has the same extended conjugated bipyridyl
ligand but without the branched dendrons and surface
groups for comparison.
2. Results and discussion

The first step in understanding the role of adsorption in
device performance was the determination of the molecu-
lar volumes of the dendrimers. The propensity of N3 to
aggregate in solution [18] and the polar carboxylic acid
groups meant that gradient diffusion NMR and gel perme-
ation chromatography were not useful, and hence the
molecular volumes of the materials in this study were
determined by semi-empirical quantum chemical calcula-
tions (see Section 4). The molecular volumes are shown
in Fig. 1a along with a model showing the HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) states of 2. An interesting observation
from these calculations is that for all the materials the
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Fig. 2. The adsorption data for the Ru complexes onto TiO2 films measured o
HOMO resides mainly on the ruthenium and isothiocya-
nate moieties and the LUMO on the 4,40-dicarboxy-2,20-
bipyridyl unit meaning that the lowest energy transitions,
and hence optoelectronic properties of all the studied
materials should be similar.

Most studies on ruthenium sensitizers focus on the
improvement of the long wavelength absorption. Fig. 1b
shows a comparison of the absorption spectra of our mate-
rials and N3 1 at a concentration of 5 � 10�5 mol L�1 in
N,N-dimethylformamide. The kmax and e of the longer
wavelength band for 2 [kmax: 543 nm, (e [M�1 cm�1 =
17,300)] are slightly red-shifted and increased, respec-
tively relative to 1 [kmax: 541 nm, (e [M�1 cm�1 = 12,400)].
Introducing the (2-ethylhexyloxy) surface group contain-
ing phenyl moieties to form the first generation dendron-
ised ligands of 3, 4, and 5 also causes a slight shift of the
kmax and an increase in the molar absorption coefficients
[kmax: 546 nm, (e [M�1 cm�1 = 18,100]); [kmax: 547 nm, (e
[M�1 cm�1 = 19,200]); and [kmax: 548 nm, (e [M�1 cm�1 =
20,200]), respectively]. However, it is important to note
that in addition to the absorption increase in the longer
wavelength band, the molar extinction coefficients of the
new compounds are higher over all wavelengths indicating
that they should be better light harvesters than 1. Based
only on the absorption characteristics of the materials
the efficiency of the DSSCs made with the new dyes should
be expected to increase in the order 1 < 2 < 3 < 4 < 5.

However, as stated earlier the performance of a DSSC is
not only based on the absorption of the harvesting (macro)
molecule but also on the total amount of dye present. The
dye uptake was determined by immersing the TiO2

photoanodes (0.88 cm2 surface area) into a cuvette of dye
solution (1 � 10�4 mol L�1), and the change in the absor-
bance of the dye solution at kmax of the longest wavelength
band was measured in situ as a function of time (see Sec-
tion 4). The dye uptake amount (C) was then determined
by comparison with standard solutions of known dye con-
centration. Fig. 2 shows the dye uptake profiles as a func-
tion of time for the materials of Fig. 1. In all cases the
 time (h)
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ver a period of 24 h (solid line represents the numerical regression fit).
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rate of dye adsorption is initially rapid and eventually
reaches a plateau. The plateau represents the equilibrium
value associated with maximum dye uptake. These profiles
are typical for organic adsorbates into nano-porous inor-
ganic matrices [19,20]. The chemisorption of all the mate-
rials onto the surface of the TiO2 was confirmed by infrared
spectroscopy, which showed absorptions corresponding to
bidentate- or bridging-mode bonding of two carboxylate
units [1610 cm�1: vas(–CO2–) and 1380 cm�1: vs(–CO2–)]
[18] in a similar manner to that reported for other ruthe-
nium complexes [21,22] independent of the molecular vol-
ume. The fact that all the materials bind in the same way to
the TiO2 and their long wavelength optical transitions are
similar means that the electronic communication between
Molecular vol
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the dyes and the TiO2 will be essentially the same. Hence
differences observed in performance can be directly re-
lated to the effect of molecular volume and how much
dye is adsorbed. It can clearly seen in Fig. 2 that the molec-
ular volume affects dye uptake with the smallest dye 1
(98.1 � 1015/cm2) having the greatest amount of dye-
adsorbed, and then decreasing in the order 2 (73.7 �
1015/cm2) > 3 (63.6 � 1015/cm2) > 4 (45.8 � 1015/cm2) > 5
(33.0 � 1015/cm2). The exact mechanism(s) by which
molecular volume affects dye uptake are reported in detail
elsewhere [18,23]. In summary, the kinetic studies of the
adsorption show that at equilibrium the amount of dye
uptake is controlled by the dye occupancy area (steric
hindrance). Furthermore, chemisorption (rather than bulk
ume (A3)
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diffusion) is the rate-limiting step in the uptake process
and kinetic hindrance also controls the initial rate. Hence,
for a photoanode substrate of specific binding site density
and mesoscopic porosity, the dye uptake is directly related
to molecular volume.

To summarize thus far, the light absorption data shows
that the new dyes absorb more strongly than 1. In contrast,
1 is adsorbed to a greater extent than the new ruthenium
complexes. To see how these two parameters affect the
Table 1
Parameters calculated using J–V sweeps for multiple devices (at least five in each

Compound Cell area (cm�2) Jsc (mA cm�2)

1 0.19 ± 0.02 13.58 ± 0.20
2 0.20 ± 0.02 14.45 ± 0.50
3 0.21 ± 0.01 13.24 ± 0.60
4 0.19 ± 0.02 11.21 ± 0.38
5 0.19 ± 0.01 8.49 ± 0.23
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we calculated the LHE by two different methods. In the
first case we only took into account the light absorption
and integrated e (from Fig. 1b) from 390 to 900 nm, thus
avoiding the contribution of the TiO2 nanoparticle absorp-
tion [Eg = ca 3.2 eV (390 nm) for anatase] [24]. Fig. 3 shows
that the integrated e values for 2, 3, 4 and 5 are higher than
that of 1. However, when the adsorption is taken into ac-
count in the calculation of the LHE, the order reverses apart
case) using the measured illumination intensity (�100 mW/cm2).

Voc (V) FF g (%)

0.75 ± 0.01 0.68 ± 0.02 6.94 ± 0.12
0.74 ± 0.01 0.68 ± 0.01 7.19 ± 0.11
0.72 ± 0.01 0.66 ± 0.02 6.32 ± 0.13
0.71 ± 0.01 0.66 ± 0.01 5.26 ± 0.08
0.71 ± 0.01 0.62 ± 0.04 3.69 ± 0.19
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from 2, which has a higher overall light harvesting effi-
ciency than 1. These results show strongly that molecular
volume will play a first order role in the light harvesting
efficiency.

In order to understand the effect of molecular volume
and test whether the calculated LHE correlates with device
efficiency, batches of devices were constructed from the
dyes (see Section 4). It is important to note that in each
case, dye uptake was optimized according to the kinetics
and solvent systems used to obtain the data in Fig. 2. It is
also important to note that short-circuit current densities
(Jsc) and conversion efficiencies (g) were measured on mul-
tiple devices to obviate cell-to-cell fabrication differences
and that measurements were validated at two external
laboratories for cross-calibration purposes (results in
agreement to within 5% of the measured values). Cur-
rent–voltage curves for typical devices containing each
material are shown in Fig. 4 and the average measured
diode parameters for each dye batch (Jsc, Voc, Fill Factor
(FF) and g) along with statistics under standard AM1.5G
conditions are summarized in the Table 1.

Fig. 5a illustrates how Jsc and g vary with molecular vol-
ume. The striking correlation between the molecular vol-
ume and device performance is immediately clear.
Although 4 and 5 have higher e, we do not see enhance-
ment of g due to their high molecular volumes and re-
duced uptake per unit TiO2 area. 2 Appears close to the
optimum in this trade-off, but the form of the dependence
suggests that there is (as yet) unexplored opportunity to
maximize device efficiency in these ruthenium complexes.
Scaling our best 1 results with the highest so far obtained
(�11%) would suggest that this molecular volume tuning
approach could yield overall conversion efficiencies of
>13% with ruthenium dyes (square box in Fig. 5a).

Finally, we have determined the relationship between
the LHE and the device performance. In the first analysis
we determined the LHE from Eq. (1), which takes into ac-
count the molar extinction coefficient and the adsorption.
However, to more accurately determine the LHE it is neces-
sary to include a weighting due to the response of the dye
to the AM1.5 spectrum. When the AM1.5 spectrum is taken
into account it is possible to determine a normalized light
harvesting efficiency (r390–900 nm) according to Eq. (2):

r390�900 nm ¼
R 900 nm

390 nm UpðkÞð1� 10�eðkÞ�CÞdkR 900 nm
390 nm UpðkÞdðkÞ

ð2Þ

where Up(k) is the AM1.5 hemispherical irradiance inci-
dent on a 37� tilted plane measured in Wm�2 nm�1 as
enunciated by (for example) ISO 9854-1 [25], and Eq. (2)
represents a weighted ordinate normalization for the solar
spectrum, and e and C are as determined previously.
Fig. 5b shows this normalized light harvesting efficiency
(r390–900 nm) plotted against the measured Jsc and g from
the devices based on each dye. In both cases there is a sys-
tematic linear relationship confirming that, all else being
equal, both e and C are first order parameters in device
efficiency. Furthermore, this correlation suggests that the
simple solution measurements of absorption and adsorp-
tion can be used to predict the light harvesting efficiency
of potential new ruthenium dye systems without recourse
to device construction.
3. Conclusion

In summary, we have demonstrated that dendronized
light harvesting ruthenium complexes can be used for
DSSCs. We have used this dendritic architectural approach
to tune the dye molecular volume while leaving the opto-
electronic characteristics the same, allowing a systematic
investigation of the effect of the molecular volume on the
light harvesting efficiency for the first time. We have dem-
onstrated that molecular volume and molar extinction
coefficient are both first order parameters in achieving
high conversion efficiencies. Enhanced solar absorption
does not necessarily lead to enhanced light harvesting effi-
ciency because of the associated increase in molecular vol-
ume. Our analysis provides a strategy for molecular
engineering new ruthenium complex based dyes whereby
tuning the molecular volume in conjunction with the
extinction coefficient could ultimately yield higher effi-
ciency dye systems. Dendronisation also has the potential
to improve other device properties including: reducing
dye desorption, leading to longer device lifetimes; tuning
solubility and compatability with electrolyte systems (par-
ticularly in all-solid-state structures); and controlling par-
asitic reaction rates.
4. Experimental

4.1. Materials

The compounds 2, 3, 4, and 5 were prepared according
to the previous reference [18]. All organic solvents used for
UV/vis absorption and dye adsorption measurements were
of spectroscopic quality from Aldrich, and N,N-dimethyl-
formamide (DMF) was distilled before use. TiO2 electrodes
were purchased from Dyesol Pty. Ltd. (Queanbeyan, NSW
Australia) and consisted of a 11–12 lm thick film of
20 nm anatase particles randomly interspersed with
400 nm scattering centers (10% by weight) with a specific
surface area of approximately 70–80 m2/g deposited onto
15 X2 fluorine doped tin-oxide (FTO) coated glass. The
platinum catalyst electrodes were purchased from Dyesol
and consisted of 12 � 9 mm2 area of platinum screen
printed onto a glass substrate coated 15 X2 FTO. The
molecular volumes (represented by the overlapping van
der Waals atomic spheres model) of the ruthenium com-
plexes were calculated by the quantitative structure–activ-
ity relationship (QSAR) property [26,27] module in the
HyperChem 7.0 package after geometry optimization using
a ZINDO-1 parameter [28,29]. This methodology has been
used extensively to yield realistic molecular volumes at a
relatively low computational cost [26,27].

4.2. Dye adsorption measurements

The optimized solvent compositions for adsorption of 1
[t-butanol:acetonitrile (1:1)], 2 [DMF:acetonitrile (1:1)], 3
[DMF:acetonitrile (9:1)], 4 [DMF:acetonitrile (9:1)] and 5
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[DMF:acetonitrile (1:1)] were used in the study. The
absorption spectra of the initial dye solution
(1 � 10�4 mol L�1) were measured by a Cary 5000 UV–
VIS–NIR spectrophotometer. The prepared TiO2 substrates
(ca. 0.88 cm2 of active area) which were baked at 450 �C
for 30 min and kept at 80 �C before immersion into the
dye solution in a UV cuvette (1 cm � 1 cm). The absor-
bance changes were monitored hourly for 9 h and then at
24 h. The chemisorption of all Ru complexes onto TiO2

films were characterized by ATR-FT-IR spectrometer (Spec-
trum 100, Perkin Elmer).

4.3. Solar cell fabrication and characterization

Prior to dye sensitization, the TiO2 films (active area: ca.
0.20 cm2 measured by using the ImageJ software package)
were treated with a solution of titanium tetrachloride solu-
tion and heated to �450 �C for 30 min before being al-
lowed to cool to �80 �C. The TiO2 films were immersed
in the dye solution (3 � 10�4 mol L�1) at room temperature
for 24 h to adsorb dye onto the TiO2 surfaces. Excess dye
was removed by rinsing with DMF and acetonitrile. Plati-
num (Pt) counter electrodes on FTO glass was also pre-
heated to �450 �C for 10 min and a single hole (ca.
0.5 mm diameter) was drilled in the Pt electrode to allow
for electrolyte filling. The dye-adsorbed TiO2 electrode
and Pt counter electrodes were assembled into a sealed
sandwich-type cell by heating a hot-melt ionomer film
(Surlyn 1702, 25 lm thickness, Solaronix) as a spacer be-
tween the electrodes. An electrolyte solution (electrolyte
of 0.6 M 1-n-butyl-3-methylimidiazole iodide, 0.03 M io-
dide, 0.1 M guanidinium thiocyanate, and 0.5 M tert-butyl-
pyridine in 15/85 (v/v) mixture of valeronitrile and
acetonitrile) was injected by a vacuum backfilling method.
Finally, the hole was sealed by using Bynel (Dyesol) and a
glass cover slide (0.1 mm thickness).

Device efficiencies were measured with a Thermo Oriel
150 W Xenon arc lamp which was designed to give
�100 mW/cm2 using AM1.5D and AM0 filters. Prior to each
measurement, the solar simulator illumination intensity
was measured using a Hamamatsu reference silicon photo-
diode (S1133) with white light filter (spectral mismatch
<5% with respect to an N3 DSSC response). The exact white
light illumination intensity was used in each case for the
power conversion calculations. The J–V characteristics
were measured using a Kiethley Source Meter Unit (SMU)
and an appropriate photomask to illuminate only the cell
area. The J–V scan and acquisition were driven by pur-
pose-written LabView software. The cell data for each
dye were averaged using at least 5 devices for consistency
and the statistics calculated on that basis. Incident photon
to electron conversion efficiencies (IPCE) were also mea-
sured for representative devices from each batch using
the same Thermo Oriel lamp and a Princeton Instruments
Acton SpectraPro 2300i monochromator equipped with
the PI SpectraHub data acquisition system and a Newport
818-UV silicon photodiode. The reference diode and multi-
ple devices were also cross-calibrated (IPCE and J–V) with
two separate laboratories (CSIRO Melbourne and Monash
University, Melbourne, Australia) and the results found to
be in agreement to within 5%.
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On the other hand, high-performance true-blue phos-
phorescent dopants are also under intensive development
[8–12]. Some reported Ir complexes have been proven
highly efficient; however, the emission spectra are still
not the desired true-blue color [8–10]. Previously, we
reported that a parent heteroleptic IrIII complex (Ir1
[Ir(dfppy)(fppz)2], Fig. 1) possessing one cyclometalated
4,6-difluorophenyl-2-pyridyl chelate (dfppy) and two 3-
(trifluoromethyl)-5-pyridyl pyrazolate ligands (fppz) can
produce true-blue phosphorescence with CIEy of �0.2
[12]. Yet, the EL quantum efficiency achieved is till below
10% photon/electron. In this work, by placing tertiary butyl
or methyl substituents at different locations of chelates, we
are able to synthesize three additional derivatives Ir2
[Ir(dfppy)(fbppz)2], Ir3 [Ir(dfmppy)(fbppz)2], and Ir4
[Ir(dfbppy)(fbppz)2] (Fig. 1), aiming at further raising the
EL efficiencies of true-blue phosphorescent OLEDs based
on such materials. Subsequent results show that the EL
efficiency of true-blue OLEDs based on these new emitters
can raise up to 13.7% photon/electron, 20.4 cd/A and show-
ing true-blue color chromaticity with CIEx,y coordinates
(0.157, 0.189).

2. Experimental

2.1. Material synthesis and characterization

The preparation of the iridium complexes were best
executed by heating of a 1:1 mixture of 4,6-difluorophenyl
Fig. 1. Structural drawings of ir
pyridine (dfppy), 4-methyl-2-(2,4-difluorophenyl)pyridine
(dfmppy) or 4-tert-butyl-2-(2,4-difluorophenyl)pyridine
(dfbppy) and IrCl3�3H2O in methoxyethanol (140 �C, 4 h),
followed by addition of 2.1 equiv. of 3-trifluoromethyl-5-
(2-pyridyl) pyrazole (fppz) or 3-(trifluoromethyl)-5-(4-
tert-butylpyridyl) pyrazolate (fpbpz) in presence of Na2CO3

(140 �C, 12 h). The products are then separated by column
chromatography on silica gel eluting with a mixture of
ethyl acetate and hexane (1:1) or with pure CH2Cl2. The
synthetic logic relies on the prior generation of an interme-
diate with formula [(dfppy)IrCl2]x or [(dfmppy)IrCl2]x or
[(dfbppy)IrCl2]x [13], which would react with the two
equiv of fppz or fpbpz anions in the subsequent reaction.
Ir1 [Ir(dfppy)(fppz)2], Ir2 [Ir(dfppy)(fbppz)2], Ir3 [Ir(dfmp-
py)(fbppz)2], and Ir4 [Ir(dfbppy)(fbppz)2] were obtained
from these one-pot reactions in moderate yields. Spectro-
scopic examinations were also performed to confirm their
structural identity and sample purity.

2.2. OLED fabrication and characterization

All as-synthesized compounds were subject to temper-
ature-gradient sublimation under high vacuum before use.
OLEDs were fabricated on the ITO-coated glass substrates
with multiple organic layers sandwiched between the
transparent bottom indium–tin-oxide (ITO) anode and
the top metal cathode. The organic and metal layers were
deposited by thermal evaporation in a vacuum chamber
with a base pressure of <10�6 torr. The deposition rate of
idium complexes Ir1–Ir4.



Table 1
The emission properties of iridium complexes Ir1–Ir4.

Em kmax/nma Q.Y.

Ir1 450, 479, 511 (sh), 554 (sh) 0.51a, 0.45b

Ir2 451, 480, 511 (sh), 546 (sh) 0.80a, 0.74b

Ir3 447, 475, 502 (sh), 546 (sh) 0.58a, 0.52b

Ir4 449, 479, 507 (sh), 546 (sh) 0.68a, 0.60b

a Data obtained in degassed CH2Cl2 solution at RT with the concen-
tration of 10�5 M.

b Obtained from in 8 wt.%-doped thin films using CzSi as the host
material.
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organic layers was kept at �0.2 nm/s. The deposition sys-
tem permitted the fabrication of the complete device
structure in a single pump-down without breaking vac-
uum. The active area of the device was 2 � 2 mm2, as
defined by the shadow mask for cathode deposition.

Current–voltage–luminance (I–V–L) characterization of
the devices was measured using a source-measurement
unit (SMU) and a Si photodiode calibrated with Photo
Research PR650. EL spectra of devices were collected by a
calibrated CCD spectrograph. UV/Vis spectra were mea-
sured using a Shimadzu UV-1650PC spectrophotometer.
3. Results and discussions

3.1. Emission properties of Ir complexes

Photoluminescence (PL) of Ir complexes was measured
using a Charge-Coupled Device (CCD) spectrograph and
the 325 nm line of the He–Cd laser as the excitation source.
For determining PL quantum yields, the samples (either
solutions or thin films) were mounted in a calibrated inte-
grating sphere coupled with the CCD spectrograph. By
comparing the spectral intensities of the excitation laser
and the PL emission, quantum yields (PLQY) were deter-
mined [14]. All four Ir(III) complexes show similar PL spec-
tral profiles and quantum yields of nearly 50–80% (either
in solutions or as dopants in wide-gap host films), as sum-
marized in Fig. 2 and Table 1.

3.2. Testing of device structures

For achieving true-blue OLEDs with these large-triplet-
energy phosphorescent Ir complexes (i.e. ET P 2.7 eV), host
materials with wide-triplet-gap are essential to prevent re-
verse energy transfer from guest molecule back to the host
matrix [15]. Furthermore, the device structures must be
carefully designed to achieve more balanced carrier injec-
tion/transport and appropriate confinement of carriers
and excitons. We therefore used the parent complex Ir1
to test the suitability of host materials and device configu-
rations (Figs. 3 and 4).
Fig. 2. PL spectra of Ir1–Ir4 recorded in degassed CH2Cl2 solution.
Devices A was first constructed employing CzSi as the
host material (Fig. 3). Complex Ir1 exhibits similar PLQY
in both dilute solutions and as doped thin film of the
wide-gap host CzSi, which had been reported to possess a
large triplet energy of 3.02 eV [16]. Therefore, CzSi is appro-
priate for Ir1 in terms of confinement of triplet excitons on
dopants. The device structure was: ITO/a-NPD (30 nm)/
TCTA (30 nm)/CzSi doped with 15 wt.% of Ir1 (25 nm)/TAZ
(50 nm)/LiF (0.5 nm)/Al (150 nm), where 4,40-bis[N-(1-
naphthyl)-N-phenyl-amino] biphenyl (a-NPD) and 4,40,40 0-
tris(carbazol-9-yl)-triphenylamine (TCTA) were used as
the hole-transport layers (HTLs) [17], 3-(4-biphenylyl)-4-
phenyl-5-(tert-butylphenyl)-1,2,4-triazole (TAZ) as the
electron-transport layer (ETL) [18], LiF as the electron-
injection layer [19], and aluminum as the cathode. The
structural drawing of materials and device architecture
used for our investigation are shown in Figs. 3 and 4,
respectively.

The recorded EL characteristics of device A are depicted
in Fig. 5 and Table 2. This device showed EL predominantly
from Ir1, but with only a modest external quantum effi-
ciency of about 3.3% photon/electron, which was substan-
tially lower than its PLQY recorded in solution. In addition,
EL spectra of the device showed a notable emission in
near-UV region, which implied carrier recombination in
the charge-transport layers (TCTA and/or TAZ, both are
know to exhibit near-UV emission at �400 nm) [20].

To achieve better confinement of triplet excitons and/or
carriers in the emitting layer, two additional device archi-
tectures B and C were constructed and tested (Fig. 4). In
device B, a thin layer of non-doped CzSi (3 nm) and
UGH2 [p-bis(triphenylsilyl)benzene, 3 nm] were inserted
between the emission and hole-transport layers and be-
tween the emission and electron-transport layers, respec-
tively [21,22]. The hole-transporting CzSi possesses high
triplet energy [16] and, thus, is capable to block the high-
energy triplet excitions (on the dopant) from migrating
to TCTA (with a lower triplet energy than the dopant)
[17]. On the other hand, the electron-transporting UGH2
with high triplet energy (3.18 eV) [23,24] is expected to re-
tard the high-energy triplet excitions (on the dopant) from
migrating to TAZ (with a lower triplet energy than the dop-
ant) [18]. In device C, double emission layers [25–27] (25-
nm hole-transporting CzSi and 3-nm electron-transporting
UGH2 doped with 15 wt.% Ir1) were used to achieve better
balance between hole and electron injection/transport and
thus to move the exciton formation zone away from the
interfaces between the carrier-transport layers, taking



Fig. 3. Structural drawings of functional materials used in OLEDs.

Fig. 4. Schematic device structures employed in this study.
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advantage of the inherent physical nature of both CzSi and
UGH2.

Again, EL characteristics of device B and C are shown
in Fig. 5 and Table 2. In comparison to those of device
A, peak quantum efficiencies of devices B and C (4.7%
and 5.0%) are substantially enhanced, indicating the effec-
tiveness of the added electron and hole buffer layers. We
thus decided to combine the fabrication concept of de-
vices B and C, giving the device D, which had the device
structure of: ITO/a-NPD (30 nm)/TCTA (30 nm)/CzSi



Fig. 5. (a) EL spectra, (b) current–voltage characteristics, (c) luminance
versus voltage, (d) external quantum efficiency versus luminance for
devices A, B, C, and D.
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(3 nm)/CzSi doped with 15 wt.% of Ir1 (25 nm)/UGH2
doped with 15 wt.% of Ir1 (3 nm)/UGH2 (2 nm)/TAZ
(50 nm)/LiF (0.5 nm)/Al (150 nm). By simultaneously
adopting the double emission layers and the high-trip-
let-energy buffer layers on two opposite sides of the
emitting layers for better confinement of triplet excitons
and carriers, device D further raised the peak quantum
efficiency up to 7.2% (11.7 cd/A, 6.4 lm/W) (Fig. 5 and Ta-
ble 2).

3.3. Optimization of dopant concentrations

After establishing the effective device structure for the
phosphorescent emitter (Ir1), we then varied the dopant
concentration in the emission layers to further optimize
device performances. Upon fixing the architecture of de-
vice D, the concentration of Ir1 was next varied from
6 wt.% to 20 wt.%. The EL characteristics of devices for
these devices are shown in Fig. 6 and Table 3. The highest
EL quantum efficiency was obtained around a dopant con-
centration of �6 wt.% (similarly for the other three Ir com-
plexes, as will be seen later in Table 4). At this
concentration, the device gave peak efficiencies of up to
8.6%, (13.1 cd/A, and 8.2 lm/W), which is possibly attrib-
uted to the reduced concentration quenching and triplet–
triplet annihilation.

3.4. Comparing EL characteristics of various Ir complexes

It seems to us that the optimized EL efficiencies of Ir1
are somewhat equivalent to the PLQY of the dopant, sug-
gesting that other modified blue-emitting phosphors, such
as Ir2–Ir4, are equally applicable in fabrication of OLEDs
employing similar device structure and adequate dopant
concentration. In Table 4, EL characteristics of type-D de-
vices incorporating all four iridium-based blue emitters
(Ir1, Ir2, Ir3, and Ir4), with varied dopant concentrations
from 6 wt.%, 8 wt.%, to 10 wt.%, are summarized. All Ir com-
plexes show the highest EL efficiency around the dopant
concentration of 6 wt.%. To verify that it is indeed an opti-
mized concentration, in particular, we also examined Ir4
devices with an even more extended concentration range
of 2–10 wt.% (Table 4). Lower EL efficiencies were observed
at concentrations lower than 6 wt.%, perhaps due to the
incomplete energy transfer from hosts to guests.

Fig. 7 compares EL characteristics of type-D devices
using these Ir(III) complexes at the optimized dopant con-
centration of 6 wt.%. All devices exhibited turn-on voltages
of slightly smaller than 4 V. The peak efficiencies were
(8.6%, 13.1 cd/A, 8.2 lm/W) for Ir1, (11.0%, 18 cd/A,
12.8 lm/W) for Ir2, (13.0%, 20 cd/A, 14.1 lm/W) for Ir3,
and (13.7%, 20.4 cd/A, 14.0 lm/W) for Ir4, respectively. Ex-
cept for the more significant deviation in the EL efficiency
of Ir2 (maybe associated with the detailed energy levels of
each compound), these peak EL quantum efficiencies are
somewhat close to the ideal values one would expect from
PLQY’s of these Ir complexes (in doped thin films, Table 1),
assuming similar internal quantum efficiencies in both PL/
EL and assuming a �20% optical out-coupling efficiency.
Such results suggest the effectiveness of the present device
architecture for true-blue phosphors. The devices retained
rather high efficiencies at the practical brightness of
100 cd/m2. Among all these Ir complexes, Ir3 and Ir4 gave
highest EL efficiencies. In particular, Ir4 gave the highest



Fig. 6. EL characteristics of type-D devices with varied Ir1 concentrations.

Table 3
EL characteristics of type-D devices with varied Ir1 concentrations.

Concentration of Ir1 External
quantum
efficiency
[%] (max.)

Luminance
efficiency
[cd/A�1]
(max.)

Power
efficiency
[lm/W�1]
(max.)

6 wt.% Peak 8.6 13.1 8.2
100 cd/m2 7.1 10.8 4.3

10 wt.% Peak 8.4 14.2 8.4
100 cd/m2 7.4 11.5 4.7

15 wt.% Peak 7.2 11.7 6.4
100 cd/m2 6.8 10.6 4.4

20 wt.% Peak 5.8 8.9 4.6
100 cd/m2 5.7 8.6 3.3

Table 2
Device structures and EL characteristics of devices A, B, C, and D.

Device Device structure External quantum
efficiency [%] (max.)

Luminance
efficiency [cd/A�1]
(max.)

Power efficiency
[lm/W�1] (max.)

a-
NPD
[nm]

TCTA
[nm]

CzSi
[nm]

CzSi: dopant
15 wt.% [nm]

UGH2: dopant
15 wt.% [nm]

UGH2
[nm]

TAZ
[nm]

A 30 30 0 25 0 0 50 3.3 4.6 2.4
B 30 30 3 25 0 3 50 4.7 7.2 2.8
C 30 30 0 25 3 0 50 5.0 7.6 3.8
D 30 30 3 25 3 2 50 7.2 11.7 6.4
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peak efficiencies of (13.7%, 20.4 cd/A, 14.0 lm/W) and the
high brightness of up to 14,460 cd/m2 at 18 V. The superior
performances of both Ir3 and Ir4 over those of Ir1 and Ir2
are considered to arise from (i) the improved dispersion
between the host and dopant upon incorporating either
methyl or tert-butyl groups on the dopant phosphors and
(ii) the reduced back energy transfer from dopant to host
due to their increased spatial separation. This observation
is consistent with a recent report that bulky tert-butyl
group on pyridyl ring of green-emitting analogues of [Ir(p-
py)3] reduces the need for development of hosts with a
high triplet level for electrophosphorescent devices [28].
Again, the related iridium phosphors with tert-butyl
substituted benzothiazolate and benzoimidazolate chro-
mophores were also used for fabrication of red-emitting
polymer LEDs [29]. Apparently, the steric influences would
reduce aggregation and phase separation in polymer LEDs,
which seems to dominate how to give high efficiencies un-
der lower current density.

Moreover, these devices all showed the anticipated blue
phosphorescence deriving from the Ir(III) dopants, for
which the respective EL spectra and CIE coordinates are
shown in Fig. 8a and b. It is notable that all these blue-
emitting devices exhibited color chromaticity with the CIEy

value being smaller or around 0.2. In particular, the Ir4 de-
vice had the most blue-shifted emission with CIEx,y coordi-
nates of (0.157, 0.189), which is much superior than those
obtained from the blue phosphorescent complexes such as
bis(40,60-difluorophenylpyridinato)iridium(III) picolinate
(FIrpic) and bis(40,60-difluorophenylpyridinato)iridium(III)
tetra(1-pyrazolyl)borate (FIr6), their CIEx,y coordinates are
also marked in Fig. 8b as reference [8–10]. Thus these
new iridium dopants Ir1–Ir4 are promising for blue phos-
phorescent OLEDs with high EL efficiencies and adequate
color chromaticity, both are extremely important for dis-
play and lighting applications.



Table 4
EL characteristics of type-D devices with the Ir(III) dopants at selected concentrations.

Emissive
dopant

Concentration
(wt.%)

External quantum
efficiency [%] (max.)

Luminance efficiency
[cd/A�1] (max.)

Power efficiency [lm/
W�1] (max.)

Maximum
luminance [cd/m�2]

CIE
coordinate
(x,y)

Ir1 6 8.6 13.1 8.2 4700 (0.159, 0.203)
10 8.4 14.2 8.4 4060

Ir2 6 10.9 18.0 12.8 5830 (0.159, 0.224)
8 10.9 18.4 13.2 5240

10 9.5 16.6 11.0 4750

Ir3 6 13.0 20.0 14.1 7990 (0.158, 0.202)
8 12.6 20.1 14.3 7720

10 12.0 19.5 13.1 7040

Ir4 2 11.0 16.7 12.1 6140
4 11.9 18.2 12.3 7190
6 13.7 20.4 14.0 14460 (0.157, 0.189)
8 13.2 19.7 13.1 14140

10 11.2 17.1 11.1 12740

Fig. 7. EL characteristics of type-D devices using Ir1–Ir4 with doping
concentration of 6 wt.%.

Fig. 8. (a) EL spectra, (b) CIE coordinates of type-D devices using 6 wt.% of
iridium complexes Ir1–Ir4.
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4. Conclusions

A series of new device architectures were evaluated for
construction of true-blue phosphorescent OLEDs. It in-
volves a double emission layers (one hole-transport, one
electron-transport) and double buffer (confinement) layers
for enhancing the performance characteristics. In addition,
we also added methyl and bulky tert-butyl substituents to
the parent true-blue emitting iridium phosphor Ir1, and
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obtained an improved performance characteristic for
OLEDs fabricated under identical conditions. Thus, combi-
nation of these new phosphors and the double emission
and buffer layers architectures afforded the true-blue elec-
trophosphorescence with high efficiencies up to (13.7%
photon/electron, 20.4 cd/A) and with CIEx,y color coordi-
nates of (0.157, 0.189). Consequently, high-efficiency
OLEDs in the blue/deep-blue region were successfully pre-
pared. We thus believe that our device integration, plus the
new design of Ir(III) phosphors presented in this study
should convince the readers of its perspective en route to
the true-blue phosphorescent OLEDs.
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tionally its T1 energy is 2.56 eV (corresponding to 483 nm,
which is estimated from the T1 emission [3]). It does not
have sufficient high triplet state energy for blue phospho-
rescent dopants such as iridium bis(4,6-difluorophenypy-
ridinato) picolate (FIrpic) with 2.66 eV T1 energy and
iridium bis (4,6-difluorophenylpyridinato-N, C20) [5-(2-
pyridyl)tetrazolate] (FIrN4) with 2.71 eV T1 energy [4].

Recently three fluorescent materials were investigated
to check their suitability as host for blue OLEDs. They are
1,3-bis(9-carbazolyl)benzene (mCP), 3,5-bis(9-carbazol-
yl)tetraphenylsilane (SimCP), and bis(3,5-di(9H-carbazol-
9-yl) phenyl)diphenylsilane (SimCP2). The molecular
structures are shown in Fig. 1. Two 3,5-di(9H-carbazol-9-
yl) phenyl groups are attached to Si in SimCP2, which is
different from SimCP with only one 3,5-di(9H-carbazol-9-
yl) phenyl group.

Of the three materials, we found that SimCP2 host gives
external quantum efficiency gext of 17.7% and power effi-
ciency of 24.2 lm/W at 100 cd/m2 for FIrpic blue emitter
from OLED device with structure of ITO/PED-
OT:PSS(35 nm)/14 wt% FIrpic:host(35 nm)/TPBi(28 nm)/
LiF/Al [5]. This power efficiency is much higher than 10.4
and 5.9 lm/W in the cases of SimCP and mCP hosts, respec-
tively [5]. Here TPBi means 1,3,5-tris(N-phenyl-ben-
zimidazol-2-yl)benzene, which is used as electron
transport layer.

Several papers have reported the EL efficiency of FIrpic
doped in CBP, mCP, and SimCP hosts. For example,
8.9 lm/W (gext = 7.5%) and 7.7 lm/W (gext = 6.1%) were ob-
tained from devices of ITO/CuPc/a-NPD/6%FIrpic:host/
BAlq/LiF/Al with mCP and CBP hosts, respectively [6],
9.3 lm/W (gext = 12.3%) and 12.9 lm/W (gext = 14.4%) from
devices of ITO/a-NPD/7%FIrpic:host/TPBi/LiF/Al with mCP
and SimCP hosts [7], and 13.3 lm/W (gext = 10.4%) from de-
vice of ITO/TNATA/a-NPD/7%FIrpic:mCP/13%FIrpic:mCP/
Bphen/LiF/Al [8]. To our knowledge, there have been no
previous reports of EL efficiency higher than 24.2 lm/W
and 17.7% which were obtained using FIrpic doped in Sim-
CP2 host. Very high external quantum efficiency of 43.3%
was recently reported using FIrpic doped in mCP [9]. How-
ever, its device structure is quite different from previous
ones, e.g., tandem white OLED structure which has two
EL units connected with a charge generation layer and
two emitting layers. Green–red emitting (fbi)2Ir(acac)
(0.75 wt%) is codoped with FIrpic (6.5 wt%) in mCP host
Fig. 1. Molecular structures of m
to obtain white emission from the emitting layer. Therefore
we cannot compare this case with the case of blue emission
from FIrpic doped in SimCP2.

The present paper attempts to clarify the reason why
the SimCP2 is a novel host material for blue emitter. We
report not only thermal and electrical properties but also
spectroscopic property of SimCP2, because the optical
property of SimCP2 is unknown. Comparison with mCP
and SimCP is also presented.
2. Experimental method

SimCP2 was synthesized as follows. Bis(4-(3,5-dibrom-
ophenyl) diphenylsilane) (4.17 g and 6.4 mmol) [10]) and
carbazole (5.34 g and 30.7 mmol) were dissolved in dry
xylenes (40 mL) containing potassium carbonate (12.72 g
and 92.0 mmol) and palladium acetate (0.057 g and
0.25 mmol). After the injection of tri-tert-butylphosphine
(0.20 mL and 0.8 mmol), the resulting mixture was stirred
for 16 h at refluxing temperature under the protection of
nitrogen atmosphere. After cooling to ambient tempera-
ture, the reaction was quenched with excess water
(100 mL). The mixture was extracted with dichlorometh-
ane. The organic phase was washed with water and dried
by magnesium sulfate. After the removal of magnesium
sulfate, the mixture was evaporated to dryness and the
residual was subjected for flash column chromatography
(silica gel, dichloromethane/hexanes, 2/8). The product
was isolated as a white powder and became a faint yellow
glassy solid after sublimation.

The glass transition temperature was measured with a
differential scanning calorimetry (Perkin–Elmer DSC-6)
method. The highest occupied molecular orbital (HOMO)
energy was measured with a Riken Keiki AC-2 photoelec-
tron emission spectrometer. The carrier mobility was mea-
sured with the time of flight (TOF) method that has been
described before [11].

For optical study, thin films of neat SimCP2 were pre-
pared by thermal vacuum deposition. The deposition was
performed using a high-vacuum thermal evaporator (UL-
VAC) at a chamber pressure of 10�6 Torr. Film thickness
of neat SimCP2 was determined by quartz thickness mon-
itor (ULVAC CRTM-6000) and it was 30 nm. Thin films of
polystyrene (PS) doped with 3, 5, 10, 15, and 20 wt% Sim-
CP, SimCP, and SimCP2.
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CP2 were prepared by spin-coating a dichloromethane
solution onto quartz substrates at ambient temperature.

Optical absorption spectra were measured with a Shi-
madzu UV-3100PC spectrophotometer. The photolumines-
cence (PL) and photoluminescence excitation (PLE) spectra
were measured at various temperatures between 10 and
300 K with a Spex Fluorolog-3 fluorophotometer. The exci-
tation source was a 450 W Xe-lamp. Filters were used to
avoid the half and second harmonics of the excitation light.
5.0 5.2 5.4 5.6 5.8 6.0 6.2 6.4
0

500C
o

Energy(eV)

Fig. 3. The HOMO energy of SimCP2 obtained from the photoelectron
emission spectroscopy for neat non-annealed SimCP2 film and neat
SimCP2 films annealed at 70 �C, 120 �C and 150 �C.
3. Experimental results and discussion

3.1. Glass morphology, HOMO energy, and carrier mobility

Fig. 2 shows the DSC thermogram of neat SimCP2 film.
The glass transition temperature (Tg) was estimated to be
148 �C. It is higher than Tg of mCP and SimCP, which are
55 and 101 �C, respectively [11]. The heat exchange energy
related to this phase transition increases on going from
mCP to SimCP to SimCP2, i.e., from 0.9 to 1.1 to 1.9 kJ/
mol. Although it was not detected for SimCP2 by DSC, the
heat exchange energy at the melting temperature also in-
creases on going from mCP to SimCP, i.e., from 33.9 to
82.6 kJ/mol, which are all significantly larger than the heat
exchange for the glass phase transition. We have put the
sample (SimCP2) under the microscope and heated the
sample up to 180 �C. We saw no phase transition (solid
to liquid) happened to the sample. From these results, it
is concluded that the endothermic signal around 148 �C
is due to glass transition and not due to phase transition
of melting.

Fig. 3 shows the photoelectron spectra of the neat Sim-
CP2 film. The HOMO energy is estimated as 6.12 eV, which
are close to the 6.15 and 6.10 eV HOMO energies of mCP
and SimCP, respectively [4]. The photoelectron spectra
were also measured at room temperature after the neat
film was heated at 70 �C, 120 �C, and 150 �C (Fig. 3), but
no change was observed among them.

The neat film, which was kept in open air at room tem-
perature after annealing at 150 �C, shows morphological
stability, i.e., neither aggregation nor crystallization was
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Fig. 2. DSC (differential scanning calorimetry) thermogram of SimCP2
which was obtained during heating of the neat SimCP2 film from 40 �C to
350 �C.
observed after 60 days when we look the film by eyes. In
cases of neat mCP and SimCP films, quick morphology deg-
radation was found after annealing at 70 �C [11]. This indi-
cates that the SimCP2 film is morphologically more stable
and more robust to water and oxygen molecules than mCP
and SimCP. This is consistent with Fig. 3 which shows that
no change occurs in the HOMO energy value between the
SimCP2 films unheated and heated at 150 �C. From this re-
sult we confirm that high glass transition point is neces-
sary to obtain morphologically stable and uniform
amorphous thin films.

Fig. 4 shows example of the TOF curve for electron and
hole carriers of neat SimCP2 film with thickness of 220 nm,
respectively. The carrier mobility l is estimated using
equation lE = L/tT, where E is electric field, L is film thick-
ness, and tT is transit time which is determined from the
log–log plotted curve as shown in inset of Fig. 4. Carrier
mobility of electron and hole is plotted against electric
field in Fig. 5, and compared with those of mCP and SimCP.
Like the cases of various organic semiconductors [12,13],
the electron and hole mobility of SimCP2, mCP and SimCP
follows the linear relationship with applied electric field
(Poole–Frenkel model) when the mobility is log plotted
against square root of electric field. The hole and electron
mobility in SimCP2 is found to be 4.8 � 10�4 and
2.7 � 10�4 cm2 V�1 s�1, respectively, at electric field of
9 � 104 V cm�1. This indicates that SimCP2 has a balanced
bipolarity although the hole mobility is a little higher than
the electron mobility. The mobility is higher for SimCP2
than for mCP and much higher than for SimCP. High charge
carrier mobility of the material is one of the factors that
can reduce the driving voltage of OLED and hence increase
the power efficiency (lm/W) of the device.

Based on the Poole–Frenkel model, the mobility at zero-
field (called zero-field mobility) is obtained by extraction.
Table 1 summarizes the zero-field electron and hole mobil-
ity for SimCP2, mCP, and SimCP. For comparison, the
mobility is also shown for neat films of CBP [14,15] and
N, N0-bis(1-naphtyl)-N, N0-diphenyl-1,10-biphenyl-4,40-dia-
mine (a-NPD) [16] in Table 1. The zero-field mobility of
SimCP2 is lower than those of CBP, while it is higher than
those of NPB and Alq3.
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Table 1
Zero-field mobilities, loh and loe for holes and electrons, respectively, in
neat SimCP2, mCP, SimCP, CBP, and a-NPD films.

loh (cm2 V�1 s�1) loe (cm2 V�1 s�1)

SimCP2 2.4 � 10�4 1.3 � 10�4

mCP 1.2 � 10�4 3.4 � 10�5

SimCP 5.8 � 10�5 5.0 � 10�5

CBP 3.8 � 10�4 [14,15] 4.4 � 10�4 [14,15]
a-NPD 1.8 � 10�4 [16] 1.0 � 10�5 [16]
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3.2. Spectroscopic properties

Fig. 6 shows absorption and emission spectra of SimCP2
diluted in dichloromethane (CH2Cl2) solution and absorp-
tion spectrum of neat SimCP2 film at room temperature.
Similar absorption spectrum was also obtained from Sim-
CP2 diluted in chloroform (CHCl3) solution. Absorption
peaks due to SimCP2 molecule are observed at 339, 325,
311, 292, 285, and about 255 nm for the solution. On the
other hand, absorption peaks are observed at 342, 328,
313, 296, 290, 240, 227, and 207 nm in the neat film.
Two absorption spectral line shapes are quite similar to
each other. The emission spectrum consists of three vib-
ronic peaks at 349, 363 and 378 nm where their intensities
decrease with decreasing photon energy. This emission is
attributed to the S1 emission, i.e., emission due to elec-
tronic transition from the lowest singlet state S1 to the
ground state 1S0.

Fig. 7 shows the absorption spectra of SimCP2 in PS
films doped with 5 and 15 wt% SimCP2 and in neat SimCP2
film. The three spectra are quite similar to each other. This
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indicates that no aggregation is formed with increasing
concentration of the dopant. We observe the absorption
edge (i.e., onset) at about 348 nm (3.56 eV). The lowest
unoccupied molecular orbital (LUMO) energy is approxi-
mated by the difference of the HOMO energy and the
absorption edge of the UV absorption spectra [17–19].
Therefore, from the HOMO energy of 6.12 eV, the LUMO
energy of SimCP2 is determined to be 2.56 eV.

Fig. 8 shows the PL and PLE spectra for PS films doped
with 3, 15, and 20 wt% SimCP2 at 10 K. The PLE spectra
for 370 nm S1 emission (curves 4 and 5) consist of peaks
at 338.1, 324.1, 311.0, and 293.0 nm, which are quite sim-
ilar to the absorption spectra of Figs. 6 and 7. The PLE
bands at 338.2, 325.1, and 311 nm are attributable to the
S1 state.

Intense emission peaks are observed at 343.8, 360.1,
and 378 nm for the 3 wt% film, and weak PL bands are ob-
served at 412.2, 433, and 441.8 nm. Like the case of mCP
and SimCP [4,11], the latter bands are attributed to the
T1 emission. Although the T1 emission is enhanced with
decreasing temperature, it is too weak to observe clearly
for the 20 wt% doped film even at 10 K. It is noted that
the T1 emission intensity decreases with increasing con-
centration and not observed in neat film (see Fig. 9).

Comparison of the PL spectra among SimCP2, mCP, and
SimCP is presented in Fig. 10, where the spectra are
normalized at the most intense peak height of the zero-
phonon band of the S1 emission. The spectrum of SimCP2
is quite similar to those of mCP and SimCP. Taking into ac-
count that SimCP and SimCP2 consist of one and two mCP
molecules, respectively, this indicates that the S1 and T1

electronic states of mCP, SimCP, and SimCP2 are deter-
mined predominantly by mCP molecule. Difference, how-
ever, is found among the three materials, e.g., the
vibronic structure in the S1 emission. The intensity ratio
of the one-phonon vibronic band to the most intense
zero-phonon band is 0.53, 0.76, and 0.90 for SimCP2,
mCP, and SimCP, respectively. The Huang–Rhys parameter
(or called Huang–Rhys factor) S is approximately estimated
from this intensity ratio [20,21], i.e., S = 0.53 for SimCP2.
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The Huang–Rhys factor becomes large with increasing
the distance between the equilibrium position Q(S1)0 of
the S1 electronic excited state and the equilibrium position
Q(S0)0 of the S0 ground state. The distance becomes large
when the electron–phonon coupling in the excited state
becomes largely different from the coupling in the ground
state [21]. Therefore Fig. 10 suggests that the electron–
phonon coupling difference between the S1 and S0 states
is smaller in SimCP2 than in mCP and SimCP.

Another difference of the PL spectra among SimCP2,
mCP, and SimCP is the intensity ratio of the T1 emission
to the S1 emission. The ratio is approximately estimated
from the ratio of intense zero-phonon band intensity of
the T1 emission to that of the S1 emission, which is 0.08,
0.12, and 0.35 for SimCP2, mCP, and SimCP, respectively.
The ratio reflects strength of spin–orbit coupling. Therefore
Fig. 10 indicates that the spin–orbit coupling is weaker for
SimCP2 than for mCP and SimCP. The weak spin–orbit cou-
pling reduces the rate of intersystem crossing (ISC) from
the S1 state to the triplet states. In the case of FIrpic doped
in hosts with high gap energy such as SimCP2, mCP, and
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SimCP, the Förster energy transfer (ET) occurs from the ex-
cited singlet state of the host to the singlet state of FIrpic
dopant. If the ISC rate is low, we expect high energy trans-
fer to the dopant from competition between two relaxation
processes of ISC and ET. Therefore it is suggested that Sim-
CP2 host with lower ISC rate gives higher energy transfer
rate to the dopant than mCP and SimCP hosts, resulting
in higher external quantum efficiency and higher power
efficiency for SimCP2 than for mCP and SimCP. This is con-
sistent with the results obtained from FIrpic-based OLED
devices that are mentioned in Section 1.

4. Summary

SimCP2. presents the most intense zero-phonon S1

emission band at 344 nm and the T1 emission band at
412 nm, which gives 3.01 eV as the T1 energy. The HOMO
and LUMO energies are determined to be 6.12 and
2.56 eV, respectively. High gap energy is also observed
for mCP and SimCP. SimCP2, however, is morphologically
more stable than mCP and SimCP because of Tg of 148 �C
which is much higher than mCP and SimCP, and addition-
ally SimCP2 has higher mobility for both electron and hole
(4.8 � 10�4 and 2.7 � 10�4 cm2 V�1 s�1, respectively, at
electric field of 9 � 104 V cm�1) than mCP and SimCP.
The zero-field mobility is also higher for SimCP2 than for
mCP and SimCP. The intersystem crossing rate is smaller
for SimCP2 than for mCP and SimCP, leading to higher rate
of energy transfer to FIrpic dopant from SimCP2 host than
from mCP and SimCP hosts. From these thermal, electrical,
and optical properties, we understand that SimCP2 is supe-
rior to mCP and SimCP as the host material for blue phos-
phorescence emitter in OLEDs. The PL and absorption
spectra of SimCP2 are not so different from those of mCP
and SimCP because they are determined predominantly
by the common mCP moiety. However, the glass transition
point and morphological stability are quite different. Un-
like the case of SimCP, two mCP moieties locate around
Si symmetrically in SimCP2. It is suggested that such a
molecular structure gives rise to very stable morphology
for SimCP2 because molecule with asymmetric structure
such as SimCP leads to form aggregation at lower
temperature.
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2. Experimental

The following configuration was used for device fabrica-
tion: indium tin oxide (ITO, 150 nm)/N,N0-diphenyl-N,
N0-bis-[4-(phenyl-m-tolyl-amino)-phenyl]-biphenyl-4,40-
diamine (DNTPD, 60 nm)/N, N0-di(1-naphthyl)-N,N0-diph-
enylbenzidine (NPB, 20 nm)/4,40,40 0-tris(N-carbazolyl)
triphenylamine(TCTA)/TCTA:PH1:iridium(III) tris(2-phen-
ylpyridine)(Ir(ppy)3):iridium(III) bis(2-phenylquinoline)
acetylacetonate(Ir(pq)2acac)(x nm)/TCTA:PH1 (5 nm)/2-
methyl-9,10-di(2-naphthyl) anthracene (MADN):DAF (30-
x nm, 7%)/2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
(BCP, 5 nm)/tris(8-hydroxyquinoline) aluminum (Alq3,
20 nm)/LiF (1 nm)/Al (200 nm). The doping concentrations
of Ir(ppy)3 and Ir(pq)2acac were 10% and 0.7%, respectively.
The relative composition of TCTA:PH1 in the red/green
layer was fixed at 3:1 and the thickness of the red and
green emitting layer was 5 and 10 nm, respectively. An
interlayer which separates the fluorescent blue emitting
layer from the red/green emitting layer was inserted be-
tween the two emitting layers and the TCTA:PH1 interlayer
compositions were 9:1 and 3:1. The PH1 was supplied
from Merck Co. and it had a spirobifluorene backbone
structure with good electron transport properties. The
highest occupied molecular orbital of the PH1 was 5.9 eV,
while the lowest unoccupied molecular orbital was
2.8 eV. A blue device with MADN as the host in the blue
fluorescent emitting layer was also fabricated to evaluate
the performance of the DAF dopant. The device structure
for the evaluation of the DAF dopant in the blue device
was ITO (150 nm)/DNTPD (60 nm)/NPB (30 nm)/MADN:-
DAF (30 nm, x%)/Alq3 (20 nm)/LiF (1 nm)/Al (200 nm).
The doping concentrations of the DAF dopant were 3%,
5% and 7%. Fig. 1 shows a schematic diagram of the device
structures of the white device and chemical structure of
the dopant materials used in this work. The energy levels
of the materials were measured by cyclic voltammetry.
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Fig. 1. Chemical structure of the DAF dopant and device s
The current density–voltage–luminance characteristics
and electroluminescence (EL) spectra of the WOLEDs were
measured in the normal direction without any outcoupling
enhancements using a Keithley 2400 source measurement
unit and a CS 1000 spectroradiometer. Lambertian distri-
bution of the light emission was assumed for the measure-
ment of the luminance.

3. Results and discussion

The DAF dopant used in this study had a diphenylami-
nofluorene emitting core unit combined with a styryl
group, and high efficiency could be realized through an ex-
tended conjugation structure. In addition, a deep blue color
could be obtained due to the wide bandgap of the fluorene
group in the backbone structure and the t-butyl blocking
group. The device performances of the DAF blue dopant
were optimized by controlling the doping concentration
of the DAF. Fig. 2 shows the quantum efficiency–luminance
curves of the DAF-doped blue fluorescent device. The
quantum efficiency of the blue fluorescent device was opti-
mized at a doping concentration of 7%, and a high quantum
efficiency of 7.1% at 1000 cd/m2 was obtained. The quan-
tum efficiency of the DAF device was superior to other blue
fluorescent devices reported earlier [10,11], and the use of
DAF in WOLEDs can increase their quantum efficiency.

The EL spectra of the blue fluorescent devices with the
DAF dopant are shown in Fig. 3. The DAF-doped blue device
showed a maximum peak at 459 nm with vibration peaks
at high wavelength. Pure deep blue emission was observed
from the DAF-doped device and the color coordinate of the
blue device was (0.15, 0.18).

The doping concentration of DAF in the WOLEDs was
fixed at 7% and a mixed host emitting structure codoped
with red and green phosphorescent emitting materials
was used. The mixed host emitting structure is advanta-
geous because the charge balance can be controlled easily
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tructure of the white organic light-emitting diodes.
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by just changing the host composition and charge injection
from the charge transport layer [12]. In this study, a mixed
host of TCTA and PH1 was used as the host material in the
red/green emitting layer. The PH1 host was reported in
previous work and has good electron transport properties
[12]. The TCTA to PH1 ratio in the red/green emitting layer
was optimized to TCTA:PH1 (3:1) as the quantum effi-
ciency of the red/green doped TCTA:PH1 mixed host de-
vices was maximized in the TCTA:PH1 (3:1) device. The
doping concentrations of Ir(ppy)3 and Ir(pq)2acac were
10% and 0.7%, respectively, in order to balance the intensity
of red and green emission. The total thickness of the emit-
ting layer was 30 nm and the thickness of the red and
green emitting layers were 5 nm and 10 nm, respectively.
A mixed layer of TCTA and PH1 was used to control the
emission spectra of the WOLEDs, and the interlayer struc-
ture was managed to match the color index of the
WOLEDs.

Fig. 4 shows the current density–voltage and lumi-
nance–voltage curves of the WOLEDs with different inter-
layer and emitting layer structures. The current density
was not affected greatly by the interlayer structure and a
similar current density was obtained in the WOLEDs fabri-
cated in this study. The current density is determined
mainly by charge injection from the charge transport lay-
ers to the emitting layer and the thickness of the organic
layers. All devices had the same interface structure be-
tween the emitting layer and charge transport layers, and
the thickness of the total emitting layer was the same in
all devices, resulting in a similar current density. The lumi-
nance of the WOLEDs followed the same trend as the cur-
rent density.

Fig. 5 presents the quantum efficiency–luminance and
power efficiency–luminance curves of the WOLEDs. The
quantum efficiency was dependent on the interlayer struc-
ture, and devices I and III with the TCTA:PH1 (9:1) inter-
layer showed a lower efficiency than devices II and IV
with the TCTA:PH1 (3:1) interlayer. The effect of the emit-
ting layer thickness on the quantum efficiency was not sig-
nificant. The high quantum efficiency of devices II and IV
can be explained by the high quantum efficiency of the
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red/green phosphorescent emitting layer. The DAF-doped
blue device showed a quantum efficiency of 7.1%, while
the red/green device had a quantum efficiency of 13.1%.
Therefore, more red/green emission rather than blue emis-
sion might improve the quantum efficiency of WOLEDs.
The TCTA:PH1 (9:1) interlayer has a strong hole transport-
ing character and shifts the emission zone of the emitting
layer from red/green to the blue emitting layer, as shown
in Fig. 6. Therefore, high quantum efficiency was obtained
in devices II and IV. The quantum efficiency of the devices
II and IV were 12.3% and 11.9% respectively.

The power efficiency of the WOLEDs is also shown in
Fig. 5. The power efficiency of the device II and IV was
higher that of the device I and III due to the high quantum
efficiency of the device II and IV. The power efficiency at
1000 cd/m2 was 12.2 lm/W, which is higher than that of
other pure color WOLEDs for display applications [7–9].
Although any p-doped or n-doped charge transport layer
was not applied in this work, a fairly high power efficiency
was achieved and the power efficiency can be improved
over 20 lm/W if high mobility charge transport layer or
p/n-doped charge transport layer is used.

The normalized EL spectra of the WOLEDs (Fig. 6)
clearly show red, green and blue peaks. The interlayer
and thickness of each emitting layer was found to affect
the EL spectra of the WOLEDs. The blue emission was
intensified in the WOLED with a TCTA:PH1 (9:1) inter-
layer and a thick blue emitting layer. More holes were in-
jected from the red/green layer to the blue layer using the
TCTA:PH1 (9:1) interlayer instead of TCTA:PH1 (3:1) due
to the hole transport properties of TCTA, resulting in
strong blue emission. The strong blue emission of the de-
vice with a thick blue emitting layer was attributed to the
high probability of exciton formation in the thick emitting
layer. The color coordinates of device I with the TCTA:PH1
(9:1) interlayer and the 25 nm thick blue emitting layer
was (0.34, 0.36), which is suitable for display applications.
There was a red shift in the color coordinates of the other
devices and device IV showed color coordinates of (0.38,
0.38).

The change in the EL spectra of device IV was monitored
according to the luminance to determine the color stability
of the WOLEDs. Fig. 7 shows the EL spectra of device IV
from 150 to 6500 cd/m2. There was little change in the
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Fig. 6. Electroluminescence spectra of the white organic light-emitting
diodes with different interlayer and emitting layer structures.
spectra according to luminance from 150 to 6500 cd/m2,
even though the blue emission was slightly higher at high
luminance. The good color stability of device II originated
from the balanced emission zone shift due to the mixed
interlayer and mixed host structure in the emitting layer.

4. Conclusions

High efficiency pure color WOLEDs were fabricated for
display applications using a high efficiency DAF blue fluo-
rescent dopant. A high quantum efficiency of 12.3% was
obtained from the WOLED with the DAF dopant. The
WOLED showed pure white color coordinates between
(0.34, 0.36) and (0.38, 0.38), which were stable up to a
luminance of 6500 cd/m2.
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phthalocyanine CuPc, although they proceed quite high
hole mobility values [15,16]. The aim of this study is to
compare the obtained results with those reported previ-
ously for the interfaces formed between Au and ITO sub-
strates and thin films of other MePcs as well as different
organic molecules.
2. Experimental

The experiments were carried out in an ultra high vac-
uum system, described previously [17]. ITO films on glass
substrates with a sheet resistance of �10 X/cm2 were
ultrasonically cleaned ex situ with ethanol followed by
thorough rinsing in deionised water. After this chemical
cleaning, in situ Ar ion sputtering (argon pressure of
5 � 10�6 mbar, accelerating voltage of 1 KeV and an inci-
dence angle of 45�) was used in order to remove carbon
contamination from the ITO surface. ITO surface was char-
acterized by XPS and UPS. Commercial NiPc and CoPc pow-
ders (Alfa Aesar) were thermally evaporated in the
preparation chamber, from a home-made deposition
source kept at 425 �C and 385 �C, respectively and thin
films with total thickness of �10.0 nm were deposited on
ITO surface at a vacuum about 5 � 10�8 mbar and room
temperature. Each deposition step was followed by XPS
(non-monochromatic AlKa source at 1486.6 eV) and UPS
(HeI at 21.22 eV) measurements. The spectrometer was
calibrated by the Au4f7/2 core level peak (84.10 ± 0.05 eV)
for clean Au foil. The XPS resolution measured by the full
width at half maximum (FWHM) of the Au4f7/2 was
1.7 eV for a constant pass energy of 97.0 eV. All XP spectra
were fitted with mixed Gaussian and Lorentzian functions
after the subtraction of a Shirley-type background. The
thickness of the organic film was estimated from the inten-
sity ratio of the substrate XPS In3d5/2 and the overlayer C1s
peak, assuming a layered-like growth mode for the initial
deposition steps. During the UPS measurements, a negative
bias of 12.28 V was applied to the sample to separate sec-
ondary electrons originating from sample and spectrome-
ter and to estimate the absolute work function value
from the Ultra-Violet Photoemission spectra. The overall
analyser resolution is determined from the width of the
Au Fermi edge (0.16 eV). Therefore, work function and
HOMO cut-off positions determined from the high binding
energy cut-offs and HOMO onsets of UP spectra were cor-
rected for the analyser broadening by adding 0.08 eV.
Fig. 1. Energetic shifts of the XPS C1s peak during the formation of the
NiPc/Au, NiPc/ITO and CoPc/ITO interfaces.
3. Results and discussion

Carbon and oxygen species, in the form of OH groups,
were the only contaminants detected at the surface of
ITO after the ex situ chemical cleaning. The XPS and UPS
results showed that both ITO surfaces are identical after
the in situ cleaning procedure. After argon ion sputtering
the carbon peak was eliminated, while a small amount of
hydroxides remained at the surface. For perfectly stoichi-
ometric ITO surface the value of [O]/(1.5[In] + 2[Sn]),
where [X] is the concentration of species X as determined
from the XPS measurement, would equal to one [18]. In
the present study, this ratio for the sputtered ITO was
found to be �0.6 and this deviation from unity expresses
a deficiency of oxygen atoms at the surface. Furthermore,
the total cation content ([Sn]/[In]) was decreased from
0.13 to 0.06 after the sputtering procedure. Sn cations are
responsible for the conductivity of ITO.

According to the UPS results the work function of the
sputtered-clean ITO surface was determined equal to be
4.2 ± 0.1 eV, in good agreement to reported values for sim-
ilar treated surfaces [19]. The valence band maximum
(VBM) was found to be at 1.0 ± 0.1 eV in good agreement
with references [20] and considering an energy gap equal
to 3.6 eV according to literature [21,22], the position of
the Fermi level is closer to the valence band.

Upon the deposition of the organic materials on ITO, the
XPS ITO core level peaks (In3d, Sn3d, O1s) attenuate as
new XPS peaks (C1s, N1s, Ni2p and Co2p) related to the or-
ganic materials (NiPc and CoPc) appear at the X-ray photo-
electron wide scan spectrum of the surface (not shown)
and their intensity increases as the organic film becomes
thicker. In both interfaces, the characteristic peaks of the
substrate remain stable in shape and binding energy posi-
tion until they completely disappear from the spectra after
the deposition of a thick organic layer. The core levels (C1s,
N1s, Ni2p3/2, Co2p3/2) of the organic molecules (NiPc and
CoPc) are shifted towards lower binding energies as the or-
ganic film grows thicker. Fig. 1 shows the change in the
binding energy of the XPS C1s peak in both cases (NiPc/
ITO and CoPc/ITO), as a function of the organic film cover-
age. For comparison, the corresponding change of the C1s
peak during the formation of the NiPc/Au interface, studied
previously, is also traced [23]. According to Fig. 1, the C1s
peak in the NiPc/ITO interface exhibits a slight (�0.1 eV)
shift towards lower binding energies for NiPc coverage
up to less than 1.0 nm. Similar behaviour is observed at
the CoPc/ITO interface, where the C1s peak exhibits a lar-
ger downward shift of �0.5 eV. For thicker organic films
the C1s peak remains stable in both interfaces, which indi-
cates the absence of band bending at the organic energy
levels. All the XPS MePc related peaks (N1s, Ni2p3/2,
Co2p3/2) exhibit similar behaviour to the C1s peak.
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For the NiPc/ITO interface, the XPS C1s peak for a 5.0 nm
thick organic film is located at 284.95 ± 0.05 eV of binding
energy and can be resolved into three components accord-
ing to the different chemical bonds of C atoms in the MePcs
molecule. The main peak centered at 284.80 eV is due to
the benzene-C atoms. A lower intensity peak at
286.20 eV of binding energy is attributed to the pyrrole-C
atoms, while a small contribution from the benzene-C
shake up feature which has been suggested to appear at
similar binding energy cannot be excluded, although it
cannot be resolved experimentally [24,25]. Finally, a shake
up feature of the pyrrole-C atoms is found at a binding
energy of about 2 eV higher from the main contribution
of C–N bonds to the overall C1s peak. Similar results were
obtained by the analysis of the XPS C1s peak for a thick
(�5.0 nm) CoPc film.

The XPS N1s peak of the organic film has lower intensity
than that of C1s peak because of the atomic ratio N/C (=8/
32) in the MePc’s molecule. The N1s peak of the NiPc over-
layer consists of a broad peak at 399.30 ± 0.05 eV and a
weaker feature at higher binding energies. The main peak
can be ascribed to the two chemically nonequivalent nitro-
gen atoms of the organic molecule, separated by about
0.30 eV, but not resolved experimentally, while the weaker
peak is attributed to the satellites of the main peak [26].
The Ni2p3/2 peak is a unique peak due to C–N–Ni bonds
and appears at 855.90 ± 0.05 eV of binding energy [27]. In
the case of CoPc/ITO interface the Co2p3/2 peak appears
at 780.80 ± 0.05 eV of binding energy and is attributed to
the bonding between the Cobalt atom and the four central
nitrogen atoms in the Pc’s molecule [27].

Any covalent chemical interaction between ITO and
MePcs is expected to result in the appearance of additional
peaks at different binding energies than those observed at
the XPS spectra of the bulk materials (ITO, NiPc and CoPc).
In the absence of new features in the measured core line
spectra and a broadening of the XPS peaks at thinner films
compared to the thicker organic layers, we conclude that
there is no significant chemical reaction between the oxide
substrate and the organic semiconductors.

The observed XPS core level shifts towards lower bind-
ing energies occurred at small coverage could be ex-
plained by increasing efficiency of intra-layer screening,
going from individually adsorbed molecules to a complete
layer as the chemical reaction was excluded. The screen-
ing of the photohole generated in the organic film at low-
er coverage occurs mostly by the neighbour organic
molecules and less by the weakly metallic substrate,
thereby enhancing the screening and thus reducing the
binding energy. However, the dielectric constant of the
organic molecules is similar to that of ITO indicating that
no final state effects are expected [28]. Consequently, the
XPS shifts at the MePc/ITO interfaces can be explained
only in the context of a possible formation of a dipole
layer across the interface at the very first steps of deposi-
tion. Comparing the behaviour of the core levels at the
above studied interfaces with that observed at the NiPc/
Au interface [23], an opposite dependence of the binding
energies as a function of the coverage is found, as pre-
sented in Fig. 2. The NiPc/Au interface was found to be
non-reactive and the initial binding energy shift is attrib-
uted exclusively to the decreasing effect of metal screen-
ing by the substrate. The photohole which is generated in
the organic molecule is screened more effectively near a
metal surface at submonolayer coverage, where the
screening induced by the other organic molecules is still
quite weak, than away from the metal. The further small
shift observed at thicker organic films, is attributed to
band bending at the organic energy levels. A possible
gradual structural rearrangement of the NiPc molecules
deposited on Au at thicker coverage, can be ruled out
according to recent studies, where core level shifts point
towards lower binding energies, which is not the case in
the present study [29]. Similar variations of the energetic
position of the core levels are also present at the CuPc/ITO
and CuPc/Au interfaces for organic film thickness up to
1.5 nm [10,11]. In the case of Au substrate, the final state
screening effects significantly affect the binding energy of
the core levels which are shifted at �0.5 eV towards higher
binding energies, while at the CuPc/ITO interface an oppo-
site binding energy shift of �0.4 eV is observed and it is
attributed to charge transfer from the organic molecules
to ITO. This is also confirmed by the broadening of the
C1s peak at submonolayer coverage compared to thick
layer [10,11,28], which cannot be resolved experimentally
in the present study.

By the UPS data, presented in Fig. 2 we can draw addi-
tional useful information in order to explain the observed
XPS shifts. Fig. 2a and b present the changes of the UP spec-
tra of the NiPc/ITO and CoPc/ITO interfaces respectively,
after every deposition step up to �10.0 nm of organic film
thickness. The full spectra are shown in the centre part of
each figure. The bottom spectrum represents the clean
ITO substrate where the upper part of the filled valence
band including the broad structures at 5.0 eV and 10.4 eV
mainly consist of O2p derived levels [30,31]. After the
deposition of �0.3 nm (�1 ML) of organic material on the
sputtered-clean ITO surface, new features appear at the va-
lence band spectra and upon incremental deposition of the
molecular film those of O2p gradually attenuate. The va-
lence band structure of NiPc and CoPc is fully developed
at �2.0 nm of coverage and exhibits four distinct features
at binding energies 1.50 eV, 3.80 eV, 6.60 eV and 8.85 eV
in the case of the NiPc overlayer and five main features
at 1.25 eV, 2.10 eV 3.55 eV, 6.15 eV and 8.60 eV of binding
energy in the case of CoPc, in agreement with theoretical
calculations [32]. No other features in the energy range
of the UP spectra are observed, which would point to a
chemical reaction between ITO and the organic molecules,
confirming also the XPS results.

The HOMO (highest occupied molecular orbital) feature
of the MePcs is firstly observed at about monolayer cover-
age as shown in the right part of Fig. 2a and b. As the cov-
erage increases, beyond 1 ML, the HOMO peak is shifted
towards higher binding energies for about 0.2 eV in both
interfaces, while it appears to be slightly broader with a
decreasing organic film thickness. The HOMOcut-off position
for the thick NiPc and CoPc layers was found to be at
1.00 eV and 0.80 eV of binding energy, respectively. The
thickness dependence of the HOMO peak can be explained
by increasing efficiency of intra-layer screening as the cov-
erage increases, since the possibility of an interaction



Fig. 2. HeI UP spectra of the (a) NiPc/ITO and (b) CoPc/ITO interfaces. The full spectra are shown in the center part. On the right part, the development of the
HOMO peak and on the left, the high binding energy cut-off regions are shown magnified for clarity.
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through charge transfer was excluded by the XPS results
[33].

Fig. 2a and b displays the evolution of the UPS during
the formation of both interfaces (NiPc and CoPc on ITO).
In the case of ITO surface, the work function can be mea-
sured by subtracting the total width of the UP spectra
from the HeI (21.22 eV) radiation. The width of the spec-
tra is determined by the position of the high binding en-
ergy cut-off (HBE), shown at the left part of Fig. 2a and b,
in respect to the Fermi level of the analyser. According to
these figures, during the deposition of the first few atomic
organic monolayers, the HBEcut-off at the NiPc/ITO inter-
face is shifted to higher binding energies corresponding
to the lowering of the vacuum level (EF

vac) at the sample
surface, while in the case of CoPc/ITO the observed shift
is towards lower binding energies, yielding an increase
of the EF

vac. The changes of the vacuum level after every
deposition step are shown in Fig. 3. In the same graph,
the energetic shift of C1s peak during the formation of
the NiPc/ITO interface is also traced for comparison.
According to Fig. 3, at the early stages of deposition and
up to the completion of one organic monolayer the EF

vac

in both interfaces (NiPc/ITO and CoPc/ITO) shows a ten-
dency towards higher values, while for thicker films it
changes until it reaches a plateau. At the NiPc/ITO inter-
face there is a total decrease of the EF

vac of 0.2 eV, while
in the case of CoPc/ITO interface, the total absolute value
for the EF

vac increase is 0.2 eV.
AccordingtoFig.3,thefactthatboththecorelevelshiftsand

the main change of the HBE cut-off occur up to same organic



Fig. 3. Variation of the high binding energy cut-off region for the NiPc/ITO
and CoPc/ITO interfaces as the organic layer increases. In the same graph
the energetic shifts of the XPS C1s peak during the formation of the NiPc/
ITO interface are also displayed.
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Fig. 4. Schematic energy level diagram deduced from the photoemission
measurements for the (a) NiPc/ITO and (b) CoPc/ITO interfaces, consid-
ering Fermi level alignment.
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coverage,suggeststhattheseshiftsshouldbeconsideredinthe
contextoftheformationofadipolelayeracrosstheinterface.In
addition,wenotethattheshiftinHOMOenergylevelmatchthe
shiftinvacuumcut-offenergies,whichshowsthatthespectral
energyshiftsarepurelyaresultofdifferentinterfacialdipoles
[34].

Several research groups have studied the formation of
organic/metals and organic/semiconductor interfaces by
surface science techniques and have reached to similar
conclusions about the physical phenomena that occur at
the interfaces. The Fermi level alignment at organic/metal
interfaces can be explained through the formation of an
interface dipole (eD) and a possible band bending at the or-
ganic energy levels. The formed dipole can be attributed to
several reasons such as: (i) charge transfer due to the dif-
ferent values for the work function (U), the electron affin-
ity (EA) and the ionization potential (I) of the organic
material, (ii) to the formation of gap states due to chemical
interaction yielding the change of the Fermi level position
in the gap of the organic semiconductor and, (iii) the mod-
ification of the substrate surface dipole due to the presence
of the organic molecules [35,36]. Smaller values for the
interface dipole are expected at the organic/semiconductor
and organic/organic interfaces, where the charge transfer
mechanism will be less pronounced or absent, since there
are no free electrons or effective density of states, nor sur-
face dipole due to the tailing of the electron cloud towards
the vacuum as in the case of metal surfaces [37,38].

In the case of organic/metal interfaces, the surface di-
pole of a metal is modified by the presence of the conju-
gated organic molecules. The repulsion between the
molecule electrons and the metal surface electrons com-
presses the electron tail resulting in the decrease of the
metal work function. This process leads also to an increase
in the distance between the Fermi level and the organic
HOMO position which is the barrier for the injection of
holes [23,36]. That is the reason why at the organic/metal
interfaces we expect higher interface dipoles as well as
barriers for hole injection compared to the organic/ITO
interfaces.

In the present study, in the absence of chemical interac-
tion between MePcs and ITO as well as the formation of
additional gap states, the observed vacuum level shift
should be attributed to the formation of an interfacial di-
pole layer possibly due to the reduction of the substrate
surface dipole. At the NiPc/ITO interface, the total EF

vac

change (�0.2 ± 0.1 eV) leads to a dipole of �0.2 eV, while
in the case of the CoPc/ITO interface the formatted dipole
is +0.2 eV due to a total 0.2 ± 0.1 eV increase of EF

vac. The
formation of the eD could be explained as a result of a
net charge exchange between the MePcs and ITO. In partic-
ular, at the NiPc/ITO interface the observed outward point-
ing dipole (‘‘ + ” away from the surface) indicates a net
charge transfer from the NiPc molecules to the ITO, while
in the case of the CoPc/ITO interface, the downward point-
ing electric dipole points at a charge transfer from ITO sur-
face to the organic layer. The dipoles found at the MePc/ITO
interfaces (0.2 eV) are considerable smaller than these
measured at the NiPc/Au interface (1.0 eV) and this is
due to the different chemical character of the substrates,
as ITO has significantly less density of states close to the
Fermi level compared to a metal like Au and also lower
work function value (the work function for the clean poly-
crystalline Au foil was found to be 5.20 eV). Respectively,
at the CuPc/Au interface the interface dipole was found
to be (1.2 eV) significantly higher than that in the case of
ITO substrate (0.3 eV) due to the pillow effect which affect
the metal surface dipole.

The direction of the dipole formed at the interface is
related to the electronic properties of the organic
semiconductor. The ionization potential for the NiPc layer
was found equal to 5.0 ± 0.1 eV and 5.2 ± 0.1 eV for the
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CoPc, respectively. The different value of the ionization po-
tential for the two above MePcs, points at different elec-
tronic properties between the two organic materials and
results in the formation of dipoles with different direction
in both studied interfaces.

The hole injection barrier (Ubh) was also determined at
the organic semiconductor/ITO interfaces. In the case of
NiPc/ITO interface it is found equal to 1.0 ± 0.1 eV, while
at the CoPc/ITO interface 0.8 ± 0.1 eV.

Finally, Fig. 4 summarizes the energy level line-up at
the interfaces that NiPc and CoPc form with the ITO-coated
glass substrate, as derived by the photoemission results.
The determined values for the interface dipole, ionization
potential and barrier for hole injection have been added
in the diagrams for better comparison between Cobalt
and Nickel phthalocyanines. The Ubh at the NiPc/ITO inter-
face is found 0.2 eV higher than in the case of CoPc. Com-
paring NiPc/ITO and CuPc/ITO interfaces the Ubh is found
similar (�1.0 eV). Furthermore, if we consider the inter-
faces that ITO forms with several other organic molecules
(Ooct-OPV5, Alq3, TPD et al.) the Ubh is found to be signif-
icantly lower at the MePc/ITO interfaces, indicating that
metal phthalocyanines, can improve the hole injection pro-
cess when applied as active layer in electronic devices.

4. Summary

The combination of the photoemission results for the
study of the interfaces between two metal phthalocya-
nines and ITO showed that a chemical interaction, as well
as a modification of the surface dipole of ITO by the pres-
ence of the organic molecules, is excluded. Formation of
a dipole layer across the interfaces occurs and the formed
dipoles point to different directions as a result of the higher
ionization potential determined for the CoPc overlayer
compared to the NiPc. The barrier for the injection of holes
was found to be lower at the CoPc/ITO interface revealing
the beneficial applications of this material compared to
other metal phthalocyanines.
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insulator interface can be altered by its surface modifica-
tion for performance improvement of OTFTs [10–12].

Pentacene is a promising organic semiconducting mate-
rial for OTFTs due to its high mobility and good semicon-
ducting properties. A thermal evaporation-deposited
pentacene film on SiO2 surface consists of a substrate-in-
duced ‘‘thin film” phase and a ‘‘triclinic bulk” phase that
can be detected only when its thickness is large enough.
The triclinic structure of the pentacene single crystal com-
poses two molecules in a unit cell with lattice parameters
of a = 0.628 nm, b = 0.771 nm, c = 1.444 nm, a = 76.75�,
b = 88.01�, and c = 84.52� [13], and the pentacene mole-
cules are packed into a layered structure to form a herring-
bone pattern. Thickness-driven phase transformation from
orthorhombic to ‘‘triclinic bulk” phase is believed to take
place in the thin films [14,15]. However, the modified-
layer-driven microstructure transformation of a pentacene
polymorphic film at a fixed thickness has not yet been re-
ported. Further, pentacene films on various modified gate
insulator surfaces could reveal their polycrystalline struc-
ture and morphologies as well. Since the structural change
of an organic semiconductor layer in the channel is critical
to the OTFTs performance, there is a great need to investi-
gate the growth dynamics and microstructure transforma-
tion of a pentacene film caused by modified-layers on the
dielectric surface for fundamental insights, leading to fur-
ther improvement of OTFT performance.

In this work, we fabricated a series of pentacene OTFTs
with various interface modified-layers on thermally
grown SiO2 gate insulator by using phenyltrimethoxysi-
lane C6H5Si (OCH3)3 (PhTMS) for performance improve-
ment, while investigating the structural phase
transformations induced by various modified-layer such
as octadecyltrichlorosilane (OTS) and PhTMS on SiO2 gate
insulator. For the first time, we experimentally studied ef-
fects of the modified-layer on the molecular vibrational
modes and structure change of the organic semiconduc-
tor. These microstructure transformations might imply
the carrier transport improvement in pentacene OTFT
devices.
Fig. 1. (a) Schematic view of top-contact OTFT using different silane modified-lay
(c) chemical process between OTS and surface of SiO2/Si substrate; and (d) c
substrate.
2. Experimental

Top-contact (TC) pentacene OTFTs were fabricated with
heavily doped silicon substrates by thermally growing
310 nm SiO2 (SiO2, dielectric constant k = 3.35) dielectric
layer as the gate electrodes (Fig. 1a). The SiO2/Si substrates
were diced followed sequentially by cleaning in sulfuric
acid/hydrogen peroxide (7:5 v/v) at room temperature
for 45 min, rinsing thoroughly with de-ionized (DI) water,
ultra-sonicating for 30 min in acetone and DI water, rinsing
and drying under nitrogen. The cleaned substrates were
immediately coated with PhTMS or OTS modified-layer
via spin coating at a rate of 3000 rps for 30 s. The coating
solutions containing 2.3‰ PhTMS and 2.3‰ OTS in toluene
(v/v) were used, respectively for spin-coated modifications
[16]. The molecular structures of PhTMS and OTS and
chemical process between modified-layer and surface of
SiO2/Si substrate are shown in Fig. 1b–d, respectively. A
60 nm-pentacene thin film was subsequently deposited
under a vacuum of �10�6 Pa at a deposition rate of
0.03 nm/s and room temperature for the substrate. Finally,
Au source and drain electrodes (60 nm thickness) were
deposited by thermal evaporation through a shadow mask.
All devices were fabricated to have an identical channel
width and length ratio of W/L = 570 lm/57 lm. All electri-
cal characterizations were carried out under ambient con-
ditions using Agilent Semiconductor Analyzer
(E5270B) + Cascade probe station.
3. Results and discussions

The output characteristics of the fabricated devices in
Fig. 2 show saturation behaviors at high VDS for all de-
vices. Interestingly, the saturation currents are increased
remarkably with modified-layers, especially with PhTMS.
As shown in Fig. 2c, the output characteristics of the
PhTMS-treated OTFT device t display a pronounced cur-
vature at low VDS, indicating the existence of contact
resistance (RC), possibly due to the energy barrier for
er/SiO2 gate insulators; (b) structure of phenyltrimethoxysilane and OTS ;
hemical process between phenyltrimethoxysilane and surface of SiO2/Si



Fig. 2. Output current IDS vs drain VDS as a function of VGS for top-contact pentacene OTFTs with (a) bare SiO2, (b) OTS and (c) PhTMS-treated SiO2 gate
insulator.

Fig. 3. (a) Corresponding transfer characteristics and (b) the curve of square root of drain current vs. gate voltage for OTFTs devices with various modified-
layers at VDS = �20 V. The channel length and width are 57 lm and 570 lm, respectively.

Table 1
The electrical performance for OTFTs devices with various buffer layer at interface between pentacene and SiO2 insulators, OTFTs devices with channel width/
length ratio of 10 at VDS of �20 V.

Sample on SiO2/Si
substrate

Capacitance per unit area Ci

(nF/cm2)
Field-effect mobility
(cm2/Vs)

Threshold
voltage (V)

Sub-threshold slope (V/
decade)

On/off current
ratio

PhTMS 10.57 0.32 �11.11 0.42 1.58 � 105

OTS 10.47 0.12 �9.15 1.53 1.36 � 103

Bare-SiO2 10.82 0.03 �3.76 4.11 1.48 � 104
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Fig. 4. Schematic view of interface between pentacene and SiO2 gate insulator, (a) OTS-treated SiO2 and (b) PhTMS-treated SiO2 gate insulator.
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carrier injection [17,18]. Fig. 3 illustrates the transfer
characteristics of the OTFTs with VGS swept from 10 to
�30 V at constant VDS of �20 V. The field-effect mobili-
ties of the OTFTs were calculated in the saturation re-
gime, as shown in Fig. 3b, using the relationship given
by [19]
Fig. 5. Three-dimensional AFM images of different gate insulators: (a) bare SiO2/S
AFM images of pentacene film deposited on corresponding substrate and their g
The scale bar represents 4 lm � 4 lm.
lEF ¼
2L

WCi

@
ffiffiffiffiffiffi
IDS
p

@VGS

� �2

ð1Þ
where IDS and Ci are the drain current and the capacitance
per unit area of the gate layer, respectively; while W and L
i substrate, (b) OTS/SiO2/Si insulator, (c) PhTMS/SiO2/Si insulator: (d–f) are
rain size distributions. Pentacene film has an average thickness of 60 nm.
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are device channel width (570 lm) and length (57 lm),
respectively.

From Fig. 3a and b electrical parameters of OTFTs
including on/off ratio, threshold voltage and sub-threshold
swing were extracted and summarized in Table 1. Fig. 3a
shows the measured drain current at an applied positive
gate voltage from +5 to +10 V. An n-type behavior of penta-
cene OTFTs is expected, but am-bipolar behavior is not ob-
served because of the large electron-injection barrier from
the gold electrode to the pentacene layer. For am-bipolar
characteristics of a pentacene device, n-channel operation
is only observed in a vacuum [20–22]. Therefore, the mea-
sured drain current at a positive gate voltage might come
from leaks through gate insulators when the gate and drain
current are considered together in Fig. 3a.

After PhTMS treatment, the carrier mobility is 0.32 cm2/
Vs at VDS = �20 V, which is about eleven and three times
higher than that without any treatment and with OTS
treatment, respectively. This clearly indicates that the
dielectric modification could significantly improve the car-
rier mobility. The sub-threshold slope is also improved to
0.42 V/decade for PhTMS-treated OFETs. Such a mobility
improvement is very likely contributed from the matched
surface energy and chemical functionality at the penta-
cene/insulator interface [23]. Static water contact angles
were measured to determine the surface energy. The re-
sults show that the bare SiO2 typically has a contact angle
between 20� and 25�, while OTS- and PhTMS-treated SiO2

have contact angles between 75� and 80� and between
55� and 60�, respectively, indicating that the surface en-
Fig. 6. XRD patterns of pentacene on treated-SiO2/Si substrates with variou
corresponding growth model of petancene thin films; (e) diffraction peak intens
peak intensities between Ithin film and Itriclinic bulk of pentacene films on correspon
ergy of the PhTMS-treated SiO2 is lower than that of bare
SiO2 (59.27 mJ/m2), but higher than that of OTS-treated
SiO2 (28.12 mJ/m2), and is very close to that of pentacene
films (43 mJ/m2) [24,21]. Thus during preparation, cova-
lent bonds can form through reactions between surface
[–OH] groups on the SiO2/Si surface and [–Cl, –OCH3]
groups of OTS and PhTMS. Fig. 4 shows the bonding struc-
ture between the molecule and the substrate surface, in
which the molecular length is calculated through chemical
bond length. After formation of a pre-stretched configura-
tion with the substrate, it is possible to modify the inter-
face by tuning the surface terminal group (–C18H37,
–C6H5) of the modified-layer. The matched surface energy
and surface terminal group could improve the crystalliza-
tion of pentacene thin films, thereby, enhancing the device
performance [25].

Roughness of the gate insulator surface is reported to
affect the carrier mobility greatly [21]. AFM was used to
investigate the effect of the dielectric surface roughness
on the morphology of the grown pentacene film and the
device performance. The measured three-dimensional
AFM images of SiO2 gate dielectric surface with different
modified-layers shown in Fig. 5a-c illustrate identical
smooth surfaces with the root-mean-square (RMS) rough-
ness (Rq) in the range of 0.3–0.6 nm, which is very compa-
rable to the thermal SiO2 surface (Rq � 0.4 nm). Hence, the
possibility of effects of the surface roughness of gate insu-
lators on the morphology of the pentacene thin film and
OTFT performance can be excluded for the performance
improvement.
s modified-layers, (a) bare SiO2/Si; (b) with OTS; (c) with PhTMS; (d)
ities of ‘‘thin film” and ‘‘triclinic bulk” phase and (f) the ratio of diffraction
ding substrates.
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However, the AFM morphologies of the pentacene thin
films deposited onto these physically identical gate insula-
tor surface (Fig. 5d–f) exhibit distinct features. On PhTMS/
SiO2/Si gate insulator, pentacene grains have a dendritic
structure with significantly larger grains than others while
having a broad size distribution range from 100 nm to
1.3 lm and each grain displays a layered structure (a series
of terraces are shown in Fig. 5f). However, a dramatic mor-
phological change with an observed large number of small
grains with the size distribution from 100 nm to 600 nm
appears in the pentacene film on OTS/SiO2 gate insulator,
as shown in Fig. 5e. Normally, the OTFT performances, par-
ticularly the carrier mobility, can be considerably im-
proved when the grain size of the semiconductor
increases, while significantly decreased with small grain
size because of more grain boundaries as trap sites of
charge in polycrystalline and small-molecule organic semi-
conductor [26,27]. This may explain why the mobility is
greatly enhanced particularly by PhTMS modified-SiO2/Si
Fig. 7. Three-dimensional AFM images of pentacene film deposited on different g
(d) the growth model of pentacene on various substrates, (e) Normal top view
substrate, grains are oriented with the a–b plane parallel to the substrate.
gate insulator (Fig. 5f). For more deep scientific insight,
the effect of the dielectric layer modification possibly indi-
cates that the surface modified molecules enhance the
favorable crystal packing and the texture with all grains
oriented into the [0 0 1] direction, approximately perpen-
dicular to the substrate for a high degree of intermolecular
p-orbital overlap in the plane of the film, thus boosting the
carrier mobility [28].

4. Growth model and structure phase transformation of
pentacene films

To form the solid phase (for example ‘‘thin film” or ‘‘tri-
clinic bulk” phase) in pentacene films [29–32], pentacene
molecules are arranged in a herringbone pattern with the
molecule’s center at (0, 0, 0) and (1/2, 1/2, 0) (see Figs. 5
and 7e [15]). The intermolecular bonding in pentacene is
a result of the dipole–dipole interactions and weak van
der Waals interactions. Consequently, it can be reasonably
ate insulators: (a) bare SiO2/Si, (b) OTS/SiO2/Si, (c) PhTMS/SiO2/Si insulator
of the a–b planes of thin-films pentacene and (f) the side view. On SiO2



1394 G.-C. Yuan et al. / Organic Electronics 10 (2009) 1388–1395
assumed that d varies with various modified-layers be-
tween pentacene and gate insulators. The d value could
be derived from the in-plane lattice parameters (a, b, c)
and the tilt angle (hT) of pentacene moleculeusing [33]

d2 ¼ 1
4
ðcos hTÞ2½ða sin cÞ2 þ ðb� a cos cÞ2� ð2Þ

The in-plane lattice parameters of pentacene in its ‘‘thin
film” phase (h001 = 15.4 Å) were reported as a = 5.77 Å,
b = 7.49 Å, and c = 91.2�. Based on the h001-spacing and
the length of the pentacene molecule (ca. 16.2 Å), the hT

could be derived (see also Fig. 7) [34].
The pentacene molecules grown on the SiO2 surface are

packed into a layer structure with a herringbone pattern as
shown in Fig. 5d, which is further confirmed by XRD mea-
surements (Fig. 6a) that the films consist of a dominant
phase with a first-order diffraction peak of 5.91� corre-
sponding to an h001-spacing of 15.4 Å, attributed to the ‘‘thin
film” phase, and also a secondary phase with a second-order
diffraction peak of 6.32� corresponding to an h0010-spacing of
14.5 Å, ascribed to the ‘‘triclinic bulk” phase. The intensity of
XRD spectrum for bare SiO2 seems low (<200 counts). It is
possibly due to larger mismatch of surface energy between
pentacene and SiO2 gate insulator [32].

As shown in Fig. 7f, after OTS and PhTMS modified-layer
treatment, the tilt angle (hT) of pentacene molecule from c-
axis toward a-axis in lattice unit cell is decreased, resulting
in the gradual transition from the ‘‘triclinic bulk” to the ‘‘thin
film” phase (see Fig. 6b–d). The diffraction peak intensities of
the ‘‘thin film” and ‘‘triclinic bulk” phase and their ratio for
different substrates are shown in Fig. 6e and f. It is known
that the ‘‘thin film” phase of pentacene is high mobility
phase. Therefore, the performance improvements of OTFTs
with the various modified-layer treated-SiO2 insulators are
mainly due to the modified-layer-driven microstructure
transformation of pentacene polymorphic films and the sep-
aration distance between adjacent pentacene molecules is
reduced. It is necessary to maximize the value of l (l, reflect-
ing the strength of intermolecular electronic interactions
between adjacent molecular) while the reorganization en-
ergy (El) has to be low and to ensure efficient carrier trans-
port in pentacene films [35], which already was proved by
Sancho-Garcia and Olivier et al. [36,37].

Based on the experimental results and analysis above, a
growth model of pentacene on various substrates is pro-
posed as shown in Fig. 7d. At the early stage of growth,
the pentacene tends to assembly vertically on the sub-
strate to form the orthorhombic phase [37]. With forma-
tion of the grains, the grain boundaries are gradually
produced along with the grain steep hillsides. Then, the
pentacene grows on the inclined plane, leading to a in-
creased hT as shown in Fig. 7f. The ‘‘thin film” and ‘‘triclinic
bulk” phase of pentacene films could form at a higher
thickness level [38,8], and the unit cell of the crystal con-
tains two pentacene molecules (see Fig. 7e).

5. Conclusions

In a brief, PhTMS was used to modify SiO2 insulator and
significantly enhanced the pentacene based OTFTs. The
experimental results show a decreased tilt angle (hT) of
pentacene molecules from c-axis toward a-axis after the
modification of SiO2 insulator, indicating that polymorphs
transformation from the ‘‘triclinic bulk” phase to the ‘‘thin
film” phase and orthorhombic phase occurs. The results
provide strong evidence that the performance improve-
ment of OTFT after PhTMS modification is related to the
microstructure transformation of the semiconductor. It
suggests that the modified-layer may alter the molecular
geometry and further induce structural phase transitions
in the pentacene films for the performance improvement.
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Inverse photoemission spectroscopy (IPES) is one of the
frequently used techniques to determine directly the elec-
tron affinity in solids [3]. This gives electron transport le-
vel, namely, the LUMO (lowest unoccupied molecular
orbital level) level occupied by one electron and the HOMO
is filled. Exciton level, namely, LUMO level occupied by an
electron which is bound to the hole in the HOMO level is
the optical transition energy determined by absorption/
emission spectroscopy. However concern has been raised
on the large exciton binding energies in organic solids
which makes the transport level and exciton level to be dif-
ferent [4]. It is of interest to compute all the energy levels
for organic solids by a method of calculation uniformly ap-
plied to a wide variety of molecules and compare with
experimental values. In a recent report electron affinity
of isolated molecule was computed theoretically and com-
pared with the value in solid state with an assumption that
‘solid state effect’ is same for all molecules [4]. This
assumption may not hold well for a wide range of mole-
cules that are used in organic electronics. For example,
polarization energy of organic molecules in solid state
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Fig. 1. (1) Bis[4-(N,N-diethylamino)-2-methylphenyl](4-methylphenyl)methan
biphenyl]-4,40-diamine (NPD) (4) 4,7-diphenyl-1,10-phenanthroline (BCP) (5) An
Perylene (9) Pentacene (10) N-methyl Perylene tetracarboxylic diimide (mPTCD
tetracarboxylic dianhydride (PTCDA) (13) 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
can vary from 0.9 eV to 3.0 eV [5,6]. Thus, a realistic mod-
eling of solid state effect in theoretical calculations is re-
quired. The calculation must take into consideration
distribution of charge in the molecule and ‘solvation’ of
the molecule in solid by molecules of its own type. In this
context, polarizable continuum model (PCM) is shown to
be successful in recent studies [7–9].

In a recent paper [9], we reported calculation of ioniza-
tion potential (HOMO level) in solid state using (density
functional theory) DFT and PCM. In continuation of the
previous work, a method is now described to determine
the electron affinity of organic molecules in solid state
using DFT and PCM. We show that the computationally
determined EA for 13 organic molecular solids agree well
with the experimental values, validating the proposed
method. In addition to the determination of EA, we also
discuss calculation of the optical band gap, transport gap
(Et) and exciton binding (Eb) energies of the molecules.
An important feature of our method is that no experimen-
tal data for the molecule, other than the molecular struc-
ture, is required to determine the EA value in solid state.
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2. Methods of computation

Thirteen organic molecules, for which experimental val-
ues of electron affinity of solid films are known, were cho-
sen for this study. Density functional theory (DFT) was
used in all the calculations using Gaussian03 [10]. The
DFT method used here is based on the hybrid B3LYP func-
tional [11]. The geometries of all the molecules were opti-
mized at 6-31G (d) basis functions. Molecular cavity for
polarizable continuum model (PCM) was built by following
the new definition using united atom model [12], i.e., by
putting a sphere around each atom except hydrogen.
Hydrogen atoms are enclosed in the sphere of the atom
to which they are bonded.

The molecule in solid was considered as solvated by
molecules of its own type. The solvent in the PCM calcula-
tion is defined by the dielectric constant, the number of
solvent molecules in unit volume and radius of the mole-
cule. Following methods were used to obtain these values.
The dielectric constant, e was obtained by Clausius–Moss-
otti equation

e� 1
eþ 2

¼ 4p
3

q
M

NAa;

where q, M, NA and a are the density of material, molecular
mass, Avogadro number and the electronic polarizability,
respectively. qNA/M is reciprocal of the molecular volume.
Molecular volume was obtained at 6-31G (d) level (tight
option was taken in all the calculation for better accuracy).
Isotropic polarizability (at zero frequency) of molecules
was calculated for the optimized geometry of the mole-
cules at 6-31G (d) level. Radius of the molecule is defined
as the radius of a sphere which has equivalent volume of
the concerned molecule.

Single point energy of the molecule was calculated at 6-
311++G(d,p) level with PCM, The single negative state with
Table 1
Calculated values for dielectric constant, number of molecules in 1000 Å3, radius of
and experimental EA values of solid films using IPES.

Compound Dielectric
constant (e)

Molecules in
1000 Å3

Radius of
molecule (Å)

(1) MPMP 2.61 1.61 5.290
(2) Napthalene 2.43 5.27 3.564
(3) NPD 4.21 1.60 5.350
(4) BCP 2.91 2.05 4.883
(5) Anthracene 2.95 4.10 3.873
(6) Tetracene 3.69 3.44 4.107
(7) Alq3 2.69 1.78 5.118
(8) Perylene 3.45 3.24 4.193
(9) Pentacene 4.82 3.02 4.291
(10) m PTCDI 3.52 2.00 4.920
(11) NTCDA 2.89 3.86 3.952
(12) PTCDA 4.63 2.75 4.429
(13) F4TCNQ 3.75 3.59 4.051

Reported values of EA, theoretical Ref. [13] and experimental in Ref. [14].
a �0.26, �0.19 eV.
b 0.53, 0.57 eV.
c 1.08, 1.04 eV.
d NA, 0.96 eV.
e 1.479, 1.35 eV.
the same molecular geometry of the molecule was also cal-
culated using same basis set and PCM. The difference in
energies gave the vertical electron affinity in the solid
state. Single point calculation of the molecule is also done
without PCM, which gives the gas phase electron affinity.
Ionization potentials in the solid state were also deter-
mined using the method reported earlier [9]. Singlet opti-
cal transition energy was calculated using time-
dependent density functional theory (TD-DFT) at 6-
311++G(d,p) level and PCM. Singlet optical transition en-
ergy for isolated molecule was also determined using TD-
DFT at the same basis set level.

3. Results and discussion

Fig. 1 shows the molecular structures for 13 organic
molecules, which are commonly used in organic electron-
ics for different purposes. In organic solids, molecules are
solvated by the molecules of its own type. The solvent is
modeled as an isotropic, continuous dielectric that sur-
rounds a solute cavity. This simple model is appropriate
for amorphous and glassy solid films. Though experimental
values of dielectric constant and density for some mole-
cules in solid state are known, we used consistently the
calculated values for dielectric constant and molecular vol-
ume, so that calculation can be done for any new molecule
without reference to the experimental value.

Table 1 shows the calculated values of dielectric con-
stant, number of molecules in 1000 Å3, radius of the mole-
cule, EA in gas phase and solid state. Experimental values
of EA reported for these molecules in solid state are also gi-
ven. Fig. 2 shows a plot between calculated and experi-
mental value of electron affinity in solid state. The plot
shows an excellent linear correlation. The slope of the fit-
ted line is 1.05 ± 05, the intercept value is 0.05 ± 0.13 and
the correlation coefficient r2 = 0.988. This correlation
the molecule, calculated values of EA in gas phase and EA in solid using PCM

EA in gas phase
calculation (eV)

EA in solid
calculation (eV)

EA by IPES
(eV)

Reference for
EA by IPES

�0.29 0.22 0.05 [16]
�0.30a 0.8 1.11 [6]
0.62 1.41 1.52 [17]
0.41 1.34 1.56 [18]
0.51b 1.62 1.7 [6]
1.07c 2.2 1.8 [6]
0.91 1.66 1.96 [17]
0.94d 2.05 2.5 [6]
1.49e 2.63 2.75 [19]
2.64 3.5 3.95 [20]
2.90 3.75 4.02 [18]
3.07 3.86 4.10 [20]
4.16 5.03 5.24 [21]
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Fig. 3. Plot of calculated transport gap with experimental values (UPS and
IPES) for 13 organic molecules in solid state (see Table 2).
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shows that it is possible to determine the electron affinity
of organic molecules in solid state within ±0.35 eV, which
is the typical error associated with the experimental
values.

For the sake of comparison, EA values were calculated
for isolated molecules in gas phase, which are also shown
in Table 1. It is gratifying to note that the calculated values
of EA in gas phase for some of the molecules match well
(see Table 1) with the calculated values of adiabatic EA
using DFT, reported earlier [13]. These values are also close
to the experimental values in gas phase compared therein
[13,14]. The large difference between EA value of mole-
cules in isolated condition and solid state shows that the
‘solvation’ effect on the value of EA is quite substantial.

Ionization potential for the 13 molecules in solid state
were determined by a similar method, reported earlier
[9]. The difference in EA and IP is the transport gap (Et)
in organic solid (Table 2), which is the energy difference
between free electron and free hole levels in organic solid.
Fig. 3 shows a linear correlation with near unity slope be-
tween experimentally obtained transport gap and compu-
tationally determined transport gap. This result shows that
calculated IP values are independently in good agreement
with experimental values. Transport gap in molecular
solids is an important parameter as it gives the minimum
Table 2
Calculated values of IP in solid using PCM, experimental IP values of solid films usin
exciton binding energy (Eb).

Compound IP calculation
(eV)

IP UPS
(eV)

Reference for IP
by UPS

Et UPS and
IPES

(1) MPMP 5.44 5.4 [16] 5.35
(2) Napthalene 6.77 6.4 [5] 5.29
(3) NPD 5.20 5.3 [22] 3.78
(4) BCP 6.56 6.5 [23] 4.94
(5) Anthracene 5.97 5.7 [5] 4.0
(6) Tetracene 5.40 5.1 [5] 3.3
(7) Alq3 5.82 5.8 [23] 3.84
(8) Perylene 5.56 5.2 [5] 2.7
(9) Pentacene 5.03 4.85 [5] 2.1
(10) m PTCDI 6.44 6.6 [20] 2.65
(11) NTCDA 8.26 7.97 [18] 3.95
(12) PTCDA 6.62 6.62 [20] 2.52
(13) F4TCNQ 8.01 8.34 [21] 3.1

a Very low oscillator strength.
energy required for the formation of a free electron and
hole pair.

Time dependent DFT (TD-DFT), together with PCM was
shown to be a successful method to compute optical tran-
sitions in aqueous and non-aqueous solutions [15]. Thus,
lowest energy singlet optical transitions for the 13 organic
molecules in solid state were calculated using TD-DFT and
PCM as the ‘solvation’ model. Table 2 shows the lowest
optical transition energy (Eopt) in solid state as well as
the value in gas phase for isolated molecule. The difference
in energy between optical transition of isolated molecule
and ‘solvated’ molecule is small (0–0.15 eV). In solids, the
optical transition is associated with electronic transition.
For the rest of the paper, the lowest energy optical transi-
tion is referred to as the optical band gap or exciton level in
solids. For all the molecules, calculated optical band gap
(Eopt) in solid state is less than the calculated transport
gap (Et) and the difference is the exciton binding energy.
It may be noted that the exciton binding energy mainly de-
pends on the dielectric constant of the material, molecular
size and charge distribution on the molecule. Because of
the molecular nature of organic solids and low dielectric
constant the binding energy is high for the 13 molecules
(0.5–1.7 eV).

Pentacene (planar molecule) and Alq3 (non-planar mol-
ecule) are studied extensively for which physical and opti-
g UPS, transport gap (Et), optical transition (Eopt) in gas and solid phase, and

Et calculation
(eV)

Eopt gas phase
calculation (eV)

Eopt with PCM
calculation (eV)

Eb

(eV)

5.22 4.11 4.01 1.21
5.97 4.34 4.31 1.66
3.79 2.97 2.97 0.82
5.22 3.75 3.75 1.47
4.35 3.19 3.16 1.19
3.20 2.43 2.40 0.80
4.16 2.71 2.83 1.33
3.51 2.77 2.69 0.82
2.4 1.89 1.85 0.55
2.94 2.36 2.26 0.68
4.51 3.38a 3.29a 1.22
2.76 2.39 2.28 0.48
2.98 2.62a 2.48a 0.50
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cal data are reported. A comparison of calculated and
experimental values are as follows. Calculated vs experi-
mental, Pentacene. Dielectric constant: 4.82 vs. 4 [24];
number of molecules per 1000 Å3: 3.02 vs. 2.87 [25],
(based on density 1.33 g/cm3); IP: 5.03 vs. 4.85 eV [5];
EA: 2.63 vs. 2.75 eV [19]; Eopt: 1.85 vs. 1.9 eV [26]. Alq3:
dielectric constant: 2.69 and 3.0 ± 0.3 [27]; number of mol-
ecules per 1000 Å3: 1.78 vs. 1.68 [28], (based on density
1.282 g/cm3); IP: 5.82 vs. 5.80 eV [23]; EA: 1.66 vs.
1.96 eV [17]; Eopt: 2.83 vs. 2.7 ± 0.1 eV [29]. These mole-
cules are known to be polymorphic crystalline materials.
Considering that the experimental values are for crystal-
line solid and the calculated values are appropriate for
amorphous/glassy solid the agreement is reasonable with-
in ±15% for the energy level parameters.

The above results and discussions establish that energy
level parameters of organic molecular solids which are
important for organic electronics can be calculated with
reasonable accuracy using molecular structure as the only
input in the calculation. However, precise calculation of
energy levels, especially for anion radicals, will require
special attention to specific wavefunction associated with
the odd electron [30,31].

4. Conclusions

A method is described for theoretical calculation of real-
istic electron affinity, ionization potential, transport gap,
optical band gap (exciton energy) and exciton binding en-
ergy of organic molecules in solid state using the DFT, TD-
DFT method and polarizable continuum model. This meth-
od gives a good estimate of all the energy levels in organic
solids. The method requires the molecular structure as the
only input and therefore a very useful method to design
molecules for organic electronics.
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but has been found to improve by two to three orders
(300–600 S/cm) by adding high boiling point polar com-
pounds or solvents (diethylene glycol, ethylene glycol,
dimethylsulfoxide, sorbitol, mannitol, glycerol) into the
solution mixture. The exact reason for the improvement
is still unclear, but has been suggested to be linked to
changes in the PEDOT morphology and chain interaction
[16].

There have been many demonstrations of utilizing PED-
OT:PSS as a replacement to ITO as the transparent anode
electrode in the conventional device architecture, however,
these electrodes show a much lower conversion efficiency
compared to ITO due to the lower conductivity of the PED-
OT:PSS [17–19]. Recently, it was demonstrated by improv-
ing the PEDOT:PSS conductivity through processing with a
high boiling point solvent, these organic polymer elec-
trodes could reach efficiencies as high as 3% [3]. The top
cathode electrode in these devices is still deposited by high
vacuum which makes the processing less ideal for low-cost
solar cells. To avoid using high vacuum to deposit the top
electrode, an inverted architecture can be used which uses
a high work function metal anode (Ag, Au) to collect holes
and an metal oxide (TiO2, ZnO) as an electron selective
layer at the ITO interface to collect electrons. Previously,
we have demonstrated that this type of unencapsulated in-
verted architecture solar cell using an evaporated Ag elec-
trode stored 40 days in ambient retains over 80% of its
conversion efficiency [20]. Furthermore, we demonstrated
the possibility to utilize non-vacuum solution processible
Ag nanoparticles as the top electrode in inverted solar cells
by spraycoating leading to efficiencies as high as 3% [21]. It
has already recently been demonstrated that PEDOT:PSS
can also be used as the replacement anode electrode (en-
ergy level of �5.1 eV) in inverted solar cells by spraycoat-
ing the polymer. However, due to the thick films formed
from spraycoating, the electrodes are non-transparent
and require high vacuum to remove excess moisture to im-
prove the performance [22]. There have been currently no
studies on utilizing PEDOT:PSS as a replacement cathode
electrode to replace ITO as the transparent charge collect-
ing contact in inverted solar cells.

This letter reports on the replacement of the ITO trans-
parent conducting oxide electrode with a solution process-
ible PEDOT:PSS electrode as the electron collecting cathode
in inverted solar cells. The thickness of the PEDOT:PSS
electrode was varied showing that the thickness can affect
both the transparency and sheet resistance of the electrode
Fig. 1. Device architectures of the inverted solar cell
and therefore the final performance of the solar cell. These
electrodes were also applied to flexible polymer substrates
showing similar performance to glass substrates. These in-
verted flexible substrate PEDOT:PSS electrode devices
show �20% lower in conversion efficiency compared to
ITO based flexible substrate inverted devices. Cyclic bend-
ing tests were performed on these flexible substrates
showing slight performance degradation from the PED-
OT:PSS based electrodes while the ITO based electrodes
show significant degradation after 300 bend cycles. PED-
OT:PSS was also used to replace the anode Ag electrode
in ITO based inverted solar cells demonstrating a semi-
transparent solar cell. The semi-transparency of these cells
allows for new potential power generating applications
such as solar windows or other applications that require
semi-transparency. Additionally, both the top anode and
bottom cathode electrodes were replaced with PEDOT:PSS
demonstrating a completely solution processed semi-
transparent inverted solar cell.

The inverted device architectures that were used in this
study are shown in Fig. 1. To fabricate the ITO electrode
based inverted solar cells, ITO-coated glass substrates
(15 X/h) and ITO-coated plastic substrates (60 X/h) (Bay-
view Optics) were cleaned with detergent, de-ionized
water, acetone, and isopropyl alcohol. A thin layer of ZnO
nanoparticles (ZnO-NPs) (�50 nm), synthesized using the
method described by Beek et al. [23], was spin-coated onto
ITO-coated glass. A monolayer of C60-SAM was then depos-
ited as previously reported to improve the contact proper-
ties between the metal oxide and the active layer. [24,25].
Afterward, a chlorobenzene solution of poly(3-hexylthi-
ophene) (P3HT) (Rieke Metals) and [6,6]-phenyl C61-buty-
ric acid methyl ester (PCBM) (American Dye Source)
(60 mg/ml) with a weight ratio of (1:0.6) was spin-coated
on the ZnO modified layer to achieve a thickness of
(�210 nm) and annealed at 160 �C for 10 min in an Ar filled
glovebox. After annealing, PEDOT:PSS (CLEVIOSTM P VP Al
4083) was spin-coated onto the active layer to achieve a
thickness of �50 nm and annealed for 10 min at 120 �C.
The silver electrode was vacuum deposited (100 nm) at a
pressure of 1 x 10�6 torr to complete the device. For PED-
OT:PSS electrode based inverted solar cells, glass and plas-
tic substrates were cleaned with detergent, de-ionized
water, acetone, and isopropyl alcohol. The substrates were
treated by O2 plasma for 2 min to improve wettability of
the PEDOT:PSS solution. A solution of PEDOT:PSS (CLEVI-
OSTM PH500) with the addition of 5% DMSO was sonicated
s using various cathode and anode electrodes.



Fig. 2. Transparency vs. wavelength of varying thicknesses of PEDOT:PSS
– 5% DMSO electrodes on glass as compared to transparency of ITO on
glass as referenced against air. Legend also indicates corresponding sheet
resistances obtained as measured by 4-point probe.

Fig. 3. Illuminated J–V characteristics of functioning inverted devices
fabricated on ITO substrates with an �80 nm PEDOT:PSS CLEVIOSTM P VP
Al 4083 or CLEVIOSTM PH500 with 5% DMSO inserted between the ITO and
ZnO-NPs as compared to inverted devices with only ITO and ZnO-NPs.

Fig. 4. (a) AFM image of �130 nm PEDOT:PSS – 5% DMSO layer coated onto gla
DMSO electrode.
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for 5 min prior to use. For the first layer (�40 nm), the PED-
OT:PSS solution was spin-coated onto the O2 plasma trea-
ted substrates at 7 krpm for 30 s and annealed at 120 �C for
a 2 min. Subsequent PEDOT:PSS layers were spin-coated at
2 krpm for 20 s and annealed at 120 �C for a 2 min to
achieve the desired thickness (�130 nm, �175 nm,
�220 nm). The final PEDOT:PSS layers were annealed for
10 min at 120 �C prior to depositing the rest of the layers
as described in the ITO-based devices to complete the de-
vice. To deposit the top PEDOT:PSS anode electrodes for
the semi-transparent devices, a patterned PDMS stamp
was pressed onto the substrates of the top buffer PED-
OT:PSS (CLEVIOSTM P VP Al 4083) and heated at 120 �C
for 30 s. Afterwhich, the sample was removed from the
hotplate and the PDMS stamp was peeled off removing
only the PEDOT:PSS from the active layer in contact with
the stamp leaving behind a patterned PEDOT:PSS layer.
Solutions of the PEDOT:PSS and DMSO were spin-coated
at 3–5 krpm which coats only the area with the patterned
PEDOT:PSS. Multiple PEDOT:PSS layers were built up by
annealing the layers at 120 �C for 2 min prior to spincoat-
ing the next layer. The unencapsulated solar cells were
tested under ambient conditions using a Keithley 2400
SMU and an Oriel Xenon lamp (450 W) with an AM1.5 fil-
ter. A mask was used to define the device illumination area
of 0.0314 cm2 to minimize photocurrent generation from
the edge of the electrodes [26,27]. The light intensity was
calibrated to 100 mW/cm2 using a calibrated silicon solar
cell with a KG5 filter which has been previously standard-
ized at the National Renewable Energy Laboratory.

To evaluate the possibility for using PEDOT:PSS as a
transparent electrode to replace ITO, both the transparency
and sheet resistance of different thicknesses of PEDOT:PSS
processed with DMSO were measured. Fig. 2 shows the
transparency as measured by UV–Vis spectroscopy of var-
ious thicknesses of PEDOT:PSS on glass substrates refer-
enced against air which were compared to ITO-coated
glass substrates. A PEDOT:PSS layer that is �130 nm thick
has comparable transparency to the ITO-coated glass sub-
strate. However, the sheet resistance of the PEDOT:PSS
layer as measured by four point probe is �25 times higher
than that of ITO (15 X/h). Thicker PEDOT:PSS layers show
a reduction in sheet resistance to as low as 160 X/h with a
ss. (b) AFM image of ZnO-NPs spin-coated on top of the PEDOT:PSS – 5%



Fig. 5. (a) Illuminated J–V characteristics of inverted devices fabricated
from various thicknesses of PEDOT:PSS – 5% DMSO as cathode electrodes
on glass as compared to ITO-based cathode electrodes. (b) Illuminated J–V
characteristics of inverted devices fabricated from PEDOT:PSS – 5% DMSO
cathode electrodes on plastic substrates and ITO-based cathode elec-
trodes on plastic substrates. (c) Illuminated log J–V characteristics of
inverted devices with architecture 2–4. Inset: semi-transparent solar cell
using ITO cathode and PEDOT:PSS – 5% DMSO anode electrodes (archi-
tecture 3).
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�220 nm thick film, but also show a decrease in transpar-
ency due to the absorbance from the PEDOT:PSS film.

Replacement of ITO electrode with PEDOT:PSS as the
anode has already been demonstrated in conventional
architecture devices, but there has not been any study uti-
lizing it as a cathode to collect electrons. To assess the fea-
sibility of using PEDOT:PSS as a cathode, inverted solar
cells were fabricated by spincoating a thick �80 nm PED-
OT:PSS layer from CLEVIOSTM P VP Al 4083 or CLEVIOSTM

PH500 with 5% DMSO onto ITO-coated glass substrates
prior to spincoating the ZnO-NPs electron selective layer
followed by the rest of the device layers as described in
the experimental section. Interestingly, the inverted solar
cells with the PEDOT:PSS inserted between the ITO and
ZnO-NPs layers behaved similarly to devices without the
PEDOT:PSS layer as can be seen by Fig. 3. It has already
been shown in literature that the interface contact be-
tween the heavily p-doped PEDOT:PSS and the uninten-
tionally heavily n-doped ZnO in solar cells can be ohmic
leading to minimal energy losses and minimal degradation
of the voltage in the cell [28]. From this result and finding,
‘‘ITO-free” inverted solar cells using PEDOT:PSS as the
cathode and ZnO-NPs as the electron selective layer were
investigated. An atomic force microscopy image of a
�130 nm PEDOT:PSS film on glass in Fig. 4a shows a rela-
tively smooth topography having a surface roughness of
1.7 nm RMS. Fig. 4b shows a much rougher surface topog-
raphy (4.1 nm RMS) and different morphology after spin-
coating the ZnO-NPs on top of the PEDOT:PSS layer
signifying that the ZnO-NPs layer is coated on top.

The illuminated J–V characteristics of the inverted solar
cell devices fabricated with different electrode PEDOT:PSS
thicknesses as compared to ITO-based devices are shown
in Fig. 5a and Table 1 summarizes these device perfor-
mance parameters. Devices fabricated using a �40 nm
thick PEDOT:PSS as the electrode had a short circuit
current (Jsc), fill factor (FF), and power conversion effi-
ciency (PCE) of 9.59 mA/cm2, 39.4%, and 2.32% respec-
tively. Increasing the PEDOT:PSS electrode thickness to
�130 nm lead to an improvement in the overall PCE reach-
ing �3.08%, however a lowering of the Jsc to 9.41 mA/cm2

while an increase in FF to 53.3% is observed. Electrodes
using a �175 nm PEDOT:PSS film show further decrease
in Jsc to 8.57 mA/cm2 while further increasing of FF to
57.2% leading to efficiencies of 2.99%. Increasing the PED-
OT:PSS electrode thickness to �220 nm again shows fur-
ther lowering of Jsc (8.15 mA/cm2) and improved FF
(60.0%) which gives a PCE of 2.98%. This trend of lower
photocurrent and increasing fill factor as a function of
increasing PEDOT:PSS electrode thickness can be corre-
lated to the lower transparency and reduced sheet resis-
tance with increasing layer thickness. The transparency
and sheet resistance of the electrodes are important to
consider as they can affect both the photocurrent and fill
factor device parameters. The lower transparency leads to
a reduction of the potential photons that are able to be ab-
sorbed by the active layer therefore leads to lower photo-
current densities. The reduction in sheet resistance
minimizes the resistance losses in the solar cells and im-
proves fill factor. With higher sheet resistance, the energy



Table 1
Average device performance of inverted ZnO-NP/C60-SAM/P3HT:PCBM
bulk-heterojunction solar cells fabricated using glass/PEDOT:PSS, plastic/
PEDOT:PSS, glass/ITO and plastic/ITO as the cathode electrode and vacuum
deposited Ag as the anode electrode. Average device performance of semi-
transparent inverted solar cells using PEDOT:PSS as the anode electrode on
glass/ITO and glass/PEDOT:PSS cathode electrodes. Average was obtained
from multiple device tests.

Electrode (cathode) Electrode
(anode)

Voc
(V)

Jsc (mA/
cm2)

FF
(%)

PCE
(%)

ITO/glass Ag 0.62 10.25 66.6 4.20
PEDOT:PSS

(�40 nm)/glass
Ag 0.61 9.59 39.4 2.32

PEDOT:PSS
(�130 nm)/glass

Ag 0.61 9.41 53.3 3.08

PEDOT:PSS
(�175 nm)/glass

Ag 0.61 8.57 57.2 2.99

PEDOT:PSS
(�220 nm)/glass

Ag 0.61 8.15 60.0 2.98

ITO/plastic Ag 0.61 9.86 61.2 3.73
PEDOT:PSS

(�175 nm)/plastic
Ag 0.62 8.42 57.7 2.99

ITO/glass PEDOT:PSS 0.61 7.86 52.0 2.51
PEDOT:PSS

(�130 nm)/glass
PEDOT:PSS 0.31 5.49 27.7 0.47

Fig. 6. (a) Plot of illuminated J–V characteristics of inverted devices
fabricated from flexible ITO electrode substrates under multiple bending
cycles. (b) Plot of illuminated J–V characteristics of inverted devices
fabricated from flexible PEDOT:PSS – 5% DMSO electrode substrates
under multiple bending cycles. (c) Comparison of the normalized power
conversion efficiency of devices fabricated from flexible ITO and flexible
PEDOT:PSS electrodes as a function of bending cycles.
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lost from the lateral charge collection through the PED-
OT:PSS electrode become much more apparent. This can
be observed in PEDOT:PSS devices with �40 nm and
�220 nm films showing an improved fill factor from
39.4% to 60.0% when the sheet resistance was decreased
from 2800 X/h to 160 X/h. Due to the competing effects
of the photocurrent and fill factor, the PCE efficiency of
the devices saturates to �3% as the thickness of the PED-
OT:PSS electrode is increased. Solar cells fabricated from
ITO-coated glass substrates had an average PCE of
�4.20%, Jsc = 10.25
mA/cm2, FF = 66.6% and Voc = 0.62 V which are over 1%
higher than the PEDOT:PSS based electrodes. This is due
to the higher transparency (�10% higher) and lower sheet
resistance (�10 times less) as compared to the �220 nm
thick PEDOT:PSS electrode.

To demonstrate that this PEDOT:PSS electrode can be
applied onto flexible substrates, solar cells using a
�175 nm PEDOT:PSS electrode were fabricated onto plas-
tic substrates. The devices fabricated from the PEDOT:PSS
electrode show similar performance (PCE �3%) to that of
solar cells fabricated onto glass substrates as shown in
Fig. 5b. These cells are still however �20% lower in effi-
ciency compared to ITO based plastic substrates which
have an average PCE of �3.7%. Another important consid-
eration for the practicality of flexible electronics which is
often ignored is the mechanical stability. The mechanical
stability of these flexible solar cell devices was evaluated
by subjecting them to a cyclic bending (bend radius
�7.4 mm) test. Fig. 6a shows the illuminated J–V charac-
teristics of a flexible ITO based electrode device subjected
to multiple bending cycles. As the number of bend cycles
is increased, a decrease in Jsc and fill factor can be observed
and eventually even a lowering of Voc. This was compared
to devices fabricated from the PEDOT:PSS electrodes which
show negligible degradation in Jsc and Voc, but some slight
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degradation in fill factor after multiple bend cycles
(Fig. 6b). The normalized device efficiency of these elec-
trodes were compared as a function of bending cycles
showing a retention of �92% in the PEDOT:PSS electrodes
while only �50% in the ITO electrodes after 300 bend cy-
cles (Fig. 6c). The improved mechanical stability from the
PEDOT:PSS electrodes as compared to ITO electrodes is
an important step to the eventual realization of flexible
electronic devices.

Recently, there has been a successful demonstration of
spraycoating PEDOT:PSS as an anode electrode in inverted
solar cells achieving efficiencies of �2%, however, this elec-
trode is thick and non-transparent [22]. We have devel-
oped a technique to selectively remove the PEDOT:PSS
buffer layer in our inverted solar cell by using a patterned
PDMS stamp (Fig. 7). By heating the substrates at an ele-
vated temperature (�120 �C for 30 s) with the PDMS
stamp, the stamp can be removed to selectively lift-off re-
gions of PEDOT:PSS leaving behind the hydrophobic poly-
mer/PCBM active layer. By spincoating solutions of the
highly conductive PEDOT:PSS which only wets the PED-
OT:PSS buffer layer, a patterned top semi-transparent an-
Fig. 7. Schematic of patterning PEDOT:PSS by PDMS removal of PEDOT:PSS. Selec
P3HT:PCBM film where spincoating of the conducting PEDOT:PSS–DMSO wets
solar cells.
ode electrode can be formed. From this, semi-transparent
inverted devices using ITO-coated glass substrates as the
cathode and PEDOT:PSS as the top anode were fabricated.
Fig. 5c shows the log J–V characteristics of these semi-
transparent solar cells. These solar cells had an average
PCE of 2.51%, a Voc = 0.61 V, Jsc = 7.86 mA/cm2, and
FF = 52.0%. The lower performance especially in photocur-
rent is most likely due to the non-reflective electrode
which unlike Ag does not reflect any unabsorbed light back
into the active layer for further absorbance. In addition, the
higher sheet resistance of the electrodes (ITO 15 X/h, PED-
OT:PSS �370 X/h) can also contribute to losses in device
performance. Furthermore, an all solution processed
semi-transparent inverted solar cell is demonstrated by
replacing the bottom ITO electrode with a PEDOT:PSS elec-
trode. These PEDOT:PSS top anode and PEDOT:PSS bottom
cathode solar cells show a PCE of 0.47%, Voc = 0.31 V,
Jsc = 5.49 mA/cm2 and FF = 27.7%. The relatively low effi-
ciency is attributed to the much higher sheet resistance
of the two electrode contacts (>400 X/h) which leads a
significant deterioration in all the solar cell performance
parameters due to the high resistance from the lateral
tive removal of the hydrophilic PEDOT:PSS leaves behind the hydrophobic
only the region with the PEDOT:PSS pattern leading to semi-transparent
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charge transport through the PEDOT:PSS electrodes. In
addition, the significant drop in Voc is likely attributed to
the reduced built-in field of the device due to the symmet-
ric PEDOT:PSS electrodes used for both contacts. Because
of the high sheet resistance, the active device area is lim-
ited to a small area in order to minimize the lateral current
losses through the electrodes. The sheet resistance of two
electrode contacts can potentially be improved by using
metalized grids. Using very dense metalized grids should
limit the lateral current flow losses and lead to lower sheet
resistances. This approach will become important when
considering the scaling of the size of the solar cell device
to larger active areas.

In conclusion, the replacement of ITO with PEDOT:PSS
as the cathode electrode in inverted solar cells has been
demonstrated. As the thickness of the PEDOT:PSS electrode
was systematically increased, both the transparency and
sheet resistance decreased which affected the photocur-
rent and fill factor of the solar cells. As the transparency
of the electrode decreased, the available photons to be ab-
sorbed by the active layer were reduced leading to a lower
photocurrent density. However, this lowering of photocur-
rent was offset by an increase in fill factor due to the lower
sheet resistance which led to saturation in PCE of �3% as
the electrode thickness was increased. These PEDOT:PSS
electrodes were applied onto flexible plastic substrates
showing similar device efficiencies to devices fabricated
on glass. The flexible PEDOT:PSS electrodes has better
mechanical stability than the flexible ITO based electrodes
showing a conversion efficiency retention of �92% as com-
pared to �50% under 300 cyclic bends, respectively. Semi-
transparent inverted solar cells using ITO as the cathode
and PEDOT:PSS as the top anode showed PCE of 2.51%. A
completely solution processed semi-transparent inverted
solar cell was demonstrated by replacing the ITO cathode
with a PEDOT:PSS cathode and a PEDOT:PSS top anode
showing efficiencies of 0.47%. The semi-transparency of
these devices can potentially lead to window based solar
applications or other application where semi-transparency
is required. More importantly, the replacement of ITO as a
transparent electrode with a cheaper transparent electrode
will be needed to realizing low-cost flexible polymer solar
cells.
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long excited triplet lifetime of 1.29 ls. Therefore it could
be conjecture that the interaction between CuPc and Ir(pi-
q)2acac phosphors would occur by codoping the two phos-
phors into the same host in EL device. In terms of above
arguments it is speculated that the interaction should be
an energy transfer from the red emitting Ir-comlex to CuPc
phosphor. In this letter, we fabricate CuPc and Ir(piq)2acac
codoped device with CBP as host to enhance the NIR emis-
sion of CuPc. By optimize the device structure the NIR
emission intensity of CuPc was enhanced by factors of
about fifteen compared with the reference device without
the Ir-complex codopant.

All the chemicals were commercially available. Organic
films and Al cathode were deposited on indium tin oxide
(ITO) glass substrate with a sheet resistance of 25 X/h by
thermal evaporation in a vacuum chamber with a base
pressure <3.0 � 10�4 Pa. Various OLEDs with an active area
of 2 � 3 mm2 were fabricated and encapsulated under dry-
ing N2 atmosphere for device analysis. The NIR EL signals
were focused into a monochromator and detected with a
liquid-nitrogen-cooled Ge detector, using standard lock-
in techniques, and the NIR photoluminescence (PL) signals
were detected by spectrophotometer with a InGaAs photo-
diode with a boxcar averager. The transient decays of Ir(pi-
q)2acac were measured by a spectrophotometer with a
Spex 1403 photomultiplier with a boxcar averager, under
excitation by Nd:YAG laser at a wavelength of 355 nm with
10 ns pulse width. The absorption spectrum of neat CuPc
film were recorded at a UV–Vis–NIR scanning spectropho-
tometer UV3101 (SHIMADZU), and The PL spectrum of
Ir(piq)2acac film determined by Hitachi F-4500 spectro-
photometer equipped with a continuous 150 W Xe-arc
lamp. The electrode work functions, the data of the highest
occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) levels of m-MTDATA,
TPD, CBP, Ir(piq)2acac, and TPBI were cited from literatures
[14,15].

Firstly, we investigated the PL of CuPc film and Ir(pi-
q)2acac:CuPc blend film. Under an illumination of 355 nm
Nd:YAG laser with energy density 30 mW/cm2, no emis-
sion was observed from a 40 nm CuPc film. But in the
40 nm blend film Ir(piq)2acac:CuPc, we observed the
Fig. 1. CuPc EL intensity in 1.1 lm as a function of concentration of
Ir(piq)2acac dopant.
1120 nm emission of CuPc. By modify the weight ratio of
the two components, the Ir(piq)2acac:CuPc blend film with
1:1 weight ratio emits the most intensive NIR emission
from CuPc, and the intensity can be compared with that
of Yb3+ in (dibenzoylmethanato)3-(bathophenanthroline)-
ytterbium which under an illumination of 532 nm Nd:YAG
laser with energy density 50 mW/cm2.

Based on the results of PL, we fabricated OLED devices
with structures of ITO/m-MTDATA (20 nm)/TPD (20 nm)/
CBP: CuPc:Ir(piq)2acac (x, y wt%, 30 nm)/TPBI (40 nm)/
LiF(1 nm)/Al (150 nm), here, x and y express the concentra-
tions of Ir(piq)2acac and CuPc. m-MTDATA, TPD and TPBI
denote 4,40,400-tris[3-methyl-pheny(phenyl)-amino] tri-
phenylamine, N,N0-diphenyl-N,N0-bis(3-methylphenyl)-
1,10-biphenyl-4,40diamine, and 2,20,200-(1,3,5-benzenetriyl)
tris-[1-phenyl-1H-benzimidazole], respectively.

Fig. 1 shows CuPc EL intensity as a function of concen-
tration of Ir(piq)2acac dopant, and the optimal concentra-
tions of Ir(piq)2acac and CuPc locates 10 and 12 wt%,
respectively. The device with the optimal concentration
called optimal device, and the 12 wt% CuPc monodoped
device will be called reference device. Because we adopted
m-MTDATA as hole injection layer, LiF as cathode buffer
layer, and TPD, a low efficient PL and EL material, as hole
transport layer, the NIR emission intensity of the reference
device was enhanced by about two times comparing with
the reported CuPc device [12] under the same measure-
ment condition.

Fig. 2 shows the EL spectra at the NIR spectral zone for
the optimal and reference devices, respectively. It can be
seen that the CuPc EL intensity was enhanced by about
15 times compared with reference device. Furthermore,
in optimal device, the red emission of Ir(piq)2acac was
too weak to be detected, although the maximal current
efficiency and luminance of the Ir(piq)2acac monodoped
device can offer 10.17 cd/A and 11 000 cd/m2, respectively.
Inset denotes the chemical structures of CuPc and Ir(pi-
q)2acac. In order to understand the enhanced mechanism
Fig. 2. The NIR EL spectra of CuPc in the optimized device (red) and
reference device (black). (The absolute emission intensity is not referred
to in this work purely because of the difficulty for our testing system.).
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)



Fig. 4. The schematic energy diagram of the codoped drvice (a) and the
energy transfer processes in the codoped system (b). (For interpretation
of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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of the NIR emission of CuPc, we determined the absorption
spectrum of CuPc film and emission spectrum of Ir(piq)2a-
cac film. It is found that there is a markedly overlapping
between the two spectral bands, as indicated in Fig. 3,
which implies that the energy transfer from the Ir-complex
to CuPc in device would occur. Besides we also measured
the photoluminescence transient decays in the 50 nm thick
CBP: Ir(piq)2acac (10 wt%), and CBP: Ir(piq)2acac: CuPc (10,
12 wt%) mixing film, respectively. It is found that the ex-
cited triplet lifetime of Ir(piq)2acac in the CBP: Ir(piq)2acac
mixing film is 1.29 ls, while in the codoped films it was
shortened to 0.82 ls. Basing on the above-mentioned spec-
tral overlapping and the shortened excited triplet lifetime
of Ir(piq)2acac phosphor, we can deduce that the improve-
ment in NIR EL intensity is mainly attributed to the primar-
ily energy transfer to CuPc from the red emitting Ir-
complex.

To further prove the energy transfer from the red Ir-
complex to CuPc in the codoped devices, we also fabricated
other two series of OLED devices. Series A: ITO/m-MTDATA
(20 nm)/TPD (20 nm)/CBP: CuPc (x wt% 30 nm)/CBP: Ir(pi-
q)2acac (y wt% 30 nm)/TPBI (40 nm)/LiF(1 nm)/Al
(150 nm); Series B: ITO/m-MTDATA (20 nm)/TPD (20 nm)/
CBP: Ir(piq)2acac (y wt% 30 nm)/CBP: CuPc (x wt% 30 nm)/
TPBI (40 nm)/LiF(1 nm)/Al (150 nm). We have taken any
values of x and y in the two series devices, but the NIR emis-
sion enhancement was not as much as the optimal device.
The reasons could be understood as follow. In CuPc and Ir(-
piq)2acac codoped device the intermolecular contact be-
tween two dopants are more close and behaves more
favorite for Dexter energy transfer. For the other two series
devices, the two dopants distribute in two layers sepa-
rately, so the probable energy transfer process is only the
Förster mechanism, which leads to lower efficiency process
comparing with the codoping system. Therefore we con-
clude that the two phosphors codoped device provides
more favorite surroundings for the sensitization of CuPc
emission by the red Ir-complex than other device system.
Fig. 3. The absorption spectrum of neat CuPc film and PL spectrum of
Ir(piq)2acac. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
In term of the codoped device structure, here we show
the schematic energy diagram, as in Fig. 4. Under the en-
ergy diagram, the improvement of NIR emission of CuPc
was also understood as follows. Under excitation of the
electrical field, the excitons are firstly formed on CBP mol-
ecules with the singlet-to-triplet ratio of 1/3. On the other
hand, triplet excitons can be formed directly on the phos-
phor centers by trapping both the injected holes and elec-
trons. The singlet energy of CBP can be directly transferred
to that of both Ir(piq)2acac and CuPc via Förster process,
while the triplet of CBP can be directly transferred to the
triplet states of Ir(piq)2acac and CuPc by Dexter process.
The singlet energy of the two phosphors may rapid con-
verted to their triplet states by intersystem crossing (ISC)
due to strong spin orbit coupling. Due to the efficient ISC
of Ir(piq)2acac, energy transfer from the singlet of Ir(pi-
q)2acac to CuPc is less and hence can be ignored. Because
the triplet energy level of Ir(piq)2acac is about 0.6 eV lower
than that of CBP, which restricts the back energy transfer
from Ir(piq)2acac to CBP, thus, there are two probable path-
ways to relaxation of Ir(piq)2acac triplet, i.e., one is radiat-
ing to its ground states and another is transferring to CuPc
triplet. Weak emission of Ir(piq)2acac in the two phosphors
codoped EL device indicates that the fraction of the radia-
tion of Ir(piq)2acac should be small. The shorter excited
lifetime of CuPc (<50 ns) [16] comparing with Ir(piq)2acac
(1.29 ls) is another essential conditions for the energy
transfer from Ir(piq)2acac to CuPc. Thus, nearly all the exci-
ton energies could be transferred to the CuPc triplet, as a
result the NIR emission of CuPc increased.

Curry and Gillin have reported the NIR EL emission
from erbium (III) tris(8-hydroxyquinolate) (ErQ) based de-
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vice with structure of Si/NPB (40 nm)/ErQ (50 nm)/Al
(200 nm), and a internal quantum efficiency of �0.01%
was obtained [17]. We have fabricated the similar EL de-
vice using ITO rather than Si as the anode substrate. By
comparing the heights of EL emission peaks which origin
from Er3+ in ErQ device and CuPc in our sensitized device
under the same determining condition, the internal quan-
tum efficiency of the sensitized emission of CuPc was esti-
mated roughly. Basing on the estimation, our sensitized
CuPc device with the red Ir-phosphor offers an internal
quantum efficiency of about 0.1%, which is little higher
than that of CuPc reported by Rosenow et al. [18].

In summary, the NIR emission of CuPc was enhanced by
Ir(piq)2acac in codoped device system. The improvement
was attributed to the intermolecular energy transfer from
Ir(piq)2acac to CuPc in the same host (CBP). The observa-
tion of the enhanced NIR emission of the CuPc would in-
spire us to design and develop other new type of
sensitized phosphorescent OLEDs by intermolecular en-
ergy transfer processes. The concept can also be used for
the application in efficient organic photovoltaic cells with
new triplet materials.
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are commonly used in PhOLEDs. Since the electron mobility
of PVK is poor, most PVK-based PhOLEDs have an electron
transporting component added to the emitting layer. One
substance commonly used for this purpose is 1,3-bis[5-(4-
tert-butylphenyl)-1,3,4-oxadiazole-2-yl]benzene (OXD-7),
which has a lowest unoccupied molecular orbital (LUMO)
at �2.7 eV and a highest occupied molecular orbital
(HOMO) lower than �6.5 eV [11].

In a recent investigation aimed at developing high effi-
ciency OLEDs, we have found that solution-processed, red
emissive PhOLEDs can be fabricated by adding (Et-Cvz-
PhQ)2Ir(pic) or (EO-Cvz-PhQ)2Ir(pic) as phosphorescent do-
pants to a host polymer matrix comprised of PVK blended
with the hole transport material N,N0-diphenyl-N,N0-
(bis(3-methylphenyl)-[1,1-biphenyl]-4,40-diamine (TPD)
and the electron transport material OXD-7. TPD was em-
ployed as a co-dopant in the emitting layer for two reasons.
First, the utilization of PEDOT:PSS leaves a ca. 0.6 eV barrier
for hole injection to PVK. Thus, it is expected that addition
of a sufficiently large concentration of TPD would cause a
reduction in the barrier for hole injection. Second, TPD,
when used in high loadings and doped into PVK, has been
shown to function as a hole transporting layer [12]. As a re-
sult, addition of TPD should allow holes to penetrate more
deeply into the emitting layer.

In this investigation, the red emissive Ir complexes, (Et-
Cvz-PhQ)2Ir(pic) and (EO-Cvz-PhQ)2Ir(pic), were synthe-
sized by using procedures developed in our previous work
[13]. The 2-(2-methoxyethoxy)ethyl unit instead of an
ethyl unit are introduced into the carbazole moiety in
these substances in order to enhance their solubilities.
PVK, OXD-7 and TPD were purchased from Sigma–Aldrich
and Lum. Tec. Co. The devices fabricated in the current
study had the configuration ITO/PEDOT:PSS/PVK:OXD-
7:TPD:Ir complex/cathode. The molecular structures of
(Et-Cvz-PhQ)2Ir(pic) and (EO-Cvz-PhQ)2Ir(pic) along with
the PhOLED configuration and the HOMO and LUMO
energy levels of the materials are shown in Fig. 1.
Fig. 1. Molecular structures of (Et-Cvz-PhQ)2Ir(pic) and (EO-Cv
The cathode consisted of Ba/Al with a 20 nm thick layer
of OXD-7 between the emitting and electron injection lay-
ers. The anode, consisting of ITO/glass substrates pre-
coated with PEDOT:PSS (H.C.Stack, 4083), was used as a
buffer layer. Prior to spin coating with PEDOT:PSS, the
ITO was pre-cleaned and UV-ozone treated for 15 min.
Then, a 40 nm thick layer of PEDOT:PSS was spin coated
onto the ITO and baked at 150 �C for 20 min. Individual
solutions of PVK, OXD-7, TPD and (Et-Cvz-PhQ)2Ir(pic) or
(EO-Cvz-PhQ)2Ir(pic) in chlorobenzene were mixed to give
various weight percentages. The solutions, filtered by using
a 0.45 lm PTFE (hydrophobic) syringe filter, were spin
coated onto the PEDOT:PSS layer in order to obtain
emitting layer thicknesses of 70–80 nm. In all cases, the
concentrations of the dopants, (Et-Cvz-PhQ)2Ir(pic) or
(EO-Cvz-PhQ)2Ir(pic), were 6 wt.%.

The emitting layer was then annealed at 80 �C for
30 min. A typical cathode, consisting of OXD-7/Ba/Al
(20 nm OXD-7, 3 nm Ba, and 100 nm Al), was deposited
with effective area of 4 mm2 at a pressure of 5 � 10�6 Torr.
The cathode thickness was measured by using a a-Step IQ
surface profiler (KLA Tencor, San Jose, CA). In order to eval-
uate the performances of the PhOLEDs, current density–
voltage–luminance (J–V–L) values were determined by
using a current/voltage source meter (Keithley 236) and
an optical power meter (CS-1000). All measurements were
carried out at room temperature under an ambient atmo-
sphere without encapsulation.

The HOMO and LUMO energies (�5.15 and �2.63 eV,
respectively) of (Et-Cvz-PhQ)2Ir(pic) and (EO-Cvz-PhQ)2

Ir(pic) were determined by using cyclic votammetry. The
similarities of the molecular structures of the Ir complexes
give rise to similar electro-optical properties. Energy band
diagrams show that the, respective HOMO and LUMO
energy levels of these complexes lie above and below those
of PVK. Thus, it is possible that the Ir complexes will trap
both electrons and holes in the PhOLED configuration.
The LUMO energy level of OXD-7 is well aligned with that
z-PhQ)2Ir(pic) and the energy band diagram of PhOLED.
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spectra.
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of the Ir complexes in the emitting layer, an important fac-
tor that should facilitate carrier injection into the both the
transport molecules and the complexes.

The absorption spectra of Ir complexes and emission
spectrum of PVK doped with OXD-7 in film state are shown
in Fig. 2. As can be seen by viewing these spectra, good
overlap exists between the emission band of the host and
the metal-to-ligand charge transfer (MLCT) absorption
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Fig. 3. Current density–voltage–luminance (J–V–L) characteristics of (a)
(Et-Cvz-PhQ)2 Ir(pic) and (b) (EO-Cvz-PhQ)2Ir(pic) with different TPD
concentration.
bands of the Ir complexes, an outcome which ensures effi-
cient Förster energy transfer between hosts and guests
and/or direct charge trapping of the Ir complexes.

In order to investigate the effect of TPD on performance,
PhOLEDs were fabricated with variable concentrations (0%,
4%, 8%, 12% and 16%) of TPD. As shown in the inset of Fig. 2,
the EL spectra of PhOLEDs, using (Et-Cvz-PhQ)2Ir(pic) and
(EO-Cvz-PhQ)2Ir(pic), display peaks corresponding to the
dopant emission maximum of 608 nm, an excellent color
purity at a CIE coordinate of (0.62, 0.38), and the absence
of emissions from PVK, TPD and OXD-7.

Current density–voltage–luminance (J–V–L) character-
istics of (Et-Cvz-PhQ)2Ir(pic) and (EO-Cvz-PhQ)2Ir(pic) at
several different concentrations of TPD in PVK:OXD-7 are
shown in Fig. 3. The maximum brightness of the (Et-Cvz-
PhQ)2Ir(pic) and (EO-Cvz-PhQ)2Ir(pic) based PhOLEDs, in
the absence of TPD in emitting layer, were 1779 and
1414 cd/m2, respectively. However, the addition of increas-
ing concentrations of TPD led to dramatic increases in the
performances of PhOLEDs. Maximum brightnesses of the
PhOLEDs using (Et-Cvz-PhQ)2Ir(pic) and (EO-Cvz-PhQ)2

Ir(pic) (8768 and 6285 cd/m2, respectively) were obtained
when the concentration of TPD was 16 wt.%. The J–V char-
acteristics of the PhOLEDs clearly demonstrate that current
density is directly dependent on the TPD concentration.
The results indicate that the enhancement of the current
density is related to improved hole injection caused by
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Table 1
Performances of PVK:OXD-7 based on devices and different TPD concentrations.

EML TPD (%) Turn-on (V)a Lmax (cd/m2) EQEmax (%) LEmax (cd/A) PE (lm/W) CIE (x, y)b

(Et-Cvz-PhQ)2Ir(pic) 0 7 1779 6.21 9.15 1.93 0.621, 0.377
(Et-Cvz-PhQ)2Ir(pic) 4 6.5 4407 7.51 11.3 2.87 0.625, 0.373
(Et-Cvz-PhQ)2Ir(pic) 8 6 5148 7.89 12.67 3.18 0.616, 0.382
(Et-Cvz-PhQ)2Ir(pic) 12 5.5 5284 9.92 16.0 4.37 0.619, 0.379
(Et-Cvz-PhQ)2Ir(pic) 16 5 8768 10.6 17.54 6.42 0.618, 0.380
(Et-Cvz-PhQ)2Ir(pic) 20 5 6598 9.99 16.33 4.10 0.618, 0.379
(Et-Cvz-PhQ)2Ir(pic) 25 4.5 5849 9.01 15.23 3.98 0.619, 0.379
(Et-Cvz-PhQ)2Ir(pic) 30 4.5 5301 6.89 10.60 2.52 0.622, 0.376
(Eo-Cvz-PhQ)2Ir(pic) 0 8.5 1414 4.96 7.40 1.16 0.624, 0.375
(Eo-Cvz-PhQ)2Ir(pic) 4 7.5 3205 6.89 10.60 2.53 0.622, 0.377
(Eo-Cvz-PhQ)2Ir(pic) 8 6.5 3902 7.11 11.45 2.96 0.615, 0.382
(Eo-Cvz-PhQ)2Ir(pic) 12 6 5324 8.67 14.76 4.21 0.612, 0.385
(Eo-Cvz-PhQ)2Ir(pic) 16 5.5 6285 9.65 15.92 4.34 0.618, 0.380
(Eo-Cvz-PhQ)2Ir(pic) 20 5.5 5586 9.24 14.63 4.08 0.619. 0.377
(Eo-Cvz-PhQ)2Ir(pic) 25 5.5 4928 8.11 12.16 2.56 0.618, 0.379
(Eo-Cvz-PhQ)2Ir(pic) 30 5 4321 6.63 10.86 2.21 0.621, 0.377

a Luminance is 1 cd/m2.
b Values recorded at a current density 30 mA/cm2.

M. Song et al. / Organic Electronics 10 (2009) 1412–1415 1415
the presence of TPD in the emitting layer, a phenomenon
that can be explained in terms of the L–V characteristics
of the PhOLEDs as shown in Fig. 3.

The results of current density–luminescence efficiency
measurements of the PhOLEDs (Fig. 4, Table 1) show that
PhOLEDs based, on Et-Cvz-PhQ)2Ir(pic) and EO-Cvz-PhQ)2

Ir(pic), that do not contain TPD have respective external
quantum, luminance and power efficiencies of 6.21%,
9.15 cd/A and 1.93 lm/W, and 4.96%, 7.40 cd/A and
1.16 lm/W, respectively. When the concentration of TPD
in the PhOLEDs consisting of (Et-Cvz-PhQ)2Ir(pic) was
16 wt.%, the turn-on voltage was significantly reduced
from 7 to 5 V and the external quantum, power and lumi-
nance efficiencies were increased to 10.56%, 6.42 lm/W
and 17.5 cd/A, respectively. The performances of the
PhOLED using the (EO-Cvz-PhQ)2Ir(pic) emitter have simi-
lar TPD concentration dependences as those of the device
based (Et-Cvz-PhQ)2Ir(pic). Specifically, the injection bar-
rier for the hole is reduced from 0.6 to 0.3 eV with increas-
ing TPD concentration and it reaches an effectively
optimized value at 16 wt.% concentration of TPD. As a
result, the driving voltage was reduced and this led to an
improved PhOLED performance.

The respective triplet energy levels (T1) of the (Et-Cvz-
PhQ)2Ir(pic) and (EO-Cvz-PhQ)2Ir(pic) emitters were esti-
mated to be 2.18 eV and 2.11 eV by using low temperature
(77 �K) phosphorescence spectroscopy. Energy transfer
from the triplet state of the Ir complexes to the triplet
states of the charge-transport materials does not take place
because the triplet energies of charge-transporting materi-
als [TPD (T1 � 2.34 eV), OXD-7 (T1 � 2.7)] [14] and host
material [PVK (T1 � 2.5 eV)] are higher than those of the
Ir complexes. This finding indicates that a triplet energy
confinement on the Ir complexes emitter is sufficient to
cause high quantum efficiencies of the devices.

In this investigation we explored the performance
characteristics of red emissive PhOLEDs, based on (Et-
Cvz-PhQ)2Ir(pic) and (EO-Cvz-PhQ)2Ir(pic) and having a
configuration of ITO/PEDOT:PSS/PVK:OXD-7:TPD:Ir com-
plex/cathode. The effects of TPD concentration in the PhOL-
EDs were determined. By increasing the TPD concentration
up to 16 wt.%, the performance of PhOLEDs was markedly
increased. Importantly, the PhOLED consisting of (Et-Cvz-
PhQ)2Ir(pic) and containing an optimum TPD concentra-
tion exhibited maximum external quantum, power and
luminance efficiency values of 10.56%, 6.42 lm/W and
17.5 cd/A.
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Although encapsulation of the device can protect it
from water and oxygen of the environment and many of
the processes cited above have been identified and con-
trolled, few studies have explored degradation of Alq3 films
by exposure to light and the related photo degradation
products, responsible for quenching of luminescence.
Priestley and collaborators [13] studied photo degradation
of thermally evaporated Alq3. Photo oxidation was carried
out under illumination with full spectrum by a 150 Watt
xenon lamp while blowing air or oxygen through the cell.
Transient photoluminescence and photoconductive re-
sponse were measured and the sample which was photo
oxidated in oxygen showed more pronounced degradation
effects in comparison with that in air, which allowed them
to concluded that water vapor, always present in air, does
not contribute substantially to the photo oxidation. The
same work reported that photo oxidation could introduce
chemical modifications in Alq3 through incorporation of
O2 molecules in its chemical structure, whose products re-
sulted in quenching of photoluminescence. Thangaraju
et al. [14] studied the decrease of photoluminescence of
Alq3 films upon the effects of air and white light for various
time periods. They concluded that photoluminescence
intensity decreases with increasing light exposure time.
Infrared (IR) absorption measurements were performed
in order to determine the structural changes on Alq3. The
spectrum shows a band at 1697 cm�1 that corresponds to
vibrational band of carbonyl group, which would act as a
luminescence quencher. Similar results were also reported
by Kumar and collaborators [15]. Nevertheless, neither of
these studies concentrated efforts in attempt to elucidate
the chemical structures of the degradation products.

In this work we investigate the stability of Alq3 thin
films under light and air exposure, with consequent photo-
luminescence decrease. With this aim, thermally deposited
Alq3 thin films were exposed to UV radiation and analyzed
through Fourier transform infrared spectroscopy (FTIR)
and optical absorption in UV–Vis region. Several possible
degradation products are proposed and density functional
theory (DFT) calculations of vibrational frequencies and
reaction Gibbs free energies are performed. Based on com-
parisons between experimental and theoretical data, we
identify the most likely degradation products of Alq3.
2. Experimental details

Alq3 thin films (100 nm thick) were thermally deposited
in high vacuum environment onto glass, quartz and silicon
substrates. The substrates were initially cleaned by ultra-
sonication using a detergent solution, followed by toluene
degreasing, and then cleaned again by ultrasonication with
pure isopropyl alcohol. The base pressure for deposition
was 6.67 � 10�4 Pa and during the evaporation the pres-
sure was roughly 9.33 � 10�4 Pa. The deposition rate was
about 0.1 nm/s. The layer thickness was controlled in situ
through a quartz crystal monitor and confirmed by perfilo-
meter measurements. The films were exposed for 11 h to
UV radiation, using a He–Xe lamp (k = 307 nm). The inci-
dent power density was roughly 0.42 mW/cm2 for all irra-
diated samples. The irradiated and non-irradiated films
were analyzed through Fourier transform infrared spec-
troscopy (FTIR) and optical absorption in UV–Vis region.
All the measurements were carried out in ambient atmo-
sphere.
3. Computational details

The modified mer-Alq3 structures were first submitted
to a conformational search using semiempirical methods
available on the HyperChem Software [16]. The most stable
structures were selected and submitted to ab initio density
functional theory (DFT) optimization calculations and
vibrational frequency calculations, carried out using
Gaussian 03 package [17]. Frequency calculations were
done to confirm the stability of the structure and to gener-
ate the IR spectra. The calculations were performed with
TPSS (Tao, Perdew, Staroverov, and Scuseria) meta-GGA
functional [18] of Kohn–Sham DFT, in combination with
6–31G(d,p) basis set [17]. TPSS is a nonempirical meta-
GGA, which was submitted to several tests on molecules,
solids, and solid surfaces, all showing its good performance
for a diverse range of properties and systems [19].

Due to the neglect of mechanical anharmonicity,
approximations in the treatment of electron correlation
and basis set effects, theoretical vibrational frequencies
typically overestimate experimental ones. It is a common
practice to rescale the theoretical frequencies in order to
match experiments, so we use a scaling factor of 0.992,
chosen to match experimental and our theoretical spectra
for Alq3.
4. Results and discussion

4.1. Selection of degradation products and reactions

Earlier experimental and theoretical works have shown
that meridional (mer) isomer of Alq3 is the predominant
form, over facial (fac) form, both in solution and in sub-
limed films [20–24]. Therefore, structural modifications
suggested here are all derived from mer-Alq3, shown in
Fig. 1.

Alq3 is a trischelate organic complex with a distorted
octahedral symmetry. Consequently, the three quinolate li-
gands are not equivalent, and receive labels a, b, and c
(Fig. 1), according to their different Al–O and Al-N bond
lengths, as obtained from X-ray structure analysis [20].
According to Thangaraju et al. [14], only one of the three
8-hydroxyquinoline (HQ) units in the Alq3 molecule suffers
chemical structural modifications during light exposure,
resulting, as evidenced by infrared absorption spectra, in
the introduction of a carbonyl group in the chelate. The
same work gives a possible explanation for the chemical
modification based on redox behavior associated with
Al–O bond. Then, in the present work, our first proposal
for degradation products of Alq3 consists in the rupture
of one of the Al–O bonds and consequently rupture of the
benzene ring of one HQ unit (Fig. 2a). More precisely, the
c-quinolate ligand is chosen to be modified since our theo-
retical calculations (and also previous work [25]) shows
that it has the largest Al–O bond length.



Fig. 1. The geometry of mer-Alq3 with labels a–c indicating the three
different quinolate ligands. Pink, red, blue, dark grey and light grey balls
represent Al, O, N, C and H atoms, respectively. (For interpretation of the
references in colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1
Ozonolysis and oxygenation degradation reactions and respective Gibbs
free energy differences for products P2–P5.

Ozonolysis

Alq3 + O3 ? P2 �569 kJ/mol
Alq3 + 2/3 O3 ? P3 �338 kJ/mol
Alq3 + 5/3 O3 ? P4 + H2C2O2 �921 kJ/mol
Alq3 + 7/3 O3 ? P4 + H2C2O4 �1445 kJ/mol
Alq3 + 4/3 O3 ? P5 + H2C2O2 �687 kJ/mol
Alq3 + 2 O3 ? P5 + H2C2O4 �1211 kJ/mol

Oxygenations
Alq3 + 3/2 O2 ? P2 �408 kJ/mol
Alq3 + O2 ? P3 �231 kJ/mol
Alq3 + 5/2 O2 ? P4 + H2C2O2 �653 kJ/mol
Alq3 + 7/2 O2 ? P4 + H2C2O4 �1070 kJ/mol
Alq3 + 2 O2 ? P5 + H2C2O2 �473 kJ/mol
Alq3 + 3 O2 ? P5 + H2C2O4 �890 kJ/mol
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Therefore, our first suggestions of degradation products
are complex molecules with broken Al–O bond and modi-
fications on c-quinolate oxygen by including carbonyl
units in the form of aldehyde, carboxyl acid or ketone
groups. All these choices produce chelates that show IR
spectra which are not in good agreement with experi-
ments. As a representative example of this class, we pres-
ent in more detail the results for aldehyde substitution.
(Fig. 2, product P1).
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Fig. 2. Schematic representation of possible mechanisms for Alq3 degradation: (i
degradation product P1; (ii) rupture only of the ring, preserving the Al–O bond
Another class of modifications in the Alq3 molecule in-
volves keeping the Al–O bond intact and breaking the
phenoxide ring (Fig. 2, P2, P3, P4 and P5). These changes
can result from oxidation, while the previous modifications
are result from reduction. Oxidations are more plausible to
occur here since measurements are carried out in the air. It
is well known that UV light, as used in the present study,
produce O3 from air O2 [26], therefore it is important to
consider that degradation occurs in the presence of both
O2 and O3 and then, oxygenations and ozonolysis reactions
are considered, as shown in Table 1.

Following this analysis, we generated four structures,
the products P2, P3, P4 and P5 (Fig. 2). All these products
have one extra oxygen atom at one end of the broken ring,
forming a carboxylate group bounded to Al, but they differ
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) Rupture of Al–O bond and consequent rupture of the ring, which leads to
and leading to products P2–P5.
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in the chemical groups at the other extremity of the ring:
products P2 and P4 have carboxyl acids, and products P3
and P5 have aldehyde groups. However, in products P4
and P5 two extra C atoms are removed the phenoxide side.
As shown in Table 1, for chemical reactions involving P4
Fig. 3. Optimized structures of degradati
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Fig. 4. Infrared spectra obtained for Alq3. The top panel shows experimental resu
panel shows the theoretical IR spectrum for pristine Alq3. (For interpretation of
web version of this article.)
and P5, removal of extra C atoms was balanced by extra
products: ethanedioic acid (or oxalic acid, H2C2O4) and
ethanedial (or glyoxal, C2H2O2). These reactions are based
on oxidation of quinoline and ozonolysis mechanism,
which can produce carboxylic acid, aldehyde, and ketone
on products, P1, P2, P3, P4 and P5.

1000 800 600 400 200

ber (cm-1)

lts obtained for irradiated (red) and non-irradiated (black) Alq3. The lower
the references in colour in this figure legend, the reader is referred to the
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through breaking of double bonds of one of the quinolines,
consistent with the spatial localization of frontier molecu-
lar orbitals. [27–29]. We only consider modifications in one
of the quinoline since, according to theoretical results, the
HOMO and LUMO of Alq3 are localized at only one of quin-
olate ligands [25]. Fig. 3 shows the optimized structures of
degradation products, P1–P5.

Table 1 shows the Gibbs free energy differences for all
reactions. As we see, all reactions are favorable. The most
favorable reaction is the ozonolysis responsible for the for-
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Fig. 5. Experimental infrared spectrum of irradiated Alq3 and theoretical spectra
panels, spectra are shown in the following order: irradiated Alq3 film (experimen
(red). (For interpretation of the references in colour in this figure legend, the re
mation of P4 and ethanedioic acid, followed by P5 and eth-
anedioic acid.

4.2. IR theoretical versus experimental spectra

We now compare experimental IR spectra with theoret-
ical ones. We start by testing our methodology with pris-
tine Alq3, shown in Fig. 4. The agreement is very good,
except for small discrepancies in the regions from
1340 cm�1 to 1250 cm�1 and from 840 cm�1 to 770 cm�1.
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of products P1–P5, as well as reaction subproducts. From upper to lower
tal), P1, P2, P3, P4 (black) plus glyoxal (red) and P5 (black) plus oxalic acid
ader is referred to the web version of this article.)
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These discrepancies could be attributed to anharmonic ef-
fects for modes involving hydrogen atoms and to the fact
that calculations are performed for isolated molecules,
whereas experiments are done in thin films. In fact, recent
works show that calculated vibrational frequencies for aro-
matic rings including solvent effects show up to 21 cm�1

difference between frequencies obtained in vacuum and
considering the environment [30,31]. Fig. 4 also shows
the IR spectrum for the irradiated sample, for comparison
with the pristine case. The essential difference between
them is a band around 1697 cm�1, which corresponds to
a vibrational band of the carboxyl group.

In Fig. 5, we plot again the spectrum of the irradiated
sample (upper panel), in order to compare it with the
theoretical spectra for the P1–P5 products. For all the plots,
the height of the most intense peak was normalized to 1.
The products P2 and P4, which have only carboxyl acid
and not aldehyde, show two extra peaks around
1766 cm�1 and 1694 cm�1 (for P2) and 1768 cm�1 and
1716 cm�1 (for P4). On the other hand, products P3 and
P5, which have aldehyde groups in the structure, show
only one peak at 1704 cm�1 and 1714 cm�1, respectively.
All these peaks are related to C@O vibrations and they oc-
cur in the same spectral region as the experimental peak at
1697 cm�1. Based on the fact that it is not possible to see a
double-peak structure from experiments, we could be in-
clined to favor products P3 and P5. However, the experi-
mental feature at 1697 cm�1 is somewhat broad and we
cannot definitely rule out that it is composed of two unre-
solved peaks. Fig. 5 also shows the calculated IR spectra of
possible degradation subproducts ethanedial (glyoxal) and
etanedioic acid (oxalic acid).

On the other hand, product P1, obtained from breaking
the Al–O bond (a reduction reaction, unlikely to occur in a
environment rich in O2 and O3) does not show peaks in re-
gion of interest, besides showing a peak at 1548 cm�1,
which does not appear in experimental spectrum. These
results indicate that, contrary to previous suggestions, P1
and related compounds are unlikely degradation products
of Alq3.

It is important to notice that the intensity ratio of the
carbonyl peak with respect to other peaks in all the prod-
ucts P2–P5 is much larger theoretically than experimen-
tally. This simply results from the fact that degradation is
not complete, i.e., only a small fraction of the molecules
suffer degradation reactions. Therefore, a closer agreement
between theoretical and experimental IR spectra can be
achieved if one properly combines the theoretical spectra
of degraded and non-degraded Alq3 so as to match the
experimental peak heights. Of course, this procedure
should be regarded as semi-quantitative at most, since
the exact composition of degradation products is unknown
(products P2–P5 can be present at the same time in the de-
graded samples). However, just as an illustration, we show
the result of such fitting procedure in Fig. 6, for the partic-
ular case of product P4 with ethanedial. In this case, the ra-
tio between the degraded and non-degraded spectral
components is approximately 5%, which gives a rough esti-
mate of the fraction of degraded molecules in the sample.
5. Conclusions

In conclusion, the products of photo degradation of Alq3

films under UV radiation were investigated through the
comparison of experimental results and theoretical calcu-
lations. The experimental IR spectrum obtained from irra-
diated Alq3 thin films exhibits a peak assigned to a
vibrational band of carbonyl group at 1697 cm�1, exactly
as obtained by Thangaraju et al. [14]. Different degradation
products were proposed and the feasibility of them was
analyzed by Gibbs free energy calculations and by compar-
ing theoretical and experimental IR spectra.

Among the five suggested degradation products, P1, a
product involving the breaking of Al–O bond and resultant
from reduction process was considered the only unlikely
option, since its theoretical IR spectrum showed poor agree-
ment with experiments. This is not unexpected, since the
experiments were performed in highly oxidizing environ-
ment. Nevertheless, it is important to point out that P1-like
products were previously suggested in literature. The other
suggested products, P2–P5, involve keeping the Al–O bond
and breaking the phenoxide ring. To the best of our knowl-
edge, such degradation products have not been previously
considered in literature. Theoretical IR spectra for these
products are all in good agreement with experimental re-
sults and Gibbs free energy calculations show that all sug-
gested reactions leading to them are thermodynamically
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favorable. The association between theory and experimen-
tal IR indicates that the degradation of Alq3 forms carboxyl-
ate groups bound to Al.
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diffusion through or even around the top electrode into the
photo-active layer, which slows down degradation pro-
cesses appreciably thus making it a tedious task to under-
stand the mechanisms of the interaction of oxygen with
the active layer. The use of gas permeable electrodes to-
gether with the exclusion of water from the ambient atmo-
sphere provides a direct and efficient tool to study oxygen
induced degradation on the timescale of minutes which al-
lows the observation of the concomitant existence of
reversible and irreversible oxygen effects.
2. Experimental

To manufacture the semi-transparent cell, an inverted
architecture was chosen, which allows the placement of
the hole extraction layer on top of the cell. After cleaning
the glass/ITO substrate (15 X/h) by sonication in acetone
and isopropanol, a proprietary electron extraction layer
was applied, followed by the P3HT:PCBM (ratio 1:0.8)
active layer, and a highly conductive PEDOT:PSS formula-
tion (50 S/cm), which acts as the hole extraction layer
and as the electrode. For the electron extraction layer
(EEL), several different organic and inorganic materials
were employed. All layers are applied out of solution by
doctor blading. The devices were completed with thermal
evaporation of 500 nm of Ag, either as a metal grid (fingers
with a distance of 2 mm and a width of 0.l5 mm), or as a
solid electrode in the case of reference devices (Fig. 1).
The processing of the cells is described in more detail else-
where [14]. The PEDOT:PSS layer has a conductivity of
around 100–200 X/h and an optical absorption loss of ca.
20%. Before evaporation, all cells were annealed in nitrogen
at 140 �C for 5 min.

For characterization, the cells were illuminated with the
AM1.5 g spectrum of a Steuernagel Solartest 1200 solar
simulator at 100 mW/cm2. All reported results are cor-
Fig. 1. Cell stack; solid metal electrode (diffusion dense) and grid metal electrod
HBL was used.
rected by the determined mismatch factor of 0.75. JV-char-
acteristics (current density vs. voltage) were recorded
using a Keithley 2400 SMU together with a Keithley 7001
Multiplexer system and custom software. To avoid errors
in cell area, associated with the use of the highly conduc-
tive PEDOT:PSS, all measurements were performed with
a shadow mask, with an area of 72 mm2, placed directly
on top of the cells [15]. During the measurements the cells
were placed in a custom holder that allows illumination of
the cells from both sides under controlled atmospheres.
The holder was sealed on all sides, such that it could be
selectively flooded with either dry nitrogen (99.9% N2,
H2O < 1 ppm) or synthetic air (80% N2, 20% O2,
H2O < 1 ppm) during the measurements.
3. Results

Results of the initial JV-characterization in dry nitrogen
are shown in Fig. 2 and the performance parameters are
summarized in Table 1. The semi-transparent cells perform
at the same level as the cells with the solid metal electrode,
indicating that in these cells almost all light is collected in
the first pass through the semiconductor. When illumi-
nated from the grid electrode side there is a ca. 25% drop
in the short circuit current (Jsc), which agrees well with
the measured 20% absorption loss due to the PEDOT:PSS
layer in conjunction with a 7% shadowing loss due to the
antenna structure. Cells with solid electrodes and grid
electrodes show the same fill factors and have the same
injection currents, indicating that the grid spacing of
2 mm is sufficiently small, in agreement with what is
expected from literature [16,17].

To investigate the influence of oxygen, two sets of sam-
ples, each consisting of four cells with semi-transparent
electrodes, were prepared. One set of samples was kept un-
der dry nitrogen, while the second set was exposed to syn-
e (diffusion open). For the experiments shown in Figs. 2 and 3, an organic



(a)

(b)

Fig. 2. (a) Light JV-characteristics of a PEDOT:PSS cell with a grid metal
electrode (mesh width 2 mm) at different illumination times under dry
nitrogen and synthetic air and after annealing at 140 �C for 5 min inside
the GB. Devices were illuminated from the ITO side. (b) Dark jV curve
under nitrogen and synthetic air.

Table 1
Comparison of the initial performance of solar cells with solid and grid
metal electrode illuminated from the ITO side.

Jsc [mA/cm2] Voc [V] FF [%] Efficiency
[%]

Solid metal electrode 8.19 0.54 64 2.83
Grid metal electrode 7.97 0.54 66 2.84
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thetic air. For the first 60 min all cells were stored in the
dark, and only exposed to light during the JV-measurement
(for less than 1 min per measurement) after 30 and 60 min.
Fig. 3. Relative changes of the performance parameters as a function of time in t
sets of solar cells, stored under dry nitrogen (black) and dry synthetic air (grey),
fill factor (FF), (d) efficiency. All JV-measurements were performed under AM1.5
Following the 60 min of storage in the dark, the cells were
continuously exposed to light for 120 min, and JV-sweeps
were performed after 5, 10, 30, 60 and 120 min.

The evolution of the performance parameters is shown
in Fig. 3 for a cell comprising an organic EEL. The results for
cells with inorganic EELs are qualitatively the same. In the
dark, in both in nitrogen and synthetic air, the performance
changes only little. When AM1.5 illumination is turned on,
in the nitrogen atmosphere only small changes in perfor-
mance are observed. However, when the cells are exposed
to oxygen and light at the same time, a dramatic effect on
cell performance is observed. The largest change is
observed in Jsc, which decreases by more than 50% during
120 min of exposure. At the same time the fill factor (FF)
drops by ca. 20%, and the open circuit Voltage (Voc) by ca.
15%, resulting in a total loss of efficiency by more than
60% within 2 h of exposure. A small increase of the dark
leakage current in reverse bias indicates doping of the
photo-active layer upon exposure to oxygen and light.
The degrading effect caused by light and oxygen is also
responsible for the small Jsc drop observed after the expo-
sure to oxygen in the dark, where the samples had to be
illuminated during characterization, effectively adding up
to a total of ca. 3 min of light exposure during the 60 min
of dark exposure.
he dark (first 60 min) and under illumination (from 60 to 180 min) for two
respectively. (a) Short circuit current (Jsc), (b) open circuit voltage (Voc), (c)

illumination.



Fig. 4. Surface resistance of a PEDOT:PSS layer exposed to different
atmospheres under AM 1.5 illumination as a function of time.
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To investigate the reversibility of the degradation pro-
cesses caused by exposure to light and oxygen, the de-
graded devices were heated on a hot plate at 140 �C for
5 min under nitrogen atmosphere. The heat treatment re-
stores about 30% of the loss of performance, with most of
the recovery observed for Jsc (Fig. 3).

In order to examine the loss of conductivity of PED-
OT:PSS as a possible source for the drop of performance,
we performed resistivity measurements using the trans-
mission line method [18] on PEDOT:PSS layers which were
exposed to a variety of conditions (Fig. 4). Obviously, the
small changes in resistivity under oxygen and illumination
obtained in these experiments cannot account for the dra-
matic decrease in Jsc which we observe in our cells.

Other possible sources for the observed degradation are
oxygen induced effects on P3HT or PCBM. The stability of
P3HT has been studied extensively in Organic Field Effect
Transistors (OFETs). A number of studies found an increase
in the off-current of OFETs which is the result of p-doping
due to the formation of a charge transfer complex (CTC)
between P3HT and oxygen [19–23]. CTC formation is sig-
nificantly accelerated by the exposure to light [19]. Several
publications note that the effects of oxygen are either par-
tially or fully reversible through vacuum storage or by
annealing the polymer near the glass transition tempera-
ture, with the degree of reversibility depending on the con-
ditions during exposure to oxygen.

The effect of oxygen on films and single crystals of C60

has also been studied by several groups. C60 shows a de-
crease of both dark [24–29] and photoconductivity [30]
by up to five orders of magnitude, upon exposure to oxy-
gen which acts as a compensating dopant in the n-type
semiconductor C60. These doping effects can be reversed
by heating the samples in vacuum [28]. Exposure of C60

to light in the presence of oxygen leads to the formation
of deep localized traps [25,31] due to irreversible chemical
reactions [32–34].
4. Conclusion

In this paper we demonstrate the use of inverted semi-
transparent cells with gas permeable top electrodes as a
tool to investigate environmental degradation of organic
solar cells. The simultaneous exposure of these cells to
oxygen and light results in a strong reduction of Jsc, accom-
panied by only small reductions in Voc and FF, which hints
to the deterioration of charge separation in the photo-ac-
tive layer [13,35] rather than to problems with charge
extraction at the interfaces. The latter are usually charac-
terized by an increase in the serial resistance and/or the
appearance of a kink in the fourth quadrant, which
strongly reduces the FF. This interpretation is further con-
firmed by the fact that no change in the conductivity of the
PEDOT:PSS layer is found. Moreover, the degradation
behavior of the cells shows strong similarities to that ob-
served in OFETs, e.g., the partial recovery of cell perfor-
mance by heat treatment under nitrogen. While our
measurements are not able to resolve all the details of
the degradation process, they indicate that both, the
reversible and the irreversible component of the observed
degradation take place in the photo-active layer. At this
point in time it is not possible to resolve the question
whether the degradation is due to chemical changes of
the P3HT, PCBM or both species. Further work is also
needed to investigate the doping of the active layer.

Semi-transparent cells with gas permeable top elec-
trodes are a useful tool for investigating degradation mech-
anisms in organic solar cells, allowing the observation of
reversible and irreversible oxygen effects on short time
scales. This method is thus a significant step forward in
quantifying and analyzing the degradation of polymer so-
lar cells.
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When donor and acceptor molecules are combined to
prepare donor-r-acceptor molecules through the r-bond,
they are promising candidates for the construction of
molecular rectifiers [12,13] or organic solar cells [14–16],
either as active layers or as models for the investigation
of the origin of the photoinduced energy and electron
transfer.

As an electron acceptor, PDI is a well-known n-type
semiconducting molecule and a photostable dye suitable
for applications in organic solar cells [17,18]. Thus, PDIs
have been recently linked to small molecules [[60]
fullerene, pyrenes, phthalocyanines, porphyrins, or tetra-
thiafulvalene], thiophene-based oligomers, and conjugated
polymers, as the donor counterpart aiming toward the
induction of PET [19–22].

Charge transfer complexation is often observed in the
ground states of solids through strong intermolecular
interactions, which are sometimes unavoidable. There are
several reports explaining how two electronically opposite
moieties can be isolated to form a self-organized individ-
ual/homogeneous domain with a mesoscopic scale. Bauer
et al. recently reported the energy transfer and PET
processes of donor-r-acceptor molecules in terms of
absorption and photophysical properties [23]. Tetra-
phenylbenzidine and PDI were selected to be an electron
donor and an electron acceptor, respectively. A long alkyl-
ene spacer was employed to make two semiconducting
moieties separate to show their independent electronic
and photophysical properties, claiming to be a good model
for the study of energy- and electron-transfer processes in
dual function semiconductors.

More recently, an oligo(p-phenylenevinylene)-fullerene
dyad was employed for efficient photovoltaic cells.
They were fabricated with a configuration of ITO/
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic
acid) (PEDOT:PSS)/dyad/poly-(dimethyl siloxane-b-methyl
methacrylate)/Al. The PCE reached 1.28% which is the
highest reported value for dyad-based photovoltaic cell
[24].

X-shaped, organic soluble semiconducting molecules
were reported by authors of the present study [25].
1,2,4,5-Tetrakis((E)-2-(50-hexyl-2,20-bithiophen-5-yl)vinyl)-
benzene (HPBT) contains bithiophene units in four periphe-
ral arms. The molecule is highly soluble in organic solvents
and is pseudo-planar and easily stacked, inducing a high de-
gree of crystallization. The carrier mobility of organic thin
film transistors fabricated with HPBT was measured to be
3.0–5.0� 10�3 cm2/V s. The employment of HPBT-based
donors in combination with PDIs can be quite useful, as
HPBT with relatively high quantum yield undergoes aroma-
tization upon oxidation, providing thermodynamically sta-
ble radical ionic species. Thus, we decided to synthesize
HPBT-n(PDI) (n = 1, 2, and 4), in which a PDI electron
accepting unit has been covalently attached to an HPBT
through flexible alkylene spacer(s), providing a high degree
of freedom to both semiconducting moieties. It was antici-
pated that the incorporation of HPBT as a donor and PDI as
an acceptor moiety would result in self-organized thermal
crystallization by virtue of a high degree of independent
aggregation.
2. Experiment

2.1. Synthesis

Compounds 1, 4, 7, 8, 13, 21, and 22 were synthesized
by following the literature method [25–29].

Compound 2: A mixture of 6-amino-1-pentanol (16.0 g,
0.16 mol) and zinc acetate (0.07 g, 0.38 mmol) in N,N-
dimethylacetamide (DMAc) (250 mL) was heated to
110 �C under a nitrogen atmosphere. Compound 1
(26.0 g, 0.041 mol) was added and the reaction mixture
was stirred at 110 �C for 3 h. Then, the reaction continued
at 160 �C for 15 h under a nitrogen atmosphere. The excess
solvent was distilled off. The crude product was purified by
silica-gel column chromatography using chloroform. The
product was precipitated into methanol. The material
was filtered and dried in a vacuum oven. Yield: 20.0 g
(68%). 1H NMR (300 MHz, CDCl3) d (ppm) 8.63–8.52 (m,
8H), 5.24–5.14 (m, 1H), 4.22 (t, 2H), 3.70 (t, 2H), 2.30–
2.23 (m, 2H), 1.97–1.77 (m, 4H), 1.74–1.65 (m, 2H), 1.32–
1.21 (m, 26H), 0.834 (t, 6H). Anal. calcd for C46H54N2O5:
C 77.28; H 7.61; N 3.92, found: C 76.71.0; H 6.97; N 3.20.
MS (m/z): [M++H] calcd for C46H54N2O5 714.4; found 715.6.

Compound 3: Compound 2 (15.0 g, 20.0 mmol), 4-
dimethylaminopyridine (DMAP) (1.28 g, 10.4 mmol), and
triethylamine (TEA) (3.18 g, 31.4 mmol) were dissolved in
250 mL of dichloromethane. And succinic anhydride
(4.72 g, 47.2 mmol) was added and the reaction mixture
was allowed to stir for 24 h under argon at room tempera-
ture. The reaction mixture was extracted by chloroform
and water. The crude product was purified by silica-gel col-
umn chromatography (eluent; ethyl acetate:chloroform,
1:6, v/v). The solid product was precipitated into methanol.
The product was filtered and dried in a vacuum oven.
Yield: 15.0 g (88%). 1H NMR (400 MHz, CDCl3) d (ppm)
8.56–8.43 (m, 8H), 5.19–5.15 (m, 1H), 4.20–4.13 (m, 4H),
2.72–2.65 (m, 4H), 2.28–2.20 (m, 2H), 1.91–1.85 (m, 2H),
1.81–1.70 (m, 4H), 1.57–1.51 (m, 2H), 1.40–1.10 (m,
24H), 0.80 (t, 6H). Anal. calcd for C50H58N2O8: C 73.68; H
7.17; N 3.44, found: C 74.0; H 6.87; N 3.20. MS (m/z):
[M++H] calcd for C50H58N2O8 814.4; found 814.8.

Compound 5: Compound 4 (14.0 g, 42.5 mmol) and
potassium acetate (8.34 g, 85.0 mmol) were dissolved in
300 mL of DMF. The reaction mixture was allowed to stir
for 24 h under argon at 60 �C. The mixture was extracted
by chloroform and water. The crude product was purified
by silica-gel column chromatography (eluent; ethyl ace-
tate:hexane = 1:10, v/v) to yield 6-(2,20-bithiophen-5-yl)-
hexyl acetate, 5. Yield: 9.0 g (83%). 1H NMR (400 MHz,
CDCl3): d (ppm) 7.13 (d, J = 4.0 Hz, 1H), 7.08 (d, J =
4.4 Hz, 1H), 6.97–6.70 (m, 2H), 6.65 (d, J = 3.52 Hz, 1H),
4.03 (t, 2H), 2.76 (t, 2H), 2.02 (s, 3H), 1.70–1.57 (m, 4H),
1.37 (t, 4H). Anal. calcd for C16H20O2S2: C 62.30; H 6.54;
S 20.79, found: C 62.46; H 6.54; S 20.63. MS (m/z):
[M++H] calcd for C16H20O2S2 308.1; found 308.4.

Compound 6: DMF (14.6 g, 0.2 mmol) and 1,2-dichloro-
ethane (300 mL) was stirred at 0 �C. POCl3 (6.33 g,
41.3 mol) was slowly added to the mixture for 30 min.
Compound 5 (8.50 g, 27.5 mmol) in 1,2-dichloroethane
(20 mL) was added dropwise over 20 min. The mixture
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was stirred for 12 h at 60 �C. After completing the reaction,
it was poured into 300 mL of ice water, and neutralized
with NaHCO3 aqueous solution. The aqueous solution
was extracted with chloroform. The organics were then
dried over Na2SO4, filtered, and the solvent was removed
in vacuo. The resulting product was purified by silica-gel
column chromatography (eluent; dichloromethane:hex-
ane = 12:1, v/v) to yield 6-(50-formyl-2,20-bithiophen-5-
yl)hexyl acetate, 6. Yield: 8.20 g (89%). 1H NMR
(400 MHz, CDCl3): d (ppm) 9.83 (s, 1H), 7.65 (d, J =
4.28 Hz, 1H), 7.18–7.16 (m, 2H), 6.74 (d, J = 3.52 Hz, 1H),
4.06 (t, 2H), 2.82 (t, 2H), 2.04 (s, 3H), 1.74–1.60 (m, 4H),
1.42 (t, 4H). Anal. calcd for C17H20O3S2: C 60.68; H 5.99;
S 19.06, found: C 60.65; H 5.90; S 19.17. MS (m/z):
[M++H] calcd for C16H20O2S2 336.1; found 337.3.

Compound 9: Octaethyl benzene-1,2,4,5-tetrayltetra-
kis(methylene)tetraphosphonate, 8 (2.71 g, 3.99 mmol),
compound 6 (1.1 g, 3.23 mmol), and compound 7 (2.7 g,
9.70 mmol) were dissolved in 250 mL of dried THF. And
potassium tert-butoxide (0.94 g, 8.40 mmol) in THF was
slowly added and the reaction mixture was allowed to stir
for 7 h under argon. It was poured into ethanol and HCl
was added to obtain solid precipitate. The resulting prod-
uct was purified by silica-gel column chromato
graphy (eluent: toluene) to yield 6-(50-((E)-4-((E)-2-(50-
heptyl-2,20-bithiophen-5-yl)vinyl)-2,5-bis((E)-2-(50-hexyl-
2,20-bithiophen-5-yl)vinyl) styryl)-2,20-bithiophen-5-yl)-
hexyl acetate, 9. Yield: 0.90 g (18%). 1H NMR (300 MHz,
CDCl3): d (ppm) 7.64 (s, 2H), 7.13 (s, 8H), 7.03–6.98 (m,
12H), 6.69 (d, J = 3.57 Hz, 4H), 4.06 (t, 2H), 2.79 (t, 8H),
2.05 (s, 3H), 1.71–1.63 (m, 10H), 1.42–1.28 (m, 22H), 0.89
(t, 9H). Anal. calcd for C72H80O2S8: C 70.08; H 6.53; S
20.79, found: C 69.12; H 5.96; S 20.30. MS (m/z): [M++H]
calcd for C72H80O2S8 1232.4; found 1232.3.

Compound 10: Compound 9 (0.80 g, 0.648 mmol) was
dissolved in 250 mL of dried THF. LiOH (0.12 g, 2.85 mmol)
in H2O was added to mixture and allowed to stir for 24 h
under argon. The mixture was neutralized with HCl
aqueous solution. The aqueous solution was extracted with
chloroform. The organics were then dried over Na2SO4,
filtered, and the solvent was removed in vacuo. The result-
ing product was purified by silica-gel column chromato-
graphy (eluent: chloroform) to yield 6-(50-((E)-4-((E)-
2-(50-heptyl-2,20-bithiophen-5-yl)vinyl)-2,5-bis((E)-2-(50-
hexyl-2,20-bithiophen-5-yl)vinyl)-styryl)-2,20-bithiophen-
5-yl)hexan-1-ol, 10. Yield: 0.6 (85%). 1H NMR (400 MHz,
CDCl3): d (ppm) 7.63 (s, 2H), 7.13 (d, 8H), 7.02–6.98 (m,
12H), 6.68 (d, J = 4.76 Hz, 4H), 3.68–3.62 (m, 2H), 2.83–
2.77 (m, 8H), 1.73–1.63 (m, 10H), 1.44–1.28 (m, 22H),
0.89 (t, 9H). MS (m/z): [M++H] calcd for C70H78OS8

1190.4; found 1191.0.
Compound 12: Compound 8 (1.44 g, 2.12 mmol) and

compound 6 (3.0 g, 8.91 mmol) were dissolved in 250 mL
of dried THF. And potassium tert-butoxide (3.0 g,
27.0 mmol) in THF was slowly added and the reaction mix-
ture was allowed to stir for 7 h under argon. When the spot
of compound 11 disappeared in the TLC, the mixture was
poured into excess amount of H2O. The filtrate was concen-
trated and organics were then dried over Na2SO4, filtered,
and the solvent was removed in vacuo. The resulting prod-
uct was purified by silica-gel column chromatography
(eluent: chloroform) to yield 6,60,600,6000-(50,500,5000,5
0000

-
(1E,10E,100E,1000E)-2,20,200,2000-(benzene-1,2,4,5-tetrayl)tetra-
kis-(ethene-2,1-diyl)tetrakis(2,20-bithiophene-50,5-diyl))-
tetra hexan-1-ol. Yield: 0.7 g (28%). 1H NMR (300 MHz,
CDCl3): d (ppm) 7.89 (s, 2H), 7.49 (d, J = 15.0 Hz, 4H),
7.24–7.15 (m, 16H), 6.81 (d, J = 3.6 Hz, 4H), 4.37 (t, 4H),
2.79 (t, 8H), 2.51 (s, 8H), 1.63–1.33 (m, 32H). Anal. calcd
for C70H78O4S8: C 67.81; H 6.34; S 20.69, found: C 67.14;
H 6.51; S 19.81.

Compound 14: Compound 7 (4.62 g, 16.6 mmol) and
compound 13 (4.0 g, 8.32 mmol) were dissolved in
250 mL of freshly dried THF. Potassium tert-butoxide
(1.86 g, 16.64 mmol) in THF was slowly added and the
reaction mixture was allowed to stir for 24 h under argon.
It was poured ethanol to quench potassium tert-butoxide.
The resulting crude product was purified by silica-gel col-
umn chromatography (eluent: chloroform) to yield 50,500-
(1E,10E)-2,20-(2,5-dibromo-1,4-phenylene)bis(ethene-2,1-
diyl)bis(5-hexyl-2,20-bithiophene). Yield: 4.5 g (70%). 1H
NMR (400 MHz, CDCl3): d (ppm) 7.81 (s, 2H), 7.17 (d,
J = 15.6 Hz, 2H), 7.11 (d, J = 15.6 Hz, 2H), 7.04–7.02 (m,
6H), 6.71 (d, J = 3.6 Hz, 2H), 2.80 (t, 4H), 1.71–1.66 (m,
4H), 1.39–1.30 (m, 12H), 0.90 (t, 6H). MS (m/z): [M++H]
calcd for C38H40Br2S4 782.0, found 782.3. Anal. calcd for
C38H40Br2S4: C 58.16; H 5.14; S 16.34, found: C 58.85; H
5.01; S 17.16.

Compound 15: Methyltriphenylphosphonium iodide
(6.0 g, 14.8 mmol) and potassium-tert-butoxide (1.66 g,
14.8 mmol) were mixed in 200 mL THF. The mixture was
turned to be a yellow suspension. The reaction was al-
lowed to stir for 10 min at room temperature and 50 mL,
THF solution of compound 6 (5.0 g, 14.8 mmol) was slowly
added into the mother mixture. After completion of the
reaction, it was poured ethanol and hexane. The filtrate
was concentrated and hexane was added to make precipi-
tation of triphenylphosphate. The organics were then dried
over Na2SO4, filtered, and the solvent was removed in va-
cuo. The resulting product was purified by silica-gel col-
umn chromatography (eluent: chloroform) to yield 6-(50-
vinyl-2,20-bithiophen-5-yl)hexyl acetate. Yield: 1.5 g
(31%). 1H NMR (300 MHz, CDCl3): d (ppm) 6.97–6.93 (m,
2H), 6.84 (d, J = 3.9 Hz, 1H), 6.79–6.69 (m, 1H), 6.67 (d,
J = 3.6 Hz,1H), 5.53 (d, J = 16.5 Hz, 1H), 5.13 (d, J = 10.8 Hz,
1H), 4.05 (t, 2H), 2.78 (t, 2H), 2.04 (s, 3H), 1.73–1.62 (m,
4H), 1.45–1.37 (m, 4H). MS (m/z): [M++H] calcd for
C18H22O2S2 334.1; found 334.1. Anal. calcd for
C18H22O2S2: C 64.63; H 6.63; S 19.17, found: C 64.75; H
6.64; S 19.31.

Compound 16: Compound 14 (0.44 g, 1.8 mmol), com-
pound 15 (1.3 g, 4.0 mmol), and tri-o-tolylphosphine
(0.22 g, 0.72 mmol) were dissolved in 200 mL of DMF.
Then, tributylamine (0.67 g, 3.6 mmol) was added into
the mixture. After 10 min stirring, Pd(OAc)2 (0.040 g,
0.18 mmol) was added and the mixture was stirred at
95 �C overnight. Then, water (150 mL) was added to the
reaction mixture. The resultant precipitate was filtered
and washed with methanol twice. The precipitate was
purified by silica-gel column chromatography (eluent;
chloroform:hexane = 2:1, v/v). Yield: 0.57 g (24%). 1H
NMR (300 MHz, CDCl3): d (ppm) 7.60 (s, 2H), 7.12–6.97
(m, 20H), 6.67 (d, J = 3.0 Hz, 4H), 4.06 (t, 4H), 2.79 (t, 8H),
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2.05 (s, 6H), 1.70–1.62 (m, 12H), 1.42–1.31 (m, 20H), 0.90
(t, 6H). MS (m/z): [M++H] calcd for C74H82O4S8 1290.4;
found 1291.7. Anal. calcd for C74H82O4S8: C 68.79; H
6.40; S 19.86, found: C 67.94; H 6.35; S 20.14.

Compound 17: Compound 16 (1.50 g, 1.14 mmol) were
dissolved in 200 mL of THF. LiOH (1.0 g, 23.8 mmol) in H2O
was added to mixture and allowed to stir for 24 h under ar-
gon at 75 �C. It was poured into excess amount of H2O. The
filtrate was concentrated and organics were then dried
over NaSO4, filtered, and the solvent was removed in vacuo.
The resulting product was purified by silica-gel column
chromatography (eluent; 1,2-dichloroethane:THF = 10:1,
v/v). Yield: 1.2 g (86%). 1H NMR (400 MHz, CDCl3): d
(ppm) 7.65 (s, 2H), 7.15 (s, 8H), 7.03–6.99 (m, 12H), 6.69
(d, J = 3.2 Hz, 4H), 3.68–3.62 (m, 4H), 2.83–2.77 (m, 8H),
1.73–1.63 (m, 10H), 1.43–1.20 (m, 22H), 0.89 (t, 6H). MS
(m/z): [M++H] calcd for C70H78O2S8 1206.3; found 1206.4.
Anal. calcd for C70H78O2S8: C 69.60; H 6.51; S 21.24, found:
C 68.76; H 6.19; S 23.63.

HPBT-1(PDI), 18: Compound 10 (0.59 g, 0.49 mmol),
compound 3 (0.64 g, 0.79 mmol), dicyclohexylcarbodiim-
ide (DCC) (0.17 g, 0.837 mmol), and 4-(dimethylamino)-
pyridium-4-toluene sulfonate (DPTS) (0.22 g, 0.74 mmol)
were dissolved in 150 mL of 1,2-dichloromethane at room
temperature under argon. The reaction mixture was al-
lowed to stir for 24 h. After completion of the reaction,
the solution was concentrated to the crude solid. Using
chloroform, dissolution and filtration were repeated for
removing white dicyclohexyl urea. The resulting mixture
was poured into methanol to make the precipitate and
the crude product was filtered. The resulting product was
purified by silica-gel column chromatography (eluent;
chloroform:ethyl acetate = 50:1, v/v) and soxhlet extrac-
tion (methanol, 24 h). Yield: 0.82 g (83%). 1H NMR
(400 MHz, CDCl3): d (ppm) 8.61–8.50 (m, 8H), 7.48 (d,
J = 5.6 Hz, 2H), 7.03–6.93 (m, 18H), 6.91 (d, J = 4.0 Hz, 2H),
6.69–6.66 (m, 4H), 5.18–5.10 (m, 1H), 4.12–4.08 (m, 6H),
2.80 (t, 8H), 2.62 (s, 4H), 2.23–2.14 (m, 2H), 1.91–1.82 (m,
4H), 1.70–1.67 (m, 12H), 1.52–1.19 (m, 48H), 0.90 (t, 9H),
0.81 (t, 6H). Anal. calcd for C120H137O8S8: C 72.47; H 6.79;
N 1.41; S 12.90, found: C 72.73; H 6.65; N 1.20; S 12.13.

HPBT-2(PDI), 19: Compound 17 (0.7 g, 0.57 mmol),
compound 3 (1.63 g, 2.0 mmol), DCC (0.47 g, 2.29 mmol),
and DPTS (0.62 g, 2.11 mmol) were dissolved in 150 mL
of 1,2-dichloromethane at room temperature under argon.
The reaction mixture was allowed to stir for 36 h. After
completion of the reaction, the solution was concentrated
to the crude solid. Using chloroform, dissolution and filtra-
tion were repeated for removing white dicyclohexyl urea.
The resulting mixture was poured into methanol to make
the precipitate and the crude product was filtered. The
resulting product was purified by silica-gel column chro-
matography (eluent: chloroform:THF = 20:1, v/v) and
soxhlet extraction (methanol, 24 h). Yield: 1.1 g (68%). 1H
NMR (400 MHz, CDCl3): d (ppm) 8.56–8.45 (m, 16H), 7.37
(s, 2H), 6.99 (m, 20H), 6.68 (d, J = 3.6 Hz, 4H), 5.18–5.12
(m, 2H), 4.12–4.08 (m, 12H), 2.82–2.77 (m, 8H), 2.62 (s,
8H), 2.23–2.17 (m, 4H), 1.89–1.84 (m, 8H), 1.72–1.63 (m,
14H), 1.52–1.19 (m, 74H), 0.90 (t, 6H), 0.81 (t, 12H). Anal.
calcd for C170H190N4O16S8: C 72.87; H 6.84; N 2.00; S
9.16, found: C 72.75; H 6.64; N 1.66; S 9.72.
HPBT-4(PDI), 20: Compound 12 (0.5 g, 0.4 mmol), com-
pound 3 (1.47 g, 1.8 mmol), DCC (0.39 g, 1.89 mmol), and
DPTS (0.498 g, 1.69 mmol) were dissolved in 150 mL of
1,2-dichloromethane at room temperature under argon.
The reaction mixture was allowed to stir for 36 h at
60 �C. After completion of the reaction, the solution was
concentrated to the crude solid. Using chloroform, dissolu-
tion and filtration were repeated for removing white dicy-
clohexyl urea. The resulting mixture was poured into
methanol to make the precipitate and the crude product
was filtered. The resulting product was purified by silica-
gel column chromatography (eluent: chloro-
form:THF = 10:1, v/v) and soxhlet extraction (methanol,
24 h). Yield: 0.5 g (28%). 1H NMR (400 MHz, CDCl3): d
(ppm) 8.56–8.33 (m, 32H), 7.13 (s, 2H), 6.97 (d, J = 3.6 Hz,
4H), 6.93 (d, J = 3.6 Hz, 4H), 6.84 (d, J = 3.6 Hz, 4H), 6.78
(d, J = 15.6 Hz, 6H), 6.68–6.64 (m, 6H), 5.16–5.12 (m, 4H),
4.13–4.07 (m, 24H), 2.83–2.79 (m, 8H), 2.62 (s, 16H),
2.23–2.18 (m, 8H), 1.90–1.85 (m, 16H), 1.75–1.66 (m,
28H), 1.51–1.42 (m, 22H), 1.36–0.20 (m, 96H), 0.81 (t,
24H). Anal. calcd for C270H302N4O32S8: C 73.24; H 6.87; N
2.53; S 5.79, found: C 72.22; H 6.24; N 2.08; S 4.88.

2.2. Instrumental analysis

1H NMR spectra were recorded on a Varian Mercury
NMR 400 Hz spectrometer using deuterated chloroform
purchased from Cambridge Isotope Laboratories, Inc. Ele-
mental analyses were performed by the Center for Organic
Reactions (Sogang University, Seoul, Korea) using an
EA1112 (Thermo Electron Corp.) elemental analyzer. Mass
analysis was performed on a JMS-AX505WA (JEOL) mass
spectrometer. Thermal properties were studied under a
nitrogen atmosphere on a Mettler DSC 821e instrument.
Thermal gravimetric analysis (TGA) was conducted on a
Mettler TGA50 (temperature rate 10 �C/min under N2).
The redox properties of HPBT-n(PDI) were examined using
cyclic voltammetry (Model: EA161 eDAQ). Thin films were
coated on a platinum plate using chloroform as a solvent.
The electrolyte solution employed was 0.10 M tetrabutyl-
ammonium hexafluorophosphate (Bu4NPF6) in freshly
dried methylene chloride (MC). The Ag/AgCl and Pt wire
(0.5 mm in diameter) electrodes were utilized as reference
and counter electrodes, respectively. The scan rate was at
50 mV/s. The X-ray diffraction (XRD) experiment (2h = 1�–
40�) was performed at varying temperatures using the
synchrotron radiation (1.542 Å) of the 3C2 beam line at
the Pohang Synchrotron Laboratory, Pohang, Korea. The
film samples were fabricated by drop-casting on a silicon
wafer, followed by drying at 80 �C under vacuum. Absorp-
tion spectra of samples in a film were obtained using a
UV–vis spectrometer (HP 8453, photodiode array type) in
the wavelength range of 190–1100 nm. PL spectra were re-
corded with a Hitachi’s F-7000 FL Spectrophotometer.

2.3. OPV device fabrication

ITO (indium tin oxide) glass (resistance of 19.5 X/cm)
was cleaned by a conventional cleaning method. This
cleaned ITO-coated glass was treated with O2 plasma with
a microwave-generated plasma reactor (Plasmatic Systems
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Inc., PLASMATIC-PREENII, 24 GHz) for 15 min, and a 30 nm
thick PEDOT:PSS layer (Baytron P, 1 S cm�1) was deposited
by spin-coating. HPBT-n(PDI) (thickness = 150 nm) was
dissolved in anhydrous monochlorobenzene (conc.
2 wt.%), then 0.8 nm thick LiF was vacuum deposited on
top of the active layer and the 150 nm thick aluminum
was evaporated. The thickness of the photoactive film
was measured with a surface profiler (TENCOR�, P-10 a-
step). Current–voltage characteristics were measured with
a Keithley 2400 source-measure unit. A 300 W Xe lamp
was used as a light source to produce an intensity of
100 mW cm�2 (AM 1.5). The intensity of the incoming light
power was measured with a calibrated broadband optical
power meter (Spectra Physics model 404).
3. Results and discussion

3.1. Materials synthesis and properties

First a multi-step synthesis was performed for new do-
nor-r-acceptor molecules, such as 18, 19, and 20 (see
Scheme 1 and 2). Scheme 1 illustrates the synthesis of
PDI derivative, 3 and thiophene-based carbaldehyde, 6.
The synthesis of 3 was conducted using a modified litera-
ture method [17b,19a,22a].

Succinic anhydride was reacted in the presence of di-
methyl aminopyridine/triethylamine to attach the carbox-
ylic acid group to the hydroxyl group in the PDI precursor
molecule, 2. In order to synthesize 6-(50-formyl-2,20-
bithiophen-5-yl)hexyl acetate, 6, compound 4 was reacted
with potassium acetate in DMF to yield compound 5. Then,
using Vilsmeier–Haak reaction condition, formylation was
performed in a good yield (89%).

In order to prepare the X-shaped thiophene-based
molecule, 10, 6 and 7 were employed for the Horner–
Emmons coupling reaction [25]. After mixing two carbal-
dehydes with 1:3 ratio, Horner–Emmons coupling reaction
into octaethyl benzene-1,2,4,5-tetrayltetrakis(methyl-
ene)tetraphosphonate, 8 produces 6-(50-((E)-4-((E)-2-(50-
heptyl-2,20-bithiophen-5-yl)vinyl)-2,5-bis((E)-2-(50-hexyl-
2,20-bithiophen-5-yl)vinyl)styryl)-2,20-bithiophen-5-yl)-
hexyl acetate, 9. After deprotecting an acetate group in 9 to
generate hydroxyl group in the presence of lithium
hydroxide, 10 was prepared successfully. Following the
same coupling method for 10, the compound 12 bearing
four hydroxyl groups at the outer periphery was also pre-
Scheme 1. Reagents and conditions; (i) 5-aminopentan-1-ol, DMAc, Zn(OAc)2,
24 h, (iii) KOAc, DMF, 60 �C, 24 h, (iv) POCl3, DMF, 1,2-dichloroethane, 60 �C, 12
pared by using 6–8 and in situ deprotection reaction of ace-
tate groups in compound 11 was conducted in the
presence of excess amount of potassium tert-butoxide
(see Scheme 2).

When preparing the compound 17, we synthesized
50,500-(1E,10E)-2,20-(2,5-dibromo-1,4-phenylene)bis(ethene-
2,1-diyl)bis(5-hexyl-2,20-bithiophene), 14 by reacting 7
with tetraethyl (2,5-dibromo-1,4-phenylene)bis(methy-
lene)diphosphonate, 13. Using 6-(50-formyl-2,20-bithio-
phen-5-yl)hexyl acetate, Wittig reaction was performed
to produce 6-(50-vinyl-2,20-bithiophen-5-yl)hexyl acetate
using methyltriphenylphosphonium iodide and potas-
sium-tert-butoxide in THF.

Then, Pd-catalyzed Heck coupling reaction with
tri-o-tolylphosphine ligand was performed to yield com-
pound 6,60-(50,500-(1E,10E)-2,20-(2,5-bis((E)-2-(50-hexyl-
2,20-bithiophen-5-yl)vinyl)-1,4-phenylene)bis(ethene-2,1-
diyl)bis(2,20-bithiophene-50,5-diyl))bis(hexane-6,1-diyl)
diacetate, 16. Deprotection reaction of acetate groups
yields 17 bearing two hydroxyl groups (see Scheme 3).

Then, individual donor molecule such as 10, 12, or 17,
bearing hydroxyl group(s) and 3 bearing a carboxylic acid
group were combined through dicyclohexylcarbodiimide
(DCC) catalyzed esterification in the presence of 4-
(dimethylamino)-pyridium-4-toluene sulfonate (DPTS).
Finally, three new donor-r-acceptor molecules: HPBT-
1(PDI), 18, HPBT-2(PDI), 19, and HPBT-4(PDI), 20, were
successfully synthesized for the study (see Scheme 4).

We also prepared 1,2,4,5-tetrakis((E)-2-(50-hexyl-2,20-
bithiophen-5-yl)vinyl)benzene (HPBT) having four hexyl
substituted bithiophene peripheral groups, which will be
denoted as 21 in this work [25]. In addition, a symmetric
PDI molecule, 22 was also synthesized by following the lit-
erature method for using it as a n-type semiconducting
molecule [26]. The identity and purity of the synthesized
materials were confirmed by 1H NMR, mass spectrometry,
and elemental analysis. They were found to have good self-
film forming properties and were well-soluble in various
organic solvents such as chloroform, xylene, methylene
chloride (MC), monochlorobenzene, and tetrahydrofuran
(THF).

The thermal properties of the donor-r-acceptor mole-
cules were characterized by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). DSC
measurements were carried out at a heating (cooling) scan
rate of 10 (�10) �C/min under N2 with the highest temper-
ature below the decomposition temperature. In DSC
160 �C, 15 h, (ii) succinic anhydride, TEA, DMAP, 1,2-dichloroethane, r.t.,
h.



Scheme 2. Reagents and conditions; (i) tBuOK, THF, r.t., 7 h, (ii) LiOH, THF, r.t., 15 h.
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thermograms, 18 and 19 exhibited a distinct crystalline-
isotropic transition at 140 �C and 117 �C, respectively.
The crystallization temperatures of 18 and 19 were also
observed at 111 �C and 87 �C, during the cooling cycle. In
contrast, 20 did not show a crystalline melting tempera-
ture, but it did show a glass transition temperature at
75 �C only, indicating its amorphous nature (see Table 1).
TGA measurements at a heating rate of 10 �C/min under
nitrogen revealed good thermal stability of the donor-r-
acceptor molecules. These molecules exhibit the onset
decomposition temperatures at around 389–391 �C. The
density of PDI unit did not affect the decomposition
behavior.

3.2. Absorption and photoluminescence spectroscopy

The absorption spectra of HPBT-n(PDI)s were recorded
both in solution (conc. 5 � 10�6 M in CHCl3) and in film
states. The solution of 22 exhibited a typical singlet transi-
tion in the range of 410–550 nm with a well-resolved vib-
ronic structure, attributed to the vibration of the perylene
structural unit.

Meanwhile, the donor, 21 showed absorption bands in
the range of 300–510 nm. The spectra of HPBT-n(PDI)s
illustrated that coupled compounds demonstrate p�p*

energy transitions in individual 21 and 22. The absorption
spectrum of 18 showed characteristic bands arising from
the presence of the PDI groups, with maxima at 527, 486,
and 422 nm in the solution state, the latter overlapping
with the lowest energy band from HPBT (kmax = 419 nm).
In the spectra of 19 and 20, three characteristic bands at
456, 489, and 527 nm were commonly observed and their
absorbance was shown to be linearly proportional to the
number of PDI units in the molecule (see Fig. 1A).

Fig. 1B shows the absorption spectra of the thin films of
18, 19, and 20. Compared to the solution spectra, a drastic



Scheme 3. Reagents and conditions: (i) tBuOK, THF, r.t., 24 h, (ii) CH3PPh3I, tBuOK, THF, r.t., 20 min, (iii) Pd(OAc)2, TBA, P(o-tolyl)3, DMF, 95 �C, 24 h, (iv)
LiOH, THF, r.t., 15 h.

Scheme 4. Reagents and conditions: (i) DCC, DPTS, 1,2-dichloromethane, r.t., 36 h. Structures of HPBT, 21 and PDI, 22 molecules.
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Fig. 1. UV–vis absorption spectra of the synthesized compounds. (A) CHCl3 solution state (conc; 5 � 10�6 M), (B) film state. (a) 18, (b) 19, (c) 20, (d) 21, (e)
22.

Table 1
Measured and calculated parameters of synthesized molecules.

kmax (nm), solution: CHCI3 Optical bandgap (eV) Eox
onsetðVÞ Eox

onsetðVÞ HOMO (eV) LUMO (eV) Tg (�C) Tm (�C) Tdec (�C)

21 419 2.23 0.85 – �5.25 �3.02a � 171 365
22 457, 490, 527 2.18 1.75 �0.67 �6.15 �3.72 – 110 415
18 422, 486, 527 2.16 0.85 �0.68 �5.25 �3.71 – 140 389
19 427, 456, 489, 527 2.16 0.84 �0.69 �5.24 �3.71 77 117 390
20 430, 456, 489, 527 2.12 0.85 �0.67 �5.25 �3.72 75 391

a Optical bandgap+EHOMO.
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spectral change in the film state was observed; possibly
attributable to a high degree of intermolecular interaction
[24,29,25,30]. The HPBT moieties can interact strongly to
induce broadening of the spectrum. In addition, PDI mole-
cules can also exhibit intermolecular interaction to induce
spectral broadening and a bathochromic shift. A linear
additive spectral feature was maintained, similar to the
solution spectra of HPBT-n(PDI). It should be noted that
the absorption spectra of HPBT-n(PDI) exhibit superposi-
tion of the characteristics peaks of pure HPBT and pure
PDI without indications of additional spectral features in
either the solution or in the solid state. This observation
indicates that there is no significant interaction between
the electroactive units in the ground state.
Fig. 2. (A) Absorption and photoluminescence spectra of 21 and 22 in solution (
spectrum. (B) PL spectra of HPBT-n(PDI)s both in solution and film states. (c) 18,
21:22 = 1:1, (g) 21:22 = 1:2, (h) 21:22 = 1:4 (mole ratio).
The HOMO and LUMO energy values must fulfill the
energetic conditions required for the energy transfer as
well as for the electron transfer. The energy is transferred
from the excited donor to the acceptor, which can be inter-
preted as photoluminescence (PL) quenching of the donor
and a simultaneous emission from the acceptor.

In Fig. 2A, absorption spectra of 21 and 22 and corre-
sponding PL spectra were overlaid. From the figure, it is
readily observed that the emission spectrum of HPBT and
the absorption spectrum of PDI are favorably overlapped,
which enables efficient Förster energy transfer. In a solu-
tion state, an efficient energy transfer process could occur
to exhibit the unique emission of PDI only. Only the three
solution samples of HPBT-n(PDI) showed fluorescent emis-
sion behavior (kexcitation = 418 nm) resulting from PDI moi-
conc; 5 � 10�6 M) states. Solid line: absorption spectrum, Dotted line: PL
(d) 19, (e) 20. *Inset: solution PL spectra of blend samples of 21 and 22. (f)
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ety, indicating highly efficient energy transfer from HPBT.
In the inset of Fig. 2B, the PL spectra of blend samples with
21 and 22 were displayed with the blend ratio. Three ratios
were selected as the same mole ratios in HPBT-n(PDI)s. The
emission spectrum of 21 is clearly overlapped with that of
22. The PL intensity at 550 nm emitted from 21 was en-
hanced with the mole fraction of 21 in the mixture. Shortly,
covalent bonding between the donor and acceptor in-
creases the energy transfer efficiency even in the solution
states.

All film samples were selectively excited at 400 nm; 3
had minimal absorbance at this wavelength. No emission
behaviors were observed in three film samples (see
Fig. 2B, dotted lines). The PL quenching behaviors can be
explained as follows; the aggregation-induced self-
quenching of the excited states of HPBT and PDI units
can occur. In the other respect, it might be due to the inter-
molecular electron transfer from the photoexcited HPBT to
PDI moieties. The photoinduced charge transfer in other
conjugated molecular composites by PL quenching can be
found in the literatures [31]. Besides a rapid electron trans-
fer process, some diffusion-limited processes were also
suggested [32].

3.3. Electrochemical analysis

To probe the electrochemical properties of HPBT-n(PDI)
films, cyclic voltammetry was carried out in a three-elec-
trode cell setup. All potentials reported were referenced
to an Fc/Fc+ standard. The results are tabulated in Table
1. Voltammograms of HPBT-n(PDI) in the film state
showed that the lowest oxidative waves of 18, 19, and 20
were at +0.85, +0.84, and +0.85 V, respectively, which indi-
cates no significant effect by the density of the electron
acceptor. The oxidation potentials of the three molecules
were almost identical to that of 21 (Eox

onset ¼ þ0:85 V). As
shown in Table 1: 18, 19, and 20 have HOMO levels of
�5.25, �5.24, and �5.25 eV, respectively, which indicates
no significant effect by the density of the electron acceptor.
The oxidation potentials and HOMO levels of the three
molecules were almost identical to that of 21. In addition,
18, 19, and 20 have LUMO energy levels of �3.71, �3.71,
and �3.72 eV, respectively. The LUMO level is almost con-
sistent with that (ELUMO = 3.72 eV) of the individual PDI
molecule, 22.

Although two opposite electroactive moieties were
bound together, HOMO and LUMO levels were not signifi-
cantly changed, which implies that the two moieties were
isolated well enough so as not to be able to interact with
each other, even in the solid state; this is also reflected in
the fact that the UV–vis absorption spectrum shows no
charge transfer band.

It should be noticed that HOMO levels of 21 and all do-
nor-r-acceptor molecules are almost similar to that of
poly(3-hexylthiophene). (EHOMO � 5.20–5.21 eV) Consider-
ing the LUMO level (ELUMO � 3.77–3.82 eV) of PDI unit, the
combined molecules may exhibit reasonably high open cir-
cuit voltage (Voc) in the photovoltaic devices as this energy
is closely related to the energy difference between the
HOMO of an electron donor and the LUMO of an elec-
tron-accepting molecules. As can be seen from the energy
levels, there is an adequate energy offset for electron trans-
fer from HPBT to the PDI unit.

Shortly, resulting from absorption spectral analysis and
electrochemical analysis, the electron donor and accepting
molecules do not interact intra- and intermolecularly sig-
nificantly. Therefore, we can employ their isolated elec-
tronic properties for optoelectronic applications. In
particular, regarding the photovoltaic devices, we can uti-
lize their structural uniqueness, displaying the covalent
binding of electron donor and electron acceptor. One of
the important issues is whether their intrinsically opposite
semiconducting domain can be separated in a nano-scale
regime for generating the continuous electron and hole
channels in one matrix.
3.4. Materials structures

In order to study the crystallinity and variation of crys-
talline conformation of HPBT-n(PDI), X-ray diffraction
(XRD) experiments were performed at varying tempera-
tures using the synchrotron radiation (1.542 Å) of the
3C2 beam line. The film samples (t � 50–60 nm) were fab-
ricated by spin-coating on silicon wafer, followed by dry-
ing at 80 �C under vacuum (solvent: chloroform,
concentration of the solution: 10 mg/mL). The measure-
ments were obtained in a scanning interval of 2h between
1� and 40�. As previously reported [21], HPBT molecules
are well associated and stacked by the interaction between
terminal hexyl groups, which are already known to induce
long-range ordering. In the literature, well-defined XRD
patterns also demonstrate facile crystallization of planar
PDI molecules [30–33].

First, the diffraction scans of the film of 18 were dis-
played in a small angle region under a heating and cooling
cycle. In the as-coated sample, two major diffraction peaks
were observed, which are attributed, to some degree, to la-
mella ordering. When the temperature of the sample was
increased to 80 �C, a very high intensity and narrow dif-
fraction peak appeared at 2h = 3.13� (d = 28.24 Å).
Although a weak diffraction peak was observed at around
5.57� (d = 15.80 Å), the main peak at 3.13� is clearly as-
signed to the edge-to-edge transverse packing of the
peripheral arms in HPBT moieties, which is fairly consis-
tent with the calculated distance (d = 29.0 Å).

Upon subsequent heating to 150 �C, the peak at 3.13�
disappears and the peak at 5.57� grows, accompanying
the weak and broad reflection peaks at 14.7� (d = 6.02 Å).
At this high temperature, it is noted that PDI molecules be-
gin to be ordered by independent crystallization. During
the cooling cycle, the crystallinity in the PDI molecular do-
mains is maintained or a little enhanced and it is possible
to regenerate the relatively small crystalline domain with
the HPBT moieties.

As a result, the HPBT moieties are self-associated to be
highly crystallized at around 80–90 �C. The X-ray diffrac-
tion (XRD) result in the small angle region and the sche-
matic diagram of the expected localized molecular
conformation are depicted in Fig. 3. However, we cannot
exclude the possibility for HPBT-1(PDI) to exhibit interca-
lation between the donor and acceptor moieties.



Fig. 3. XRD analysis of HPBT-1(PDI), 18 with the temperature. *Possible molecular geometry of the HPBT and PDI unit in the solid state. (H): heating cycle,
(C) cooling cycle.

Fig. 4. XRD analysis of HPBT-2(PDI), 19 with the temperature. *Possible molecular geometry of the HPBT and PDI unit in the solid state. (H) Heating cycle,
(C) cooling cycle.
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Meanwhile, the XRD results of 19 showed different X-
ray diffractograms with the temperature (see Fig. 4). The
diffraction scans of the film of 19 also displayed in a small
angle region under a heating and cooling cycle. At 25 and
80 �C, we could observe two small diffraction peaks at
3.33 (d = 26.54 Å) and 5.56� (d = 15.7 Å) from the ordering



Fig. 5. Current density–voltage characteristics of PV devices under AM
1.5 simulated solar illumination of 100 mW cm�2. *Filled symbol: photo-
current density, open symbol: dark current density. (A) (circle) 18,
(square) 19, (diamond) 20. *Inset: expanded curves of 19 and 20-based PV
devices. (B) (circle) 18:PCBM, (square) 19:PCBM, (diamond) 20:PCBM
based device (1:4 M ratio). *Inset: PV device configuration.

Table 2
Summary of device performance for HPBT-n(PDI) and its blend with PCBM
based photovoltaic (PV) cells.

Voc (V) Jsc (mA cm�2) FF PCE (%)

Device A 0.549 �0.277 0.277 0.040
Device B 0.629 �1.267 0.273 0.217
Device c 0.798 �0.195 0.218 0.034
Device D 0.607 �0.097 0.283 0.017
Device E 0.855 �4.300 0.435 1.600
Device F 0.722 �2.935 0.490 1.039
Device G 0.690 �1.636 0.455 0.513
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of HPBT and PDI units to a small extent. At 105 �C, the low-
er angle diffraction peak shifted to 3.28� whose d-spacing
is 26.95 Å, which indicates that the HPBT moieties placed
in an energetically favorable ordered structure. At 130 �C,
the diffraction intensity arising from HPBT ordering signif-
icantly reduced. When cooling cycle, very strong diffrac-
tion peak at 2.96� (d = 29.86 Å) appeared again with
smaller full width at half maximum and maintained until
cooling to 25 �C.

Compared to the diffraction behaviors of 18, the HPBT
moieties exhibited relatively more uniform ordering. At
this temperature range during cooling, it is noted that
HPBT central moieties induce high degree of lamella order-
ing accompanied with PDI ordering. The HPBT moieties are
highly self-associated to be crystallized until cooling from
melting temperature to 25 �C. The compound 20 showed
less crystalline property and amorphous nature compared
to that of 18 and 19, which is due to the steric effect of
HPBT moiety.

3.5. Photovoltaic properties

Finally, the potential of the newly synthesized donor-r-
acceptor molecules as photoactive materials in a PV cell is
explored. In a macroscopic respect, the solid state of HPBT-
n(PDI) can form either an intermolecular charge transfer
complex or heterogeneous domains. It is more likely to
be a bulk heterojunction in which 21 and 22 are connected
through covalent bonding. The electronically opposite two
moieties were aggregated in individual domains that can
form a uniform interpenetrating network.

The device configurations are as follows: Device A: ITO/
PEDOT:PSS/21:22 (1:1, mole ratio)/LiF/Al, Device B: ITO/
PEDOT:PSS/18/LiF/Al, Device C: ITO/PEDOT:PSS/19/LiF/Al,
Device D: ITO/PEDOT:PSS/20/LiF/Al. Fig. 5 illustrates the
device configurations and the current density–voltage
characteristics of the most effective as-fabricated devices
in the dark and under air mass (AM) 1.5 simulated solar
illumination. The PV device performances are tabulated
in Table 2. The PCE of the 21:22 (1:1 mol ratio) blend de-
vice was calculated to be 0.04% (Voc = 0.55 V,
Jsc = 0.28 mA cm�2, fill factor = 0.28), which is significantly
poor. Highly improved device performance was observed
when using 18 as the photoactive layer than with the de-
vice using the blend sample.

In Device B, the sample was annealed at 80 �C for
20 min. The PV cell gave a relatively large PCE of 0.22%
with a Voc ranging from 0.62 to 0.63 V. It should be noted
that the sample annealed at 120 �C only exhibited 0.038%
of the PCE. As a result of the XRD study, the association
of HPBT moieties were disrupted at 120 �C to randomize
the p-channels for hole transport. Crystallization of HPBT
moieties at 80 �C is significant to the enhancement of PV
properties. The annealed Device C exhibited a relatively
low Jsc value and 0.034% of the PCE. Since larger amount
of PDI moiety in the photoactive layer exists, interpene-
trating network cannot be formed uniformly; p-channel
HPBT domain was surrounded by n-channel moieties and
hole transporting channel might be disrupted. Therefore,
it exhibits poor hole transport through the HPBT moieties
to induce charge build-up, which results in poor PCE. As
can be expected, the amorphous 20-based Device D exhib-
ited a much lower PCE value of approximately 0.017%.

Subsequently, efforts were made to improve the PV
properties by adding PCBM into the donor-r-acceptor
molecules. Three more devices were also fabricated for
characterization under an identical device configuration:
Device E: ITO/PEDOT:PSS/18:PCBM/LiF/Al, Device F: ITO/
PEDOT:PSS/19:PCBM/LiF/Al, Device G: ITO/PEDOT:PSS/
20:PCBM/LiF/Al. When PCBM was added into the mole-
cules (1:4 mol ratio), the film samples showed significant
increment of the absorption in the visible range. Resulting
from the addition of extra PCBM molecules, the device per-
formances were significantly enhanced, as was expected.
Keeping in mind the previous tendencies of the PCEs in
the three devices, B, C, and D, Device E exhibited the best
efficiency (g = 1.60%); the value is higher than seven times
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that of Device B. The other two devices also showed
significant enhancement of PCE compared to the devices
containing no PCBM. Devices F and G exhibited almost
15–16-fold Jsc values, providing 30 times higher PCE,
respectively, when compared to Devices C and D contain-
ing no PCBM (see Table 2). Enhancement of PCE arises from
the increase of the short circuit current (Jsc) which is
mainly attributed to increase of absorption in the visible
range.
4. Conclusion

New donor-r-acceptor molecules bearing the cruci-
form p-type HPBT molecule and PDI derivatives have been
demonstrated. HPBT-1(PDI), 18 and HPBT-2(PDI), 19 are
typical molecules displaying mesoscopic self-organization
by virtue of crystallization of HPBT moieties. PV devices
were fabricated, either with PCBM or without PCBM. Addi-
tional PCBM enhance the absorption in the visible light re-
gion. Thus the power conversion efficiency and fill factor
were significantly enhanced. The results in this work dem-
onstrate the high potential of donor-r-acceptor molecules
as photovoltaic materials. Instead of HPBT moiety, a low-
bandgap donor molecule is introduced in D-r-A structures
and characterization of their ability is now in progress.

Acknowledgements

This research was mainly supported by Korea
Science and Engineering Foundation, (KOSEFR-
0120070001128402008) Particularly, Prof. D.H. Choi
thanks the financial support by the Seoul R&BD Program
(2008–2009) and second stage of the Brain Korea 21 Pro-
ject in 2009 (Korea Research Foundation) X-ray experi-
ments at PLS were supported by the Ministry of Science
and Technology and Pohang Steel Company.

References

[1] P.A. Liddell, G. Kodis, A.L. Moore, T.A. Moore, D. Gust, J. Am. Chem.
Soc. 124 (2002) 7668.

[2] T. Oike, T. Kurata, K. Takimiya, T. Otsubo, Y. Aso, H. Zhang, Y. Araki, O.
Ito, J. Am. Chem. Soc. 127 (2005) 15372.

[3] M. Lor, J. Thielemans, L. Viaene, M. Cotlet, J. Hofkens, T. Weil, C.
Hampel, K. Müllen, J.W. Verhoeven, M.V.d. Auweraer, F.C. De
Schryver, J. Am. Chem. Soc. 124 (2002) 9918.

[4] E. Peeters, P.A. van Hal, S.C.J. Meskers, R.A.J. Janssen, E.W. Meijer,
Chem. Eur. J. 8 (2002) 4470.

[5] Y. Chen, M.E. El-Khouly, X.-D. Zhuang, N. He, Y. Araki, Y. Lin, O. Ito,
Chem. Eur. J. 13 (2007) 1709.

[6] S. Xiao, M.E. El-Khouly, Y. Li, Z. Gan, H. Liu, L. Jiang, Y. Araki, O. Ito, D.
Zhu, J. Phys. Chem. B 109 (2005) 3658.

[7] S. Fukuzumi, K. Ohkubo, J. Ortiz, A.M. Gutiérrez, F. Fernandez-Lázaro,
A. Sastre-Santos, J. Phys. Chem. A 112 (2008) 10744.

[8] (a) E.E. Neuteboom, S.C.J. Meskers, E.H.A. Beckers, S. Chopin, R.A.J.
Janssen, J. Phys. Chem. A 110 (2006) 12363;
(b) L.X. Chen, S. Xiao, L. Yu, J. Phys. Chem. B 110 (2006) 11730;
(c) B.K. Kaletas, R. Dobrawa, A. Sautter, F. Würthner, M. Zimine, L.D.
Cola, R.M. Williams, J. Phys. Chem. A 108 (2004) 1900.

[9] T.B.M. Bell, A. Stefan, S. Masuo, T. Vosch, M. Lor, M. Cotlet, J. Hofkens,
S. Bernahrdt, K. Müllen, M.V.d. Auweraer, J.W. Verhoeven, F.C. De
Schryver, Chem. Phys. Chem. 6 (2005) 942.

[10] M. Cotlet, S. Masuo, M. Lor, E. Fron, M.V.d. Auweraer, K. Müllen, J.
Hofkens, F.D. De Schryver, Angew. Chem., Int. Ed. 43 (2004) 6116.

[11] J. Qu, N.J. Pschirer, D. Liu, A. Stefan, F.C. De Schryver, K. Müllen,
Chem. Eur. J. 10 (2004) 528.
[12] (a) A. Aviram, M.A. Ratner, Chem. Phys. Lett. 29 (1974) 277;
(b) R.M. Metzger, J. Mater. Chem. 9 (1999) 2027.

[13] (a) S. Zhou, Y. Liu, W. Qiu, Y. Xu, X. Huang, Y. Li, L. Jiang, D. Zhu, Adv.
Funct. Mater. 12 (2002) 65;
(b) K. Stokbro, J. Taylor, M. Brandbyge, J. Am. Chem. Soc. 125 (2003)
3674;
(c) G. Ho, J.R. Heath, M. Kondratenko, D.F. Perepichka, K. Arseneault,
M. Pézolet, M.R. Bryce, Chem. Eur. J. 11 (2005) 2914;
(d) M.J. Ford, R.C. Hoft, A.M. McDonagh, M.B. Cortie, J. Phys.:
Condens. Matter 20 (2008) 374106.

[14] T. Nishizawa, K. Tajima, K. Hashimoto, J. Mater. Chem. 17 (2007)
2440.

[15] B. Mi, Y. Dong, Z. Li, J.W.Y. Lam, M. Häubler, H.H.Y. Sung, H.S. Kwok,
Y. Dong, I.D. Williams, Y. Liu, Y. Luo, Z. Shuai, D. Zhu, B.Z. Tang, Chem.
Commun. (2005) 3583.

[16] (a) T. Nishizawa, K. Tajima, K. Hashimoto, Nanotechnology 19
(2008) 424017;
(b) H. Neugebauer, M.A. Loi, C. Winder, N.S. Sariciftci, G. Cerullo, A.
Gouloumis, P. Vazquez, T. Torres, Solar Energy Mater. Solar Cells 83
(2004) 201;
(c) G. Possamai, N. Camaioni, G. Ridolfi, L. Franco, M. Ruzzi, E.
Menna, G. Casalbore-Miceli, A.M. Fichera, G. Scorrano, C. Corvaja, M.
Maggini, Synthetic Met. 139 (2003) 585.

[17] (a) J. Li, F. Dierschke, J. Wu, A.C. Grimsdale, K. Müllen, J. Mater.
Chem. 16 (2006) 96;
(b) W.S. Shin, H.H. Jeong, M.K. Kim, S.H. Jin, M.R. Kim, J.W. Lee, J.W.
Lee, Y.S. Gal, J. Mater. Chem. 16 (2006) 384;
(c) R. de Bettignies, Y. Nicolas, P. Blanchard, E. Levillain, J.M. Nunzi, J.
Roncali, Adv. Mater. 15 (2003) 1939.

[18] (a) Z. Tan, E. Zhou, X. Zhan, X. Wang, Y. Li, S. Barlow, S.R. Marder,
Appl. Phys. Lett. 93 (2008) 073309;
(b) Y. Liu, C. Yang, Y. Li, Y. Li, S. Wang, J. Zhuang, H. Liu, N. Wang, X.
He, Y. Li, D. Zhu, Macromolecules 38 (2005) 716;
(c) B. Rybtchinski, L.E. Sinks, M.R. Wasielewski, J. Am. Chem. Soc.
126 (2004) 12268.

[19] (a) E.E. Neuteboom, S.C.J. Meskers, P.A. van Hal, J.K.J. van Duren,
E.W. Meijer, R.A.J. Janssen, H. Dupin, G. Pourtois, J. Cornil, R.
Lazzaroni, J.L. Brédas, D. Beljonne, J. Am. Chem. Soc. 125 (2003)
8625;
J. Cremer, P. Bäuerle, Eur. J. Org. Chem. (2005) 3715;
(c) J. Baffreau, S. Leroy-Lhez, N. Van Anh, R.M. Williams, P.
Hudhomme, Chem. Eur. J. 14 (2008) 4974;
(d) Y. Shibano, T. Umeyama, Y. Matano, N.V. Tkachenko, H.
Lemmetyinen, Y. Araki, O. Ito, H. Imahori, J. Phys. Chem. C 111
(2007) 6133.

[20] M. Sommer, S.M. Lindner, M. Thelakkat, Adv. Funct. Mater. 17 (2007)
1493.

[21] (a) S. Fukuzumi, K. Ohkubo, J. Ortiz, A.M. Gutiérrez, F. Fernández-
Lázaro, Á. Sastre-Santos, Chem. Commun. (2005) 3814;
(b) J. Cremer, P. Bäuerle, J. Mater. Chem. 16 (2006) 874.

[22] (a) S. Leroy-Lhez, J. Baffreau, L. Perrin, E. Levillain, M. Allain, M.-J.
Blesa, P. Hudhomme, J. Org. Chem. 70 (2005) 6313;
(b) Y. Zhang, L.-Z. Cai, C.-Y. Wang, G.-Q. Lai, Y.-J. Shen, New J. Chem.
32 (2008) 1968;
(c) E.E. Neuteboom, P.A. van Hal, R.A.J. Janssen, Chem. Eur. J. 10
(2004) 3907.

[23] P. Bauer, H. Wietasch, S.M. Lindner, M. Thelakkat, Chem. Mater. 19
(2007) 88.

[24] T. Nishizawa, H.K. Lim, K. Tajima, K. Hashimoto, Chem. Commun.
(2009) 2469.

[25] K.H. Kim, Z. Chi, M.J. Cho, J.-I. Jin, M.Y. Cho, S.J. Kim, J.-S. Joo, D.H.
Choi, Chem. Mater. 19 (2007) 4925.

[26] L.D. Wescott, D.L. Mattern, J. Org. Chem. 68 (2003) 10058.
[27] H. Langhals, W. Jona, Chem. Eur. J. 4 (1998) 2110.
[28] H. Li, M. Parameswaran, M.H. Nurmawati, Q. Xu, S. Valiyaveettil,

Macromolecules 41 (2008) 8473.
[29] C. Xia, J. Locklin, J.H. Youk, T. Fulghum, R.C. Advincula, Langmuir 18

(2002) 955.
[30] S. Kokyunku, M. Kus, S. Demic, I. Kaya, E. Ozdemir, S. Icli, J. Polym.

Sci. Part A: Polym. Chem. 46 (2008) 1974;
(b) Q. Peng, K. Park, T. Lin, M. Durstock, L. Dai, J. Phys. Chem. B 112
(2008) 2801.

[31] (a) H. Kim, J.Y. Kim, K. Lee, Y. Park, Y. Jin, H. Suh, Curr. Appl. Phys. 1
(2001) 139;
(b) M. Theander, A. Yartsev, D. Zigmantas, V. Sundström, W.
Mammo, M.R. Andersson, O. Inganäs, J. Mater. Chem. 44 (2009)
1283;
(c) F. Meng, J. Hua, K. Chen, H. Tian, L. Zuppiroli, F. Nüesch, J. Mater.
Chem. 15 (2005) 979;



M.H. Kim et al. / Organic Electronics 10 (2009) 1429–1441 1441
(d) T. Otsubo, Y. Aso, K. Takimiya, J. Mater. Chem. 12 (2002)
2565;
(e) A.M. Ramos, M.T. Rispens, J.K.J. Van Duren, J.C. Hummelen, R.A.J.
Janssen, J. Am. Chem. Soc. 123 (2001) 6714.

[32] S. Trotzky, T. Hoyer, W. Tuszynski, C. Lienau, J. Parisi, J. Phys. D 42
(2009) 055105.
[33] (a) M. Petit, R. Hayakawa, Y. Wakayama, T. Chikyow, J. Phys. Chem. C
111 (2007) 12747;
(b) K. Balakrishnan, A. Datar, T. Naddo, J. Huang, R. Oiker, M. Yen, J.
Zhao, L. Zang, J. Am. Chem. Soc. 126 (2006) 7390;
(c) G. Sui, J. Orbulescu, M. Mabrouki, R.M. Leblanc, S. Liu, B.A. Gregg,
Chem. Phys. Chem. 3 (2002) 1041.



Substrate

Al electrode

Au electrode

AlOx method A
(ε = 9)

SAM (C n-PA)

Substrate

Al electrode

Au electrode

Substrate

Al electrode

Au electrode

AlOx method A
(ε = 9)

SAM (C n-PA)

Substrate

Al electrode

Au electrode

SAM (C n-PA) AlOx method B
(ε = 5)

Substrate

Al electrode

Au electrode

Substrate

Al electrode

Au electrode

n AlOx
(ε = 5)

niarduAecruosuA

Pentacene

Substrate

Al gate

SAM (C n-PA) AlOx method A
(ε = 9)

niarduAecruosuA

Pentacene

Substrate

Al gate

n AlOx method A
(ε = 9)

niarduAecruosuA

Pentacene

Substrate

Al gate

AlOx method B
(ε = 5)

SAM (C n-PA)

niarduAecruosuA

Pentacene

Substrate

Al gate

n

a c

b

d

e

Fig. 1. Schematic cross sections of capacitors and thin-film transistors with thin AlOx/SAM dielectric. (a) Capacitor with AlOx grown by oxygen plasma
(method A). (b) Capacitor with AlOx grown by mild-air plasma (method B). (c) Chemical structures of n-alkyl phosphonic acids Cn-PA. (d) Pentacene TFT
with AlOx grown by oxygen plasma (method A). (e) Pentacene TFT with AlOx grown by mild-air plasma (method B).
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SAM dielectrics is comparable to or smaller than the cur-
rent density through the gate dielectrics of modern silicon
field-effect transistors that use high-temperature-grown
inorganic gate oxides with a thickness of 2–3 nm [25,26].

In order to better understand the properties of the thin
oxide/SAM double-layer dielectrics it is necessary to dis-
tinguish between the influence of the thin oxide and the
influence of the molecular monolayer on the performance
of the double-layer dielectric. In this work we compare
the electrical characteristics of thin aluminum oxide/SAM
double-layer dielectrics prepared using two different oxi-
dation procedures and five different aliphatic phosphonic
acids (Fig. 1c) on aluminum electrodes. To separate the ef-
fects of the oxide and the SAM on the insulating properties,
we have performed current-voltage measurements on me-
tal/oxide/SAM/metal capacitors and cyclic voltammetry
measurements on ITO/SAM devices.
2. Experimental

The aluminum oxide (AlOx) layers have a thickness of
about 3.6 nm and the SAMs range in thickness from 0.4
to 2.4 nm. For each combination of oxidation procedure
and SAM thickness, capacitor devices (Al/AlOx/SAM/Au)
and bottom-gate, top-contact pentacene organic TFTs (in
which the AlOx/SAM stack serves as the gate dielectric)
were fabricated and characterized.

The aluminum electrodes were prepared by thermal
evaporation of 30 nm thick aluminum through a stencil
mask onto glass substrates. To create a thin AlOx layer,
the surface of the freshly evaporated aluminum was plas-
ma-activated using one of two methods. Method A is an
oxygen-plasma treatment performed in a turbo-pumped
parallel-plate reactive ion etcher (process pressure:
0.1 mbar, plasma frequency: 13.56 MHz, plasma power:
200 W, duration: 30 s) that produces an AlOx layer with a
thickness of about 3.6 nm and a permittivity of nine [2].
Method B is a mild-air plasma (2 mbar, 40 kHz, 200 W,
120 s) which creates an AlOx film with approximately the
same thickness and surface roughness (rms rough-
ness = 1.5 nm, measured by atomic force microscopy) as
method A, but with smaller density and hence smaller per-
mittivity (e = 5). After the plasma treatment, the substrates
were immersed in a 2-propanol solution containing 5 mM
of one of five different alkyl phosphonic acids (dicyl-PA
[C2-PA], hexyl-PA [C6-PA], decyl-PA [C10-PA], tetradecyl-
PA [C14-PA], octadecxl-PA [C18-PA]) to allow a monolayer
with a thickness approximately proportional to the length
of the molecule (assuming similar molecular tilt angles) to
self-assemble on the hydroxyl-terminated surface of the
plasma-oxidized aluminum. The solution was kept at room
temperature, and substrates remained in solution for about
24 h. Substrates were then rinsed with 2-propanol, dried,
and briefly baked at a temperature of 60 �C on a hotplate.
Static contact angles of 105–110� were obtained for all
films, except for the substrates with C2-PA on which a
slight corrosion of the aluminum patterns was observed
and a smaller static contact angle of 80� was measured.
The capacitors were completed by evaporating 30 nm thick
gold through a stencil mask on top of the SAMs, resulting
in capacitors with areas of 30 � 30 lm2, 50 � 50 lm2 and
100 � 100 lm2 (Fig. 1a and b). Organic TFTs were com-
pleted by evaporating 30 nm thick pentacene on top of
the SAM-coated aluminum gate stack through a stencil
mask, followed by evaporating 30 nm thick gold through
another stencil mask to create the source/drain contacts
(Fig. 1d and e). The pentacene TFTs have a channel length
(L) of 30 lm and a channel width (W) of 450 lm.

For cyclic voltammetry measurements, the SAMs were
prepared on ITO-coated glass substrates from solution
with the same process described above for the Al/AlOx/
SAM/Au capacitors, but without an AlOx layer and without
a metal top contact. Static contact angles after SAM forma-
tion on ITO were similar to those for SAMs on aluminum
oxide (105–115�). The ITO/SAM devices have an electrode
area of 288 mm2, which is much larger than the area of
the Al/AlOx/SAM/Au capacitors. The cyclic voltammetry
measurements were carried out in a 0.9% NaCl(aq) solution
using K3[Fe(CN)6] as a redox-active indicator.
3. Results and discussion

3.1. Capacitor devices

To investigate the dielectric properties of the double-
layer insulator stacks we have measured the capacitance
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of each Al/AlOx/SAM/Au device at frequencies from 10 kHz
to 1 MHz and the current density through each stack as a
function of applied voltage up to dielectric breakdown.
Each measurement was repeated on at least four capaci-
tors. The results are independent of the capacitor cell area.
The measured capacitances are summarized in Table 1 and
compared with the capacitances calculated using the equa-
tion Ctotal = 1/(1/CSAM + 1/CAlOx ) assuming a permittivity of
2.5 for the SAM [27], a permittivity of nine for the oxy-
gen-plasma-grown AlOx, a permittivity of five for the
mild-air-plasma-grown AlOx, a thickness of 3.6 nm for
the AlOx, and a thickness between 0.41 and 2.44 nm for
the SAM, depending on alkyl chain length. The measured
capacitances are between 0.38 lF/cm2 for mild-air-plas-
ma-grown AlOx/C18-PA SAM and 1.75 lF/cm2 for oxygen-
plasma-grown AlOx/C2-PA SAM, and they are in good
agreement with the calculated values.

Fig. 2 shows the measured current density as a function
of applied voltage. For the series of capacitors with oxygen-
plasma-grown AlOx (e = 9; see Fig. 2a), the breakdown volt-
age is essentially the same (4.4 V) for devices without SAM
and devices with short SAM (C6-PA, C2-PA). When the SAM
chain length is increased to C10 and beyond, a monotonic
increase in breakdown voltage is observed, up to 5 V for
C18-PA. With the exception of the devices with C2-PA
(which appears to corrode the aluminum) the current den-
sity at low voltages (�1–2 V) is similar for all devices with
SAM regardless of chain length and slightly smaller than
for devices without SAM (4 � 10�7 A/cm2 at 1 V;
4 � 10�6 A/cm2 at 2 V). When the voltage is increased be-
yond 2 V, the increase in current density with increasing
voltage is greater for the devices with shorter SAM chain
length than for those with longer SAM chain length. At
large voltage (�4 V), the current density through the de-
vices with C18-PA SAM is two orders of magnitude smaller
than through the devices without SAM, confirming the
important role of the SAM in limiting the current density.

The devices based on mild-air-plasma-grown AlOx

(e = 5) show slightly different results (see Fig. 2b). Most
significantly, the devices without SAM have a smaller
breakdown voltage and a larger current density than the
oxygen-plasma-grown AlOx without SAM (breakdown
voltage is 4 V instead of 4.4 V; current density at 2 V is
1 � 10�1 A/cm2 instead of 2 � 10�5 A/cm2). We attribute
Table 1
Electrical parameters of capacitors and pentacene TFTs.

C18-PA
(2.44 nm)a

Capacitance (meas.)(lF/cm2) Oxidation 0.67
Capacitance (calc.)(lF/cm2) Method A 0.64
Mobility (cm2/Vs) (Oxygen plasma) 0.18
ID/IG AlOx 5 � 103

On/off ratio (e = 9) 7 � 105

Capacitance (meas.)(lF/cm2) Oxidation 0.38
Capacitance (calc.)(lF/cm2) Method B 0.52
Mobility (cm2/Vs) (Mild-air plasma) 0.17
ID/IG AlOx 2 � 102

On/off ratio (e = 5) 2 � 106

a Calculated using CambridgeSoft Chem3D Pro; www.cambridgesoft.com.
these findings to the lower quality of the mild-air-plas-
ma-grown AlOx compared with the oxygen-plasma-grown
AlOx (lower density, larger number of leakage paths). Con-
sequently, the devices with mild-air-plasma-grown AlOx

and SAM also show larger current density than the oxy-
gen-plasma-grown AlOx/SAM devices. In the devices with
C10-PA, C14-PA and C18-PA SAM the current density at 2 V
is larger by about one order of magnitude (�3 � 10�5 A/
cm2 instead of 4 � 10�6 A/cm2), while the devices with
C6-PA SAM show a more pronounced dependence on the
oxide quality and hence a current density that is more than
two orders of magnitude larger (8 � 10�4 A/cm2 instead of
4 � 10�6 A/cm2 at 2 V) than for the devices with oxygen-
plasma-grown AlOx. This indicates that at least for the
longer alkyl chains the lower quality of the mild-air-plas-
ma-grown AlOx is compensated by the SAMs. When the
voltage is increased beyond 2 V, the increase in current
density with increasing voltage is essentially the same
for the devices with C10-PA, C14-PA and C18-PA SAM, while
the breakdown voltage shows the same trend with SAM
chain length as in the series with oxygen-plasma-grown
AlOx, indicating that the electrical properties at large elec-
trical fields are dominated by the SAMs, rather than the
oxide. Due to the smaller permittivity of the mild-air-plas-
ma-grown AlOx, the capacitance measured in these devices
is smaller, but follows the trend related to the contribution
of the SAM chain length (see Table 1).
3.2. Cyclic voltammetry

To study the chain-length-dependent insulating proper-
ties of the phosphonic acid SAMs without the contribution
of the insulating metal oxide (AlOx) we have also prepared
monolayers of C6-PA, C10-PA and C18-PA SAMs on conduct-
ing indium tin oxide (ITO) electrodes and performed cyclic
voltammetry (CV) measurements. Note that in contrast to
the Al/AlOx/SAM/Au capacitors discussed in the previous
section, the ITO/SAM devices for the cyclic voltammetry
analysis have no AlOx layer and no Au contact. Therefore,
any pinholes present in the SAM would be permeable for
the electrolyte and thus result in a substantial leakage cur-
rent that would be expected to be independent of the alkyl
chain length. On the other hand, if the pinhole density is
negligible, the currents through the SAM will be due to
C14-PA
(1.95 nm) a

C10-PA
(1.43 nm) a

C6-PA
(0.91 nm) a

C2-PA
(0.41 nm) a

0.8 0.86 1 1.75
0.75 0.91 1.15 1.56
0.28 0.15 0.05 –
7 � 103 2 � 103 2 � 102 –
2 � 106 2 � 106 2 � 104 –
0.6 0.78 0.86 0.9
0.59 0.68 0.81 1
0.13 0.03 – –
9 � 101 7 – –
3 � 105 5 � 103 – –

http://www.cambridgesoft.com
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quantum-mechanical tunneling, with a monotonic depen-
dence on the molecular chain length.

The experimental results are summarized in Fig. 2c and
d. In all measurements, the redox behavior is reversible,
without noticeable damage to the organic monolayers.
The results show that the indicator response decreases
monotonically with increasing molecular chain length.
The CV measurements thus confirm the conclusions from
the Al/AlOx/SAM/Au capacitor measurements, namely that
the insulating properties of the SAMs are indeed a strong,
monotonic function of the molecular chain length.

3.3. Organic transistors

In a field-effect transistor, the voltage-dependent cur-
rent through the gate dielectric leads to an undesired gate
current during device operation. Thus, for transistors the
quality of the dielectric is best described by the gate cur-
rent (IG) and by the ratio between the drain current and
the gate current (ID/IG) as a function of gate-source voltage
(VGS).

The gate currents as a function of gate-source voltage of
pentacene TFTs based on oxygen-plasma-grown AlOx

(e = 9) with four different SAMs (C6-PA, C10-PA, C14-PA
and C18-PA) are shown in Fig. 3a. The drain currents as a
function of gate-source voltage of the same TFTs are shown
in Fig. 3b. In general, these devices exhibit small gate cur-
rents and large ID/IG ratios, as observed previously for C18-
PA SAMs on oxygen-plasma-grown AlOx [2]. However, a
monotonic increase in gate current is observed as the
SAM chain length is reduced from C18-PA to C14-PA, C10-
PA and C6-PA (1.5 � 10�10 A, 3.7 � 10�10 A, 6.1 � 10�10 A
and 3.2 � 10�9 A at VGS = �2.5 V). In devices with C2-PA
SAM the gate current exceeds the drain current, making
these devices unsuitable for practical applications. For each
TFT the charge carrier mobility was calculated in the satu-
ration regime using the standard formalism for field-effect
transistors: l = 2 L/(W � Cdiel) � (dID/dVGS)2, where Cdiel is the
measured dielectric capacitance, ID is the drain current,
and VGS is the gate-source voltage. Mobilities of 0.18 cm2/
Vs for C18-PA, 0.28 cm2/Vs for C14-PA and 0.15 cm2/Vs for
C10-PA were calculated for the TFTs with oxygen-plasma-
grown AlOx. Devices based on C6-PA exhibit a notably
smaller mobility of 0.05 cm2/Vs. In addition to the mobility
and the ratio between drain current and gate current (ID/
IG), Table 1 also lists the ratio between the maximum and
the minimum drain current (on/off ratio) of each TFT.

The TFTs with mild-air-plasma-grown AlOx/SAM gate
dielectrics (permittivity of AlOx = 5) show a larger gate
leakage compared to the TFTs with oxygen-plasma-grown
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AlOx (see Fig. 4). To prevent the gate currents from exceed-
ing 10 nA these TFTs were measured only up to a maxi-
mum gate-source voltage of �2 V. In addition to the
generally larger gate currents, the increase in gate current
with reduced SAM chain length from C18-PA to C14-PA and
C10-PA is more pronounced (7.3 � 10�10 A, 3.4 � 10�9 A
and 1.5 � 10�8 A at VGS = �2.0 V). As a consequence, the
ID/IG ratio is smaller by about one to two orders of magni-
tude than in TFTs with oxygen-plasma-grown AlOx (see Ta-
ble 1). As a result of this trend, the C14-PA SAM is a lower
limit in terms of the minimum chain length for the mild-
plasma-grown oxide. In TFTs with C2-PA SAM (aluminum
corrosion) and C6-PA SAM the gate current exceeds the
drain current, in line with the trend observed for the cur-
rent density in the capacitors. Using the measured capaci-
tance values, charge carrier mobilities of 0.17 cm2/Vs for
C18-PA, 0.13 cm2/Vs for C14-PA and 0.03 cm2/Vs for C10-
PA have been calculated.

For both series of TFTs (oxygen-plasma-grown AlOx,
mild-air-plasma-grown AlOx) the mobility decreases as
the alkyl chain length of the SAM is reduced from C14-PA
ba
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to C10-PA and to C6-PA. This indicates that the ordering
in the SAM is systematically reduced as the alkyl chain
length and hence the strength of the cohesive interactions
between the phosphonic acid molecules is reduced [28],
since less ordering in the SAM is likely to also induce less
ordering in the pentacene layer and thus lower mobility.

Hill et al. have recently reported pentacene TFTs with a
100 nm thick SiO2 gate dielectric obtained by thermal oxi-
dation of the silicon substrate and functionalized with al-
kyl phosphonic acid SAMs with alkyl chain length
ranging from C6-PA to C18-PA [29]. Due to the excellent
insulation provided by the thick SiO2 layer, the gate cur-
rent in these TFTs is insignificant. The largest mobility
was obtained with a C8-PA SAM (1.2 cm2/Vs). As the chain
length was increased from C8-PA to C18-PA, the mobility
decreased monotonically to 0.2 cm2/Vs. For TFTs with a
C6-PA SAM a mobility of 0.5 cm2/Vs was reported. It ap-
pears that the trend of the mobility as a function of alkyl
chain length observed by Hill et al. is quite different from
the one we have observed in our TFTs. However, the results
are not easily compared, since the mechanisms that con-
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trol adsorption, binding, and monolayer formation of alkyl
phosphonic acids on aluminum oxide and on silicon diox-
ide are fundamentally different [30], and so the micro-
scopic structure of the monolayers is expected to be
quite different as well.

4. Conclusion

We have demonstrated that varying the molecular
chain length (n) of aliphatic Cn-phosphonic acids influ-
ences the electrical characteristics of SAMs based on these
molecules. In capacitors that utilize AlOx/SAM stacks as
double-layer dielectrics the breakdown voltage correlates
with the chain length of the self-assembling molecules,
while the current density at low fields and the increase
in current density with increasing voltage are determined
by the quality of the thin AlOx layer underneath the SAM.
The important role of the chain length of the organic self-
assembling molecules in determining the insulating prop-
erties of the monolayers has been confirmed using cyclic
voltammetry measurements on large-area ITO/SAM de-
vices. Similar trends were found for the gate current in
pentacene TFTs that utilize an AlOx/SAM stack as the gate
dielectric. Reliable low-voltage transistor operation with
mobility greater than 0.1 cm2/Vs has been observed for
gate dielectrics with C18-PA and C14-PA SAM on AlOx of dif-
ferent quality. When using a high-quality oxygen-plasma-
grown AlOx, the SAM approach can be extended to SAMs as
short as C10-PA. This suggests that low-cost processes for
the activation of the metal gate electrodes are suitable
and that alkyl chains shorter than C18 provide adequate
insulating properties for large-area devices.
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to the first ML, but rather extends into the second ML, at
least.

2. Experimental

PTCDA films were grown by means of organic molecular
beam epitaxy (OMBE) on substrates kept in ultrahigh vac-
uum (UHV) at room-temperature. The quality of the sub-
strates and of the deposited films was monitored by
Auger electron spectroscopy (AES), low-energy electron
diffraction (LEED), and scanning tunneling microscopy
(STM). The good quantitative agreement of the PTCDA film
structures observed by us on Au(111) and Au(100) with
the published ones [7–10] decisively enhances the compa-
rability between different measurements. Briefly summa-
rized, our epitaxial PTCDA films exhibit flat-lying
molecules forming two closed MLs before island growth
sets in (Stranski–Krastanov growth, cf. Refs. [7,9]). Film
thicknesses were estimated using a quartz crystal micro-
balance and calibrated more precisely with STM.

Beside the well-accessible molecular frontier orbitals
(highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO)) measured, e.g., with
photoelectron spectroscopies [1–4], it has been challeng-
ing to determine the optical absorption behavior of ultra-
thin films on metal surfaces because standard setups in
transmission geometry are inappropriate. However, the
application of DRS [11,12] followed by a numerical algo-
rithm with the purpose to extract the dielectric function
of the molecular adsorbate [13] allows for a detailed opti-
cal characterization of such systems. In general, the rela-
tion between electronic and optical behavior tends to be
intricate since the electronic transport gap Etransport differs
from the optical gap Eoptical by the exciton binding energy
Eexciton which can be as large as 1 eV [14]. In addition,
(de-)localization, diffusion, and dielectric screening of
molecular excitons are naturally to be distinguished from
those of free charge carriers. No attempt will therefore be
made to directly establish energy diagrams, but some rel-
evant indirect conclusions will be drawn from the optical
measurements performed here aiming for an explanation
of the observed behavior. Note that a thorough theoretical
analysis of large aromatic molecules adsorbed on metal
surfaces is still rather demanding. While density functional
theory (DFT) can achieve consistency with the experimen-
tal determination of the workfunction modification and
the HOMO/LUMO alignment with respect to the substrate
Fermi energy [15], a reliable prediction of the optical
absorption behavior of such systems is currently not feasi-
ble. Calculations of stacked PTCDA, i.e., 2 ML or more on a
metal surface are not available at present.

Optical spectra were recorded during deposition, i.e.,
without interruption of the film growth, using a home-
built DRS setup described previously [12,16]. The experi-
mental accuracy is estimated to be �0:02 eV for spectral
positions (�0:04 eV for spectral differences). It is outlined
in Ref. [12], that the application of the DRS technique can
routinely achieve submonolayer resolution, with very good
signal-to-noise ratios even down to a surface coverage of
0.1 ML of aromatic molecules. The DRS compares the
reflectance of a bare substrate RðE;0Þ with the reflectance
RðE; dÞ of the same substrate covered with an adsorbate
of thickness d as follows:

DRSðE;dÞ :¼ RðE;dÞ � RðE;0Þ
RðE;0Þ : ð1Þ

We extract the complex dielectric function
êðE; dÞ ¼ e0ðE; dÞ � ie00ðE; dÞ from the DRS with the help of a
model-free numerical algorithm fulfilling Kramers–Kronig
consistency [13]. The imaginary part e00 is discussed here
as a measure for the absorbance behavior of the adsorbate
in dependency of the film thickness, thereby closely mon-
itoring the interface formation. The DRS intensity is in first
approximation proportional to the film thickness (cf. Ref.
[11]) as manifested in Fig. 2. In contrast to the DRS, the
complex dielectric function being a material property
bears an indirect thickness-dependence only, since the ob-
served spectral developments are caused by molecule–
molecule or molecule–substrate interactions and not
merely by the amount of material.

In the following, we will discuss the thickness-depen-
dent e00 spectra of our PTCDA films on gold substrates. As
the optical behavior of PTCDA on Au(100) resembles that
on Au(111) to a large extent, the latter surface will be in
focus here. The identification of the spectral features of
the PTCDA films will then be substantiated by comparison
with soluble perylene derivatives which are optically very
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similar to PTCDA. Finally, we will propose an explanation
for the assumed charge transfer effects in the context of
interface dipole (D) formation.

3. Results and discussion

The DRS as a function of PTCDA film thickness on
Au(111) is shown in Fig. 2. Motivated by the abruptly
emerging sharp features in the DR spectra we expand the
two components (metal/n MLs PTCDA) to a hypothetical
three-phase system (metal/1st ML PTCDA/ðn� 1ÞMLs
PTCDA) by setting a new baseline after completion of the
1st ML of PTCDA, such that

DRS�ðE;d�Þ :¼ RðE;d�Þ � RðE;d0Þ
RðE; d0Þ

; ð2Þ

where d� ¼ d� d0 means the reduced nominal film thick-
ness, and RðE; d0Þ is the reflectance of the metal covered
with d0 :¼ 1 ML of PTCDA. We would like to emphasize
that we do not introduce any sort of model here, as Eq.
(2) is in fact an approximation based on the observation
that the optical response of the first ML appears to be sep-
arated from further layers grown on top, as demonstrated
in the following. It is already visible in Fig. 2 that the DRS
signal of up to d � 1 ML is broad and essentially feature-
less. Distinct peaks suddenly appear upon growing the
2nd ML of PTCDA, as also evidenced in the DRS* (cf. Fig. 3).

A closeup view of the DRS* of d� ¼ 1 ML of PTCDA on
Au(111) as plotted in Fig. 3 is given in Fig. 4 on an inverted
scale for convenience. Additionally, the substrate’s coeffi-
cients A and B for gold, as introduced in Ref. [12], are de-
picted. They are derived from the substrate bulk dielectric
function ê ¼ e0 � ie00 [17]. It was shown in Ref. [12] that
the DRS can be approximated by DRS � �ð8pd=kÞ�
A� e00film provided that the condition jAj � jBj is fulfilled.
This so-called McIntyre approximation [11] is also valid
for DRS* and d� with similar accuracy. It can be seen in
Fig. 4 that jAj � jBj holds indeed for gold at low photon
energies E K 2:3 eV. Then, two completely independent
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Fig. 3. Reduced differential reflectance spectra (DRS*, cf. Eq. (2)) of PTCDA
films on Au(111). e00 values were extracted from the highlighted spectra
for d� > 0 ML (cf. Fig. 6, upper part). Thin gray lines represent interme-
diate film thicknesses.

PTCDA on Au(111) derived from the measured DRS* shown in Fig. 4 by
two independent methods: McIntyre approximation
e00film � DRS� � k=ð�8pd� � AÞ (no noise filtering) and Kramers–Kronig
transformation (smoothed during application of the numerical
algorithm).
analysis methods can be used to extract the imaginary part
e00film of the adsorbate dielectric function: (i) the McIntyre
approximation given above and in Ref. [12], and (ii) the
model-free numerical algorithm based on the Kramers–
Kronig transformation. It is evident in Fig. 5 that both meth-
ods yield comparable results, and especially the position
and the shape of the peaks are indeed very similar. Admit-
tedly, the overall height of these two spectra is not identi-
cal, which is particularly apparent for high photon
energies, where the condition jAj � jBj is invalid for gold,
and hence the McIntyre approximation can not be applied.
Still, it is very clear from Fig. 5 that a peak at 2:05 eV (see
below) is observed for both analysis techniques, and no
artificial features are introduced by the numerical method
chosen for the evaluation of our data.
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The e00 spectra extracted from the original DRS and from
the reduced DRS, i.e., DRS*, are depicted in Fig. 6. The broad
character of the 1st ML of PTCDA in the DRS directly trans-
lates to broad e00 spectra centered at 2.26 eV. As a matter of
fact, the submonolayer spectra (d < 1 ML) exhibit virtually
no deviation from the d � 1 ML spectrum and therefore
only a selection is shown in Fig. 6. Because of the large
intermolecular distance between nearest neighbors the
in-plane dimerization should be negligible, as recently
demonstrated for insulating substrates [19,20]. However,
the spectrum of the 1st ML of PTCDA on Au(111) does
not exhibit the monomeric shape known on inert (i.e.,
non-metallic) surfaces, most evidently on mica and KCl
[19,20]. This behavior must be due to a comparatively
strong coupling of molecular orbitals to electronic states
extending perpendicularly from the metal surface. Conse-
quently, significant broadening of the adsorbate levels, as
described, e.g., by the Anderson–Newns model [21,22], is
observed which may be additionally accompanied by
charge transfer. This effect is also called metal–organic
‘‘hybridization” in the literature [15,23] and has been
observed for the molecular energy levels by means of
photoelectron spectroscopy and electron energy loss spec-
troscopy measurements [6,24]. The impact of this phenom-
enon on the optical transitions of molecular adsorbates on
metal surfaces as reported here has been described previ-
ously in Ref. [25].

For PTCDA thicknesses higher than d > 1 ML (i.e.,
d� > 0 ML), several peaks emerge, as depicted in the upper
part of Fig. 6 and also in Fig. 5, and show almost no varia-
tion until completion of the 2nd ML (i.e., d� ¼ 1ML; inter-
mediate film thicknesses omitted for clarity). Clearly, this
spectrum of d� ¼ 1 ML can be divided into two different
parts which will now be discussed separately.

In the range E J 2:2 eV the spectral shape can be as-
signed to neutral monomers since the main feature at
2.32 eV with its vibronic progression of DE � 0:17 eV cor-
responds to the spectra recorded in solution and on insu-
lating surfaces [19,20]. This means in turn that there can
only be marginal coupling between the 2nd and the 1st
ML of PTCDA providing further legitimation for the above
three-phase approach. This is somehow surprising as one
would intuitively expect physical dimerization between
face-to-face stacked aromatic molecules. However, for
E J 2:2 eV the 2nd ML of PTCDA remarkably behaves opti-
cally like an ensemble of monomers, or, in other words,
like the 1st ML on an insulating substrate. Taking into ac-
count our results for quaterrylene heteroepitaxially grown
on an atomically thin hexa-peri-hexabenzocoronene ML
[25] we conclude that the energy levels of the 1st PTCDA
ML on Au must also differ considerably from the levels of
decoupled PTCDA in the subsequent layers, thereby inhib-
iting noticeable coupling.

It is intriguing to note that in the range E K 2:2eV a new
peak at 2.05 eV (or 2.03 eV, respectively, for an identical
PTCDA thickness on Au(100)) has emerged which does
not belong to the absorbance of neutral PTCDA monomers.
Considering the e00 spectra of comparatively thick PTCDA
films on glass [18] it is obvious that this feature can also
not be explained by aggregation effects. Hence, it must
be of different nature, and we attribute this peak to PTCDA
radical cations (PTCDA�+). For a univocal identification of
this feature it would be advisable to compare our e00 values
to absorbance spectra of charged PTCDA in solution. How-
ever, to our knowledge such data are not available which is
probably due to PTCDA’s rather poor solubility. Still, sev-
eral publications contain optical absorption spectra of sol-
uble neutral and charged PTCDA derivatives, namely DBPI
and PBI (cf. Fig. 1) with a high degree of optical equivalence
of the according perylene-derived chromophores [26,27].
Although ionized with dissimilar methods, the energy dif-
ference DE of the cationic main peaks with respect to the
associated neutral molecules amounts to 0.29 eV and
0.28 eV, respectively (cf. Fig. 7). Here, we compare relative
peak positions rather than absolute values due to the pres-
ence of different solvent shifts and dielectric backgrounds
in the respective experiments. The positions of the new
PTCDA peaks observed here shifted by 0.27 eV and
0.29 eV compared to the main monomeric features on
Au(111) and Au(100), respectively, nicely agree with the
above values. In contrast, the spectral signatures of the an-
ionic PTCDA derivatives exhibit a multitude of pronounced
features shifted by more than 0.5 eV toward lower energies
compared to the absorption peaks of the corresponding
neutral species [26,27]. Hence, we can exclude the pres-
ence of anionic PTCDA in the 2nd ML on Au(111) and
Au(100).

The two parts of the d� ¼ 1 ML spectrum can thus be as-
signed to the cationic and neutral PTCDA absorption,
respectively. For an estimation of their proportionate
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contributions we determine the relative oscillator
strengths of both parts (OScharged þ OSneutral ¼ OStotal) via

OS ¼
Z

absorption band
e00ðEÞEdE ð3Þ

(cf. Ref. [28]) by fitting the e00ðEÞ � E curves with several
Gaussian functions (not shown here). Assuming similar
molecular oscillator strengths (i.e., per molecule), the
fraction of charged molecules with respect to the total
number of molecules can be expressed as OScharged=OStotal

and amounts to about 20%, in a first order approximation.4

This value remains almost constant in between 0 ML 6
d� 6 1 ML.

For further increasing film thickness a characteristic
development of the e00 spectra sets in (Fig. 6 upper part,
d� > 1 ML). The monomeric features begin to disappear,
and the spectral shape broadens forming a new shoulder
at � 2:2 eV. The peak at 2.05 eV (or 2.03 eV, respectively)
assigned to cationic PTCDA vanishes suggesting that the
3rd ML and further layers bear no or just very few charges,
and, accordingly, this feature diminishes with rising film
thickness as the fraction of neutral PTCDA steadily in-
creases. The development is accompanied by distinct inter-
sections of all spectra in three isosbestic points at �
2.12 eV, 2.25 eV, and 2.40 eV. Here, we would like to place
emphasis on an independently measured e00 spectrum of a
4 Judging from absorbance data of dissolved DBPI [26] one may conclude
that the fraction of the molecular oscillator strengths of the cation with
respect to the neutral species can be as low as � 0:6, which would
consequently mean an even higher percentage of charged molecules in the
d� ¼ 1 ML spectrum reported here.
rather thick polycrystalline (pc) PTCDA film on a glass sub-
strate [18] which also coincides very nicely with these
intersections. Further, the fast convergence of our e00 spec-
tra toward the pc bulk behavior is remarkable as it indi-
cates that the adsorbate dielectric function becomes
substrate-independent at quite low film thicknesses. Isos-
bestic points are an expression of aggregation to higher
quasi-one-dimensional PTCDA stacks, i.e., the physical
monomer ? oligomer transition [19,29]. The persistence
of the monomeric feature at 2.32 eV for several nominal
MLs confirms the Stranski-Krastanov growth with clusters
forming on top of a closed 2 ML thick film.

All of the above key statements about the optical spec-
tra and their film-thickness-dependent development made
primarily for PTCDA on Au(111) are equally valid on
Au(100) as substrate, except for some very slight devia-
tions within the experimental accuracy on the energy scale
(cf. Fig. 7). Consequently, we can rule out that our observa-
tions would be a mere effect of film structure which exhib-
its a number of different phases and orientations due to the
distinct substrate symmetries and surface reconstructions
[8]. The dissimilarities between PTCDA films on Au(111)
and Au(100) actually play only a minor role in the respec-
tive optical response. Hence, we will not explicitly discuss
the results obtained for PTCDA on Au(100) in detail.

Although classified as a weakly interacting system
[6,15], the suggested charging of PTCDA on Au can only arise
from the proximity of the metal surface. However, the
explanation of the charge transfer is not trivial as it should
have the most intense impact on the layer of contact. It
seems unlikely that only the 2nd PTCDA ML would directly
transfer charge to Au. The very broad optical absorption of
the 1st PTCDA ML on Au (cf. Fig. 6, d � 1 ML) does actually
not permit an unambiguous identification of possible
charged features but does also not contradict charging ef-
fects in the first place. However, as stated in a recent ultra-
violet photoelectron spectroscopy (UPS) study ‘‘no clear
signature of molecule–metal reaction-induced peaks with-
in the energy gap region of PTCDA was observed in the spec-
tra of PTCDA/Au(111), even at sub-monolayer coverage”
[6]. Thus, it seems contradictory to optically detect a
(partly) positively charged 2nd ML. To resolve this apparent
discrepancy we would like to focus on the interface dipole
(D) formation upon molecular adsorption. In fact, the vac-
uum level is decreased by 0.2 eV for 1 Å and further by
roughly the same value up to 48 Å of PTCDA [6]. This means
in particular that D between the 1st and 2nd MLs does not
vanish on Au(111). Although such an interface dipole may
have several causes [1], it will be more often than not an
expression of charge transfer whose direction is correlated
to the sign of D: for a decrease of the vacuum level upon
deposition of a molecular layer one would expect an accu-
mulation of positive charges on the adsorbate’s side of the
interface [2–4]. This complies with our observation of
molecular cations at the interface between 1st and 2nd
MLs of PTCDA on Au(111) and Au(100).

4. Conclusions

In summary, the optical spectra of thin PTCDA films on
Au presented here suggest that there is a clear difference in
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the electronic properties between the layer of contact and
further layers grown on top. The behavior of the 2nd
PTCDA ML is somewhat unexpected though: surprisingly,
physical dimerization does not occur between the face-
to-face stacked 1st and 2nd PTCDA MLs on Au(111) and
Au(100). The interaction between the contact layer and
the Au surface is efficient enough to shift the molecular en-
ergy levels considerably and to cause consequently a
decoupling effect of further layers. Yet, the most important
observation is the occurrence of charged PTCDA in these
solid state optical spectra. From the optical data we deduce
the formation of a (partly) positively charged 2nd ML of
PTCDA films on Au(111) and Au(100). Assuming a similar
molecular oscillator strength for neutral PTCDA and the
cation we estimate the fraction of charged PTCDA to be �
20%. We conclude that the interface dipole formation be-
tween 1st and 2nd MLs of PTCDA on Au as reported before
[6] is responsible for the charging observed here. The sim-
ple correlation of the sign of the interface dipole to the
direction of charge transfer as proposed in this contribu-
tion might not reflect the full picture, but it can give at
least an appropriate tendency. Further experimental and
theoretical work will be necessary to yield a comprehen-
sive explanation of charge transfer effects in the proximity
of metals.
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Fig. 2. Electroluminescence spectrum of (a) the reference PVK/Alq3

device, (b) with red-emitting quantum dots and (c) with Ir(III)DP plus
red-emitting quantum dots. Device (c), the only one with blue-emitting
molecules, shows a blue shift and produces white light of better quality.
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ratio. A 30 nm-thick electron-transporting layer of Alq3

(Sigma–Aldrich, 99.995%) was sublimated at 6.66 �
10�4 Pa pressure. Finally, a 200 nm aluminum cathode
was deposited by thermal evaporation in the same vacuum
to complete the device. Fig. 1 shows the energy band dia-
gram of the overall structure.

The PVK/Alq3 bi-layer yields a greenish, 50 nm-wide
electroluminescence spectrum. To widen the spectrum
and achieve white light emission, red-emitting quantum
dots were incorporated in PVK. CdSe/ZnS core–shell quan-
tum dots (Evident Technologies Ltd.) of 5.8 nm in diameter
were dispersed in the PVK:toluene solution. The weight ra-
tio (R) of CdSe/ZnS to PVK was set at 0.9:10. To add spectral
components to the blue side of the electroluminescence
spectrum, it is necessary to use quantum dots with a smal-
ler diameter. However, we found that such particles only
emit weakly and tend to be unstable because of their large
surface/volume ratio. A different approach is to use phos-
phorescent molecules. To this end, we dissolved blue-
light-emitting molecules Ir(III)DP into PVK to enhance
the spectrum in the 450–500 nm region. The weight ratios
of CdSe/ZnS to Ir(III)DP and to PVK are 0.9:10 and 8.3:10,
respectively.
3. Results and discussion

Fig. 2 shows the normalized electroluminescence spec-
tra of the device with and without the addition of quantum
dots or Ir(III)DP. The luminescence of the reference struc-
ture (without quantum dots or molecules) peaks at
526 nm and takes a greenish appearance, whereas quan-
tum dots produce a luminescence spectrum centered at
620 nm with a 30 nm FWHM. The color pictures in Fig. 3
show color coordinates that gradually approach that of
pure white light (0.33, 0.33).

For devices without Ir(III)DP, the external quantum
yield is 0.45% (at a bias of 14 V) without QDs and 0.40%
(at a bias of 14 V) when QDs are included into the device
at weight ratio R = 9%. Here, we stress that our main goal
was not to optimize the device but rather to understand
how the QDs affect the operating mechanisms of OLEDs.
For this task the measurement of quantum yield is espe-
cially valuable.
ITO

4.8

PEDOT: 
PSS

5.2
PVK 

50 nm

5.8

2.2
3.2

5.9

Al 
4.25

Alq3 

Vacuum level (0 eV)

El
ec

tro
n 

en
er

gy
 (e

V)
 

30 nm

200 nm

IE = 6.5 

EA = 4.4
QD

Fig. 1. Energy band diagram of the PVK/Alq3 reference organic device
[4,5]. Electron affinity (EA) and ionization energy (IE) values of QDs are
taken from Ref. [11].
The arrangement offers a high degree of flexibility. The
characteristic of the device’s electroluminescence spec-
trum can be controlled by choosing various ratios of
Ir(III)DP and quantum dot to PVK, and by using different
quantum dot sizes. However, because the three types of
light emitters interact in a non-trivial way, the relative
emission efficiency is not a simple function of concentra-
tion or voltage. To fully exploit and tailor the device to a
specific application, it is important to understand the lumi-
nescence mechanisms involved. For example, quantum
dots can luminesce via Förster energy transfer of excitons
[6–9] and/or injection of electron–hole pairs [10–13]. Hav-
ing a large absorption cross section, these particles can
also, in theory, be excited by absorbing photons generated
inside the device with energies above the CdSe band gap
(<700 nm). The rest of this paper focuses on exploring
these mechanisms.

Fig. 4 shows the surface morphology of various PVK
films with and without quantum dots. The microscope pic-
tures show that the surface of pure PVK is homogeneous on
a small scale. On the other hand, PVK with quantum dots
(R = 3%, image b), shows small aggregates dispersed on
the surface. At higher concentration, R = 9%, the surface
morphology suggests aggregates, on the same scale as re-
ported by Son et al. in Ref. [15]. In their work on PVK films
with quantum dots, TEM images reveal PVK clusters envel-
oped with quantum dots. Aggregation, it seems, takes the
form of a blend of the two materials, making the film effec-
tively uniform on a scale above 300 nm. The fact that quan-
tum dots would be thus embedded into the film (and not
just concentrated at the surface) is an important element
in explaining the operation of the OLED.

We now proceed with an analysis of the emission pro-
files of devices with and without quantum dots. It is signif-
icant that the EL spectrum of the reference OLED (Fig. 2a)
shows no evidence of light emission by the PVK. Since exci-
tons are mainly formed at PVK/Alq3 interface, and since
holes easily migrate from PVK to Alq3 (the potential barrier



Fig. 3. Pictures of the devices (a–c) of Fig. 2. The color coordinates of (a), (b) and (c) are (0.3, 0.55), (0.43, 0.45) and (0.24, 0.415), respectively.

Fig. 4. Atomic force microscope images the surface morphology of various PVK: QDs layers.
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is only 0.1 eV versus the 1 eV barrier for electrons going
from Alq3 into PVK), electron–hole recombination occurs
principally in the Alq3 layer, in accordance with previous
works [16,17]. Fig. 5 shows the electroluminescence spec-
trum of the PVK/Alq3 device with quantum dots. At low
voltages, near the threshold voltage of 12 V, the spectrum
is dominated by Alq3 emission, but as the voltage in-
creases, the contribution from quantum dots exceeds that
of Alq3.
Fig. 5. Emission spectra profiles of ITO/PEDOT: PSS/PVK: QD/Alq3/Al devices w
voltage, as shown in inset.
The overlap between the QD absorption profile and the
photoluminescence spectrum of Alq3 [9] suggests the pos-
sibility of exciton transfer from Alq3 to QDs via the Förster
mechanism [18]. Coe et al. [7] demonstrated that, for a tri-
layer hybrid QDs/organic LED, the Förster energy transfer
of excitons from organic materials to the QDs dominates
the EL process rather than charge injection into QDs. As
Fig. 6 illustrates, at low voltages the majority of excitons
recombining in Alq3 do so very close to the interface with
ith quantum dots. The relative contribution of QDs and Alq3 varies with



Fig. 8. Current–voltage curves of ITO/PEDOT: PSS/PVK: (CdSe/ZnS)/Alq3/
Al devices with CdSe/ZnS mass loadings of 0% and 9%.

Fig. 6. Exciton generation and luminescence processes in a quantum dot-
doped OLED.
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PVK. This favours excitonic pumping of QDs, which are lo-
cated in the PVK. Increasing voltage causes excitons to
recombine further into Alq3 and farther away from QDs,
which does not favour the Förster mechanism. (Exciton
energy transfer to quantum dots occurs within the Förster
radius df). In our devices, however, quantum dots consis-
tently emit more efficiently at higher voltages, in spite of
the fact that electroluminescence from Alq3 saturates
(see Fig. 5). Furthermore, QDs emit steadily even when
emission from Alq3 declines with time. This trend is clearly
shown in Fig. 7, whereby the red emission of QDs exhibits
remarkable stability for over 15 s. These data suggests that
Förster energy transfer is not the dominant excitation pro-
cess of QDs in our OLEDs. Instead, charge injection appears
to be an important additional mechanism of electrolumi-
nescence in QDs.

Fig. 8 shows how doping PVK with QDs does not change
the shape of the I–V curve. In both concentrations shown,
the curves are best fitted by a space-charge-limited con-
duction model (SCLC) with an exponential distribution of
traps [20]. The current density J is well described by the
equation [19]
Fig. 7. The temporal evolution of the electroluminescence ITO/PEDOT:
PSS/PVK: (CdSe/ZnS)/Alq3/Al device a constant voltage of 30 V applied.
J ¼ qð1�mÞemlef
Nef

Nm
tr

m
mþ 1

� �m 2mþ 1
mþ 1

� �mþ1 Vmþ1

d2mþ1

where q is the electron charge, m is a characteristic energy
distribution parameter of traps, e is the electrical permit-
tivity, lef is the effective mobility, Nef is the density of
states in the transport band, Ntr is the total concentration
of traps, V is the applied voltage and d is the sample thick-
ness. However, doping does induce a decrease of current
density and an increase of m from 7 to 12. According to
SCLC theoretical framework, this variation in m indicates
that traps are deeper in the doped structure. As it should
be and shown in Fig. 1, the electron affinity level of the
QDs is well below the PVK LUMO level. This suggests that
electrons could easily be trapped by QDs. Then, doping PVK
with QDs results in, (1) an increase in traps concentration
and thus a decrease in current density and (2) an increase
in m because QDs act as deep traps. In contrast, the PVK
HOMO level is well above the QDs ionization energy level.
The holes injected in the PVK/QDs layer then diffuse
through the PVK molecules. Because holes can tunnel
through the Zn shell into the valence band of the CdSe
quantum dots (attracted by the trapped electron), the
QDs can thus emit light via electron–hole pair recombina-
tion. Therefore, the charge injection into QDs appears to be
an important mechanism of excitation in quantum dots
which adds to the Förster energy transfer.

On the other hand, the mechanism of photoemission
from Ir(III)DP also appears to be from current excitation.
Indeed, photoexcitation would require absorption of light
at wavelengths below 450 nm, whereas very little light is
emitted by Alq3 bellow 500 nm.

4. Conclusions

In conclusion, we have demonstrated an hybrid organic
device for generation of electroluminescence with adjust-
able properties. By using different excitation mechanisms
for light emission, quantum dots add flexibility to OLED
composition and can be used towards the manipulation
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of their spectral emission profile in order to produce,
among others, white light of high quality.
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the electrode metal surface with strong electron acceptor
or donor molecules prior to deposition of the active organic
semiconductor [12,13]. For instance, the hole injection bar-
rier (HIB; energy difference between the highest occupied
molecular level and the metal Fermi-level) from Au into
vacuum sublimed molecular layers can be reduced by up
to 1.2 eV with a monolayer of the acceptor 2,3,5,6-tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) [12].
The underlying mechanism has been clearly identified as
a bidirectional charge transfer between the metal (e.g.,
Cu) and F4-TCNQ [14,15]. This introduces dipoles at the
metal surface with their negative ends oriented away from
the surface, which increases the metal work function (U).
The energy levels of any organic material deposited on
top of this modified electrode are then re-aligned relative
to this modified surface potential [12].

However, to date this powerful adjustment of the HIB at
metal/organic interfaces was only shown to be operative
under very restrictive conditions, i.e., ultrahigh vacuum
(UHV), on atomically clean metal surfaces, and in situ
vacuum sublimed acceptor layers and organic semiconduc-
tors. These conditions are quite different from those that
prevail during low-cost device fabrication, e.g., by spin-
coating or printing techniques in inert gas or even ambient
atmosphere, where the presence of (residual) oxygen,
water and hydrocarbons result in ubiquitous impurities/
contamination of interfaces.

Our present work explores the possibility of transfer-
ring the concept of optimizing the HIB at metal/organic
interfaces with strong electron acceptors from UHV to
solution-based methods in ambience conditions that are
realistic for actual device fabrication. Using X-ray photo-
electron spectroscopy (XPS) and photoelectron emission
yield (PEY) spectroscopy we show that Cu electrode sur-
faces can be appropriately modified with the acceptors
tetracyanoquinodimethane (TCNQ) and F4-TCNQ (for
acceptors’ chemical structure see Fig. 1) by simple solution
casting, leading to high U values – even stable in air on
timescales of ca. one hour. Such modified Cu electrodes
are proven to result in significantly improved performance
in flexible polymer OFETs built on poly(ethyleneterephth-
alate)-foil, as revealed by higher Ion and lower VT values.
2. Experimental

All experiments are based on Cu covered and pre-pat-
terned poly(ethyleneterephthalate)-foil (Cu/Pet-foil) (from
Fraunhofer IZM, München, Germany), that was also used as
substrate for OFET fabrication. The modification process of
the Cu surface with acceptor molecules comprised two key
preparation steps.

(1) Etching off the native oxide layer at the Cu surface
by washing in 2 M hydrochloric acid (HCl) and sub-
sequent rinsing in deionized water and ethanol.
After this treatment in ambient atmosphere sam-
ples were brought into an inert gas glove-box for
further processing.

(2) F4-TCNQ (Fluka) and TCNQ (Fluka) were applied to
Cu electrodes by drop casting from chlorobenzene
solution (1 mg/ml). Subsequently samples were
washed in copious amounts of chlorobenzene to re-
move excess non-chemisorbed (on Cu) acceptor
molecules.

Before any treatment (pristine) and after each prepara-
tion step, the chemical composition of Cu electrodes was
studied using X-ray photoelectron spectroscopy (XPS),
and the surface work function was determined by photo-
electron emission yield (PEY) spectroscopy.

XPS spectra were collected with a hemispherical Multi-
technique Electron Spectrometer (Kratos Analytical), with
monochromatized Ka line radiation of an aluminum anode
for excitation, and an analyzer pass energy of 20 eV. The
base pressure in the analysis chamber was 2 � 10�10 mbar.
Fitting of XPS spectra was performed with the program
WINSPEC (developed at the University of Namur, Belgium).

Sample U was determined from PEY spectra recorded at
ambient conditions with an AC-2 Photoelectron-Spectrom-
eter (Riken Keiki Co., Ltd.). The apparatus detects photo-
emitted electrons per second (CPS) as a function of photon
energy using a UV light source for excitation and a gas-flow
Geiger counter. For the relation between CPS and photon
energy Bouwman and Sachtler adopted an approximated
equation [16]

CPS ¼ Mðhv�uÞ2

2k2 ð1Þ

Here M is an emission constant, hv the photon energy, U
the work function, and k the Boltzmann constant. In this
method the value of U is determined by a linear extrapola-
tion of CPS1/2 to zero yield [17]. PEY spectra were fitted
using the software provided by the spectrometer supplier.

OFETs were fabricated in a top-gate and bottom-contact
configuration, comprising the pre-structured Cu/PET-foil as
substrate and source/drain electrodes. The pre-structuring
process was done at the Fraunhofer IZM (München,
Germany) using photolithography, with channel length
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L = 40 lm and channel width W = 40 mm. For OFET prepa-
ration with acceptor modified electrodes, the entire pre-
structured Cu/PET-foil was treated as described above for
Cu electrodes. As active polymer layer (channel) we used
the statistical co-polymer poly(3-hexylthiophene)-dithie-
nyltetrafluorobenzene (P3HT-TFT), which comprises
poly(3-hexylthiophene) (P3HT) segments with additional
5 mol% of 1,4-dithienyl-2,3,5,6-tetrafluorobenzene (TFT)
in the main-chain (for chemical structure see Fig. 1) with
a molecular weight of MW = 22,300 g/mol. This polymer
was chosen as semiconducting material because it is more
stable against doping by oxygen compared to standard
P3HT [18], resulting in better device stability and longer
lifetime. P3HT-TFT was spin cast from chlorobenzene solu-
tion (10 mg/ml) in inert atmosphere, resulting in a film
thickness of 30 nm. The organic gate dielectric layer P121
(Merck KGaA) was spin cast in inert conditions with a thick-
ness of 1 lm. After each spin-coating process samples were
annealed at 120 �C for 30 min. The silver gate electrode was
evaporated subsequently using a shadow mask. The OFET
electrical characteristics were measured directly after fab-
rication in ambient conditions in the dark, using two
Source-Measure Units 236 combined with a Trigger-Con-
trol Unit 2361 and Metrics Software (Keithley Instruments).
3. Results and discussion

First, we present the chemical and work function anal-
ysis of acceptor-treated Cu electrodes in comparison to
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pristine Cu, in order to establish that the acceptors are in-
deed chemisorbed and lead to the desired increase of U.
Fig. 2 shows XPS wide-range survey spectra of the Cu elec-
trodes (on the Cu/PET-foil) as received (‘‘untreated”,
Fig. 2a), after etching with HCl to remove the native surface
oxide layer (‘‘etched”, Fig. 2b), and after TCNQ and
F4-TCNQ solution treatment (Fig. 2c and d). Apparently,
the Cu surface is heavily oxidized in its as-received state
and contaminated with carbon species (surface stoichiom-
etry 35% Cu, 25% C, 40% O). After HCl etching the surface
carbon content remains essentially unchanged, and the
amount of oxygen decreases to 16%; but it does not vanish
completely due to finite time in ambient air (i.e., re-oxida-
tion occurs) during transport into inert gas glove-box or
XPS chamber. This is further exemplified by more detailed
XPS spectra of the O1s region (Fig. 3). The O1s peaks can be
adequately fitted by two peaks, where the peak at lower
binding energy (BE) of ca. 530.5 eV represents oxygen
atoms in the surface copper oxide (i.e., Cu2O and CuO) that
forms (immediately) after exposure to oxygen. The peak at
higher BE (centered at ca. 532 eV) is due to a range of elec-
tron deficient oxygen species, e.g., surface hydroxyl groups
(–OH) and oxygen bound to carbon in various configura-
tions (‘‘C–O”; due to a superposition of many different spe-
cies a more detailed assignment is impracticable). The
etching process does not change the intensity ratio of these
two peaks dramatically (compare Fig. 3a and b).

The intensity ratio of the two peaks in the O1s spectrum
after treatment of etched Cu electrodes with TCNQ-solu-
tion (Fig. 3c) is similar to that of just etched Cu;
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(b) etched with HCl, (c) etched and treated with TCNQ solution, (d) etched
and treated with F4-TCNQ solution. The intensity of spectrum (a) was
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noteworthy, the overall oxygen content of the TCNQ-trea-
ted surface is even slightly higher than that of etched Cu.
This is most likely due to the ca. two times longer transport
time through air of acceptor-treated samples. Furthermore,
this observation indicates that TCNQ does not cover the Cu
surface completely or that TCNQ cannot inhibit Cu oxida-
tion efficiently. In contrast, F4-TCNQ solution treatment
of Cu leads to a small overall decrease of the surface oxy-
gen content, and the intensity ratio of metal oxide (low
BE) and contamination (high BE) species is almost reversed
compared to etched Cu (Fig. 3d). This suggests that the Cu
surface coverage with F4-TCNQ is higher than achieved
with TCNQ, and that this acceptor layer efficiently slows
down surface metal oxidation.

Detailed XPS scans of the N1s region directly evidence
the stable adsorption of both molecular acceptors on Cu
(Fig. 4); note that excess acceptors were removed by wash-
ing with the solvent (c.f. Section 2). While no nitrogen is
present on pristine and etched Cu surfaces (Fig. 4a and
b), clear N1s signals are measured after TCNQ and F4-TCNQ
solution treatment (Fig. 4c and d). The main contributions
of the two N1s spectra (low BE component in each spec-
trum) are assigned to chemisorbed acceptor molecules that
form charge transfer complexes with the Cu surface
(TCNQ* and F4-TCNQ*) [12], and the high BE component
in each spectrum is assigned to shake-up satellites. High
photoemission intensity of such satellite peaks can occur
for strongly chemisorbed molecules [19]. We cannot for-
mally rule out the presence of residual neutral acceptor
species; however, this is very unlikely due to solvent wash-
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ing. In addition, we find a clear F1s XPS signal for F4-TCNQ-
treated Cu surfaces (inset in Fig. 4d), as expected. A consis-
tent quantification of the fraction of nominal full acceptor
monolayer coverage is not possible by XPS, but the N1s and
F1s intensities show that coverage in the (sub-)monolayer
regime is reached (higher coverage yet with F4-TCNQ than
with TCNQ), which also represents the theoretical limit.
Repeated acceptor solution treatment of Cu electrodes
did not result in higher coverage.

After having established that both acceptors can be sta-
bly chemisorbed on the Cu electrode, we turn towards the
surface work function. PEY spectra taken at ambient condi-
tions of the differently treated Cu surfaces are shown in
Fig. 5. U of untreated Cu is 4.8 eV, and decreases to
4.5 eV after HCl etching. This is due to the reduction of po-
lar surface groups and the removal of the surface oxide
layer, as observed by XPS (see Figs. 2 and 3). Note that de-
spite the higher work function of the Cu surface with the
native oxide its use as electrode is inadvisable as the oxide
layer will act as spacer for charge tunneling into an active
organic layer, which his detrimental for achieving high
current density. U increases to 4.9 eV for the TCNQ solu-
tion treated electrode and to 5.1 eV for F4-TCNQ-treated
Cu (Fig. 5c and d). Such an increase in U is expected due
to the net electron transfer from the metal to the molecules
[14]. The fact that the increase in U due to TCNQ is smaller
than that for F4-TCNQ can be rationalized by the lower
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Fig. 5. PEY spectra (measured in air) of the Cu electrode of a Cu/PET-foil
(a) untreated, (b) etched with HCl, (c) etched and treated with TCNQ
solution, (d) etched and treated with F4-TCNQ solution. The extracted
work function (U) values are indicated.
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electron affinity of TCNQ, and the lower overall surface
coverage (see XPS results). However, the achieved effect
for F4-TCNQ solution treatment is smaller than that of an
evaporated F4-TCNQ monolayer on a Cu(1 1 1) single crys-
tal in UHV, for which a maximum U of 5.6 eV was reported
[14]. This is not surprising, as the present experimental
conditions deviate significantly from UHV. The Cu surface
after HCl etching is still contaminated with various hydro-
carbon species and contains some oxide. This already
reduces the surface area available for intimate acceptor-
metal interaction (i.e., charge transfer), i.e., the surface
dipole density that is responsible for increasing U. More-
over, details of the F4-TCNQ/Cu charge transfer may be dif-
ferent from the UHV case due to the contaminants and
oxide (e.g., amount of charge transferred, molecular con-
formation). Nonetheless, these results demonstrate that
the general method of increasing metal surface U by
adsorption of strong electron acceptor molecules is trans-
ferable from UHV to device fabrication relevant conditions,
even using solution processing.

Finally, we show that the electrode U increase can re-
duce Rc in a device, using OFETs as example. The influence
of solution-based acceptor electrode modification in OFETs
with P3HT-TFT as semiconductor was investigated in com-
parison to conventional OFETs with only HCl etched Cu
electrodes. The output characteristics of such OFETs
(Fig. 6) exhibit typical p-type performance with well de-
fined saturation behavior. Ion in the saturation regime
at �60 V gate-source voltage (Vgs) increases from 6.1 �
10�6 A for OFETs without acceptor modified Cu electrodes
to 9.9 � 10�6 A for TCNQ modification, and to 1.2 � 10�5 A
for F4-TCNQ modification. This is consistent with the
increase of the electrode U shown above. In the simple
model of the Schottky–Mott limit, the hole injection
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barrier (HIB) at electrode/organic interfaces can be esti-
mated as the difference between the electrode U and the
organic material ionization energy [20]. For the present
electrodes and the ionization energy of P3HT-TFT of ca.
5.1 eV [18] this leads to the following HIB values: 0.6 eV
for etched Cu, 0.2 eV for TCNQ-treated Cu, and the HIB
would even become zero for F4-TCNQ-treated Cu. A de-
crease of the HIB consequently leads to higher Ion, as holes
can be accumulated more effectively in the channel.

Transfer characteristics were taken at �60 V source-
drain voltage (Vds) varying Vgs from +20 V to �60 V
(Fig. 7a). Since the source-drain current (Ids) in the satura-
tion part of the transfer characteristic can be described
with

Ids;sat ¼
W
2L

ClsatðVgs � VTÞ2 ð2Þ

where W is the channel width and L the channel length, the
saturation mobility (lsat) and the threshold voltage (VT)
can be calculated from the slope and the intercept of a line
drawn through the linear part of an I1=2

ds vs. Vgs plot (Fig. 7b).
The values obtained in this way (together with other char-
acteristic sample and device parameters) are summarized
in Table 1. It can be seen that VT decreases from �20 V to
�10 V for TCNQ electrode modification and to �7 V for
F4-TCNQ modification. In addition, a shift in the off-state
towards positive Vgs of more than 20 V due to the acceptor
modification of the Cu electrodes is observed (Fig. 7a). Both
observations indicate that even for Vgs = 0 V (i.e., no charge
carrier accumulation) positive charges are available in the
channel, resulting in a finite current between source and
drain electrodes; i.e., after electrode modification the gate
has to be biased positively to turn it off. This is a conse-
quence of the vanishing barrier for hole injection after
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Table 1
Surface work function values and key OFET performance parameters with and without acceptor solution treated Cu electrodes.

Treatment of the Cu electrode surface HCl etched Etched and TCNQ Etched and F4-TCNQ

Work function U [eV] 4.5 4.9 5.1
Mobility lsat [cm2/Vs] 4.9 � 10�3 5.2 � 10�3 5.6 � 10�3

Threshold voltage VT [V] �20 �10 �7
On-current Ion [A] 6.1 � 10�6 9.9 � 10�6 1.2 � 10�5

(Ion/Ioff)max 2.6 � 103 4.0 � 103 >1.3 � 103
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acceptor-treatment of the electrodes, as holes can diffuse
into the channel region without having to overcome (sig-
nificant) energy barriers. In addition, it may be possible
that some residual (not strongly Cu-bound) acceptor mol-
ecules penetrate into the organic semiconductor layer
during spin-coating of the polymer, which can results in
p-type doping of P3HT-TFT. We cannot formally rule out
the presence of F4-TCNQ molecules on the PET substrate
even after washing with copious amounts of the solvent
used for spin-coating the polymer (which is also a good
solvent for the acceptor). However, even if this were the
case it is unlikely that these contributed to doping because
they should be stationary in/on PET as they were not even
removed by the solvent. This is supported by our observa-
tion that transistor performance did not depend on the
number of washing cycles.

It is worth pointing out that lsat was constant at ca.
5 � 10�3 cm2/Vs regardless of the Cu electrode modifica-
tion. This is a strong indication that the solution-based
TCNQ and F4-TCNQ deposition on the Cu electrode does
not influence the morphology/structure of the spin coated
active polymer, as the carrier mobility depends critically
on these parameters.

4. Conclusions

We demonstrated the feasibility of using solution-based
processing to increase the work function of metal elec-
trodes with strong electron acceptor molecules. The work
function in air for Cu electrodes was increased from
4.5 eV (pristine) to 4.9 eV (with TCNQ) and 5.1 eV
(F4-TCNQ). Furthermore, it was shown that this method
can be used to reduce the contact resistance at electrode/
organic semiconductor interfaces. The on-current of flexi-
ble polymer OFETs was increased from 6.4 � 10�6 A (pris-
tine Cu) to more than 1.2 � 10�5 A (with F4-TCNQ), and
the threshold voltage was reduced from �20 V to �7 V.
The simplicity of our solution-based process to achieve
favorable electrode/organic interface energetics can readily
be adapted for other electrode materials and printing
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techniques to realize a wide range of different organic elec-
tronic devices, such as light emitting diodes or photovol-
taic cells, without the need for impractical and rigorous
UHV conditions.

Acknowledgements

Authors thank A. Holländer and F. Pippich for assistance
with XPS measurements, D. Sainova for assistance with
OFET preparation, and G. Heimel for valuable discussions.
This work was supported in part by the DFG (SPP1355)
and the European Commission under Contract No. NMP-
3-CT-2006-033197 (‘‘ICONTROL”). NK acknowledges finan-
cial support by the Emmy Noether-Program (DFG).

References

[1] C. Dimitrakopoulos, P. Malenfant, Adv. Mater. 14 (2002) 99–117.
[2] H. Sirringhaus, Adv. Mater. 17 (2005) 2411.
[3] H. Sirringhaus, P.J. Brown, R.H. Friend, M.M. Nielsen, K. Bechgaard,

B.M.W. Langeveld-Voss, A.J.H. Spiering, R.A.J. Janssen, E.W. Meijer, P.
Herwig, D.M. de Leeuw, Nature 401 (1999) 685.

[4] H. Yang, S.W. LeFevre, C.Y. Ryu, Z. Bao, Appl. Phys. Lett. 90 (2007)
172116.

[5] A. Zen, J. Pflaum, S. Hirschmann, W. Zhuang, F. Jaiser, U. Asawapirom,
J.P. Rabe, U. Scherf, D. Neher, Adv. Funct. Mater. 14 (2004) 757.
[6] B. Stadlober, U. Haas, H. Gold, A. Haase, G. Jakopic, G. Leising, N. Koch,
S. Rentenberger, E. Zojer, Adv. Funct. Mater. 17 (2007) 2687.

[7] G.S. Tulevski, C. Nuckolls, A. Afzali, T.O. Graham, C.R. Kagan, Appl.
Phys. Lett. 89 (2006) 183101.

[8] P.V. Pesavento, K.P. Puntambekar, C.D. Frisbie, J.C. McKeen, P.P.
Ruden, J. Appl. Phys. 99 (2006) 094504.

[9] D.J. Gundlach, L.L. Jia, T.N. Jackson, IEEE Electron. Dev. Lett. 22 (2001)
571.

[10] S. Khodabakhsh, D. Poplavskyy, S. Heutz, J. Nelson, D. Bradley, H.
Murata, T. Jones, Adv. Funct. Mater. 14 (2004) 1205.

[11] S. Rentenberger, A. Vollmer, E. Zojer, R. Schennach, N. Koch, J. Appl.
Phys. 100 (2006) 053701.

[12] N. Koch, S. Duhm, J.P. Rabe, A. Vollmer, R.L. Johnson, Phys. Rev. Lett.
95 (2005) 237601.

[13] B. Bröker, R.P. Blum, J. Frisch, A. Vollmer, O.T. Hofmann, R. Rieger, K.
Müllen, J.P. Rabe, E. Zojer, N. Koch, Appl. Phys. Lett. 93 (2008)
243303.

[14] L. Romaner, G. Heimel, J.-L. Brédas, A. Gerlach, F. Schreiber, R.L.
Johnson, J. Zegenhagen, S. Duhm, N. Koch, E. Zojer, Phys. Rev. Lett. 99
(2007) 256801.

[15] G.M. Rangger, O.T. Hofmann, L. Romaner, G. Heimel, B. Bröker, R.P.
Blum, R.L. Johnson, N. Koch, E. Zojer, Phys. Rev. B 79 (2009)
165306.

[16] R. Bouwman, W.M.H. Sachtler, J. Catal. 19 (1970) 127.
[17] T. Sakurai, Y. Momose, K. Nakayama, E.-J. Surf. Sci. Nanotechnol. 3

(2005) 179.
[18] D. Sainova, S. Janietz, U. Asawapirom, L. Romaner, E. Zojer, N. Koch,

A. Vollmer, Chem. Mater. 19 (2007) 1472.
[19] A. Hauschild, K. Karki, B.C.C. Cowie, M. Rohlfing, F.S. Tautz, M.

Sokolowski, Phys. Rev. Lett. 94 (2005) 036106.
[20] A. Kahn, N. Koch, W. Gao, J. Polym. Sci. B 41 (2003) 2529.



C. Auner et al. / Organic Electronics 10 (2009) 1466–1472 1467
spatial resolution, which to date is limited only by tool-
making capabilities. Apart from its unrivalled high-resolu-
tion, NIL has several more advantages over competing pat-
terning methods such as self-aligned ink-jet printing [7] or
high-resolution ink-jet printing [8]. It allows a higher as-
pect ratio, a larger number of compatible materials, a
shorter process times which is inherent to parallel struc-
turing techniques and an easier implementation into a
standard r2r facility [9,10].

Hot Embossing is the oldest NIL technique and has al-
ready proven to be applicable in defining sub-micrometer
channel lengths of OTFTs based on rigid silicon substrates
[11,26] as well as of entirely patterned OTFTs based on thin
organic gate dielectrics and on polyester film substrates
[13]. However, in the latter case Hot Embossing can be det-
rimental to the fabrication process of large circuits since it
often requires a temperature surpassing the glass transi-
tion temperature of the duroplastic films, thereby generat-
ing dimensional instabilities and complicated registration.
Furthermore, Hot Embossing always produces a residual
layer of the thermoplastic resist which has to be removed
by anisotropic etching. This etching process is particularly
undesirable because it is costly, difficult to control and
might be harmful for an organic layer underneath.

In an alternative approach – UV-Nanoimprint Lithogra-
phy (UV-NIL) – the thermoelastic imprint resist is replaced
by a UV-curable polymer, bringing about several advanta-
ges in comparison to Hot Embossing. With UV-NIL, pres-
sure, process time and thermal stress for the substrate
can be significantly reduced during imprinting. Due to
the major advances in nanometre patterning along with
low-cost and high throughput [14], substantial work has
been put into the development of suitable UV-curable
polymer materials [15–17]. Today, a large number of UV-
NIL resists are commercially available such as Amonil-
MMS4 by AMO GmbH or mr-UVCur06 by micro resist tech-
nology GmbH. So far, none of them enables both residue-
free imprinting and a lift-off process by a sufficiently gen-
tle solvent.

Here we report on a novel nanoimprint process for the
fabrication of entirely patterned submicron OTFTs in a bot-
tom-gate configuration. This process requires no extra
temperature budget, imprints residue-free thereby render-
ing etching obsolete, is time saving due to short curing
times, eco-friendly due to a water-based lift-off and fully
r2r compatible. This method is based on UV-NIL combined
with a novel imprint resist whose outstanding chemical
and physical properties are responsible for the excellent
results in structure transfer to both rigid and flexible sub-
strates. It is shown that the UV-NIL technique works per-
fectly even when ultra-thin organic and hybrid films are
used as gate dielectrics. Employing this method, functional
submicron pentacene-based OTFTs are fabricated, which
show good saturation of the drain currents, low switch-
on voltage (�3 V) and a sufficient on–off ratio (103) of
the drain current.

2. Materials and methods

We have fabricated submicron coplanar OTFTs with
pentacene as the active layer and a bilayer of about
100 nm of a benzocyclobutene derivative (BCB) and
30 nm of poly(vinyl cinnamate) (PVCi) as the gate dielec-
tric. All devices have a channel width to length ratio (W/
L) of 50. The aluminum gate electrodes are fabricated on
a pre-cleaned glass substrate by a combination of a photol-
ithographic process, e-beam evaporation of a 45 nm thick
metal layer and a lift-off procedure using acetone as the
solvent. The BCB layer is applied onto the aluminum gate
electrodes by spin coating 0.33 wt.% of XU 71918 (Dow
Chemicals) dissolved in 1,3,5-trimethylbenzene (Aldrich).
The layer is crosslinked at 290 �C for 60 s on a hotplate.
The PVCi layer (Aldrich) is fabricated by spin coating a
solution of 0.2 wt.% of PVCi in chloroform at 2000 rpm. It
is prebaked for 5 min at 80 �C to remove the solvent and
UV-crosslinked for 60 min at 254 nm with a Benda NU-
72 KM UV-lamp in inert atmosphere.

The thickness and optical constants of the dielectric lay-
ers are determined by ellipsometry based on a variable an-
gle spectroscopic ellipsometer (VASE, J.A. Woolam Inc). The
layer thickness is determined by fitting the ellipsometry
data employing a simple Cauchy-model for the refractive
index to be 29–31 nm for PVCi and 97 nm for BCB [18].

The silicon imprint stamp is patterned by electron beam
lithography. The resist structures are permanently trans-
ferred to the silicon stamp by reactive ion etching (SF6-
Ar) resulting in a final depth of about 1 lm. After stripping,
an anti-sticking layer (perfluorchloroctyl–tricholorosilane)
is applied to the stamp.

The UV-NIL-resist ACMO is fabricated by a mixture of
GENOCURE*LTM and ACMO (acryloyl morpholine, both by
Rahn AG) and chloroform at a mass ratio of 1:20:400, yield-
ing a low-viscous material. Spin coating at 2000 rpm results
in a homogeneous layer with a thickness of 600 nm. Curing
is performed through UV exposure at 365 nm for a maxi-
mum time of 2 min. The UV-NIL structuring of the gold
source–drain electrodes is done in an EVG 620 mask-
aligner. A 30 nm thick gold layer is deposited by either e-
beam or thermal evaporation. The lift-off is performed by
dissolving the UV-resist with deionized water.

The 40 nm thick pentacene layer is thermally evapo-
rated onto the sample in high-vacuum conditions at a rate
of 0.2 nm/min for the first 5 nm and 0.8 nm/min for the
remaining 35 nm.

Prior to the focused ion beam/scanning electron micros-
copy (FIB/SEM) investigations the specimens are covered
with a 20 nm carbon layer to minimize charging of the
sample. In the focused ion beam instrument Pt layers are
grown by electron beam induced deposition (EBID) fol-
lowed by ion beam assisted deposition (IBAD). These Pt
layers protect the surface against incoming Ga ions during
the cutting out and milling of the lamellas. The lamellas are
transferred to a transmission electron microscopy (TEM)
grid and thinned down to several tens of nanometre.

The TEM investigations are performed using a Philips
CM20 (S)TEM (twin lens) with a thermionic LaB6 cathode
operated at 200 kV equipped with a Gatan Imaging Filter
(GIF 200). For energy dispersive X-ray spectroscopy an
HPGe detector (Noran/Thermo Fisher Scientific) employing
Noran System Six software is used. Electron energy loss
spectroscopy (EELS) and energy filtered TEM (EFTEM) are
performed using a Gatan Imaging Filter (GIF) with a
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1024 � 1024 CCD (YAG scintillator) attached to the micro-
scope. Elemental maps were calculated using the three-
window-technique.

3. Results and discussion

3.1. Imprint resist

The key component of our UV-NIL process for the pat-
terning of submicron-spaced source and drain electrodes
is an imprint resist called UV-NIL-ACMO, which is based
on an acryloyl morpholine monomer (ACMO). It is curable
by UV-initiated radical polymerization, is soluble in water,
and shows a low viscosity. The actually applied special for-
mulation of UV-NIL-ACMO is composed of ACMO mixed
with a photoinitiator blend (GENOCURE) and highly di-
luted in chloroform, resulting in a low viscosity.

Acryloyl morpholine (for the chemical formula see
Fig. 1a) is perfectly matches our NIL processes require-
ments for a variety of reasons: It provides removability
by a lift-off process due to the lack of functional groups
that could crosslink during polymerization, thereby pre-
venting its solubility. Furthermore, the lift-off process can
be accomplished with water as a cheap and eco-friendly
solvent because of similarities in the polarity of the func-
tional side group (morpholine) and the solvent water.

3.2. Residue-free UV-Nanoimprint Lithography

The principle of the UV-NIL process is illustrated in
Fig. 2a. The first step (A) is to align the silicon stamp, which
contains the elevated source–drain electrode pattern, with
respect to the gate electrode. This is done in a mask-
aligner. The aligned stamp is pressed into the low-viscous
resist at low pressure, displacing the resist underneath the
source–drain structures (B). A novelty here is the etch-free
O

N

b 

a

Fig. 1. (a) Chemical formula of acryloyl morpholine. Comparison of the contact a
(perfluorchloroctyl-tricholorosilane) modified silicon stamp.
process enabled by residue-free displacement of the UV-
NIL-ACMO resist due to the high difference in polarity of
resist and stamp. Curing is performed by UV exposure for
up to 2 min, depending on the initiator concentration, dur-
ing which the source–drain pattern is permanently trans-
ferred into the resist. After removing the stamp (C) the
source–drain material – in the present case gold – is evap-
orated onto the device (D). The subsequent lift-off is per-
formed by dissolving the resist with deionized water; the
evaporated gold layer on top of the resist is removed while
the imprinted areas are preserved (E). An optical micro-
scope image of the source–drain structures after the lift-
off step is shown in Fig. 2b illustrating the complete trans-
fer of the stamp’s source–drain pattern into the gold layer.
The lift-off works perfectly for the complete electrode pat-
tern and even for the large contact pads. Finally the active
semiconductor material, here pentacene, is evaporated
thus finalizing the transistor structure (F). In Fig. 2c an
AFM phase signal of the pentacene layer on top of the con-
tacts and the channel is displayed. The difference in mor-
phology is distinctive: small (6200 nm) grains are
formed on the gold layer, whereas terraced crystalline
grains with a maximum size of about one micron are ob-
served on the gate dielectric in the channel. Such a penta-
cene grain size is reasonable for an rms-roughness of the
BCB/PVCi layer of approximately 0.4 nm [19–21].

The residue-free imprint is facilitated by the use of the
aforementioned water-soluble low viscosity UV-NIL-ACMO
resist in combination with an adjustment of the stamp’s
surface energy to maximize the contact angle. In order to
minimize the polarity of the silicon stamp it was rinsed
with perfluorchloroctyl-tricholorosilane.

Contact angle measurements of the UV-NIL-ACMO re-
sist and water on the modified silicon stamp reveal that
the contact angle of the imprint resist on the modified
stamp is very high (82�, see Fig. 1b) and approaches that
O

c

ngle of (b) the UV-imprint resist and of (c) water on the anti-sticking layer



Fig. 2. (a) Scheme of the residue-free UV-NIL process: A silicon stamp containing the source–drain structures is aligned with respect to the gate electrodes
of a resist-coated substrate (A). The stamp is pressed into the resist, thereby completely displacing the resist below the source–drain structures (B).
Subsequently the resist is cured by UV exposure. After the stamp removal (C) the source–drain material is evaporated onto the substrate (D). The imprint
resist is dissolved with water which leaves the metal source–drain electrodes well preserved (E). Finally the sample is covered by an organic active layer,
pentacene. (b) Optical microscope image of the gold source–drain pattern of a submicron OTFT with L = 950 nm after lift-off. (c) AFM phase image
(5 � 5 lm) of the pentacene layer formed on top of the contacts and in the submicron channel. The gate dielectric is BCB/PVCi.
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of water on the modified silicon stamp (100�, see Fig. 1c).
In addition to the low resist viscosity we suggest that a
large difference in the polarity of the modified silicon
stamp (non-polar) and the resist (polar) is an important
factor for the absence of a residual layer.

In order to characterize the individual layers of the
transistor devices the specimens were investigated by
transmission electron microscopy (TEM). Cross section
lamellas of the samples were prepared using a focused
ion beam instrument (FIB, compare Fig. 3a inset) [22].
Fig. 3 shows a sample after the imprint step. SEM images
of the lamella and its cutout are shown in Fig. 3a and the
inset, respectively. The organic layers are clearly observed
Fig. 3. A sample after the imprint step. (a) A cross section lamella of the sample,
protective Pt layers. The lift out of the FIB prepared lamella is seen in the inset. (b
EELS elemental maps (N = green; Si = blue; C = red; Al = white) enables a clear dis
bump in the imprinted area which is identified as PVCi. A UV-resist residual can
induced deposition. (For interpretation of the references to colour in this figure
as dark areas in-between the glass substrate and the
platinum layers used for sample protection during FIB-
cutting. The image gives an overview of the appearance
of the imprinted troughs for the electrodes and the resist
in the center as a placeholder for the channel. A more de-
tailed view is presented in Fig. 3b, it is a TEM bright field
image showing one edge of the resist in the channel. The
glass substrate, the aluminum electrode and the organic
layers can clearly be distinguished. The three involved
polymer layers BCB, PVCi and UV-NIL-ACMO appear as a
single layer. However, since their elemental composition
is distinctly different, the layers can be identified by ana-
lytical methods such as electron energy loss spectroscopy.
where the imprinted organic layer appears dark in-between the glass and
) A TEM bright field image of the edge of the channel. (c) Superposition of
tinction of the three involved polymers. The white arrow points towards a

be excluded. IBAD = ion beam assisted deposition, EBID = electron beam
legend, the reader is referred to the web version of this article.)
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BCB can be identified by its silicon content and UV-NIL-
ACMO by its nitrogen content. A superposition of elemen-
tal maps of different elements is shown in Fig. 3c, where
the nitrogen map is green (representing UV-NIL-ACMO),
the silicon map is blue (representing BCB and glass), the
carbon map is red and the aluminum map is white (rep-
resenting the gate electrode). Now the three polymer lay-
ers can clearly be distinguished by a color code. In this
way it is shown that the UV-NIL-ACMO resist is fully dis-
placed; no residue is observed in the imprinted areas.
Even bumps in the surface, indicated by the white arrow
in Fig. 3c, can be identified as PVCi, thus corroborating the
residue-free imprint. Despite the perfect displacement of
the resist it is worth noting that both the BCB and partic-
ularly the PVCi layer seem to be compressed due to the
imprint step. The influence of the compression on the
electrical performance of the dielectric layers will be topic
of further investigations. Furthermore, it is observed that
the appearance of the resist is wedge-shaped. This is a di-
rect consequence of the stamp’s rounded edges stemming
from an isotropic etch step during the stamp fabrication.
With NIL all structures of the stamp (including artifacts
and defects) are strictly and precisely transferred to the
resist/sample.

Since no residuals of UV-NIL-ACMO are left at imprinted
areas the specimen can be covered with the source–drain
electrode material without prior etching. This is particu-
larly favorable since the dielectric layers are fairly thin
and thus can easily be damaged by the etching process.
The final transistor structure is shown in Fig. 4, where a
scheme (Fig. 4a) and a cross section TEM image (Fig. 4b)
are presented. As shown, the gold electrode is perfectly
preserved in the imprinted region (right part of the image)
whereas it is gone in the channel where the UV-NIL-ACMO
was dissolved (left part of the image).

3.3. Electrical characterization of submicron OTFTs fabricated
by residue-free UV-NIL

The introduced residue-free UV-NIL route obviously
leads to well-defined transistor structures. Devices with
channel lengths down to 700 nm were fabricated. Conse-
quently, appropriate device characteristics are expected.
Fig. 4. (a) A scheme of a completed transistor structure and (b) a corresponding T
preserved at the imprinted areas and lifted off elsewhere.
The results of the I(V)-characterization of submicron
transistors based on the 130 nm thick BCB/PVCi bilayer
as the gate dielectric are shown in Fig. 5. Important param-
eters such as the specific gate capacitance Ci and the
dielectric breakdown voltage Ebr that are intrinsic to the
gate dielectric are also specified in the table. The motiva-
tion for the usage of an additional ultra-thin PVCi layer
forming the direct interface to pentacene is to adjust the
surface energy and roughness in such a way that the semi-
conductor growth is optimized.

In the output characteristics (second column in Fig. 5)
no difference is observed between devices with submicron
channel lengths varying from 950 to 700 nm and constant
W/L ratio, which is an indication for a constant charge car-
rier mobility l. All curves show saturation of the drain cur-
rent. This is due to the fact that the gate dielectric layer
thickness is smaller by more than a factor 5 than the chan-
nel length, thus preventing an unbalanced increase of the
lateral electric field with respect to the vertical one. As
was shown previously [11–13], an adequate downscaling
of channel length and dielectric layer thickness leads to
short channel effects such as channel length modulation
resulting in a loss of current saturation. Moreover, at small
drain voltages the drain current increases perfectly linear
meaning that the transport is not limited by the contact
resistance. Hysteresis effects between forward and reverse
drain voltage sweeps are negligible.

From the semi-logarithmic representation of the trans-
fer characteristics ID(VG) in saturation (first column in
Fig. 5) the subthreshold swing S and the switch-on voltage
Vso were determined. The latter is taken as the gate voltage
at which the drain current is one order of magnitude high-
er than the off-current Ioff. The transfer characteristics of
submicron devices for different channel lengths collapse
into one curve as is expected for transistors having identi-
cal geometry (W/L ratio) and mobility. All submicron
OTFTs are normally-on as is reflected by the small positive
Vso (see Fig. 5). A shift of the onset of transistor operation to
the positive voltage regime was reported to be induced by
negative charges in the BCB dielectric probably caused by
water [23,24].

The charge carrier mobility of the UV-NIL fabricated
submicron OTFTs is in the range of 10�3 cm2/Vs which is
EM bright field image of a cross section lamella. The gold electrode is well
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rather low compared to hot embossed submicron OTFTs
with SiO2 as the gate dielectric [12]. One parameter that
influences the mobility and is directly related to the chan-
nel resistance is the pentacene grain size. As deduced from
the AFM phase image in Fig. 2c the maximum pentacene
grain size is well below 1.5 lm, which we found to be
the average threshold for grain boundary limited transport
[25]. If the grain size is smaller than one micron the trans-
port is dominated by grain boundary effects. This leads to a
decreased mobility in the range of 10�3 cm2/Vs as is indeed
observed in the BCB/PVCi submicron transistors. Moreover,
the large amount of interface trap states that is reflected by
a large subthreshold swing [26] – compared to hot em-
bossed devices [12,13], – clearly has a negative effect on
the mobility because it obstructs the charge transport by
scattering carriers at the pentacene-dielectric interface.
With an additional UV-ozone treatment, as described in
Ref. [12], the pentacene grain size could be strongly in-
creased both in the channel and on the contacts thus
resulting in charge carrier mobilities up to 0.3 cm2/Vs for
SiO2-based submicron OTFTs.

4. Conclusion

In summary, we have fabricated fully functional OTFTs
with submicron channel lengths using an improved UV-
NIL process. The nanoimprinted OTFTs are comprised of
pentacene as active semiconductor and a thin bilayer gate
dielectric composed of BCB and PVCi. With our novel UV-
NIL process, devices with channel lengths down to
700 nm were fabricated, showing good drain current satu-
ration and low switch-on voltages. This process is based on
a UV-NIL resist formulation containing acryloyl morpho-
line, which perfectly matches the requirements of fast
and precise nanoimprinting of organic electronic compo-
nents. Since no heating step is involved in the process,
thermal stress can be disregarded and, more importantly,
thermally unstable materials can be used as substrates
and gate dielectrics. Furthermore, UV-NIL-ACMO is cured
by UV-initiated radical polymerization which reduces the
fabrication time considerably, thus enabling a high
throughput. Remarkable is the absence of any residual
layer of UV-NIL-ACMO after the imprint step, which makes
etching obsolete. This is particularly convenient, since O2-
etching of organic dielectrics is known to increase the gate
leakage and the number of OH-groups acting as traps at the
interface. Furthermore, reactive ion etching is difficult to
implement in a standard printing line. Finally, UV-NIL-
ACMO allows a lift-off with deionized water, which is a
substantial advantage due to its ubiquitous availability,
its potential for immediate recycling and its environmental
sustainability, resulting in a decrease of the production
costs and an increase of process safety. Optimization is still
needed with respect to the semiconductor/dielectric inter-
face which shows an increased number of traps leading to
reduced effective charge carrier mobilities after the UV-im-
print step. Here, a special treatment prior to the applica-
tion of the semiconductor could be beneficial and
furthermore increase the pentacene grain size. In conclu-
sion, UV-NIL has a huge potential as a high-resolution pat-
terning process for large-area fabrication of flexible organic
electronics.
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Fig. 1. (a) Device structure, (b) SEM cross-sectional image of the inverted polymer solar cell, scale bar: 200 nm and (c) SEM image of the ZnO nano-ridge
film, scale bar: 500 nm.

Fig. 2. AFM images of the (a) ZnO nano-ridge and (b) ZnO nanoparticle planar films showing a 5 lm � 5 lm surface area. Close-up AFM images of ZnO
nano-ridge (c) and ZnO nanoparticle planar (d) films showing a 500 nm � 500 nm surface area.
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2. Experimental

The fabrication of sol–gel processed ZnO nanoparticle
films with planar and nano-ridge structures were made
from spin coating the same precursor solution but anneal-
ing under different conditions. The precursor solution, con-
sisting of 0.75 M zinc acetate dihydrate and 0.75 M
monoethanolamine in 2-methoxyethanol [18], was first
spun-coated onto indium tin oxide (ITO) substrates at
2000 rpm for 40 s. For the ZnO planar film, the substrate
was immediately placed onto a hot plate that was pre-
heated at 275 �C and annealed for 5 min. In order to form
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the ZnO nano-ridge film, the spin-coated substrate was
first placed onto a hot plate that was initially at room tem-
perature while it was still not completely dry. The temper-
ature was then raised at a ramping rate of 50 �C/min to
275 �C and the substrates were subsequently removed
from the hot plate when the final temperature was
reached. We noticed an increase in sheet resistance of
the ITO films when the substrates were heated at higher
temperatures, so the annealing temperature the ZnO films
was limited at 275 �C. Quartz substrates were used when
measuring the transmittance of the ZnO films.

The resulting ZnO films were rinsed in de-ionized
water, acetone, and isopropyl alcohol and then dried to re-
move residual organic material from the surface. All pro-
cesses thus far were done in ambient air. The substrates
were then transferred into a nitrogen-filled glovebox for
polymer coating. Poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl C61 butyric acid methyl ester (PCBM) blend
films were spun-coated onto the substrates from a 1:1
wt-ratio solution in 1,2-dichlorobenzene (20 mg of P3HT/
ml of solvent) at 600 rpm using the slow-growth method
[1], followed by annealing on a hot plate at 110 �C for
10 min. To complete the solar cell devices, a 10 nm layer
of V2O5 (serving as a buffer layer for hole collection [8]),
following by 70 nm of Al was deposited by thermal evapo-
ration through shadow masks. The device area, as defined
by the overlap between the ITO and Al electrodes, was
0.09 cm2. The solar cells were measured under simulated
illumination at AM 1.5 G, 100 mW/cm2 with a Keithley
2400 source meter controlled by a computer program.
-0.2 0.0 0.2 0.4 0.6 0.8
-12

-10

-8

-6

-4

-2

0

C
ur

re
nt

 (m
A

Bias (V)

-2 -1 0 1 2
10-5

10-4

10-3

10-2

10-1

100

101

102

103

104

C
ur

re
nt

 (m
A/

cm
2 )

Bias (V)

(b)

-0.2 0.0 0.2 0.4 0.6 0.8
-12

-10

-8

-6

-4

-2

0

C
ur

re
nt

 (m
A

-2 -1 0 1 2
10-5

10-4

10-3

10-2

10-1

100

101

102

103

104

C
ur

re
nt

 (m
A/

cm
2 )

(b)

Fig. 4. (a) Current density–voltage (J–V) curves of the ZnO nano-ridge
(triangle) and ZnO nanoparticles (square) devices under 100 mW/cm2 AM
1.5 irradiation. (b) Dark J–V curves of the same devices.
3. Results and discussion

The atomic force microscope (AFM) images of the nano-
ridge and planar films are shown in Fig. 2a and b, respec-
tively. Nano-ridges of ZnO nanoparticles with thickness
ranging from 50 nm to 120 nm were formed and the valley
to valley distance of the nano-ridges was about 500 nm.
The ZnO nano-ridge structure was formed by the reorgani-
zation of gel particles during the slow drying process
[19,20]. The ZnO planar film was relatively smooth with
an r.m.s. roughness of about 2.6 nm. The r.m.s. roughness
of the nano-ridge film was about 4.0 nm at the top of the
ridge. As the morphologies are very different between
the two structures, it is difficult to make a direct compari-
son in the r.m.s. roughness between them. Fig. 2c and d
shows the close-up AFM images of the nano-ridge and pla-
nar films, respectively.

The transmittance spectra of the ZnO films and absor-
bance of the ZnO films coated with P3HT:PCBM are shown
in Fig. 3. The ZnO nano-ridge film had a slightly lower
transmittance over a broad range of wavelengths as com-
pared to the ZnO planar film. This was due to the increase
in light scattering by the nano-ridges and was consistent
with the white foggy appearance of the film [21]. The poly-
mer films with both types of ZnO morphology showed very
similar absorption.

The current–voltage (J–V) characteristics of the solar cell
devices with ZnO nano-ridge and planar films under simu-
lated sunlight were shown in Fig. 4a. The device perfor-



Table 1
The device performance of inverted ZnO polymer solar cells. The values in parentheses are average values over 20 devices.

ZnO structure Active polymer Voc (V) Jsc (mA/cm2) PCE (%) FF (%) Rshunt/X (cm2) Rseries/X (cm2)

NP P3HT 0.80
(0.79)

0.19
(0.18)

0.06
(0.05)

44
(42)

4.60E4
(4.26E4)

15.0
(15.3)

NR P3HT 0.74
(0.74)

0.37
(0.35)

0.15
(0.14)

56
(55)

1.11E5
(1.06E5)

14.3
(14.5)

NP P3HT:PCBM 0.58
(0.58)

10.41
(10.35)

3.20
(3.06)

53
(51)

2.30E4
(1.77E4)

1.4
(1.6)

NR P3HT:PCBM 0.60
(0.60)

10.76
(10.57)

4.00
(3.87)

62
(61)

1.42E5
(1.11E5)

1.4
(1.5)
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mance is summarized in Table 1. The ZnO nano-ridge device
showed a remarkable improvement over the device with
the planar film. The average power conversion efficiency
of 20 devices fabricated with nano-ridge films was 3.87%,
while devices with planar films showed an efficiency of
only 3.06%. The best device performance obtained from
the nano-ridge device was 4.00%. The major improvement
in device performance arises from the higher fill factor
(FF) of the ZnO nano-ridge device, while the open circuit
voltage (Voc) and short-circuit current density (Jsc) re-
mained almost unchanged. This is reflected in the series
and shunt resistance as well. The shunt resistance showed
a difference of about an order of magnitude while the series
resistance was almost the same. Thus, it is unlikely that the
improvement in the device performance is due to the
change in carrier concentration or work function. We attrib-
uted this enhancement to lower leakage current due to the
improvement in hole blocking capability and electron col-
lection efficiency of the nano-ridge structured film.

The dark J–V curve (Fig. 4b) shows a lower leakage and
higher forward bias current for the ZnO nano-ridge device,
indicating better charge selectivity over the ZnO planar
film. This is due to the difference in the packing density
of the films. As the ZnO nano-ridge film is formed by a
slower heating process, there is sufficient time for the gel
film to structurally relax before crystallizing, resulting in
a denser film [18] than that of ZnO planar film [22]. A den-
ser film with fewer defects would be more effective in
blocking the transport of holes, leading to lower leakage
current, i.e. a larger shunt resistance and higher FF.

To clarify whether the nano-ridge structure of the ZnO
played a role in improving charge extraction, bilayer de-
vices without PCBM were also fabricated. The Jsc for the
ZnO nano-ridge bilayer device was close to two times high-
er than that of the device with the ZnO planar film, indicat-
ing a much larger interfacial area for charge separation.
Similar to the results of ZnO nanorods [22,23], we believe
that our ZnO played a comparable role, albeit a smaller
one, to that of the ZnO nanorods-based solar cells. The lar-
ger surface area of electrode contact and undulate network
structure minimized the distance charge carriers need to
travel in the active polymer to reach the electrodes.
4. Conclusion

We reported a ZnO nano-ridge structured film that can
be formed by a simple ramp annealing process. The nano-
ridge structure has comparable excellent electron collec-
tion properties as that of ZnO nanorods and yet can be
made with similar simple fabrication processes as the
ZnO planar film. The effect of the viscosity of the solution
and the solvent evaporation rate on the nano-structured
pattern is to be further studied. Both inverted bulk hetero-
junction polymer solar cells and ZnO:P3HT hybrid solar
cells showed remarkable improvements in efficiency when
the ZnO nano-ridge structure was used. We attributed the
improvement in FF to higher electron selectivity and more
efficient charge collection, leading to a 4.00% inverted
polymer solar cell.
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localized conducting filaments through the middle layer due
to the electroformation, which could lead to NDR due to un-
even local temperatures in the filaments [15,16]. Localized
hot spots have been reported to support the filament con-
cept [17]. Within this hypothesis, the homogeneous and
controlled creation of filaments would be essential for
reproducibility and scalability. Electrode surface engineer-
ing and patterning [18–20] and dispersion of semiconduct-
ing fullerenes within insulating polymer [21] have been
incorporated to control localized electric fields to trigger
and control filament growth. Importantly, there exists a
wealth of other explanations based on tunnelling of charges
in an amorphous medium also incorporating impurities and
space charges [4,22,23]. Altogether, more detailed under-
standing is needed for reproducible device design.

Here we pursue the hypothesis that an essential point
could be to ‘‘trigger” and to control the filament formation
during the electroformation. This might be accomplished
by creating sufficiently dense sites of enhanced local elec-
tric fields by e.g. topography engineering of the electrode
surfaces (see e.g. [20]) or by dispersions within the poly-
mer layer, e.g. by nanoparticles [7] or fullerenes [10,21].
However, the distribution of the dispersion is difficult to
master due to aggregations. This encourages to search
new routes for homogeneous dispersions. One route could
be based on block copolymers where, unlike the usually
incorporated self-assembled state [24], the disordered
state is selected, where the different polymers are located
in average separated by the radia of gyration.

Here we aim to suppress the aggregation by using
a triblock copolymer polystyrene–block-poly(9,9-di-n-
hexyl-2,7-fluorene)–block-polystyrene (PS–b-PDHF–b-PS)
(Fig. 1), having a short semiconducting middle block be-
tween insulating end blocks. In comparison, a purely insu-
lating polymer, polystyrene (PS), was used as a reference.
Fig. 2 illustrates the probed concept. In addition, we stud-
ied the scalability limits for devices by altering the device
area and the effect of the interface by modifying the oxide
layer on the bottom electrode. Finally, the bistability of the
devices was tested with consecutive programming cycles.

2. Experimental

Aluminium bottom electrodes (thickness 40 nm) were
thermally evaporated (1 Å/s) in a nitrogen glove box
Fig. 1. The molecular formula of polystyrene–block-poly(9,9-di-n-hexyl-2,7-flu
gyration are given for the used block lengths, indicating the sizes of the disperse
length of the PDHF is small, leading to a disordered phase.
through a shadow mask on well-cleaned glass substrates.
The bottom electrodes were exposed to air in order to let
a few nanometres thick native aluminium oxide layer grow
on the electrodes. Alternatively, a controlled oxide layer
was produced on the electrodes by keeping them for 1 h
in an oxygen plasma etcher, which is a known method to
produce an oxide layer on aluminium [26,27]. This treat-
ment increased the oxide layer thickness to 5–10 nm, as
determined with capacitive measurements. Then a poly-
meric layer was spin-coated on the electrodes, again in a
nitrogen glove box. Several spinning speeds were used to
find the optimal film thickness, which was found to exist
near 85 nm. The film thickness values were measured with
an Optical Profiler (Veeco). All the results presented in this
paper are measured from 85 nm thick films. Thicker films
(>100 nm) showed inconsistent negative differential
resistance (NDR). The triblock copolymer polystyrene–
block-poly(9,9-di-n-hexyl-2,7-fluorene)–block-polystyrene
(molecular weights: PS: 17,100 – PDHF: 2900 – PS:
17,100 g/mol, polydispersity 1.63) was provided by Poly-
mer Source Inc. As a reference, an insulating homopolymer
polystyrene (250,000 g/mol) was used (Agros Organics).
We used p-xylene as a solvent for both polymers (Fluka,
>99%). The polymeric films were dried in a vacuum oven
for 48 h at 150 �C in order to remove the solvent residues.
Subsequently, the top aluminium electrodes (40 nm) were
evaporated on the dried films at a rate of 1 Å/s.

The SAXS measurements were performed with a rotat-
ing anode Bruker Microstar microfocus X-ray source with
Montel Optics. PS–b-PDHF–b-PS showed only a broad cor-
relation peak at the length scale of 6 nm (data not shown).
Bright-field TEM was performed on a FEI Tecnai 12 trans-
mission electron microscope operating at an accelerating
voltage of 120 kV and did not show self-assembled struc-
tures (data not shown). These results support that the
polymer is in the disordered state.

I–V measurements were performed with a Keithley
4200 Semiconductor Characterization System. If the device
shows negative differential resistance (NDR) after the first,
a so called forming sweep, it may be used as a memory ele-
ment utilizing unipolar switching [16]. We used a voltage
sweep from 0 to 15 V and back to 0 V with voltage steps
of 0.25 V and a delay of 0.1 s between successive steps.
The top electrode was always used as the positive
electrode. The devices with only the native oxide on the
orene)–block-polystyrene (PS–b-PDHF–b-PS). The approximative radia of
d PDHF chains [25] as separated by the insulating PS chains. Note that the



Fig. 2. Suggested schemes for the effect of dispersions. (a) Dispersion of fullerenes or nanoparticles in inert matrix. Local enhanced electric field in the
dielectric constituents is also illustrated, which might control filament formation. (b) Semiconducting polymer chains (PDFH) forming the middle block of a
block copolymer with insulating end blocks (PS). In the disordered state, the PDHF chains of average sizes RPDHF

g � 2 nm are separated by the PS chains
(radius of gyration RPS

g � 4 nm). (c) Purely insulating polymer film, where the formation of the filaments is suggested to be controlled solely by the electrode
surface structures and device inhomogeneities.
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bottom electrode did not show a clear threshold voltage
value during the first sweep and the current values were
high already in the beginning of the first scan. However,
the first sweep was usually noisy, i.e. NDR was achieved
only after the forming sweep. The plasma treated elec-
trodes had a threshold voltage value near 5 V, after which
the high current level was achieved. After the I–V measure-
ments, the same devices were used for programming tests.
The devices were written to a low conductivity state (OFF
state) by applying a 100 ms voltage pulse of 9 V, and to a
high conductivity state (ON state) with a 100 ms voltage
pulse of 4 V. The current levels were read with 1 V after
each writing step. Also all the electronic measurements
were performed in a nitrogen glove box to eliminate envi-
ronmental effects.
3. Results and discussion

3.1. I–V measurements

At first we investigated devices with PS–b-PDHF–b-PS
or PS layers between the electrodes with only a native
oxide layer. The electrode overlap area was systematically
varied from 4.7 to 0.38 mm2. Fig. 3 shows the I–V curves
for 85 nm thick polymer films in all cases, averaged from
3 to 4 devices. The presented results are collected from
one polymer film containing devices of each overlap area,
ensuring that the manufacturing process is exactly the
same for each device. The averaged values are presented
to clarify the differences. The first forming sweeps are
not included in the figures. In both cases, NDR was ob-
served, where curiously the current levels are slightly
higher for PS. The figures show that the chemical nature
of the polymer does not have a significant influence on
the NDR effect. Also a simple insulating polymer like poly-
styrene shows strong NDR behaviour, enabling the mem-
ory effect, thus agreeing previous observations [4,6] and
supporting the hypothesis of filamentary conduction.
Interestingly, the figures also show that the shape of the
I–V curve smoothens when the device area increases, i.e.
the smallest area produces a noisy curve. This suggests that
the probability of having enough working filaments is
higher when the area is large. Note also that the current
values rise when the area increases, i.e. approximate scala-
bility at large device areas is achieved. This suggests that
instead of just one filament, several working filaments con-
tribute to the device operation, which might be compared
to previous results which present infrared camera pictures
of devices showing only few hot spots, corresponding to a
conducting filament or possibly groups thereof in the ON
state [17]. Scalability enables us to tune the current levels
with size, even though the minimum size is limited by the
regularity of the I–V curves. Thus the electrode overlap
area cannot be miniaturized much below millimeter-scale
for such simple devices. One can conclude, that the
hypothesis of incorporating homogenous dispersion of
semiconducting polymer chains due to disordered struc-
ture of block copolymers to trigger filament growth does
not receive experimental support, which suggests to
emphasize electrode surface engineering.

Next we studied the effect of an additional aluminium
oxide layer on the bottom electrodes. Fig. 4 shows the
I–V curves of the 4.7 mm2 devices having an 85 nm thick
PS–b-PDHF–b-PS layer sandwiched between the alumin-
ium electrodes and an oxide layer on the bottom electrode,
which was either a native oxide layer or produced with an
oxygen plasma treatment. The forming sweeps are again
not included in the figure and the graph shows individual,
consecutive sweeps of two different devices (no averaging
was done). Surprisingly, the additional oxide layer seems
to clearly reduce the probability of having a clear current
maximum in the NDR curve, in contrast to the previous re-
sults [18]. This suggests that either the peaks of the bottom



Fig. 3. NDR and the effect of device area on the I–V characteristics for: (a)
a PS–b-PDHF–b-PS and (b) a PS layer sandwiched between aluminium
electrodes.

Fig. 4. The effect of oxygen plasma treatment of the bottom electrode on
the negative differential resistance of PS–b-PDHF–b-PS (85 nm) memory
device.

Fig. 5. Programming results showing consistent switching and ON–OFF
current ratios greater than three orders of magnitude for PS–b-PDHF–b-PS
(85 nm), utilizing the largest device area (4.7 mm2) and only native oxide
on the bottom electrode.
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electrode are flattened, or the morphology of the oxide
layer changes during the plasma treatment. Either way,
the filaments do not have enough starting points to grow
after the plasma treatment.

The surface roughness of the both oxide layers was
studied with AFM on a small scale and with an optical
profiler on a larger scale. The numerical surface roughness
values, measured with either method, did not differ signif-
icantly when plasma-treated and native oxide layers were
compared. In addition, the optical profiler studies did not
reveal any existence of random higher oxide peaks, which
might act as starting points for the filaments. However, the
resolution of the optical profiler might not be enough to
detect such peaks. It is thus not quite clear whether it is
the possible smoothing of the oxide or morphological
changes that degrade NDR in the plasma-treated devices.
Nonetheless, it is evident that just the presence of the
oxide layer does not guarantee reliable operation, as
shown also by Steyrleuthner et al. [20], but the processing
method of the oxide has an effect also.

3.2. Programming

We tested all the described devices by applying a 4 V
pulse to switch the devices to the ON state and a 9 V pulse
to switch them to the OFF state, keeping the reading volt-
age at 1 V. Fig. 5 shows the best results for the program-
ming cycle of the devices incorporating PS–b-PDHF–b-PS
for the area of 4.7 mm2 using the native oxide and
�85 nm film thickness. Fig. 5 illustrates that in principle
the present devices could allow memory device operation.
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But notably, the reproducibility still remains poor, even
though NDR was easy to produce for a sufficiently high
device area (>4 mm2) and a thin polymer film
(<100 nm). These results further suggest that reliable
operation requires control over the surface topography
to create starting points to the filaments, at least in order
to keep the device area below mm scale. Since both the
aluminium oxide layer and a certain amount of starting
points for the growth of the filaments appear to be prere-
quisite for reproducible operation, the best suggestion for
printable devices could be patterning of the bottom elec-
trode or the substrate underneath. This might be possible
by using surface-patterned electrodes – metallic or poly-
meric – and roll-to-roll atomic layer deposition [28] to
provide the aluminium oxide layer on the bottom
electrode.
4. Conclusions

We tested whether well dispersed semiconducting
polymer chains with radius of gyration of ca. 2 nm as
separated by insulating polymer chains with radius of
gyration of ca. 4 nm, i.e. a disordered triblock copolymer
polystyrene–block-poly(9,9-di-n-hexyl-2,7-fluorene)–block-
polystyrene, would allow control of filament formation
upon electroforming, in comparison to purely insulating
PS. The present work did not show major differences in
the electronic properties of thin film memory devices
in these two cases. Programming of the polymeric de-
vices to distinct ON and OFF states was possible, but
not reliably reproducible. The current passing through
the device was area dependent, which implies that mul-
tiple filaments contribute to the memory effect, but sca-
lability was suppressed for small areas. The larger device
area (4.7 mm2) also improved the stability of the NDR
curve, indicating that multiple defects on the bottom
electrode are needed in order to guide the growth of
the filaments. Also the processing method of the alumin-
ium oxide layer on the bottom electrode had a signifi-
cant effect on the NDR. In comparison to a native
oxide layer, devices with oxygen plasma treated bottom
electrodes showed inferior I–V characteristics, most prob-
ably due to the differences in the oxide layer morphol-
ogy or smoothness. Thus the critical step in possible
forthcoming work would be to study if the filament-
forming process can be nucleated by a surface topogra-
phy treatment.
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cells can dramatically influence the air stability of the de-
vices. Specifically, annealing the polymer photoactive layer
after top electrode deposition results in air stable polymer
solar cells; the average device efficiency is maintained at
90% of the highest value even after exposure to air for
10 days. On the other hand, annealing the photoactive
layer prior to top electrode deposition results in devices
with stability that is far inferior compared to devices
whose photoactive layer was annealed after top electrode
deposition. We attribute this discrepancy in the stability
of devices to differences in the metal grain structure of
the top electrode, which in turn is a direct manifestation
of the underlying morphology of the photoactive layer.

2. Experimental

Inverted bulk-heterojunction polymer solar cells were
fabricated on pre-patterned indium tin oxide (ITO) on glass
(15 X/sq.; Colorado Concept Coatings). Prior to the deposi-
tion of the polymer photoactive layer, we deposited a
30 nm thick layer of titania via hydrolysis of titanium iso-
propoxide (Ti[OCH(CH3)2]4, Aldrich, 99.999%) as the elec-
tron transport layer [10,11]. Specifically, titanium
isopropoxide was dissolved in isopropyl alcohol to make
a 1 wt.% solution and the solution stirred for at least
30 min. The solution was then spin coated on pre-pat-
terned ITO/glass substrates at 4500 rpm for 30 s. Hydroly-
sis occurred at room temperature for 1 h before the
substrates were annealed at 170 �C for 10 min. The poly-
mer photoactive layer (180 nm) consisted of poly(3-hexyl-
thiophene), P3HT (Merck Chemicals Ltd.), and a fullerene
derivative of [6,6]-phenyl-C61-butyric acid methyl ester,
or PCBM (American Dye Source, Inc.), which were first
codissolved at equimass ratio in chlorobenzene to yield a
2.4 wt.% solution prior to spin coating on titania-coated
substrates. Thermal annealing of the polymer photoactive
layer took place at 140 �C for 30 min either before or after
top electrode deposition. The top electrode consisted of
80 nm of silver deposited via thermal evaporation through
a stencil mask resulting in devices with an active area of
0.127 cm2. The schematic of our device architecture is
Fig. 1. J–V characteristics under illumination (100 mW/cm2) of inverted polym
photoactive layer was annealed (a) before and (b) after top electrode deposition
with silver top electrode; no external packaging or encapsulation was used. All
shown in the inset of Fig. 1a. We have previously demon-
strated inverted polymer solar cells with gold top elec-
trodes [10,11]. Given that silver is more reflective than
gold [12] and it readily oxidizes in air to form silver oxide
with a work function that facilitates hole collection [13],
we opted to use silver as our top electrodes in this study.
All the devices examined in this study were fabricated
and tested in air without any external packaging or encap-
sulation. The devices were stored in air and tested period-
ically for extended periods to gauge the air stability.
Current density–voltage (J–V) characteristics of the devices
were measured with a Keithley 2400 source measurement
unit under AM 1.5G 100 mW/cm2 illumination. Atomic
force microscope (AFM) images of the polymer photoactive
layer and of the silver top electrode were acquired on a
Veeco multimode AFM with a nanoscope IIIa controller in
tapping mode.

3. Results and discussion

Fig. 1 contains the J–V characteristics of representative
polymer solar cells acquired under illumination with expo-
sure to air. Specifically, the J–V characteristics in Fig. 1a
were acquired on a polymer solar cell in which its photoac-
tive layer was annealed before silver electrode deposition
whereas the J–V characteristics in Fig. 1b were acquired
on an analogous polymer solar cell in which thermal
annealing took place after silver electrode deposition. The
individual J–V curves shown in Fig. 1 were acquired after
the polymer solar cells had been illuminated for ten min-
utes where upon the transient photovoltaic characteristics
associated with the filling of shallow electron traps in tita-
nia have saturated [11]. As fabricated, the polymer solar
cell in which its photoactive layer was annealed before sil-
ver electrode deposition exhibits a short-circuit current
density, Jsc, of 3.6 mA/cm2 and an open-circuit voltage,
Voc, of 0.32 V. We extracted a fill factor (FF) of 0.29 for
the same device, amounting to a device efficiency, g, of
0.32%. The average device characteristics, along with rele-
vant standard deviations of five devices tested are recorded
in Table 1. On exposure to air for two days, both the Jsc
er solar cells as function of exposure time in air for devices in which the
. The inset shows a scheme of our inverted polymer solar cell architecture
devices were fabricated and tested in air.



Table 1
Photovoltaic characteristics of polymer solar cells as function of exposure
time in air for devices in which the photoactive layer was annealed before
and after top electrode deposition.

Jsc (mA/cm2) Voc (V) Fill factor Efficiency (%)

Annealed before Ag deposition
0 day 3.63 ± 0.36 0.32 ± 0.02 0.29 ± 0.01 0.32 ± 0.08
2 days 4.44 ± 0.67 0.46 ± 0.03 0.39 ± 0.03 0.81 ± 0.11
5 days 3.22 ± 0.19 0.33 ± 0.02 0.30 ± 0.02 0.38 ± 0.05
7 days 2.38 ± 0.11 0.28 ± 0.02 0.31 ± 0.02 0.20 ± 0.02
10 days 2.09 ± 0.10 0.22 ± 0.02 0.18 ± 0. 01 0.09 ± 0.01

Annealed after Ag deposition
0 day 8.50 ± 0.61 0.48 ± 0.02 0.37 ± 0.02 1.88 ± 0.11
2 days 9.06 ± 0.78 0.51 ± 0.01 0.37 ± 0.01 2.09 ± 0.18
5 days 8.71 ± 0.37 0.51 ± 0.01 0.37 ± 0.02 1.96 ± 0.09
7 days 8.66 ± 0.61 0.51 ± 0.01 0.37 ± 0.01 1.85 ± 0.15
10 days 8.58 ± 0.20 0.51 ± 0.02 0.37 ± 0. 01 1.80 ± 0.10
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(4.4 mA/cm2) and the Voc (0.46 V) of the same device im-
prove dramatically, resulting in a concomitant increase in
the FF (0.39) and g (0.81%). That the device improves with
storage was previously observed with inverted polymer
solar cells with gold top electrode; this improvement in
the photovoltaic characteristics is attributed to oxygen
doping of P3HT [11,14]. On extended storage in air, how-
ever, the photovoltaic characteristics of the device deterio-
rate significantly. After ten days in air, the Jsc and the Voc

drop to 2.1 mA/cm2 and 0.22 V, respectively, resulting in
Fig. 2. AFM (a) height and (b) 3D renditions of as-cast P3HT:PCBM on titania a
140 �C for 30 min.
an FF of 0.18 and an g of 0.09%. The air stability of inverted
polymer solar cells in which the photoactive layer was
thermally annealed prior to silver electrode deposition ap-
pears to be not significantly better than analogous solar
cells made in the conventional architecture. On the other
hand, the scenario is different when we examined inverted
polymer solar cells that were thermally annealed after sil-
ver electrode deposition; relevant J–V characteristics of a
representative device are shown in Fig. 1b for comparison.
As fabricated, this inverted polymer solar cell exhibits a Jsc

of 8.5 mA/cm2, and a Voc of 0.48 V, resulting in an FF of 0.37
and an g of 1.9%. The difference in the photovoltaic charac-
teristics of the as-fabricated devices is attributed to the
strong temperature dependence of silver oxidation [18].
Because oxygen diffuses significantly faster at 140 �C com-
pared to at room temperature, the silver top electrode oxi-
dizes at a faster rate in the device that is annealed after
silver deposition. And since that the rate at which the work
function of silver is altered is tied to the rate of silver oxi-
dation, this difference is manifested as discrepancies in the
photovoltaic characteristics of the two devices acquired on
the 0th day.

Storage in air for two days results in oxygen doping of
P3HT; the device characteristics improve as a consequence.
Specifically, the Jsc and Voc increase to 9.1 mA/cm2 and
0.51 V, respectively, resulting in an increase in the overall
efficiency (2.1%). In sharp contrast to the device character-
nd (c) height and (d) 3D renditions of P3HT:PCBM thermally annealed at
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istics shown in Fig. 1a, the photovoltaic characteristics of
the inverted polymer solar cell that was thermally an-
nealed after silver electrode deposition do not vary signif-
icantly on extended exposure to air. After ten days in air,
the Jsc and Voc of the same device remain at 8.6 mA/cm2

and 0.51 V, respectively. As such, g (1.8%) remains at 90%
of its peak value over the duration of this study.

While it is generally accepted that the details of pro-
cessing conditions can dramatically alter device character-
istics [15–19], it is initially surprising to learn that the
annealing sequence of the polymer photoactive layer can
influence the stability of inverted solar cells. To examine
how the annealing sequence of the polymer photoactive
layer is affecting the air stability of devices, we carried
out AFM studies to characterize the morphology of as-cast
Fig. 3. AFM (a) height and (b) phase contrast images of the silver top electrode on
top electrode on thermally annealed P3HT:PCBM; and (e) height and (f) phase c
bilayers have been thermally annealed at 140 �C for 30 min.
and thermally annealed P3HT:PCBM films on titania. Fig. 2
contains the AFM height images of (a) as-cast and (c) ther-
mally annealed P3HT:PCBM films. The corresponding
three-dimensional renditions of the height images are
shown in Figs. 2b and d, respectively. The as-cast
P3HT:PCBM film is smooth; we extracted a root-mean-
square (rms) roughness of 0.55 ± 0.18 nm from this 2 � 2
micrometer image. The film roughens significantly with
thermal annealing; we extracted an rms roughness of
1.39 ± 0.31 nm from Fig. 2b. This roughening of
P3HT:PCBM films was previously observed and was attrib-
uted to the phase separation and crystallization of P3HT
and PCBM on heating [20,21]. Given that the morphology
of the polymer photoactive layer is different during the
deposition of the top electrode, it necessarily influences
as-cast P3HT:PCBM; (c) height and (d) phase contrast images of the silver
ontrast images of the silver top electrode on as-cast P3HT:PCBM after the



Fig. 4. Normalized average device efficiency as function of exposure time
in air for devices in which the photoactive layer was annealed before
(open symbols) and after (solid symbols) top electrode deposition. The
error bars represent standard deviations calculated from the testing of
five devices.
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the grain structure of the subsequently deposited metal.
We thus conducted AFM studies to characterize the grain
structure of silver that is deposited on as-cast and ther-
mally annealed P3HT:PCBM films on titania. Figs. 3a and
b contain the height and phase contrast images of 80 nm
of silver that is deposited on as-cast P3HT:PCBM on titania
whereas Figs. 3c and d contain the height and phase con-
trast images of silver that is deposited on thermally an-
nealed P3HT:PCBM on titania. We observe drastic
differences when comparing these two sets of images. Spe-
cifically, the grain size of silver that is deposited on as-cast
P3HT:PCBM is large, of order several hundred nanometers,
compared to silver that is deposited on thermally annealed
P3HT:PCBM (of order tens of nanometers grain size). The
larger grains also appear to be more interconnected in
the silver film that is deposited on as-cast P3HT:PCBM.
The difference in grain size and grain structure must stem
from differences in the morphology of the underlying poly-
mer photoactive layer. The as-cast P3HT:PCBM film is
smooth and featureless; silver that is subsequently depos-
ited on this polymer forms interconnected grains that are
hundreds of nanometers in size. In contrast, the thermally
annealed P3HT:PCBM film is significantly rougher; we ob-
serve tall spikes and deep valleys in the scan window
shown in Fig. 2d. Such surface heterogeneities can in turn
serve as additional nucleation sites during silver deposi-
tion [22]. It follows that silver that is deposited on such
film forms smaller, less interconnected grains. As a final
comparison, we conducted AFM on silver that is deposited
on as-cast P3HT:PCBM after the bilayers have been ther-
mally annealed at 140 �C for 30 min; the height and phase
contrast images corresponding to this silver surface is
shown in Figs. 3e and f. We observe that these images ex-
hibit silver grain size and structure that are comparable to
those in Figs. 3a and b, a strong indication that the mor-
phology of the electrode is defined during silver deposi-
tion; thermal annealing after the deposition of silver does
not further influence its morphology.

Our microscopy study implicates a strong correlation be-
tween the grain size of the silver electrode and the air stabil-
ity of our inverted polymer solar cells. Devices are
significantly more stable in air when the silver grains are
interconnected and the average grain size large. The silver
electrode with a larger grain size has a lower density of grain
boundary through which moisture can diffuse. Given that
extended exposures to moisture can damage the polymer
photoactive layer [4,6], we speculate it is the suppression
of moisture diffusion through the silver electrode that has
significantly extended the air stability of our inverted poly-
mer solar cells. When the polymer photoactive layer is ther-
mally annealed prior to electrode deposition, the roughness
of the photoactive layer provides additional nucleation
opportunities for silver, resulting in films with small grains
and high grain boundary densities. Such films allow signifi-
cant moisture diffusion through grain boundaries, leading to
decreasing device characteristics with time.

Fig. 4 compares the stability of our inverted polymer so-
lar cells; the average efficiency of inverted polymer solar
cells in which the photoactive layer was annealed before
(open circles) and after (filled circles) silver electrode
deposition is plotted as a function of exposure to air. For
ease of comparison, the device efficiencies for both types
of devices were normalized against the highest values. De-
vices in which the polymer photoactive layer was annealed
before silver deposition experience a sharp increase in effi-
ciency during initial exposure to air due to the oxygen dop-
ing of P3HT [14]. The efficiency decreases dramatically
beyond the second day because moisture that diffuses
through the grain boundaries in the silver electrode can re-
act with the photoactive layer. In contrast, the average effi-
ciency of devices that were thermally annealed after silver
deposition is maintained at 90% of its highest value.
4. Conclusion

Our study demonstrates that the details of processing
not only affect device performance; they can dramatically
influence device stability. In this particular case, the se-
quence with which the photoactive layer is annealed alters
the grain structure of the top electrode, which in turn influ-
ences the level of moisture penetration into the photoac-
tive layer. The elucidation of such processing-structure–
function relationships should lead to the engineering of
more robust, next-generation devices.
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in an Ohno potential, Kobrak and Bittner indicated that the
electroluminescence quantum yield may be as high as 59%,
substantially greater than the 25% predicted by simple spin
statistics [7].

Since the spin of an exciton is closely related to the spin
orientations of polarons which the exciton derives from, it
is expected that the manipulation of polaron spin orienta-
tion may open a way to tune the relative population of
singlet/triplet excitons and consequently enhance the elec-
troluminescence efficiency. The spin orientation of a polar-
on is mainly determined by (i) the magnetism of the
electrode from which spin polarized electrons (or holes)
are provided and (ii) spin-conserving transport in the poly-
mer spacer. On one hand, since spin injection into p-conju-
gated polymers has been recently achieved [8,9], it is
possible to employ ferromagnetic materials instead of con-
ventional electrodes in a PLED to achieve spin controlled
charge injection [10]. On the other hand, electron spin dif-
fusion length is expected long in conjugated polymers due
to the weak spin–orbital coupling and hyperfine interac-
tion [11], which provides possible long-range spin-con-
serving transport and spin-conserving recombination
[12]. Therefore, the spin-PLED structure with ferromag-
netic electrodes can be used to control the spin orientation
of polarons, improve the yield of singlet excitons, and con-
sequently enhance the electroluminescent efficiency.

Since the basic process of photoemission in PLEDs is the
formation of excitons, the dynamic intrachain collision
process of oppositely charged polarons has been studied
under different strength of an external electric field [13].
Especially, the intrachain spin-dependent formation of
excitons in PLEDs and factors affecting the formation in
PLEDs have been studied from the energy point of view
[7,14]. However, much less is known about the yields of
excitons in a spin PLEDs. In this paper, we will consider
the formation of singlet and triplet excitons from two spin
polarons in a conjugated polymer chain, where the angle
between the spin orientations of the polarons is focused.
By simulating the collision of the polarons using a dynamic
evolution method and analyzing the product after colli-
sion, we try to find the yields of singlet and triplet excitons.
The model and method are described in the following sec-
tion. Results and discussion are shown in Section 3. Finally
a conclusion is given in the last section.
2. Model and formula

Our simulations begin with two oppositely charged
polarons which already form at a polymer chain, as shown
in Fig. 1. Under an external electric field, two polarons will
Fig. 1. The scheme of two oppositely charged polarons with spin angle h.
move towards each other along the chain and then a colli-
sion will take place.

We describe the system by an extended Su–Schrieffer–
Heeger (SSH) + Hubbard model, and the external electric
field is also involved

H ¼ HSSH þ HHub þ Hext; ð1Þ

where the extended SSH model is [15,16]

HSSH ¼ �
X
n;s

½t0 � a unþ1 � unð Þ � ð�1Þnte� Cynþ1;sCn;s þ h:c:
� �

þ K
2

X
n

unþ1 � unð Þ2 þM
2

X
n

_u2
n: ð2Þ

Here t0 denotes the zero-displacement hopping integral
between the nth and ðnþ 1Þth atoms, a the electron–lat-
tice coupling constant, un the displacement of the nth site
from its equidistant position and te the Brazovskii–Kirova
symmetry breaking term for a non-degenerate polymer
[16]. Cyn;sðCn;sÞ denotes electron creation (annihilation)
operator at site n with spin s. K is the elastic constant
and M the mass of a CH group.

The Hubbard model [17]

HHub ¼ U
X

n

Cyn;"Cn;"C
y
n;#Cn;# ð3Þ

is used to describe the electron–electron (e–e) interactions
and is treated in a simple mean-field approximation. U is
the on-site repulsion between electrons with spin-up and
spin-down.

An external electric field is applied to drive the charged
polarons,

Hext ¼ �
X
n;s

jejE naþ unð Þ Cyn;sCn;s � 0:5
� �

; ð4Þ

where E is the applied electric field. e and a are the elec-
tronic charge unit and the lattice constant, respectively.

The wavefunction of an electronic state consists of both
spin-up and spin-down components:

jWlðtÞi ¼
X

n

wl;"ðn; tÞ
wl;#ðn; tÞ

 !
jni: ð5Þ

The spin orientation of the electronic state is given in prob-
ability by cos hl ¼

P
njwl;"ðn; tÞj

2 �
P

njwl;#ðn; tÞj
2. hl ¼ 0�

and hl ¼ 180� denote that the electron is in a spin-up
and spin-down state, respectively.

The simulation starts from the state that the hole and
the electron have been injected to the polymer. A positive
and negative polarons have formed at the left and right
sides, respectively. In the calculations, we assume that
the spin orientation of the left positive polaron is along
þ~z direction, which is denoted as spin-up. And the spin ori-
entation of the right negative polaron is described by spin
angle h, which is the magnetization angle of the electrodes.
Since the two polarons are separated far enough, they are
independent of each other. The initial lattice configuration
of the system without e–e interactions is a combination of
two isolated polaron lattice configurations without e–e
interactions, while the initial lattice configuration of the
system with e–e interactions is a combination of two iso-
lated polaron lattice configurations with e–e interactions
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of the same strength. The initial wavefunctions are given
by linear combinations of the wavefunctions obtained
from the initial lattice configuration. The aim of linear
combinations is to make sure that the two polarons are iso-
lated. The spin orientation of a polaron is same with that of
its unpaired electronic state. Therefore for the left positive
and right negative polarons, the spin angles of their un-
paired electronic states are set by linear combinations to
be hpositive ¼ 0 and hnegative ¼ h, respectively, to ensure the
spin orientation of the corresponding polaron.

It should be mentioned that the spin orientation of the
polaron is supposed to be determined by the wavefunction.
Therefore, in the present calculations the dynamic evolu-
tion of spin polaron is given by the evolutions of its elec-
tronic states, the spin-up and spin-down parts of which
are established respectively. The evolution of the electronic
state is obtained by solving the time-dependent Schröding-
er equation,

i�h _wl;sðn; tÞ ¼ ½Uq�s
n;nðtÞ � jejEðnaþ unÞ�wl;sðn; tÞ

� ½t0 � a unþ1 � unð Þ � ð�1Þnte�wl;sðnþ 1; tÞ
� ½t0 � a un � un�1ð Þ � ð�1Þnte�wl;sðn� 1; tÞ:

ð6Þ

Due to the strong electron–lattice coupling in polymer, the
lattice fung will distort with the evolution of electronic
state, which is determined classically by Newton equation

M€unðtÞ ¼ K½unþ1ðtÞ þ un�1ðtÞ � 2unðtÞ� þ 2a½qc
n;nþ1ðtÞ

� qc
n�1;nðtÞ� � jejEðtÞ qc

n;nðtÞ � 1
h i

: ð7Þ

The charge density matrix qc
n;n0 is given by

qc
n;n0 ðtÞ ¼ q"n;n0 ðtÞ þ q#n;n0 ðtÞ; ð8Þ

qs
n;n0 ðtÞ ¼

X
l

w�l;sðn; tÞflwl;sðn0; tÞ: ð9Þ

fl denotes the time-independent distribution function of
electronic state jWlðtÞi determined by the initial occupa-
tions. The coupled differential Eqs. (6) and (7) can be
solved numerically with a Runge-Kutta method of order
eight with step-size control [18], which has been proved
to be an effective approach to study the electronic state
evolution [19,20].

The state jWðtÞi of the whole electronic system at time t
is obtained through a Slater determinant of the occupied
single-electron evolutional wavefunction jWlðtÞi. If we
consider a collision of a pair of polarons, the product after
collision usually is a mixed state, which may contain exci-
tons and polarons. To recognize the final state, we intro-
duce the instantaneous eigenstate jUKðtÞi of a system,
where K denotes the state index or one kind of product
after collision in the present case. jUKðtÞi is constructed
by the instantaneous single-electron eigen wavefunctions

jUmðtÞi ¼
X

n

/m;"ðn; tÞ
/m;#ðn; tÞ

 !
jni ð10Þ

with the occupation presenting a certain product. The
component /m;s is determined by the instantaneous eigen-
value equation
emðtÞ/m;sðn; tÞ ¼ ½Uq�s
n;nðtÞ � jejEðnaþ unÞ�/m;sðn; tÞ

� ½t0 � a unþ1 � unð Þ � ð�1Þnte�/m;sðnþ 1; tÞ
� ½t0 � a un � un�1ð Þ � ð�1Þnte�/m;sðn� 1; tÞ;

ð11Þ

where emðtÞ is the instantaneous eigen energy level.
Yield IKðtÞ of state jUKðtÞi in final state jWðtÞi is given by

IKðtÞ ¼ jhUKðtÞjWðtÞij2 ð12Þ

The parameters for the polymer are those referring to cis-
polyacetylene [21], t0 ¼ 2:5 eV, a ¼ 4:1 eV/Å, te ¼
0:05 eV, K ¼ 21 eV=Å

2
; a ¼ 1:22 Å, M ¼ 1349:14 eV fs2/Å2.

The electric field applied to the polymer is set to be
E0 ¼ 5� 10�4 V/Å.

3. Results and discussion

It has been known that the collision of two oppositely
charged polarons may form exciton states. There are two
types of interactions that may lead to the formation of a
bound excitons in organic polymer. One is the direct Cou-
lomb attractions between two oppositely charged pola-
rons. The other is the electron–lattice interactions. A
positive and a negative polarons are confined in the same
lattice defect to form a self-trapping state, which is unique
in organic molecules. Let us firstly consider the situation
that the e–e interactions are neglected, in which case the
formation of exciton is due to the interactions between
electrons and lattice. From Eqs. (6) and (7), we know that,
in this approximation, spin will be a good quantum num-
ber. Therefore, evolutions of the charge distribution and
the lattice configuration are independent of the spin angle
h. Evolutions of net charge qnðtÞ � qc

n;nðtÞ � 1 and order
parameter ynðtÞ ¼ ð�1Þn½2unðtÞ � unþ1ðtÞ � un�1ðtÞ�=4 are
depicted in Fig. 2, respectively. Before collision, the two
polarons move towards each other along the chain and
keep their shapes unchanged. After collision, from the
charge distribution, it seems that there are two separate
wave-packets. However, the net charge quantity included
in each wave-packet becomes less, which means that the
polarons may exchange some charges after collision. From
the lattice configuration, there are some lattice oscillations
left after collision. Such oscillations are some new phonon
modes created in the collision process [22,13], which is not
concerned in the present work. Except for these lattice
oscillations, the lattice distortions induced by the residual
charges keep moving under the driving field. Since the
charge quantity included in the two wave-packets is same
but the opposite sign, the total charge of the system is con-
served during the collision. Therefore, we can just treat of
the charge quantity included only one wave-packet when
the charge property is talked about. It should be mentioned
that in the present work there are no spin-flip interactions
involved, so that the total spin of system is also conserved
during the collision.

It has been known that the products of collision contain
singlet and triplet excitons as well as positive and negative
polarons. The spin of an exciton is related to the spin orien-
tations of the two polarons or spin angle h between them.
We use Eq. (12) with different electronic occupation to give



Fig. 2. Evolution of (a) net charge distributions qnðtÞ and (b) staggered bound parameter ynðtÞ. In (a), the blue and cyan areas represent the positive net
charge, and the red and yellow ones denote negative charge distributions. In (b), the red and yellow areas indicate the center of localized wave-packets. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the yield of each kind of products. The yield of singlet exci-
tons is obtained from a singlet exciton occupation on the
instantaneous eigen level emðtÞ; similar approaches are ap-
plied to the triplet excitons and polaron pairs. The results
are shown in Fig. 3. With the present parameters, the total
yield of excitons is only about 33.50%, which indicates that
it is not a complete annihilation. Since the e–e interactions
are not included, the total yield of excitons is independent
of the spin angle cos h. For a collision with parallel spins
ðh ¼ 0�Þ of polarons, no singlet exciton is produced, and
consequently all the excitons are triplet. By increasing
the spin angle h, some singlet excitons are produced and
at the same time the yield of triplet excitons is decreased.
For a collision of spin antiparallel polarons ðh ¼ 180�Þ, the
yield of singlet excitons reaches the maximum. In such
case the yields of singlet and triplet excitons are the same,
and each is about 16.75%. It is found that the yields of sin-
glet and triplet are directly proportional to cos h (insets in
Fig. 3). Therefore the yield of singlet excitons can be con-
trolled by the spin manipulation of injected polarons and
consequently electroluminescent efficiency can be
improved.

However, when the e–e interactions are involved, the
total yield of excitons will change with spin angle h. Taking
Fig. 3. The yield of singlet excitons, triplet excitons, and total excitons as
a function of the angle h (or cosðhÞ in inset) in the absence of e–e
interactions.
U = 0.3 eV as an example, a maximum yield of about
38.09% is obtained in the case of spin-parallel polaron col-
lision ðh ¼ 0�Þ. With the increasing of the angle, it is found
that the yield will decrease and reach the minimum, about
22.72%, around h ¼ 100�. By further increasing the angle h,
the yield increases again and reaches about 33.50% for a
spin-antiparallel collision (Fig. 4a). Therefore, the e–e
interactions will adjust the yield of excitons with different
spin angles of the polarons.

Then let us analyze the yield of singlet excitons in-
cluded in each collision. For a spin-parallel collision, there
is no singlet excitons created and the yield of singlet exci-
tons is zero, which is independent of the e–e interactions.
For a spin-antiparallel collision, the yield of singlet and
the triplet excitons are equal, which is independent of
the e–e interactions either. For the other cases, as showed
in Fig. 4b, it is found that the yield of singlet excitons is de-
pressed by e–e interactions. For example, for a collision of
polarons with angle h ¼ 100�, the yield of singlet excitons
decreases from 9.83% at U = 0 eV to 6.14% at U = 0.3 eV.
As a mean-filed treatment is applied in the present work,
we only investigate the situation of weak e–e interactions
and it is found that the stronger e–e interactions are, the
more significant depression is induced on the singlet exci-
ton formation.

In the presence of e–e interactions, the spin angular
dependence of the yield of excitons can be reflected by
the order of energy levels. At the beginning, two polarons
are far from each other. Considering the spin freedom of
electrons, each polaron has four isolated levels in the en-
ergy gap. For the positive polaron with up spin, apparently
only spin-up one of two lower isolated energy levels is
occupied. Consequently, the spin-up and spin-down charge
distributions of the whole system are different. The on-site
repulsion between spin-up and spin-down electrons repre-
sented by the Hubbard e–e interactions breaks the spin
degeneracy of energy levels. Therefore, the empty spin-
down one of the two lower isolated energy levels is a little
higher than the spin-up one. For the two empty higher iso-
lated energy levels, the spin-down one is also a little higher
than the spin-up one. However, for the negative polaron
with arbitrary h, the order of the two higher isolated en-
ergy levels is determined by their occupation probabilities.



Fig. 4. The yield of (a) total excitons and (b) singlet excitons as a function of the angle h without or with e–e interactions.
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The occupation probability on the spin-up (spin-down) one
of higher isolated energy levels is cos2ðh=2Þ½sin2ðh=2Þ�. Due
to the on-site repulsion between spin-up and spin-down
electrons, the energy level with more charge occupation
probability is lower than the other one. Therefore, the or-
der of the energy levels is indirectly determined by the
spin orientation of the negative polaron. In addition, the
order of two occupied lower isolated energy levels is iden-
tical to the order of higher isolated energy levels. Since
there is no spin-flip interaction in the present model, the
spin during charge transfer is conserved. Then the charge
transfer probability during the collision is determined by
the order of energy levels. Therefore, the charge transfer
probability during the collision is also indirectly deter-
mined by the spin orientations of the polarons or the spin
angle between the polarons. Moreover, the order of the en-
ergy levels after collision is determined by the charge
transfer probability during the collision. Therefore, the
amount of the residual charges localized in each generated
wave-packet is affected by the e–e interactions (Fig. 5). For
example, the amount of residual charges is 0.546e when
the e–e interactions are neglected. But when the e–e inter-
actions are included, it is found that the amount is a non-
monotonous function of the spin angle h. For a spin-paral-
lel collision, the amount of residual charges will be 0.467e
at U ¼ 0:3 eV. By increasing the spin angle h, the amount of
Fig. 5. Dependence of the residual charges on the spin angle between two
polarons after collision.
residual charges is increased. The maximum of the residual
charges is 0.702e, which appears at about h ¼ 100�. How-
ever, for a spin-antiparallel collision the amount is identi-
cal to the case without e–e interactions. As an exciton is
neutral, less residual charges correspond to a higher yield
of excitons. As a result, the dependence of singlet excitons
formation rate on spin angle is also strongly affected by e–
e interactions.
4. Conclusion

In this paper, we studied the dependence of exciton for-
mation rate on the spin orientation of polarons by simulat-
ing the collision process of two polarons. It was found that
neglecting e–e interactions, the yield of total excitons is
independent of h, while the yield of singlet and triplet exci-
ton presents a linear variation with cos h, where h is the an-
gle between the spin orientations of polarons. However,
the on-site e–e interactions will break the spin degeneracy
of energy levels. Although, the yield of singlet excitons
from spin-parallel or spin-antiparallel polaron is not influ-
enced by the e–e interactions, the presence of e–e interac-
tions shows a depression on the yield of singlet exciton in
the other cases. In the manufacture of spin PLEDs to im-
prove the luminescent efficiency, the e–e interactions
should be unfavorable factors.
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printing, combines robustness, speed and proven roll-to-
roll compatibility with a good accuracy [3]. Another advan-
tage compared to gravure-off set and flexographic printing
is the absence of a rubber transfer plate, which lacks suffi-
cient resilience against the organic solvents typically used
for LEP inks (e.g. toluene, anisole, xylene, etc.) to allow for a
robust and stable printing process. Furthermore, gravure
printing does not suffer from plate or screen wear, typi-
cally observed for off-set lithography and screen printing.
Roll-to-roll inkjet printing is generally believed to be insuf-
ficiently fast and robust, despite advantages relating to
non-contact fluid transfer and digital free-form flexibility.

To avoid time consuming trial-and-error experimenta-
tion, it is desirable to model the printing process in order
to be able to predict optimal process conditions for printed
layer formation. Since gravure printing is a complex pro-
cess involving many non-linearly interrelated parameters,
statistical modeling, despite its ‘black-box’ nature, is often
preferred over physical modeling. Artificial neural net-
works (ANN) have proven to be useful predictive statistical
models for a wide range of applications [4]. ANNs are capa-
ble of modeling any linear or non-linear relationship be-
tween sets of input and output parameters. ANNs applied
in manufacturing technology are often based on a super-
vised learning protocol during which the network is repet-
itively exposed to input data with a known (e.g. measured)
response. During this process a cost function is minimized
by adapting the network’s coefficients. Once properly
trained, the network is capable of calculating the correct
response to new values and combinations of the input
parameters, not previously included in the training data
set. In the field of the graphic arts, artificial neural net-
works have shown to be viable tools in process control
and development. Well-known examples are color pro-
cessing and proofing [5], inkjet printing [6], and off-set
lithography [7]. Also in fields related to graphical printing,
such as solder paste printing for printed circuit boards, the
use of neural networks for process optimization has been
reported [8]. Ding et al. [9] recently reported on the use
of a fuzzy neural network to establish the link between
process parameters and gravure printed dot features.

The gravure printing process has to some extent also
been modeled physically. One should discriminate here be-
tween forward gravure printing [10–12] (image transfer, as
is the case for this work), whereby the web and the gravure
roll move in the same direction, and reverse gravure [13],
which is essentially a coating technique, as gravure roll
and web move in opposite directions. The forward gravure
printing models, though elegant, generally oversimplify
the real life situation as they only describe single cell with-
drawal events in two dimensions. These models could, for
instance, be used to predict the ratio of transferred to con-
tained ink as a function of the separation velocity between
gravure roll and substrate. However, their limited geomet-
rical scope renders them unsuitable for the actual predic-
tion of printed layer thickness and homogeneity in large
area applications. The overall process is yet too complex
to be modeled reliably in a physical manner using state
of the art computing facilities.

In this paper, we show for the first time the application
of ANN modeling in printed organic electronics. The net-
work models the characteristics of forward, direct roto-
gravure printed layers of LEP on a non-porous, conductive
poly-(ethylenedioxythiophene)/poly(styrene sulfonate)-
covered poly(ethylene terephthalate) substrate (PET-PED-
OT/PSS). The network is set-up and trained to predict the
relation between three input parameters: (i) gravure cell
engraving depth, (ii) printing speed, and (iii) LEP concen-
tration, and three output parameters: (i) mean printed
layer thickness, (ii) relative root mean square (RMS) rough-
ness, and (iii) printed layer anisotropy. We clarify the
selection of these parameters and show how fairly accurate
predictions can be made once the network has been prop-
erly trained. We give a quantitative definition of printed
layer anisotropy, since we believe that root mean square
deviation by itself insufficiently describes printed layer
homogeneity, especially for printed OLED lighting applica-
tions. Finally, we show how the trained network can be
used to map the input parameter space for each output
parameter in order to find optimum values and to gain
qualitative insight in the behavior of the ink during the
printing process.
2. Materials and methods

The LEP gravure printing inks were based on an in-
house developed light-emitting polymer. This LEP had a
weight-averaged molecular weight of 628 kDa and a poly-
dispersity index of 2.1. The sample solutions were pre-
pared by dissolving the LEP in a 30/70 (w/w) mixture of
toluene and anisole under nitrogen (Table 2 lists the used
LEP concentrations). In order to increase the optical
absorptivity of the printed layers in the visible wavelength
range we added Oil Blue N as a low molecular weight dye
to the formulations. What’s more, the addition of the dye
fully quenched the polymer’s fluorescence, thus ruling
out possible disturbing optical factors stemming from the
polymer’s intrinsic emissive properties. The amount of
dye (by weight) was kept twice as low as the polymer
quantity. Owing to its low molecular weight and concen-
tration, the dye was assumed to not influence the rheolog-
ical properties of the inks.

Prints were made using an IGT Testing Systems F1 lab-
scale printability tester running in direct forward gravure
mode. Commercial Orgacon EL-350 PEDOT/PSS-coated
PET foil (Agfa-Gevaert) with a total thickness of 125 lm
was used as substrate. The PEDOT/PSS layer has been ap-
plied by slot coating, which gives very homogenous layers
with low amplitude undulations (typically a few %) extend-
ing over several tens of centimeters. The Orgacon foil was
mounted onto the backing roller of the gravure printer
and cleaned by gentle wiping with a non-scratching cloth
containing 2-propanol. For making a print, typically about
0.5 mL LEP/dye ink was applied onto the gravure roll in
the nip between the doctor blade and the roller, after which
the ink was printed in one pass at a given speed setting and
a constant gravure roll-to-substrate force setting of 250 N.
The gravure roll used in this study contained patterned
areas of square pyramidal cells, stylus engraved (120� sty-
lus angle) under a screen angle of 53� at a density of 70
lines/cm. The total engraved pattern contained ten patches,
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Fig. 1. Neural network architecture used in this study; input, hidden, and
output units are denoted X, V, and Y, respectively; synaptic weights are
denoted wi,j and zj,k for the first and second layer, respectively; the bias
units are denoted b.
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each having a surface area of about 6 cm2. Each patch
corresponds to a different cell engraving depth in the range
11–48 lm, roughly corresponding to an ink containment
volume of 0.2–12 mL/m2. The printed layers were left to
dry under ambient conditions in a matter of seconds.

The printed LEP/dye layers were characterized using a
microdensitometer (Joyce-Loebl MDM-6), fitted with a Phi-
lips halogen lamp, type 7012 (12 V, 50 W). The microden-
sitometer measured and recorded the integrated optical
density of a sample layer as a function of X, Y-coordinate,
on a scale with a cut-off value of 4096. The printed layers
were scanned at a lateral resolution of 20 lm using a
wavelength range of 300 < k < 800 nm. The total measured
optical density of the printed layers (i.e., the summed val-
ues for the LEP, the dye, and the PET-PEDOT/PSS substrate),
was typically in the range 1800–2100, considerably below
the cut-off threshold. The crude optical density data was
corrected for the optical density of the 125 lm thick PET-
PEDOT/PSS substrate, as recorded at the site of each
printed patch. Correction occurred by subtraction of the
substrate’s optical density from the total measured value.
The thus corrected optical density of the printed LEP/dye
layers was in the range 50–200. The scanning software
was adapted as to scan exclusively within the printed
patches corresponding to the various cell engraving depth
levels. The edges of the prints were not included in the
scans to avoid artifacts related to incomplete engraving, of-
ten observed at the edges of engraved patterns on gravure
rolls. When printing an OLED, one would make sure that
such edge artifacts would fall outside the active (emissive)
area of the device. The scanning data was filtered, normal-
ized, and processed using MATLAB R2008a.

In order to convert the measured optical density values
into actual printed layer thickness information, we re-
corded the optical density of reference LEP/dye layers of
known thickness, spin-coated from toluene solution on
glass slides. This solution contained 10 mg/mL of LEP and
5 mg/mL Oil Blue N, giving the same LEP-to-dye ratio as
used for the gravure printing inks involved in the neural
network study. The measured values were corrected by
subtracting the optical density of the glass substrate. The
absolute thickness of the reference samples was deter-
mined using a Veeco DekTac M6 stylus profilometer.

Neural network analyses were performed using a
home-built algorithm in C++. The ANN used in this study
(Fig. 1) was a double layer Perceptron (MLP) neural net,
using feed forward of input data and back propagation of
error information [4]. The output of the hidden (V) and out-
put units (Y) was calculated using logistic sigmoidal and
linear transfer functions (Eqs. (1) and (2), respectively).

f ðxÞ ¼ a� b
1þ expð�sxÞ þ a ð1Þ

f ðxÞ ¼ sx: ð2Þ

Here, x and f(x), respectively, represent the neuron’s in-
put and output; a and b are the lower and upper asymp-
totic values of the logistic sigmoid, and s is the steepness.
During training the synaptic weights (wi,j and zj,k) and bias
values (b) were optimized in an iterative procedure, mini-
mizing the cost function expressed by Eq. (3).
E ¼
X

i

ðti � yiÞ
2
: ð3Þ

Here, ti and yi represent the target (measured) response
and calculated output corresponding to a certain set of in-
put parameters (input vector). Usually, a neural net is not
allowed to reach maximum convergence to avoid over-fit-
ting, as an over-fitted network will be better at memoriz-
ing its training data set than predicting output to new
input data. To avoid over-fitting a separate testing data
set was used to check the network’s predictive capability
during training. Prior to training all input data was normal-
ized in a bipolar fashion: �1 6 n 6 1. This allowed faster
training and ensured the error information terms calcu-
lated for the output parameters to be of comparable mag-
nitude. Relating to this, we chose the asymptotic values of
the sigmoid activation function of the hidden units (Eq. (1))
to be a = �1.2 and b = 1.2, slightly extending beyond the
largest and smallest target values [4]. For presentation
the calculated data was denormalized. The steepness of
both activation functions (s in Eqs. (1) and (2)) was set to
0.5.
3. Results and discussion

We start with defining the ANN’s input and output
parameters. The input parameters are settings relating to
the printing process (printing parameters), whereas the
output parameters are quantifiable characteristics of the
printed LEP/dye layers. The printing parameters may be
categorized as gravure roll-, process-, ink-, or substrate-re-
lated. Table 1 lists the most important parameters in this
categorized fashion. Naturally, these parameters do not
all influence the printed layer characteristics equally
strongly. We selected (i) cell engraving depth (d), (ii) print-
ing speed (v), and (iii) LEP concentration (c) as a limited,
but highly relevant set of input parameters for the neural
network model. These input parameters represent three
of the four categories defined above. Their selection is
partly based on prior experience with LEP printing. We also
note that several of the parameters defined in Table 1 can
be expressed as functions of the selected parameters. For
example, rheological parameters such as zero shear viscos-
ity and fluid elasticity, are strongly related to the solute



Table 1
Summary of the gravure printing parameter space.

Gravure roll Process Ink Substrate

Cell engraving depth Pressure/force Viscosity Material
Cell shape Printing speed Elasticity Surface energy
Screen angle Surface tension Roughness
Stylus angle Volatility Pre-treatment
Surface energy Solvent composition Cleaning method
Radius Polymer concentration

Molecular weight

Fig. 2. Layer thickness as a function of integrated optical density for spin-
coated reference layers of the 2:1 LEP/Oil Blue N mixture on glass slides.
The line is a fit to the measured values, including the origin as an extra
data point. The curve has been extrapolated into the upper range of the
optical density values measured by the microdensitometer on the gravure
printed layers. For illustration: the inset depicts the absorption spectrum
of the LEP/dye mixture in the range 300 < k < 800 nm.
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concentration. Other parameters, such as surface tension
and evaporation rate, are not included in the model, as
we used the same solvent system throughout the study.
In this context, we assumed the polymer (and dye) concen-
tration not to have an appreciable effect on the surface ten-
sion and evaporation, especially in the early stages of
drying during which solute transport is most likely to oc-
cur. Naturally, if one would want the neural network to
also predict the solvent characteristics, a more extended
model is necessary. By using the same gravure roll which
is cleaned the same way prior to printing, we did not vary
the parameters in the gravure roll category, except for cell
engraving depth. We found a gravure roll force exceeding
150 N to be of little influence on the thickness and appear-
ance (homogeneity) of the prints. Forces below this value
did not allow full (web wide) transfer of the ink. From
the substrate category no parameters were selected. The
reason for this is the limited number of available possibil-
ities to vary the nature of the rather delicate PEDOT/PSS
layer. We settled down on the mild cleaning method de-
scribed in the Experimental Section as a suitable non-
destructive pre-treatment that still allows proper wetting
of the LEP ink.

Three output parameters were defined (see Fig. 1): (i)
mean printed layer thickness, (ii) roughness, and (iii) ‘stri-
piness’ or anisotropy. In order to obtain reasonable esti-
mates of the mean printed layer thickness, optical
density scans produced by the microdensitometer were
converted into actual thickness matrices using the calibra-
tion curve depicted in Fig. 2. This line was constructed by
recording the optical density of spin-coated LEP/Oil Blue
N layers (same ratio as for the gravure printing inks) on
glass substrates (the inset illustratively showing the
absorption spectrum of the LEP/Oil Blue N blend). The lay-
ers were coated at different spinning velocities, giving a
range of thicknesses. The absolute thickness of these refer-
ence layers was determined using profilometry. These val-
ues were then plotted as a function of the measured optical
density. As the graph shows, the data suggest a linear rela-
tionship between thickness and optical density, at least
within the window of the measurement. Despite this (par-
tial) linearity, the curve does not seem to obey the Beer–
Lambert law, as the suggested straight line does not pass
through the origin of the graph. In stead, it would abscise
the horizontal axis at an optical density of about 45. How-
ever, physically, the origin itself should lie on the curve, as
a zero optical density is recorded when no material is pres-
ent at all. Unfortunately, it proved difficult to obtain homo-
geneous layers with a thickness in the range 0–75 nm. We
therefore included the origin as one extra data point and,
as an approximation, fitted a calibration curve using a con-
tinuous, fully differentiable mathematical function capable
of passing through the origin as well as describing the lin-
ear behavior observed for higher optical densities, as sug-
gested by the measurement. The mean printed layer
thickness was obtained simply by calculating the average
value of the thickness matrix. The (relative root-mean-
square) roughness of the printed layers was defined as
the standard deviation from the mean taken as a fraction
(or percentage) from the mean value. Below we will mostly
use the term ‘roughness’ to denote the relative RMS
roughness.

The third output parameter, the printed layer anisot-
ropy, requires a little more clarification. In general, printed
layer irregularities may occur during three stages of the
gravure printing process: (i) ink transfer (e.g. due to fluid
film or ligament instabilities), (ii) leveling on the substrate
(e.g. due to incomplete merging or leveling of deposited
fluid dots from separate engraved cells), and (iii) drying
(surface tension-driven flow of solute during solvent evap-
oration). The latter cause was assumed to be strongly sup-
pressed by the relatively high viscosity of the LEP inks
(around 30 mPas at t = 0, as determined by separate mea-
surements), as well as the rapid viscosity increase due to
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the high volatility of the solvent mixture. This assumption
was supported by the fact that the printed LEP layers did
not show signs of the well-known ‘coffee stain effect’
[14] or other drying patterns that can be attributed to sur-
face tension-induced solute transport [15]. For this, we
suggest that the irregularities encountered in the gravure
printed LEP layers predominantly originated from instabil-
ities during fluid transfer or incomplete merging and level-
ing, or a combination of both. The appearance of the print
depends on which of the two causes prevails. Fig. 3 depicts
photographs of four exemplary gravure printed layers fab-
ricated with the same LEP ink, printed at different cell
engraving depths. Although this ink was based on a differ-
ent LEP (a poly(p-phenylenevinylene) derivative) than the
one used in the neural network study, the printed layer
appearance as a function of gravure roll engraving depth
is qualitatively similar. At a low engraving depth (22–
30 lm) the amount of ink transferred to the substrate is
Fig. 3. Light emitting polymer gravure printed (v = 0.9 m/s, c = 10 mg/mL)
onto PET-ITO foil at different cell engraving depths (stylus angle 120�,
screen angle 53�, 70 lines/cm): 22 lm (top left: separate dots of ink
corresponding to engraved cells), 30 lm (top right: dots start to merge),
34 lm (bottom left: merging leads to an integral layer), 38 lm (bottom
right: ridges and trenches appear parallel to the printing direction). The
grainy appearance of the prints is caused by the fact that they have been
photographed against a white paper background.

Fig. 4. Color-height images of gravure printed LEP layers corresponding to differ
d = 42 lm, v = 1.5 m/s, c = 22 mg/mL. The prints have roughness and anisotropy
simply too low to give integral printed layers (see Fig. 3,
top left and top right). The print corresponding to a
22 lm cell depth does not show merging of the fluid dots
at all. The dots only start merging once more fluid is ap-
plied, and give an integral layer at an engraving depth of
34 lm (Fig. 3, bottom left). At larger cell depths (e.g.
38 lm) too much ink is applied, which leads to the forma-
tion of ridges of polymer running parallel to the printing
direction (Fig. 3, bottom right). Notably, regions adjacent
to the ridges show considerable ink depletion. The forma-
tion of these ridges may be explained by a collapse of mul-
tiple fluid ligaments pulled from adjacent cells. The
irregularity of these layers is anisotropic, as the ridges ap-
pear exclusively parallel to the printing direction.

It immediately becomes clear that although the rough-
ness as defined above gives a good indication of general
layer homogeneity, it does not provide any information
about the appearance or anisotropy of the irregularities
encountered in the printed layers. This is illustrated by
Fig. 4. This figure shows optical density scans of LEP layers
printed using different sets of input parameters (left:
d = 46 lm, v = 0.5 m/s, c = 22 mg/mL; right: d = 42 lm,
v = 1.5 m/s, c = 22 mg/mL). Similar roughness values were
obtained (6.2% and 6.5%, respectively), despite the large
difference in appearance of the prints. Fig. 4 (right) shows
isotropically distributed irregularities, whereas print Fig. 4
(left) has a much more stripy appearance due to ridge for-
mation parallel to the printing direction. For OLED produc-
tion it is desirable to be able to predict printed LEP layer
roughness in general terms, as well as in terms of anisot-
ropy or directionality. This is explained as follows. Scatter-
ing renders intensity variations in the emitted light due to
highly frequent, isotropically distributed layer thickness
variations to be much less obvious than variations stem-
ming from a relatively small number of ridges in an essen-
tially smooth layer (see Fig. 5). Furthermore, as mentioned,
a deficiency of printed material is encountered adjacent to
the ridges, giving the risk of shorts.

The question now raises how to quantify the anisot-
ropy. In tribology, the kurtosis (Ku) of a distribution is of-
ten used to discriminate between a layer with an
isotropic (Gaussian) distribution of many irregularities
(low Ku) and one that is essentially flat, except for a few
ent input parameter sets: left, d = 46 lm, v = 0.5 m/s, c = 22 mg/mL; right,
values of 11.9% and 42.9, and 12.7% and 3.8, respectively.



Fig. 5. Gravure printed flexible OLED devices (33 � 15 mm): left, printed LEP layer containing ridges of polymer in the printing direction; right, printed LEP
layer containing highly frequent, isotropically distributed irregularities, apart from two dust particle-induced spots.

Table 2
Levels of the input parameters used to build up the total data set.

Level Cell depth
(lm)

Printing speed
(m/s)

Concentration
(mg/mL)

1 30 0.5 22
2 34 0.8 27
3 38 1.0 30
4 42 1.2 –
5 44 1.5 –
6 46 – –
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large deviations (high Ku). The kurtosis is defined by Eq.
(4).

Ku ¼ 1
mnr4

Xm

i¼1

Xn

j¼1

Zði:jÞ4: ð4Þ

Here, the layer is represented by an m � n matrix of lo-
cal height values Z(i, j), and r is the standard deviation of
the height distribution. Unfortunately, due to the nature
of the scanning data and the high noise-sensitivity relating
to the 4th power Z- and r-dependency, Ku did not discrim-
inate properly between gravure printed layers with high
and low anisotropy: the prints represented by Fig. 4 have
a kurtosis of 3.5 and 3.9, respectively. For this reason, we
wrote an algorithm dedicated to recognize and quantify
the anisotropy. This algorithm, which is essentially repre-
sented by Eq. (5), performs separate row- and column-wise
summations of the elements of binary representations of
the scanning data matrices. Amplification factors were
implemented which magnitudes increase with the longitu-
dinal extent of the ridges (represented by ‘‘ones”) and
trenches (represented by ‘‘zeros”). Hypothetically, if com-
parable numbers of ridges would run both parallel and per-
pendicular to the printing direction, the anisotropy (A) will
be low:

A ¼
Pm

i¼1

Pn
j¼1vrow

i;j ub
i;jPn

j¼1

Pm
i¼1vcolumn

i;j ub
i;j

: ð5Þ
Fig. 6. Binarized versions of the prints presented by Fig. 4; white represents thi
thickness lower than the mean.
Here, vrow
i;j and vcolumn

i;j are the amplification factors for the
row and column summations, respectively, and ub

i;j are
the binarized optical density values (0 or 1). The amplifica-
tion factor was increased stepwise as long as the value of a
matrix element did not differ from that of the previous
neighboring element in the same row or column. In case
the next neighboring element did have a different value
the amplification factor was reset to one, effectively indi-
cating the end of a ridge or trench. The necessary binary
representations of the scans were obtained using Eq. (6).

Ubði; jÞ ¼ HðZði; jÞ � �ZÞ: ð6Þ

Here, H is the Heaviside step function and �Z the mean
height (or optical density). Eq. (5) proved much less dis-
criminative when applied to non-binarized data, resulting
ckness values exceeding the mean, whereas black represents areas with a
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in a loss of information on anisotropy. Fig. 6 represents
binarized versions of the scans depicted in Fig. 4. We note
that the print corresponding to Fig. 4 (right) and Fig. 6
(right) shows an anisotropy in a different sense in that
the layer thickness is generally higher on top of the print
Fig. 8. Calculated mean layer thickness plotted in color grades as a function of c
and 30.0 mg/mL (top left to bottom right).

Fig. 7. Measured (closed/solid) and predicted (open/dashed) values for mean
anisotropy (right) for the validation data set (prints corresponding to d = 44 lm
than at the bottom. This effect, which is observed for a
minority of the prints, is explained by partial incomplete
filling of the engraved cells during inking of the gravure
roll. This hardly avoidable issue relates to the operational
limitations of the gravure printer in combination with
ell depth (d) (in lm) and printing speed (v) (in m/s) at c = 22.0, 25.0, 27.5,

printed layer thickness (left), relative RMS roughness (left), and feature
).
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the manual operation, and will be absent in an industrial
gravure printing environment owing to automated inking.
These fluctuations are not accounted for by the neural net-
work and will to some extent impart uncertainty in the
prediction accuracy. On the other hand, we note that the
algorithm expressed by Eq. (5) is relatively insensitive to
this kind of printed layer anisotropy.

Using Eqs. (5) and (6), the anisotropy of the prints rep-
resented by Fig. 4 was determined to be 42.9 and 3.8,
respectively, clearly discriminating between the two
prints. Unfortunately, the quality of the scanning data
was not sufficient to include quantitative information
about the height of the ridges as well.

To build up an input–output data set for training and val-
idation of the neural net, we performed prints and scans
varying the input parameters at preset levels (Table 2).
Three LEP concentration levels were chosen in a realistic
range (22, 27, and 30 mg/mL), corresponding to a suitable
dry LEP layer thickness, without the viscosity becoming
too high or too low for proper printing. Five levels of print-
ing speed were selected, effectively covering the whole
speed range setting of the gravure printer (0.5, 0.8, 1.0,
1.2, and 1.5 m/s). As for cell engraving depth, six levels were
used in the range 30–46 lm (i.e. 30, 34, 38, 42, 44, and
46 lm). By experience we know that LEP layers printed
with gravure cell depths in this range typically give working
OLEDs. Prints produced at lower cell depth values do not
give integral layers due to incomplete merging of the depos-
Fig. 9. Calculated relative RMS roughness plotted in color grades as a function of
and 30.0 mg/mL (top left to bottom right).
ited ink dots. Cell depth values exceeding the indicated
range usually give highly irregular, rather messy prints hav-
ing areas containing hardly any material and areas in which
material is accumulated into very thick patches. Both ex-
tremes usually lead to short circuited devices.

As the total cell depth range expressed by Table 2 has
been patch-wise engraved onto the same gravure roll, we
were able to acquire all cell depth information within
one single print (per level of LEP concentration and speed
setting). Practically, the whole study required only 15
prints (three concentration levels � 5 speed levels) and 4
scans, as the set-up allowed us to scan four printed strips
of substrate in one session. Thus we collected a total data
set of 3 � 5 � 6 = 90 three-element input-target vector
pairs. Of this total data set all vector pairs corresponding
to a 44 lm cell depth (15 in total) were kept aside for val-
idation of the trained network. Of the remaining 75 vector
pairs ten were randomly selected to form the testing set.
The 65 vector pairs left formed the actual training data
set. During training, the network was iteratively exposed
to the 65 training vectors, during which the synaptic
weight and bias values were optimized to reduce the cost
function (Eq. (3)). At set times during training the predic-
tive power of the network was assessed by calculating
the total squared error of the predicted output to the test-
ing data set. Once this value did not further decrease, train-
ing was aborted and the optimized weight and bias values
were saved.
cell depth (d) (in lm) and printing speed (v) (in m/s) at c = 22.0, 25.0, 27.5,



J.J. Michels et al. / Organic Electronics 10 (2009) 1495–1504 1503
As for the hidden layer it is well known that a large
number of units may lead to fast convergence of the net,
which is an advantage if computational time is a limiting
factor. However, many hidden units and fast convergence
impart the risk of over-fitting. The optimal number of hid-
den units was determined to be around 12 by trial-and-er-
ror. We varied the actual contents of the training and
testing sets to check whether the selection of testing vec-
tors had a significant effect on the prediction error of the
testing set. We found that this was not the case as long
as the testing set was randomly chosen.

After training to optimal convergence, the validation
vector set, corresponding to the 44 lm cell engraving
depth, was fed into the neural net. Fig. 7 shows that the
net is indeed capable of predicting the output to this new
input set with a very reasonable accuracy. The prediction
error is generally around 10%, 20%, and 25% for mean layer
thickness, roughness, and anisotropy, respectively. Espe-
cially for roughness and anisotropy, though, some values
were predicted with an error that falls outside the range
indicated by this ‘typical’ prediction error. The number of
these outliers, as well as their deviation from the error dis-
tribution, somewhat depends on the distribution of the
training data over the training and testing data sets. Gen-
eral trends in the printed layer characteristics as a function
of the input parameters are very well distinguished by the
neural net. Issues such as mechanical play of parts of the
Fig. 10. Calculated anisotropy plotted in color grades as a function of cell dept
30.0 mg/mL (top left to bottom right).
printer’s engine, and experimental errors induced by fluc-
tuations in manual operation may lead to experimental
deviations that are not easily captured by any (statistical)
model. We further note that all output parameters are less
accurately calculated when any one of the input parame-
ters is left out during training. One could, for instance,
imagine that the mean layer thickness is predominantly
determined by concentration and cell depth, the printing
speed being of little or no influence. However, leaving
out printing speed as an input parameter led to signifi-
cantly larger prediction errors. In general, the mean
printed layer thickness may seem somewhat higher than
ideal for the fabrication of OLEDs, but we note that these
layers contain �30 vol.% dye (assuming a density of 1 g/
cm3 for both LEP and dye). Omitting the dye would indeed
give LEP layers with a thickness in the desired range.

As mentioned above, the optimized synaptic weight
and bias values were stored after training. This allowed
us to systematically calculate the output of the trained
net as a function of the full space determined by the three
input parameters. Figs. 8–10 represent color-height plots
of the mean layer thickness, roughness and anisotropy
as a function of cell engraving depth and printing speed,
calculated at four different polymer concentration levels.
Fig. 8 clearly shows a general increasing trend of the mean
layer thickness with concentration. This is to be expected,
but the effect is not linear: no large changes are observed
h (d) (in lm) and printing speed (v) (in m/s) at c = 22.0, 25.0, 27.5, and
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for a polymer concentration in the range c = 22.0 –
27.0 mg/mL, whereas a pronounced increase of the mean
thickness is predicted for higher concentrations. This
may be indicative of a non-linear increase in fluid elastic-
ity due to an increasing polymer entanglement density
with concentration. Separate viscosity measurements
showed the overlap concentration of this LEP to be around
25 mg/mL in toluene/anisole 30/70 (w/w), which falls
within the tested concentration range (see Table 2). In
contrast, no strong dependency of the mean layer thick-
ness on printing speed is observed. Expectedly, a general
increase of layer thickness with cell engraving depth is
predicted. The non-linearity of this increase, however, be-
comes more pronounced at high LEP concentrations. This
is indicative of an increasingly non-Newtonian behavior
with polymer concentration.

As for the roughness (Fig. 9), at low polymer concentra-
tions (22.0 < c < 24.5 mg/mL) an optimum (minimum) is
predicted for intermediate speed and cell engraving depth
settings (0.9–1.2 m/s and 36–40 lm, respectively). This
optimum seems to shift towards higher engraving depths
for higher LEP concentrations (c > 26.0 mg/mL). Besides
this optimum, the roughness shows a trend-wise decrease
with increasing cell engraving depth for the entire LEP con-
centration range. Interestingly, this relation changes from
non-linear at low concentrations to more linear at high
concentrations. This is indicative of a difficulty in the level-
ing of the printed dots at low cell engraving depths, despite
the fact that integral layers are obtained. Expectedly, this
effect becomes more pronounced if the viscosity increases
due to a rise in LEP concentration. It is further noted that
for any LEP concentration the roughness is highest when
a low cell depth is used in combination with a high print-
ing speed. This is especially the case for low LEP concentra-
tions. Together with the low mean layer thickness obtained
under these conditions, this is explained by a very low fluid
transfer volume.

A high anisotropy at any concentration is obtained by
combining a high cell engraving depth with a low printing
speed (Fig. 10), the effect being most pronounced at high
concentrations (�30.0 mg/mL). Gradually going down in
polymer concentration, it decreases to a minimum around
c = 26.0 mg/mL, but increases again at lower concentra-
tions. A minimum in anisotropy is obtained for intermedi-
ate concentrations (23.5 < c < 25.5 mg/mL) in combination
with intermediate to low printing speed and cell engraving
depth settings (0.5–1.1 m/s and 30–42 lm, respectively).
Clearly, for the whole concentration range a much stronger
speed-dependence is observed for the anisotropy than for
the mean layer thickness and the roughness. This indicates
that the directionality of the irregularities in a print is
strongly related to the rheology of the ink.

4. Conclusions

We have shown that artificial neural network modeling
may be used as a viable tool to predict gravure printed
light-emitting polymer layer characteristics for flexible
OLED lighting applications. The gravure printed LEP layers
were analyzed using microdensitometry, after which the
scanning data was converted into (local) layer thickness
information and used to train a multi-layer neural network
using error back propagation. Polymer concentration,
printing speed and cell engraving depth were used as input
parameters. Mean layer thickness, roughness, and feature
anisotropy were defined as output parameters of the neu-
ral net. Despite the limited number of input parameters a
reasonable to fair prediction accuracy was obtained once
new input data was fed into the trained network. The
prediction error for the three output parameters was of
the order anisotropy > roughness > mean layer thickness.
Calculating the magnitude of the output parameters as a
function of the total space determined by the input
parameters can be used as a way to find optimal printing
conditions. The plots also express the highly non-linear
dependency of the output on the input parameters.
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Fig. 1. Current density–voltage (J–V) characteristics of solar cells based
on P3HT:PCBM blends with not annealed (solid line), annealed at 150 �C
in the absence of an Al layer (blue filled triangles), and annealed at 150 �C
in the presence of an Al layer (red open circles) processes. The J–V
characteristics were obtained under AM1.5-simulated sunlight. (For
interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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[8,9]. TEM images have shown improved phase separation
by increasing the domain sizes of P3HT and PCBM [3,4,10].
Most XRD results have shown that P3HT crystals in
P3HT:PCBM films have the (1 0 0) preferred orientation,
and the average crystalline size of the (1 0 0) axis increases
with thermal annealing [11–14]. Preferred orientation and
enlarged crystalline size of P3HT crystals were attributed
to the improved performance of the solar cells upon ther-
mal annealing. In contrast, it was recently reported that
the higher crystallinity of a P3HT:PCBM film was a disad-
vantageous in organic photovoltaic devices because it in-
duced more phase separation and thermally unstable
morphology [15].

Despite these results, more morphological information
is needed to clearly explain the device performance,
mainly because most of the structural studies have been
performed on P3HT:PCBM thin films without Al electrodes.
The device performance improves when the blended poly-
mer films are annealed after the deposition of an Al elec-
trode on top of the polymer films [7]. Therefore, the
structural change should be studied in the presence of an
Al electrode on the blended films to determine the rela-
tionship between film structure and device performance.
In addition, most of the available morphological data are
limited to lateral microscopic phase separation images;
information on the microstructure in the vertical direction
is very limited [8–14]. The vertical connection of the sepa-
rated phases is as important as the lateral phase separa-
tion, because the former is related to the collection of the
charges generated at the interface between the P3HT and
PCBM phases.

This paper analyzes the effects of Al electrodes on the
nanostructure of P3HT:PCBM solar cell blends during ther-
mal annealing with synchrotron X-rays, and the relation-
ship to solar cell performance is discussed. The results
clearly demonstrate that the improved solar cell perfor-
mance resulting from thermal annealing in the presence
of an upper Al layer is related the crystalline properties
of P3HT such as the crystal size, the volume fraction and
the angular spread of crystals in the film. Among these,
the improved performance is strongly affected by the
angular spread of the crystals, which helps to form inter-
penetrated networks. In addition, the polymer film surface
structure is significantly different when the Al layer is
present. A thin layer between the Al electrode and the
blended film is formed by Al diffusion into the organic
layer during thermal annealing, assisting in the formation
of interpenetrated networks.

2. Experimental

P3HT was obtained from RIEKE metals (Mw = 55–60 kg/
mol, 93% RR), and PEDOT:PSS was obtained from Baytron P.
P3HT and PCBM were blended at a ratio of 1:0.65 by
weight using a chlorobenzene (18 mg of P3HT:PCBM with
1000 ml chlorobenzene) solvent. A 40 nm PEDOT:PSS film
was spin-coated on a glass substrate and baked for 1 min
at 140 �C on a hot plate. Blended P3HT:PCBM films were
spin-coated to a thickness of 70 nm. The samples were
thermally annealed on a hot plate in a glove box for
30 min at different temperatures.
Al electrode layers were thermally evaporated onto
P3HT:PCBM/PEDOT:PSS/Glass samples. The Al thickness
was 40 nm. After Al was deposited, we annealed the sam-
ples in a glove box for 30 min at different temperatures.

Grazing-incidence wide angle X-ray scattering (GI-
WAXS) and X-ray reflectivity measurements were per-
formed with a 5A beam line from Pohang Light Source
(PLS) of Korea. This is a high flux beam line with an in-
serted multipole wiggler. X-rays coming from the wiggler
are focused in the vertical direction using a collimating
mirror and monochromated using a double crystal mono-
chromator. The beam is equipped with a kappa type 6-cir-
cle diffractometer and a 2D image plate detector. The X-ray
incident angle was defined with the 6-circle diffractome-
ter, and a 2D image plate detector was used to obtain 2D
diffraction patterns.

The X-ray penetration depth is dependent on the X-ray
wavelength and the refractive index of the material. In the
X-ray region, the refractive index of a material is defined
by n ¼ 1� d� ib [16]. The constant d is the dielectric con-
stant of a material, and b is defined by kl=4p, where l is
the linear absorption coefficient. With 1.069 Å X-rays, the
critical angle of the P3HT:PCBM film was 0.113�, and d
and b were 1.95 � 10�6 and 2.15 � 10�9, respectively. The
X-ray reflectivity curves of the films with Al layers were
analyzed using Parratt’s formula for Fresnel reflection in
a multilayer system. We assumed that P3HT:PCBM was
infinite compared with the Al layer, and the interface be-
tween Al and P3HT:PCBM was gradually varied.

3. Results and discussion

Two sets of solar cells based on P3HT:PCBM (1:0.65 by
weight) blends were annealed at 150 �C before and after
deposition of an Al electrode. Fig. 1 shows the current–
voltage curves of the devices, and the device characteristics
are summarized in Table 1. The power conversion effi-
ciency (PCE) of the devices annealed prior to the deposition
of an Al layer is about 1.6%. In contrast, the PCE of the



Table 1
Short circuit currents (Jsc), open circuit voltages (Voc), fill factors (FF), and
power conversion efficiencies (PCE) of solar cells based on P3HT:PCBM
blends (1:0.65 by weight) with different annealing processes.

Not annealed 150 �C without Al 150 �C with Al

Jsc (mA/cm2) 2.6 6.7 7.4
Voc (V) 0.54 0.49 0.65
FF 0.33 0.52 0.64
PCE (%) 0.5 1.6 3.0
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devices annealed after Al deposition increases to 3.0% at
150 �C. This performance is similar to that in previously re-
ported results [17,18].

Grazing-incidence X-ray scattering provided informa-
tion about the film nanostructure, including the crystal-
line size, the number of crystals, and the crystal
orientation distribution. Fig. 2a and b show the 2D X-
ray diffraction images of the spin-coated (not annealed)
films and the films that were thermally annealed at
150 �C in the absence of an Al layer measured at the inci-
dent angle of 0.13�, respectively. Fig. 2c and d are 2D
images of not annealed and the annealed at 150 �C in
the presence of an Al layer measured at the incident angle
of 0.16�, respectively. These diffraction images can be
analyzed based on the known crystal structure of P3HT
(orthorhombic with a = 16.8 Å, b = 3.83 Å and c = 7.8 Å
with the main polymer chain parallel to the c axis and
the alkyl side chain inducing a lamellar reflection along
the a-axis) [19,20]. The structural information is summa-
rized in Table 2 and Fig. 3.

The P3HT crystals grow by thermal annealing as ex-
pected and the size of the P3HT crystals is not significantly
influenced by the presence of an Al layer as summarized in
Table 2 and Fig. 3a. For example, annealing at 150 �C causes
Fig. 2. 2D GIWAXS images of (a) not annealed and (b) annealed at 150 �C in the a
at 150 �C in the presence of an Al layer, respectively. Indexing of the 2D images i
the average crystal size of the edge-on crystals to increase
from 15 nm to 20–25 nm in the [1 0 0] direction for both
the cases. The increase in crystal size from 15 to 20 nm
via thermal annealing at 150 �C is in agreement with pre-
viously reported TEM results analyzed by frequency-fil-
tered Fourier transformation [4].

However, the presence of an Al layer during thermal
annealing has a marked influence on the total amount of
vertically aligned edge-on P3HT crystals. As shown in
Fig. 3b, the integrated intensity of the edge-on P3HT
(1 0 0) peak along the circular direction maintains almost
constant or reduced a little with annealing temperature
in the presence of an Al layer, whereas the integrated
intensity increases to 2.5 times if the films are annealed
above 120 �C in the absence of an Al layer. This fact indi-
cates that the Al layer on the blended films disrupts
improvement of the total crystallinity of P3HT.

One more significant difference is the angular spread of
the P3HT crystal orientation represented by the FWHM of
the edge-on P3HT (1 0 0) peak in the circular direction.
The FWHM of the edge-on P3HT (1 0 0) peak increases al-
most linearly with annealing temperature in the presence
of an Al layer, whereas it is kept constant in the absence
of an Al layer. Since the intensity variation of the P3HT
(1 0 0) peak in the circular direction is related to the angu-
lar spread of the P3HT crystals in a film, the presence of an
Al layer during the thermal annealing reduces the pre-
ferred orientation of the P3HT crystals.

Reduction of the preferred orientation of P3HT crystals
in the presence of an Al electrode is more clearly mani-
fested in Fig. 4a, where the angular volume fractions of
the P3HT crystals are plotted against the angle for a pris-
tine film and the annealed films at 150 �C in the presence
and absence of an Al electrode. The angular volume frac-
tions were obtained from the intensity distribution in the
bsence of an Al layer. (c) and (d) are images of not annealed and annealed
s in (e). (f) is schematic diagram of the edge-on and face-on P3HT crystals.



Table 2
Summary of the nanostructure of pristine (not annealed) P3HT:PCBM films
and 150 �C annealed films with and without an Al layer on the surface. (ND:
not detected).

Not
annealed

150�C
without Al

150�C
with Al

Edge-on (1 0 0) size 14 nm 20 nm 21 nm
Edge-on (0 1 0) size 2 nm 6 nm ND
Face-on (1 0 0) size 8 nm 18 nm 23 nm
Face-on (010) size 3 nm 8 nm ND
FWHM of (1 0 0) – preferred

orientation
11.2� 10.9� 17.1�

Integrated intensity of (1 0 0) 1 2.5 0.86
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P3HT (1 0 0) hallo in the 2D diffraction images by counting
all the crystals having the same angular orientation from
the surface normal but different orientations in the in-
plain direction (x–y plane) under the assumption that the
films are homogeneous in the in-plane direction. Angular
volume fraction of the P3HT crystals is defined as the vol-
ume fraction of the P3HT crystals whose [1 0 0] direction is
located between h and h + dh from surface normal of the
films. Since the 2D diffraction image is the cross sectional
view of the Ewald sphere of a film, the spherical integra-
tion must be performed as shown in Fig. 4b to include all
Fig. 3. Structural evolution of P3HT crystals in P3HT:PCBM films during annealin
(a) the average P3HT (1 0 0) crystal size, (b) the ratio of integrated intensity of th
FWHM of the P3HT (1 0 0) peak in the circular direction of the 2D diffraction im
the crystals having angular orientation of h from the sur-
face normal. The integration was performed numerically
using the following equation. We sectioned the (1 0 0) dif-
fraction hallo of the P3HT crystals every 2� from the sur-
face normal (qz, h = 0�) toward the in-plain direction (qy,
h = 90�) for the numerical integration.

fnðhnÞ ¼
R hnþDh

hn
q2IðhÞ sinðhÞdh

R p=2
0 q2IðhÞ sinðhÞdh

� I½ðnþ 1ÞDhÞ� sin½ðnþ 1ÞDh�PN�1
n¼0 IðnDhÞ sinðnDhÞDh

;

where Dh = p/2N.
Fig. 4a clearly shows the different orientational distri-

butions of the P3HT crystals by thermal annealing in the
absence and presence of an Al layer. If all crystals are ran-
domly distributed, the angular fraction must follow the
dotted line in the figure. P3HT crystals are preferentially
aligned along (1 0 0) direction even in the pristine film.
The preferred orientation becomes more prevalent by the
thermal annealing in the absence of an Al layer, so that
the main tilting angle moves to 2� with narrower angular
spread than the pristine film. In contrast, the presence of
an Al electrode on the film induces more random
g in the absence (filled triangle) and presence (open circle) of an Al layer;
e P3HT (1 0 0) peak in the annealed film to that of the pristine film, (c) the
ages.



Fig. 4. (a) Angular volume fractions of the P3HT crystals in the pristine (black closed circle) and thermally annealed films at 150 �C in the absence (blue
closed triangle) and presence (red open circle) of an Al layer. The dotted line is the curve of equally distributed crystals such as powder samples. We did not
calculate the volume fraction over 86� due to surface enhancement effect. (b) Integration geometry of P3HT (1 0 0) 2D circular peak data in the spherical
coordinate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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distribution in the crystal orientation by the thermal
annealing at 150 �C, resulting in almost equal angular vol-
ume fraction against the tilting angle.

Interestingly enough, very thin amorphous like face-on
P3HT layers were found in the surface region of the films in
the absence of Al layer. The structural information in the
surface region of the films in the absence of an Al layer
were obtained by using a lower incident angle (0.1�) than
the critical angle (0.113�) of the P3HT:PCBM film. The X-
ray penetration depth at the incident angle of 0.1� is
�26 nm for the 1.069 Å X-rays by the calculation using
Parratt’s equation. The face-on crystals near the surface re-
gion (�26 nm from the surface) grow only in the lateral
direction as shown in Fig. 5. The average crystal size in
the [1 0 0] direction is about 23 nm after annealing at
150 �C. In contrast, the average crystal size in the [0 1 0]
direction remains 0.7 nm and does not change with ther-
mal annealing up to 180 �C. The crystals are almost
plane-like, composed of a molecular bi-layer in the vertical
direction.
Fig. 5. The evolution of face-on crystals in the surface region (squares)
and the bulk region (circles) in [0 1 0] direction (filled) and [1 0 0]
direction (open) during thermal annealing in the absence of Al layer.
The growth of the plane-like face-on P3HT layer in the
annealed film in the absence of Al layer will result in a
smooth surface and it was confirmed by AFM measure-
ments. The surface roughness of the pristine film is
0.8 nm, but it decreases to 0.5 nm after thermal annealing
at 150 �C. The presence of the thin face-on P3HTlayer at the
surface region seem to act as a barrier for electron trans-
port from the P3HT:PCBM matrix to the cathode if the
blend films are annealed in the absence of Al.

This plane-like face-on P3HT layer was not detected if
annealed in the presence of an Al electrode as evidenced
by the lack of (0 1 0) peak in Fig. 2d. To check the chances
of screening of the peak by the Al layer, we analyzed the X-
ray penetration depth and intensity ratios. X-ray path
length in the 40 nm thick Al layer is about 28 lm at
0.16� incident angle, and the X-ray penetration depth of
Al layer is about 200 lm in the wavelength of 1.069 Å
which was used in this experiment. This X-ray penetration
depth is long enough to detect (0 1 0) peak in the presence
of Al layer if the layer exist. Moreover intensity ratio of
(0 1 0) peak to (2 0 0) peak in the annealed films in the ab-
sence of an Al layer (Fig. 2b) is 0.68. This value is much
higher than the intensity ratio of the background to
(2 0 0) peak in the annealed films in the presence of an
Al layer (Fig. 2d) which is 0.31. Therefore we can safely
say that the plane-like face-on P3HT layer is not formed
if the film is annealed in the presence of an Al layer.

The nanostructural differences in the P3HT:PCBM films
thermally annealed in the presence of an Al layer result
from the interface between the Al and P3HT:PCBM layers.
We performed X-ray reflectivity measurements for the
as-cast and 150 �C annealed films with Al layers and could
get mass density profiles by analysis [21]. The mass density
profile showed that a thin interlayer is formed at the inter-
face between the Al and P3HT:PCBM layers, even before
thermal annealing. The thickness of the intermediate layer
increases gradually up to �17 nm with increasing anneal-
ing temperature due to inter-diffusion of Al atoms into
the organic layer. This Al diffusion might restrict the lateral
growth of the face-on P3HT crystals near the surface and
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reduce the total crystallinity and the preferred orientation
of the P3HT crystals in the blended film.

To understand the relationship between the structure
and the device performance, we analyzed J–V characteris-
tics of pre annealed and post annealed devices at 150 �C
for 30 min. The pre annealed device shows the power con-
version efficiency (PCE) of 1.6%, the short circuit current
(Jsc) of 6.69 mA/cm2, the open circuit voltage (Voc) of
0.49 V, and the fill factor (FF) of 0.52, while the post an-
nealed device shows PCE of 3.0%, Jsc of 7.4 mA/cm2, the
Voc of 0.65, FF of 0.64, respectively. The series resistance
(Rs) of the pre annealed device was 4.48 X cm2, while it
was 1.76 X cm2 in the post annealed device. The increase
of the short circuit current and the fill factor in the post an-
nealed device seems to be related to the improved inter-
penetrating networks and the formation of better p–n
junctions by the donor/acceptor molecules between the
cathode and anode in the annealed film in the presence
of an Al layer due to more random distribution than the an-
nealed film in the absence of an Al layer. The decrease of
the series resistance in the post annealed films must be re-
lated to the interface properties between Al electrode layer
and P3HT:PCBM layer. It was published that Al–PCBM
complex could be formed at the interface between the Al
layer and the active layer by post annealing [2]. The diffu-
sion of Al atoms into the active layer may be related to the
formation of Al–PCBM complex, and the lateral growth of
face-on P3HT near surface region seems to restrict the for-
mation of Al–PCBM complex in the pre annealed device. As
a result, the series resistance is lower in the post annealed
device than the pre annealed device.

4. Conclusion

In summary, our results demonstrate that the crystal
size itself is not the main factor improving device perfor-
mance in P3HT:PCBM bulk heterojunction solar cells. An-
other important factor is the orientational distribution of
the P3HT crystals. The presence of an Al layer on top of
the P3HT:PCBM layer reduces the preferential orientation
and total crystallinity of the P3HT crystals during thermal
annealing, aiding in the formation of interpenetrating net-
works. Al inter-diffusion may play a role in disrupting the
alignment of P3HT crystals. In addition, face-on P3HT crys-
tals in the surface region affect device performance. These
very thin P3HT layer grow laterally during thermal treat-
ment in the absence of an Al electrode and act as a barrier
for electron transport from the P3HT:PCBM matrix to the
cathode. The lateral growth of the face-on P3HT crystals
near the surface region might be restricted by Al inter-dif-
fusion. An interlayer is formed at the interface between or-
ganic layer and the Al electrode through inter-diffusion Al
into the organic layer if annealed in the presence of an Al
electrode. As a result of all the combined effects, devices
annealed in the presence of an Al layer perform better than
devices annealed without an Al layer.
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the simplest and most manufacturable device configura-
tions will require optimized semiconductor performance
in ‘‘bottom-contact” TFT geometries, in which the semi-
conductor is deposited on the D–S contacts [6]. In either
configuration, the device is turned on only when a voltage
is applied between the S–G electrodes giving rise to accu-
mulated charges in the semiconductor channel. Key TFT
parameters include the field-effect mobility (l) and the
current on/off ratio (Ion/Ioff), which quantify the average
charge carrier drift velocity per unit electric field and D–S
current gain when the device is turned on, respectively.
Applications require the field-effect mobility and on/off ra-
tio to be as high as possible.

In this paper we report the optical, electrochemical, and
structural characteristics of benzodithiophene-based com-
pounds 1–5 (Fig. 1) as well as their thin-film optical, mor-
phological, and TFT semiconductor properties.
Compounds 1 and 2 are tetrathia-[7]-helicenes ([7]-TH),
that are chiral molecules with an helical shape, whereas
compounds 3–5 are olefins substituted at the positions 1
and 2 of the double bond with benzodithiophene units. This
helical shape could provide unique charge transport prop-
erties as observed for DNA and oligophenylureas [6c]. The
geometry of the double bond is Z in alkene 3, whereas al-
kenes 4 and 5 were obtained as pure E isomers. During
the present study, a paper appeared in the literature report-
ing on the semiconducting properties of compound 4, to-
gether with some morphological characterizations [7].
Some compounds of this family have interesting optical
and electronic properties and both theoretical and experi-
mental work have shown that they are potential candidates
for nonlinear optic applications [8–10]. In particular, some
of us are involved in the design and establishment of appro-
priate synthetic methodologies to achieve various substi-
tuted tetrathia-[7]-helicenes as well as their olefinic
precursors, such as alkenes 4 and 5, from which helicenes
can be easily obtained through an oxidative photochemical
cyclization. Tetrathia-[7]-helicenes are thermally and con-
figurationally very stable chiral compounds [11] and can
Fig. 1. Structures of the compounds
be easily functionalized in the positions 2 and 13 of the
two terminal thiophene rings, as well as in the central arene
ring of the helical system (i.e. positions 7 and 8). This allows
the introduction of different functional groups in a regiose-
lective manner and therefore enables the tuning of their
steric and electronic properties. Contrary to helicenes 1
and 2, alkenes 4 and 5 are not chiral due to the complete
planarity of the p-conjugated system. The two electron-
withdrawing perfluorinated chains mostly employed to in-
duce n-channel transport have been introduced in com-
pound 5 in order to compare its properties with those of
compound 4 [12]. The syntheses of compounds 1–4 have
been reported previously [13] and here we describe only
synthetic optimization of new compound 5. In addition,
the full chemical and physical characterization of com-
pounds 1–5 (Fig. 1), morphological analysis of the corre-
sponding films and the TFT performance are described.
2. Experimental

2.1. Reagents and methods

Reagents obtained from commercial sources were used
without further purification. Before being used, the THF
was dried by distillation over sodium wires/benzophenone,
and the butyl lithium solutions in hexane were titrated. Un-
less otherwise stated, all of the reactions were performed
under an inert atmosphere, after the glassware had been
flame-dried. In order to monitor the progress of the reac-
tions, thin layer chromatography (TLC) was performed
using Merck silica gel 60 F254 pre-coated plates. Flash
chromatography was performed using Merck silica gel 60,
230–400 mesh. Melting points were determined by means
of a Büchi B 540 apparatus and are uncorrected. The IR
spectra were recorded on a Perkin–Elmer FT-IR 1725X
and only noteworthy absorption bands are listed. Solution
emission and absorption spectra were obtained with a Cary
1 Ultraviolet/Visible Spectrometer and a PTI QM2 Fluores-
1–5 employed in this study.
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cence Instrument. The mass spectra were recorded on LCQ
Advantage Thermo equipped with ion trap and APCI source
in 50–2000 m/z range. High-resolution mass spectra were
recorded on a Vg Analytical 7070 EQ. 1H NMR (300 and
200 MHz) and 13C NMR (75 MHz) spectra were recorded
on Bruker AC 300, Bruker AC 200 and Bruker AMX 300.

2.2. Synthesis

2.2.1. 2-Tridecafluorohexyl-benzo-[1,2b;4,3b0]-dithiophene
(compound 7) [12]

A suspension of Cu (1.473 g, 23.16 mmol, 5.23 equiv.) in
dry DMSO (14.7 mL) was heated at 125 �C for 15 min under
nitrogen atmosphere. Tridecafluorohexyliodide (2.41 mL,
11.07 mmol, 2.5 equiv.) was added dropwise into the sus-
pension while keeping the temperature below 135 �C.
The suspension was heated at 125 �C for 45 min and then
a solution of 2-iodo-benzodithiophene 6 (1.4 g, 4.43 mmol,
1 equiv.) in 9.1 mL of DMSO was added dropwise at 115 �C.
The mixture was stirred at 115 �C for 6 h. The reaction was
quenched with 45 mL of cold water and extracted with
ether (1 � 100 mL, 2 � 20 mL). The combined organic
phases were then washed with water. The organic phase
was separated and dried over Na2SO4, and the solvent
was evaporated under reduced pressure affording 2.40 g
of crude reaction mixture as a solid. The mixture was puri-
fied by means of gravimetric column chromatography, elu-
ent light petroleum, to give the expected compound 7 in
78% yield (1.76 g) together with the disubstituted deriva-
tive 8 in 8% yield (295 mg).

Compound 7: HRMS calcd. for C16H5F13S2: 507.96251,
found 507.9631; mp (hexane): 64–65 �C; 1H NMR
(300 MHz, CDCl3,) = 7.65 (d, J = 5.4 Hz, 1H), 7.74 (d,
J = 5.4 Hz, 2H), 7.81 (d, J = 8.7 Hz, 2H), 7.94 (d, J = 8.7 Hz,
2H), 8.05 (s, 1H) ppm. 13C NMR (75 MHz, CDCl3) = 105.0,
108.1, 111.6, 115.5, 119.6 (m, CqF); 118.6, 121.7, 122.0,
125.8, 128.2 (CHar); 129.9 (t, 2J = 28.1 Hz, CqCF), 133.6,
135.6, 137.6, 138.6 (Cq) ppm; 19F NMR (282.23 MHz,
CDCl3) = �81.2 (s, 3F), �102.0 (s, 2F), �121.8 (s, 4F),
�123.1 (s, 2F), �126.5 (s, 2F); MS (EI): m/z (%) = 508
(M+,50), 489 ([M�F]+, 15), 239 ([M�(C5F11)]+), 100).

Compound 8: HRMS calcd. for C22H4F26S2: 825.93393,
found 825.9325; mp (hexane): 57–58 �C; 1H NMR
(300 MHz, CDCl3,) = 7.95 (s, 2H), 8.1s (s, 2H) ppm. 13C
NMR (75 MHz, CDCl3) = 107.2, 111.3, 115.0, 118.5 (m,
CqF); 120.8, 124.9 (CHar); 131.1 (t, 2J = 28.5 Hz, CqCF),
133.8, 138.9 (Cq) ppm; 19F NMR (282.23 MHz, CDCl3)
= �81.2 (s, 3F), �102.1 (s, 2F), �121.7 (s, 4F), �123.1 (s,
2F), �126.4 (s, 2F); MS (EI): m/z (%) = 826 (M+,50), 807
([M�F]+, 20), 776 ([M�(CF2)]+), 15), 757 ([M�(CF3)]+), 5),
557 ([M�(C5F11)]+), 100), 507 ([M�(C6F13)]+), 15).

2.2.2. 7-Tridecafluoroexyl-benzo-[1,2b;4,3b0]-dithiophene-2-
carboxaldehyde (compound 9)

A n-BuLi solution in hexane (1.47 M, 1.56 mL,
2.29 mmol; 1.15 equiv.) was added dropwise under stir-
ring and nitrogen atmosphere to a solution of 8 (1.01 g,
1.99 mmol) in dry THF (12 mL) at �78 �C. The solution
was stirred for 30 min at �78 �C and then treated with
dry DMF (0.31 mL, 3.97 mmol, 2 equiv.).The progress of
the reaction was monitored by TLC (light petroleum–AcOEt
9.5:0.5; Rf 8 = 0.75; Rf 9 = 0.38). After 30 min at �78 �C, the
solution was quenched with a saturated aqueous solution
of NH4Cl (10 mL). The mixture was taken up with CH2Cl2

(40 mL) and the aqueous phase extracted twice with
5 mL of CH2Cl2. The organic phase was washed with water
and dried over Na2SO4; the solvent was removed under re-
duced pressure affording 1.07 g of compound 9 as pale yel-
low solid in quantitative yield. HRMS calcd. for
C17H5F13OS2: 535.95743; found: 535.95874; mp 161–
163 �C. 1H NMR (300 MHz, CDCl3) = 7.95 (d, J = 9.0 Hz,
1H), 7.99 (d, J = 9.0 Hz, 1H), 8.11 (s, 1H), 8.41 (s, 1H),
10.17 (s, 1H, CHO) ppm. 13C NMR (75 MHz, CDCl3)
= 108.1, 111.5, 115.5, 119.5 (m, CqF); 122.1, 122.7, 125.4,
131.2 (CHarom), 131.8 (t, 2J = 28.6 Hz, CqCF), 134.7, 134.9,
139.2, 141.5, 144.6, (Cq), 184.5 (CHO) ppm; 19F NMR
(282.23 MHz, CDCl3) = �81.1 (s, 3F), �102.2 (s, 2F),
�121.7 (s, 4F), �123.1 (s, 2F), �126.5 (s, 2F); IR (Nujol):
1669 cm�1 (C@O); MS (EI): m/z (%) = 536 (M+,65), 267
([M�(C5F11)]+, 100), 238 ([M�(CHO+C5F11)]+, 10).

2.2.3. 1,2-Bis-(7-tridecafluorohexyl-benzo-[1,2b;4,3b0]-
dithiofen-2-yl)-ethene (compound 5)

To a stirred solution of 9 (342 mg, 0.638 mmol, 1 equiv.)
in 6.8 mL of dry THF at �5 �C, pure TiCl4 (0.083 mL,
0.765 mmol, 1.2 equiv.) was added dropwise. After
30 min, at �5 �C, 104 mg of powdered Zn (1.59 mmol,
2.5 equiv.) was added and the suspension was stirred for
15 min. The mixture was refluxed for 1.5 h. After removing
the solvent at reduced pressure, 10 mL of HCl 37%/water
(1/1 v/v) was added at RT and the suspension stirred for
1 h, then filtered and the solid washed with cold MeOH
affording pure 5 in 85% yield as a yellow solid (280 mg).

Compound 5: HRMS calcd. for C34H10F26S4: 1039.92501,
found 1039.92660; mp: 223–225 �C; 1H NMR (300 MHz,
THF-D8) = 7.44 (s, 2H, CH@), 7.93 (d, J = 8.7 Hz, 2H), 7.97
(d, J = 8.7 Hz, 2H), 8.00 (s, 2H), 8.34 (s, 2H); 13C NMR
(75 MHz, THF-D8) = 108.3, 112.3, 116.3, 120.0 (m, CqF);
120.0, 122.3, 123.1, 125.2, 127.3 (CHar), 129.7 (t,
2J = 28.2 Hz, CqCF), 134.2, 137.0, 137.9, 139.6, 144.5, (Cq)
ppm; 19F NMR (282.23 MHz, THF-D8) = �80.7 (s, 3F),
�101.0 (s, 2F), �120.9 (s, 4F), �122.3 (s, 2F), �127.7 (s,
2F); MS (EI): m/z (%) = 1040 (M+,100), 1021 ([M�F]+, 10),
771 ([M�(C5F11)]+, 15), 552 ([M�(C9F20)]+, 5), 520
([M�(C10F21)]+, 10), 502 ([M�(C10F22)]+, 5), 251
([(M�(C10F22))/2]+, 50); UV/Vis (CH2Cl2): kmax = 419, 395,
374, 355 nm.

2.3. Electrochemistry

Cyclic voltammetry was performed in an electrolyte
solution of 0.1 M tetrabutylammonium hexafluorophos-
phate (Bu4N+PF�6 ) in THF with scan rates between 70 and
100 mV/s. A ferrocene/ferrocenium redox couple was used
as an internal standard and potentials obtained in refer-
ence to a silver electrode were converted to the saturated
calomel electrode (SCE) scale.

2.4. Device fabrication

Prime grade p-doped silicon wafers (100) having
300 nm thermally grown oxide (Montco Semiconductors)
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were cleaned by sonication in ethanol (200 proof) for 3 min
and by oxygen plasma treatment for 5 min. Hexamethyldi-
silazane (HMDS) was deposited by placing the cleaned SiO2

substrates into a N2-refilled chamber saturated with HMDS
vapor for 72 h. Organic compounds were vacuum-depos-
ited (3 � 10�6 Torr) at a growth rate of 0.2–0.3 Å s�1 at var-
ious substrate temperatures (TDs), 25, 55, and 90 �C. Grown
films were �500 Å thick (as determined by a calibrated
in situ quartz crystal monitor). For TFT device fabrication,
top-contact electrodes (700 Å) were deposited by evapo-
rating gold (pressure <1 � 10�6 Torr); channel dimensions
were 100 lm (L) by 5000 lm (W).

2.5. Thin film characterization

Thin films were analyzed by wide-angle X-ray diffrac-
tion (XRD), using standard h–2h techniques, with mono-
chromated Cu Ka radiation. Atomic force microscopy
(AFM) images are collected using a NT-MDT Solver Scan-
ning Probe Microscope in the tapping mode using Si canti-
lever with the samples kept in air. UV–visible absorption
and photoluminescence (PL) spectra for films of compound
5 were obtained with a Cary 1 Ultraviolet/Visible Spec-
trometer and a PTI QM2 Fluorescence Instrument. Except
compound 5, for all the thin films of other compounds,
UV–visible absorption spectra were recorded with a JASCO
V-550 spectrophotometer and PL spectra were collected in
transmission by a Hamamatsu multichannel optical ana-
lyzer exciting the samples 1, 2, 3 with the 355 nm line of
a 10 Hz, 25 pulse duration, Q-switched Quantel Nd:YAG la-
ser and sample 4 with a Nichia laser diode module with
emission at 405 nm. The Nd:YAG laser beam energy per
pulse was 1.3 lJ and the laser diode beam power was
40 mW. A GG420 cut-off filter is used for truncating the
405 nm excitation without modulating the PL emission.
All the PL measurements were carried out in high vacuum.

2.6. Single crystal X-ray diffraction of compound 3

The intensity data of compound 3 were collected at
173 K on a ENRAF NONIUS CAD 4 single crystal diffractom-
eter using a graphite monochromated Cu Ka radiation.
Crystallographic and experimental details of the structure
are summarized in Table S1. The structure was solved by
Fourier methods and refined by full-matrix least-squares
procedures, first with isotropic thermal parameters and
then with anisotropic thermal parameters in the last cycles
of refinement for all the non-hydrogen atoms (M. Sheld-
rick, SHELXL-97, Program for Crystal Structure Refinement,
University of Göttingen, Germany, 1997). The hydrogen
atoms were introduced into the geometrically calculated
positions and refined riding on the corresponding parent
atoms.

2.7. Electrical measurements

Electrical measurements were carried out under vac-
uum (<1 � 10�5 Torr) using a Keithly 6430 subfemtometer
and a Keithly 2400 source meter, operated by a local Lab-
view program and GPIB communication. Triaxial and/or
coaxial shielding was incorporated into Signatone probe
stations to minimize the noise level.
3. Results and discussion

3.1. Synthesis of compound 5

The synthesis of polyfluorinated alkene 5 was accom-
plished as reported in Scheme 1. Considering that com-
pound 5 is a symmetrically substituted alkene, an
appropriate methodology is a McMurry reductive coupling
of the aldehyde 9. In fact, during our research to find suit-
able methodologies for the preparation of symmetrically
substituted 1,2-bis(benzodithienyl)ethenes [13b,d], we
verified that this method is simple, versatile, and efficient
enabling the achievement of 5 from 9 in one-step. The syn-
thesis of aldehyde 9 starts from 2-iodobenzodithiophene 6
where the perfluorohexyl chain was attached through a
Cu-mediated coupling with tridecafluoro-1-iodohexane,
in DMSO at 125 �C [12]. In this way, compound 7 was ob-
tained in 78% yield as white solid, together with a small
amount (8%) of the disubstituted derivative 8. Aldehyde 9
was then obtained from 7 by deprotonating the free a-po-
sition of the thiophene ring (position 7) and the resulting
anion was reacted with DMF as formylating reagent. In this
way, 9 was isolated in quantitative yield as a light yellow
solid. The last step of the synthesis consists of the McMurry
reductive coupling of aldehyde 9 using TiCl4/Zn reductive
reagent. Pure E isomer 5 was obtained in 85% yield as yel-
low solid.
3.2. Optical properties

Optical absorption and emission maxima of compounds
1–5 were performed in solution (Fig. 2A) and as thin films
on glass substrates (Fig. 2B, vide infra thin-film deposition
condition). In CH2Cl2, compounds 1 and 2 exhibit very sim-
ilar absorption spectra with two absorption maxima lo-
cated at 368 and 387 nm for 1 and 370 and 390 nm for 2.
Note that there is a small (�3 nm) bathochromic shift
going from 1 to 2 in agreement with the electron-donating
nature of the propyl substituents. Thin-film absorption
spectra of 1 and 2 are also very similar and exhibit two
absorption maxima at 378 and 398 nm for 1 and 377 and
397 nm for 2. A small bathochromic shift (< 10 nm) is ob-
served going from solution to the thin film, evidence of J-
aggregate formation [14]. Compound 3 in solution exhibits
three major absorptions located at 364 and 380 nm, very
close to those of compounds 1 and 2, and the third peak
falls at far longer wavelength (416 nm). The thin-film opti-
cal spectrum of compound 3 also exhibits three absorption
maxima at 384, 406, and 436 nm, which are red-shifted by
�20 nm compared to those in solution. This result may be
accounted by formation of J-aggregates or conjugated core
planarization. Alkenes 4 and 5 also show similar absorp-
tion spectra in solution with absorption maxima located
at 370, 391, and 415 nm for 4 and 373, 394, and 418 nm
for 5. The strong absorption maxima at �415 nm, which
is not present in compounds 1–3 spectra is a clear signa-
ture of the E isomers.[15] Thin films of compound 4 and



Scheme 1. Synthetic route to compound 5.

A B

C

Fig. 2. UV–visible absorption spectra of compounds 1–5 in CH2Cl2 solution (A), as thin films on glass substrates (B), and photoluminescence emission
spectra as thin films on glass substrates (C).

C. Kim et al. / Organic Electronics 10 (2009) 1511–1520 1515



Table 2
Electrochemical (in THF) and energetic properties of compounds 1–5.

Compound Eonset
ox

(V)a
Eonset

red

(V)b

EHOMO

(eV)c
Eg

(eV)c
ELUMO

(eV)c

1 1.5 – �5.9 2.9 �3.0
2 1.3 – �5.7 3.0 �2.7
3 1.0 – �5.4 2.7 �2.7
4 – �1.7 �5.4 2.7 �2.7
5 – �1.5 �5.6 2.7 �2.9

a Onset voltage for oxidation vs. SCE.
b Onset voltage for reduction vs. SCE.
c ELUMO = EHOMO + Eg.
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5 exhibit absorption maxima at 357, 386, 415, and 445 nm
for 4 and 382, 399, and 432 nm for 5 with strong absorp-
tion at >410 nm.

Thin film photoluminescence emission spectra of all
compounds are shown in Fig. 2C. Thin films of compounds
1 and 2 exhibit two emission peaks located at 456 and
478 nm for 1 and 417 and 432 nm for 2. Compound 3
shows one emission maximum at 498 nm. Compounds 4
and 5 have multiple peaks at 448, 475, 515, and 555 nm
for 4 and at 468 and 542 nm for 5. Compound 4 exhibits
very small Stokes shifts of �3 nm between the absorption
and emission maxima compared to those of compounds
1–3; this suggests a greater core rigidity of thin film phase
affording TFT active device (vide infra) [16]. Band gaps for
the present compounds are estimated from the low-energy
band edges of the thin-film optical spectra, taking 10% of
the maximum as the band edge (Table 1). The optical band
gaps of compounds 1–5 are estimated to be 2.9, 3.0, 2.7,
2.7, and 2.7 eV, respectively.

3.3. Electrochemical properties

Oxidation and reduction potentials for the present com-
pounds were measured by cyclic voltammetry (CV). Cyclic
voltammograms of the compounds 1–5 in solution are
shown in Fig. 3, and electrochemical data are summarized
in Table 2. Compounds 1–3 exhibit onset oxidation poten-
tials of �1.5, �1.3, and �1.0 V, respectively (vs. SCE) with-
out obvious reduction peaks. On the other hand,
compounds 4 and 5 exhibit one reduction located at �1.7
and �1.5 V, respectively, but no oxidations.
Table 1
Solution (in CH2Cl2) and film optical absorption maxima, film emission maxima (

Compound kab
sol (nm) kab

film (nm)

1 368, 387 359, 378, 398
2 370, 390 377, 397
3 364, 380, 416 384, 406, 436
4 370, 391, 415 357, 386, 415, 445
5 373, 394, 418 382, 399, 432

a Optical band gap estimated from the low-energy band edge in the film opti

BA

Fig. 3. Cyclic voltammograms of compounds 1–5 in 0.1 M Bu4N+PF�6 Þ solution in
internal standard (first peak in the CV scan). Inset: enlarged CV plot for compou
From these oxidation and reduction potentials, HOMO
and LUMO energies were estimated knowing that the SCE
energy level is �4.4 eV below the vacuum level
(EHOMO ¼ �Eonset

ox � 4:4; ELUMO ¼ �Eonset
red � 4:4) (Table 2) and

the band gaps obtained by optical absorption data [17].
Using these relations, the HOMO values are estimated to
lie at �5.9, �5.7, and �5.4 eV for 1, 2, and 3, respectively.
Similarly, the LUMO values are calculated as �2.7 and
2.9 eV for 4 and 5.
3.4. Single crystal X-ray diffraction of compound 3

An ortep view of compound 3 structure is shown in
Fig. 4A with caption of the most important bond distances
and torsion angles. In the crystal structure of compound 3,
the two benzodithiophene units lie on almost perpendicu-
lar planes with dihedral angle between the mean planes of
k, nm), and energy gaps (Eg, eV) of compounds 1–5.

kem
film (nm) Eg (eV) a

Sol Film

456, 478 3.1 2.9
417, 432 3.1 3.0
498 2.9 2.7
448, 475, 515, 555 2.9 2.7
468, 542 2.9 2.7

cal spectrum. Concentrations are 10�4–10�6 M.

THF at a scan rate of 100 mV/s. In all experiments, ferrocene is used as the
nd 5 indicating reduction peak.



Fig. 5. Preferred conformation of compound 3 as more stable form based
on single crystal XRD.
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87.72(2)�. This is the consequence of the Z-isomer configu-
ration. The phenyl ring is almost coplanar (dihedral angle
of 3.42(1)�) and conjugated with one of benzodithiophenes
in such a way as the (C15)C16@C17(C18,C23) double bond
system.

The packing of the molecules along the b-axis is shown
in Fig. 4B. The distances between adjacent mean planes of
the conjugated systems, defined by the phenyl ring, the
double bond system, and the benzodithiophene unit, are
3.719(1) and 3.192(1) Å, while those between adjacent
mean planes of the other benzodithiophene unit are
3.338(1) and 3.348(1) Å. Thus, in principle, the interplanar
distances could allow efficient intermolecular charge
transfer. However, as shown in the Fig. 4B, the co-facial
motif does not extend to the entire system with conjuga-
tions only between one thiophene and the phenyl ring
and between two thiophene rings of co-facial conjugated
systems (distances between the centroids of those rings
being 4.017(2) and 3.632(2) Å, respectively), and between
two thiophene rings and two phenyl rings of the benzodi-
thiophene groups lying perpendicular to the conjugated
system (distances between the centroids of those rings of
3.612(2) and 4.038(1) Å, respectively).

This weak interaction and small overlap between mole-
cules fully explain the poor TFT activity of compounds 3
(vide infra). Note that the crystal structure of compound
3 confirms an NMR study reported elsewhere on an analo-
gous alkene [13c], where the configuration in Fig. 5 is the
most stable for cis-alkene precursors of tetratia-[7]-helic-
enes in solution and in solid state.

The crystal structures of compounds 1 and 2 have been
already reported elsewhere [18,19]. It has been seen that
only weak interactions of 3.77 and 4.038(2) Å, respectively
are present between phenyl rings of adjacent molecules,
indicating poor direct p-electrons overlap between adja-
Fig. 4. (A) Ortep view of compound 3. Ellipsoids are drawn at 30% probability
1.422(3), C4–C5 1.425(3), C6–C7 1.433(3), C7–C8 1.416(3), C8–C9 1.434(3), C1
14.33(1), C15–C16–C17–C18–0.90(1), C15–C16–C17–C23 178.03(1), S3–C18–C17
cent rings and justifying the low TFT activity of such com-
pounds, especially of compound 2.
3.5. Thin-film transistor performance

Top-contact OTFTs [100 lm channel lengths (L) and
5.0 mm channel widths (W)] were fabricated by vapor-
depositing 1–5 films on 300 nm SiO2 (Bare) and HMDS-trea-
ted SiO2 (HMDS) substrates maintained at various substrate
temperatures (25, 55, and 90 �C), followed by Au deposition
through a shadow mask to define the source and drain elec-
trodes. OTFT measurements were performed under vacuum
and the device performance (mobility, on/off ratio, and
threshold voltage) data are summarized in Table 3. Mobili-
ties (l) were calculated in the saturation regime using
the relationship: lsat = (2IsdL)/[WCox(Vsg � Vth)2], where Isd

is the source-drain saturation current; Cox is the areal
capacitance value, Vsg is the gate voltage, and Vth is the
threshold voltage. The latter can be estimated as the x inter-
cept of the linear section of the plot of Vsg vs. (Isd)1/2. The
mobility numbers are the average of at least four chips.
level. Bond distances (Å) and torsion angles (�):C2–C3 1.430(3), C3–C4
2–C13 1.379(3), C16–C17 1.352(3), C20–C21 1.374(3); S2–C15–C16–C17
–C23–85.08(1). (B) Molecular packing of compound 3. View along b-axis.



Table 3
Mobilities 3, current on/off ratios (Ion:Ioff), and threshold voltages (VT, V) for
vapor-deposited films of compounds 1–5 deposited at various substrate
temperatures (TD, �C).

Compound TD Substrate l Ion:Ioff VT

1 25 Bare 1.7 � 10�7 102 �66

2 –

3 25 Bare –
90 4.8 � 10�7 101 �20
25 HMDS 1.1 � 10�5 103 �44
90 1.2 � 10�7 103 �48

4 25 Bare 9 � 10�4 106 �49
55 7 � 10�3 106 �66
90 3 � 10�4 106 �46
25 HMDS 2 � 10�2 107 �56
55 2 � 10�2 106 �44
90 4 � 10�4 106 �62

5 –
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With the exception of compound 4, all the other com-
pounds-based devices show no (2 and 5) or very poor (1
and 3) TFT activities with mobilities of 10�5–10�7 cm2/Vs
and on/off ratios of 101–103. For compound 4, mobilities
strongly depend on both dielectric surface treatment and
deposition temperature (TD). Representative OTFT transfer
and output characteristics of compound 4-based devices
are shown in Fig. 6. Overall, the devices based on com-
pound 4 perform better on HMDS (with mobilities of
4 � 10�4–2 � 10�2 cm2/Vs) than on Bare (with mobilities
of 3 � 10�4–7 � 10�3 cm2/Vs) substrates. All devices based
on compound 4 exhibit very high current on/off ratio of
106–107. Considering the correlation between TD and the
device performance, 55 �C seems to be the optimum tem-
perature affording the highest mobilities on both sub-
strates. Deposition temperature-dependent device
performance can be ascribed to the differences in film crys-
tallinity and morphology (vide infra).
Fig. 7. Wide-angle XRD spectra of compound 4 on HMDS-treated SiO2

substrate at the indicated substrate temperatures.
3.6. Film morphology and microstructure

To investigate semiconductor film microstructure,
wide-angle X-ray diffraction (WAXRD) was performed on
the films of compounds 1, 3, and 4. The XRD spectra of 1
and 3 films exhibit no reflections in the 2–30� 2h range,
A

Fig. 6. OTFT performance (A: transfer B: output) characteristics of compound
constant VDS = �100 V.
indicating amorphous films. This result is fully in agree-
ment with the poor device performance. Fig. 7 shows the
h–2h scans for 4 films deposited at TD = 55 and 85 �C on
HMDS substrates, demonstrating that these vapor-depos-
ited films are highly crystalline. The progression of Bragg
reflections corresponds to a d-spacing of 18.6 Å
(2h = 5.25�), affording an edge-on substrate molecular ori-
entation with almost perpendicular molecular orientation
to the substrate. Since the TFT performance of the device
of 4 is quite sensitive to the substrate temperature, the
XRD patterns were also examined at various TDs. Films
deposited at TD = 55 �C show much stronger intensity com-
pared to those at TD = 90 �C, indicating higher film crystal-
linity in agreement with the improved device performance.

The AFM images of 1–5 films show a variety of morpho-
logical features such as tubular, grains, or smooth surface
morphologies (Figs. 8 and S2). Representative AFM images
of 1 and 4 films are shown in Fig. 8. Films of 1 deposited on
both Bare and HMDS substrates at 25 �C exhibit tubular,
nanowire-like structure. These morphological features
can be understood from the analysis of the crystal packing
of the racemate of compound 1. The structure presents an
alternate stacking of the two molecular enantiomers (P and
M) along the c-axis so that the two central benzene rings
almost overlap in upturned positions.[18] Thus, each nano-
wire is likely formed by chains of alternating helicene
enantiomers.
B

4 on HMDS (films deposited at 55 �C). The gate voltage was swept at a



Fig. 8. AFM images of (A) compound 1 on Bare (left) and on HMDS (right) deposited at 25 �C, (B) compound 4 on Bare deposited at 25 (left), 55 (middle),
and 90 �C (right). The scale bar is 1 lm.
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Films of 1 grown at 90 �C afford a lot of grains possibly
due to dewetting from high substrate temperature. Films
of 2, 3 and 5 exhibit smooth, amorphous morphologies
indicating no or poor TFT activity.

The AFM images of films of compound 4 show some-
what different morphologies compared to those of the
other compounds. From Fig. 8B, it is clear that the film
growth depends significantly on the substrate
temperature.

Films grown on Bare at low temperature (25 and 55 �C)
form well-connected and faceted grains (>1 lm), affording
moderate field-effect mobilities. Different substrate does
not affect film morphology significantly exhibiting similar
morphology on HMDS (not shown). However at high sub-
strate temperature, huge gaps between large grains can be
seen from AFM images, possibly compromising charge
transport resulting in relatively low TFT performance com-
pared to low substrate temperature.

4. Conclusions

We have synthesized and characterized two helicenes
(1, and 2) and three alkene (3–5) derivatives as semicon-
ductors for OTFT. Compounds 1, 2, 3 and 5 afford poor
(with the mobilities of 10�5–10�7 cm2/Vs) or no TFT activ-
ity, probably because of the poor film crystallinity or mor-
phology. Compound 1 exhibits nanowire-like morphology
for the films grown at 25 �C, observed for the first time
for vapor-deposited helicene molecule with helical shape.
Compound 4 is a p-channel material with hole mobilities
approaching 0.02 cm2/Vs and current on/off ratio of 106–
107. The carrier mobilities were found to depend on the
substrate deposition temperature and surface treatments,
which was correlated to the corresponding film morpholo-
gies and crystallinities.
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of conducting material. Remarkably, the p-conjugated
polymer-based photorefractive composite is reported as
one part excessively [11]. It is well known that p-conju-
gated polymers, due to their delocalized p-electron
distribution, have much larger carrier mobility than
those of general photorefractive polymers. Thus, p-conju-
gated polymer-based photorefractive composites are ex-
pected to exhibit faster response, owing to their high
mobility. In our previous paper, we reported a novel 3,30-
dicarbazole-based non-p-conjugated polymer (DiCz) in
the main-chain, and showed adequate photorefractive
properties for optical applications under moderate experi-
mental conditions (Fig. 1) [12].

Here, we have focused our attention on preparation of a
new type of NLO chromophore-doped p-conjugated
polymer composite consisting of copoly[6,60-bis(9-(2-
ethylhexyl)carbazole-3-yl)/thieno-(2,5-b)thiophenylidene-
vinylene] (EHCzThThZ) and 2-[3-[(E)-2(piperidine)-1-
ethenyl]-5,5-dimethyl]-2-cyclohexenyliden]malononitrile
(P-IP-DC), and their optical properties [13]. It is possible
that this may overcome aggregation of NLO chromophore
by attaching a bulky alkyl branch group at the 9-position
of the carbazole in a working device. With this mind, in
this work, we extended our study to investigate the photo-
conductive and photorefractive properties of p-conjugated
polymer EHCzThThZ in photorefractive composite, also in
comparison to non-conjugated polymer DiCz that was
investigated in Ref. [12]. It is hoped that EHCzThThZ-based
photorefractive composite may endow the composite with
fast photorefractive response time. We will relate the re-
sults obtained in our laboratory concerning the quantita-
tive comparison of optical properties in EHCzThThZ
composite and that obtained for a similar composite
composed of DiCz composite. In order to clearly confirm
the influence of different photoconducting structures, the
Fig. 1. There are two kinds of c
p-conjugated composite was compared to a DiCz compos-
ite system with the similar weight ratio of the photorefrac-
tive ingredients, with the same NLO chromophore and
photosensitizer in the photoconducting matrix. Chemical
structures of these materials are provided in Fig. 1.

2. Experimental section

2.1. Materials and device fabrication

In this work, a low-Tg photorefractive composite was
prepared by doping the optically anisotropic chromophore,
P-IP-DC, into the photoconducting polymer matrix,
EHCzThThZ sensitized by C60 EHCzThTh and P-IP-DC were
synthesized using previously described methods [13,7,14].
C60 was obtained from Aldrich Chem. Co. Inc. and was used
after purification by sublimation under vacuum. The com-
position of polymeric composite was EHThThZ:P-IP-DC:
butyl benzyl phthalate (BBP):C60 = 61:30:8:1 by wt.%. For
sample preparation, the mixture (total 100 mg) was dis-
solved in 400 mg of 1,1,2,2-tetrachloroethane, and the
solution was filtered through a 0.2 lm membrane. The
composite was cast on a patterned indium tin oxide (ITO)
glass substrate, dried slowly for 12 h at ambient tempera-
ture, and then was vacuum dried at 30 �C for 24 h to com-
pletely remove the residual solvent. The composite was
then softened on a hot plate at 100 �C and next sandwiched
between ITO glasses with Teflon film spacer of 50 lm to
yield a film with a uniform thickness. The thickness of
the active layer was near 50 lm.

2.2. Electro-optic measurements

The electro-optic property of the polymeric composite
was determined by transmission ellipsometric method
n

n

omposites in this study.
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(I = 10 mW/cm2). The sample tilted by 45� was placed be-
tween the polarizer and the analyzer with the polarization
set to + 45� and �45�, respectively. The Dn of composite
was determined from the variation of the transmitted inten-
sity (T) through crossed polarizers upon the application of
electric field, as described by the following equation [14]:

T ¼ sin2 2p
k
� l � Dn

� �
; ð1Þ

where k is the wavelength and l is a distance of light path.

2.3. Photoconductivity measurements

The photoconductivity measurements were performed
on about 50 lm thick samples sandwiched between ITO
electrodes at I = 13 mW/cm2 using a simple DC photocur-
rent method [15]. The current flowing through the com-
posite was measured using the Keithley 6485 during
illumination with an operating wavelength of 632.8 nm.
The dark current and photoconductivity were calculated
using the following equation:

r ¼ I � d
VA

; ð2Þ

where I is current, d is the sample thickness, V is the ap-
plied voltage, and A is the laser beam area. The dark con-
ductivity (rdark), the conductivity in the presence of light
(rlight), and the photoconductivity (rphoto = rlight � rdark)
were obtained.

2.4. Degenerated four-wave mixing (DFWM) measurements

Two coherent laser beams with k = 632.8 nm were irra-
diated on the sample in the tilted geometry at an incident
angle of h = 30� and 60� with respect to the sample’s nor-
mal axis. The intensity of s-polarized writing beams was
60 mW/cm2. The recorded photorefractive grating was
read by a p-polarized counter-propagating beam. An atten-
uated reading beam with a very weak intensity of 0.1 mW/
cm2 was used. The internal diffraction efficiency (gint) of
the photorefractive material was determined using the fol-
lowing equation:

gint ¼
IR;diffracted

ðIR;diffracted þ IR;transmittedÞ
; ð3Þ

where IR,diffracted and IR,transmitted are the diffracted and
transmitted intensities of the reading beam, respectively.
The photorefractive grating buildup time was also ana-
lyzed. The photorefractive grating buildup rate is very
important for real applications such as a real-imaging
and real-data processing. The buildup time of the photore-
fractive composites was evaluated from the buildup of the
beam intensity of the DFWM measurement. The time con-
stants, s1 and s2, were calculated by fitting the evolution of
the growth of the diffraction signal, g(t). Quantitative
information about the grating growth can be obtained by
an empirical biexponential function of the following Eq.
(4) fitted to the data of diffraction efficiency [16]:

gðtÞ ¼ A1 1� exp � t
s1

� �� �
þ A2 1� exp � t

s2

� �� �
; ð4Þ
where A1 and A2 are fitting parameters, and s1 and s2 are
the fast and slow time constants, respectively.

3. Results and discussion

The Tg value of the current composite from the DSC data
was Tg � 28 �C, which assure the facile orientation of P-IP-
DC at temperatures around Tg The mixture of the compos-
ite was sandwiched between two indium tin oxide glass
plates to from a 50 lm thick film along with a Teflon
spacer. All experiments were performed near the Tg of
photorefractive composite under an operating wavelength
of 632.8 nm.

As given in Fig. 2, the birefringence (Dn) of the photore-
fractive composite is increased quadratically with an
external electric field. This data from the transmission
ellipsometer experiments can be used to predict both the
steady-state holographic contrast of the photorefractive
composite and to quantify the sample. At an applied poten-
tial of 50 V/lm, Dn = 2.62 � 10�3, which are sufficiently
large values for the preparation of efficient photorefractive
materials. The value of Dn of composite was determined
from the variation of the transmitted intensity (T, Fig. 2 in-
set) through the crossed polarizers upon the application of
the electric field, as described by the following Eq. (1). That
is attributed the high birefringence due to a large dipole
moment induced, as well as to the high polarizability
anisotropy of the P-IP-DC chromophore [17].

The photoconductivity is governed by the photogenera-
tion quantum efficiency and the charge mobility via an
applied electric field and a light intensity. The photocon-
ductivity increases with increasing electric field. The ob-
served nonlinear dependence on the electric field
strength is thought to be due the fact that both the quan-
tum efficiency and the charge mobility depend strongly
on the electric field strength. Photoconductivity measure-
ments (k = 633 nm) were carried out on the device, and
showed photoconductivity of rphoto = 1.19 pS/cm for
EHCzThThZ composite, using a light intensity of 13 mW/
cm2 and an applied electric field of 60 V/lm (Fig. 3). Unfor-
tunately, the EHCzThThZ composite also exhibited high
dark conductivity at relatively higher electric field. The
dark conductivity was calculated to be 0.39 pS/cm under
an electric field of 60 V/lm. Comparing the photoconduc-
tivity of the EHCzThThZ composite (rphoto = 0.86 pS/cm un-
der potential of 50 V/lm) with that of the DiCz composite
(rphoto = 1.24 pS/cm under a potential of 50 V/lm) shows
that the former is lower due to the higher dark conductiv-
ity (rdark = 0.39 pS/cm under potential of 50 V/lm) of
EHCzThThZ composite. We observed that, when an electric
field is applied to the sample, rdark decrease with an in-
crease in the electric field occurs. This rdark in high fields
may be attributed to the orientation of the NLO chromo-
phore’s under the electric field [18]. This value is found
to be greater than that of the DiCz-based one, presumably
due to p-conjugated backbone of EHCzThThZ. The
EHCzThThZ polymer is probably effective for p-stacking
of polymer rigid backbone through hydrophobic interac-
tion between branched-chain alkyl groups. This result in
higher dark conductivity than DiCz composite, suggesting
that photogenerated holes should be diminished in
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EHCzThThZ composite, therefore, shows lower photocon-
ductive properties. The photoconductivity was extracted
as photosensitivity.

In polymeric photorefractive materials, the magnitude
of space-charge field, jESCj takes the form [19]

jESCj ¼
mEq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

0 þ E2
d

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

0 þ ðEd þ EqÞ2
q � 1

1þ rdark
rphoto

; ð5Þ
where m ¼
ffiffiffiffiffiffiffiffi
I1I2
p

=ðI1 þ I2Þ is the modulation depth, where
I1 and I2 is the write beams, Eq ¼ eNeff=ðe0erKGÞ is the
trap-density-limited space-charge field, where Neff is the
effective trap density, er is the dielectric constant relative
to the permittivity of free space e0, KG is the grating wave
vector, and e is the fundamental unit charge, Ed ¼ kBTKG=e
is the diffusion field, where kB is Boltzmann’s constant and
T is the absolute temperature. The second part of the
numerator of Eq. (5) corresponds to the conductivity con-
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tribution, and this part is related to photorefractive re-
sponse. As depicted in Fig. 4, this undesirable operation re-
sulted in a maximum in the 1=ð1þ rdark=rphotoÞ for the
EHCzThThZ composite device at E = 60 V/lm, with a subse-
quent increase in this figure-of-merit (FOM) above these
voltages. The FOM may be defined as Q = n3re/er, where n
is the optical index of refraction, re is the effective elec-
tro-optic coefficient [20]. This ratio means that the photo-
charge is mobile while the other is stationary, or at least
one type of charge is more mobile than the other. The
implications of this functioning with regard to the overall
photorefractive properties will be discussed as the relevant
data are presented. The photosensitivity Sphoto (photocon-
ductivity per unit light intensity) of EHCzThThZ composite
at excitation wavelength of 632.8 nm is presented in Fig. 4
and was calculated according to the following equation:

Sphoto ¼
Jphoto

EI
; ð6Þ

where Jphoto is the photocurrent density, E is the applied
electric field, rphoto is the photoconductivity. The photo-
sensitivity is proportional to the carrier photogeneration
rate, mobility, and life-time [21]. The photosensitivity
was calculated as Sphoto = 8.6 � 10�11 cm/XW under poten-
tial of 60 V/lm (Fig. 4). This value is of the higher order of
magnitude as the one reported in the efficient photorefrac-
tive composites for high-speed applications base on
poly(N-vinylcarbazole) [22].

The DFWM experiment is a good choice for probing
weak gratings and studying the dynamics of the photore-
fractive effect. The diffraction efficiency of the photorefrac-
tive material was determined using a DFWM experiment.
In the DFWM experiment, the diffraction efficiency (g)
was determined by the ratio of the intensity of the dif-
fracted signal to that of the incident reading beam. The
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Fig. 4. Electric field dependence of photosensitivity and 1/(1 + rphoto/r
steady-state diffraction efficiency in the presence of the
orientational enhancement effect is determined by the ap-
plied electric field and the space-charge field amplitude.
Fig. 5 shows the electric field dependence of the diffraction
efficiency. The diffraction efficiency increased with the ap-
plied electric field and the diffraction efficiency of the cur-
rent composite was 37.2% at 50 V/lm at 30 �C. The
diffraction efficiency is rather low. This result may be ex-
plained by a previously reported study [23]. The reason
for the low diffraction efficiency EHCzThThZ composite
may be a low space-charge field due to a low trap density.
Also, this result may be connected with highest occupied
molecular orbital (HOMO) of photorefractive materials. In
our photorefractive material, the HOMO level of
EHCzThThZ (�5.24 eV) is lower than that of P-IP-DC
(�5.32 eV), i.e., the P-IP-DC chromophore do not contrib-
ute to carrier trapping [12,24]. Therefore, the lower HOMO
level of EHCzThThZ, compared with DiCz (�5.38 eV), may
lead to slightly lower photoconductivity and space-charge
field, which is consistent with our experiment results.

The response of the holographic grating formation was
studied by measuring the time constants of the grating for-
mation in the DFWM experiment. In Fig. 6, the dynamics of
the diffraction grating formation process for different ap-
plied voltages is presented. Analysis of the changes in the
curves’ shape in function of the applied voltage allows us
to affirm that there is a strong correlation between the
characters of the evolution of diffracted signal and electric
field. The buildup time of the photorefractive composite
was evaluated from the buildup of the beam intensity of
the DFWM measurement. The grating formation speed in-
creased as the applied electric field strength increased.
Fig. 7 shows the s1 and s2 of the current composite, which
measured at different electric fields between 20 and
50 V/lm. The photorefractive speed strongly depends on
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the photogeneration efficiency, drift mobility, NLO chro-
mophore’s mobility and other parameters.

An elevated external electric field causes faster grating
formation in EHCzThThZ composite, as was expected, since
the charge mobility as well as the photocharge generation
efficiency increase with electric field. As displayed in Fig. 7,
the moderate response time of the EHCzThThZ composite
(0.16 s at 50 V/lm) having the higher s1 than that of DiCz
composite (1.18 s at 50 V/lm) [12]. It may be considered
by the fast rate constants that the rigidity of the matrix af-
fect the dynamics of photorefractive grating formation
with the charge carrier generation and its mobility, and
the hole trap density. The fast response time of EHCzThThZ
composite is caused by the possibility of delocalizing
charges along on polymer chain without hopping com-
pared to the DiCz composite [25]. Since the photorefractive
effect is based on the photoinduced buildup of a space-
charge field in an electro-optic material, the photogenera-
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Table 1
Comparative analysis of the optical properties of 50 lm thick EHCzThThZ and DiCz composites.

Dna,b,c (10�3) rphoto
d,e,f (pS/cm) ga,b (V/lm) s1

a,b (s) s2
a,b (s)

EHCzThThZ 2.62 1.19 37.2 0.16 0.58 This work
DiCz 2.62 1.24 82.5 1.18 – [6]

a At 50 V/lm.
b At 30 �C.
c At 10 mW/cm�2.
d At 13 mW/cm�2.
e At 60 V/lm.
f At 27 �C.
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tion of charge carriers and their subsequent migration by
diffusion or drift in an electric field play a key role in deter-
mining the magnitude and speed of the photorefractive re-
sponse. Table 1 provides a summary of the EHCzThThZ
composite measured using optical properties.
4. Conclusions

In summary, we have prepared a novel p-conjugated
polymer-based photorefractive composite with low Tg.
We emphasize the importance of taking into account the
birefringence, photoconductivity, diffraction efficiency,
and the speed of grating formation of p-conjugated poly-
mer-based photorefractive composites in order to measure
their optical properties. This composite has faster photore-
fractive grating formation speed due to p-conjugated
main-chain, as compared with the non-conjugated poly-
mer-based photorefractive composite. The EHCzThThZ
composite showed a diffraction efficiency of 37.2% in mod-
erate electric field of 50 V/lm, with a response time of the
diffraction efficiency of 0.16 s in an applied field of
50 V/lm. Therefore, we believe that the photorefractive
composite containing p-conjugated polymer shows prom-
ise as a highly efficient photorefractive material, and takes
our research one step closer to the goal of finding a poly-
meric material that can find application in various optical
devices.
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Fig. 1. Energy level diagrams and chemicals structures for the materials
tested in this study.
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efficiencies as well as reduced roll-off [15–17]. However,
there are few electron transport-type wide band-gap hosts,
which resulted in limitation for introducing a mixed host
structure into blue PHOLEDs. Recently, several good host
materials with high electron mobility as well as triplet en-
ergy were reported, and we have taken advantage of the
characteristics of these hosts to develop mixed host blue
[7,18].

In this work, various mixed host structures for blue
PHOLEDs were developed to study the relationship be-
tween the device performances and the combination/com-
position of host materials. A hole transport-type host
material, 4,40,40 0-tris(N-carbazolyl)triphenylamine (TcTa),
was combined with an electron transport-type host mate-
rial, 2-(diphenylphosphoryl)spirofluorene (SPPO1) [18] or
an bipolar transport-type host material, (26DCzPPy) [7].
We found that a mixed host structure was effective to con-
trol the charge carrier injection and exciton distribution in
emissive layer (EML), thus obtained highly improved and
stable efficiency in blue PHOLEDs.

2. Experimental

A series of blue PHOLEDs in this study were fabricated
using the configuration: indium tin oxide (ITO) (70
nm)/1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC)
(50 nm)/emissive layer (30 nm)/1,3,5-tri(m-pyrid-3-yl-
phenyl)benzene (Tm3PyPB) (20 nm)/Tm3PyPB:Cs (30
nm)/LiF (1 nm)/Al (120 nm). Six different mixed host de-
vices were prepared to investigate the effect of host mate-
rial properties on device characteristics of mixed host
devices. Two standard devices with single 26DCzPPy or
SPPO1 host material were also fabricated as references
for comparison. Bipolar transport-type 26DCzPPy (Device
A) or electron transport-type SPPO1 (Device B) composi-
tion in the mixed host device were 50%, 70%, and 90%,
respectively. A blue light-emitting iridium(III)bis(4,6-
difluorophenyl)-pyridinato-N,C20)picolinate (FIrpic) was
doped in the mixed host emissive layer and the doping
concentration of FIrpic was fixed at 10%.

To achieve efficient blue PHOLEDs, effective confine-
ments of both charge carriers and triplet excitons are nec-
essary [7,11,13]. Therefore, TAPC and Tm3PyPB with wider
triplet energy level (T1 = 2.9 and 2.78 eV, respectively,
which are higher than that of FIrpic (T1 = 2.62 eV)) and
low-lying the highest occupied molecular orbital (HOMO)
and high-lying the lowest unoccupied molecular orbital
(LUMO) energy levels, respectively, were used as a hole-
transporting layer (HTL) and as an electron transporting
layer (ETL), respectively. In addition, n-doped ETL (4 mol
% Cesium doped TmPyPB) was introduced for effective
electron injection and charge carrier balance within emis-
sive layer because the electron mobility of Tm3PyPB
(�7.0 � 10–4 cm2/Vs at 2.5 � 105 V/cm) [19,20] is one to
two orders of magnitude lower than the hole mobility of
TAPC (�1.0 � 10–2 cm2/Vs at �105 V/cm) [13]. The energy
level diagrams and chemical structures of materials used
in this study were shown in Fig. 1.

ITO was cleaned by the standard oxygen plasma treat-
ment. The OLED grade materials were purchased and used
without further purification. All organic layers were depos-
ited in a high vacuum chamber below 5 � 10–7 torr and
thin films of LiF and Al were deposited as a cathode elec-
trode. The OLEDs were transferred directly from vacuum
into an inert environment glove-box, where they were
encapsulated using a UV-curable epoxy, and a glass cap
with a moisture getter. The electro-luminescence spectrum
was measured using a Minolta CS-1000. The current–volt-
age (I–V) and luminescence–voltage (L–V) characteristics
were measured with a current/voltage source/measure
unit (Keithley 238) and a Minolta CS-100. Photolumines-
cence (PL) spectra were recorded using Spex Fluorolog-3
spectrofluorometers.

3. Results and discussion

The current density–voltage–luminance (I–V–L) curves
of the TcTa:26DCzPPy mixed host devices (Device A) are
shown in Fig. 2a according to the relative content of two
host materials. The current density of Device A was gradu-
ally increased with increasing TcTa content in the mixed
host devices. Since FIrpic is a well-known electron trans-
port-type triplet emitter and their relatively low-lying
LUMO level compared with those of 26DCzPPy and SPPO1,
the electrons injection and transport behavior in case of
both Device A and B would be similar [19]. Therefore, the
increased the current density with the addition of TcTa to
26DCzPPy is mainly originated from facilitated hole injec-
tion and transport from TAPC to 26DCzPPy through TcTa
content. The hole injection from TAPC to 26DCzPPy was
slightly restricted due to the HOMO level difference of
0.55 eV between TAPC and 26DCzPPY. However, in case
of TcTa:26DCzPPy mixed host Device A, the hole injection
from TAPC to EML was enhanced by TcTa addition which
has higher-lying HOMO level (5.7 eV) than that of
26DCzPPy (6.05 eV). In addition, the hole mobility of TcTa
is higher than that of 26DCzPPy. Therefore, increased
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Fig. 2. Current density versus voltage (I–V) and voltage versus luminance
(V–L) characteristics of (a) Device A (TcTa:26DCzPPy) and (b) Device B
(TcTa:SPPO1).
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Fig. 3. Normalized electro-luminescence (EL) spectra and CIE coordinates
of (a) Device A (TcTa:26DCzPPy), (b) Device B (TcTa:SPPO1).
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current density in TcTa:26DCzPPy mixed host Device A
could be obtained. The luminance at the same voltage
was also increased as similar as the current density
behavior.

In the case of the combination of TcTa and an electron
transport-type SPPO1 host (Device B), the current density
as well as luminance behavior was more dramatic than
those in the case of Device A as shown in Fig. 2b. This is
attributed to the huge hole injection barrier (1.0 eV) from
TAPC to SPPO1 and the inferior hole mobility of SPPO1
compared to 26DCzPPy [18]. Moreover, the driving volt-
ages of Device B consequently reduced with increasing
TcTa content in the mixed host devices and were 6.1, 5.2,
4.5, and 4.2 V at a luminance of 1000 cd/m2, respectively.
By gathering up above results, we found that charge carrier
density and injection properties in the EML were corre-
lated with the combination/composition of the host mate-
rials, and could be controlled by device engineering.

Fig. 3 shows the electro-luminescence spectra and the
Commission Internationale de L’Eclairage (CIE) coordinates
of the Device A and B at a current density of 10 mA/m2. All
Device A exhibited a similar maximum luminescence
wavelength, near 474 nm, which is originated from the
triplet emission of FIrpic emitter. However, as the TcTa
content increased in the Device B, emission at 474 nm
was decreased while the shoulder peak around 500 nm
was increased.

These different electro-luminescence spectra could be
presumed to be vibronic coupling between different host
materials [21,22] and/or optical effect through the recom-
bination zone shift [18]. Firstly, we conducted photolumi-
nescence study to examine vibronic coupling between
two host materials in the mixed host devices. Nine differ-
ent mixed host samples (30 nm-thick films on quartz
plate) with 10% doped FIrpic were prepared. Additionally,
three reference samples with TcTa, 26DCzPPy, and SPPO1
single host were also studied for compression. As shown
in Fig. 4, we could not find any differences between the
mixed host samples and reference samples. Therefore, we
excluded the vibronic coupling effect as an origin of spec-
tral change in our mixed host blue PHOLEDs. Secondly, the
optical effect caused by the recombination zone change
was also considered [18]. As shown in Fig. 5, we could ob-
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serve the electro-luminescence changes in blue PHOLEDs
with FIrpic doped single TcTa, 26DCzPPy, or SPPO1 host
layers. The hole and electron recombination zone in the
Device B with SPPO1 single host is positioned in the
SPPO1:FIrpic EML close to the HTL side due to preferred
charge (electron) carrier mobility of SPPO1 material. How-
ever, the recombination zone of the Device B with TcTa:SP-
PO1 mixed host structure would be shifted from the HTL/
EML side to the center of the EML as increasing TcTa
content in the EML. In other words, balanced exciton
recombination in the EML could be achieved by using a
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Fig. 5. Normalized electro-luminescence (EL) spectra of single host
devices.
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Fig. 6. External quantum efficiency versus luminance characteristics of
(a) Device A (TcTa:26DCzPPy) and (b) Device B (TcTa:SPPO1) (Inset: EQE
versus current density characteristics).
mixed host structure, in which enhancement of light-emit-
ting efficiency was expected.

The external quantum efficiency (EQE) of the blue
PHOLEDs with mixed host structure were plotted against
luminance or current density in Fig. 6. Both Device A and
B with mixed host structure showed highly improved per-
formance than 26DCzPPy or SPPO1 single host devices. The
maximum efficiency was obtained in the 1:9 mixed host in
case of Device A (TcTa:26DCzPPy, EQE of 20.4%), while De-
vice B (TcTa:SPPO1, EQE of 21.8%) showed the best perfor-
mances in the 3:7 mixed host. Enhanced EQE in the mixed
host devices is mainly due to charge carrier injection/
transport balance as well as recombination region distribu-
tion within EML by the optimization of mixed host proper-
ties. [23] Moreover, these behavior were more dramatic in
TcTa:SPPO1 mixed host devices because SPPO1 materials is
an electron transport-type material while 26DCzPPy is a
bipolar material. Additionally, the power efficiency of the
mixed host devices also highly improved due to the re-
duced driving voltage as well as the enhanced quantum
efficiency. The peak power efficiencies of Device B were
improved from 28 (TcTa:SPPO1 = 0:10) to 53 lm/W
(TcTa:SPPO1 = 3:7) by using mixed host structure (see
Fig. 7).

It has been known that the narrow recombination zone
was inferior for the efficiency roll-off due to its high exci-
ton density which induces the triplet exciton quenching
process [12,14,19]. Therefore, as shown in Fig. 6, the device
performances of the single host devices at high current
density region were greatly decreased. Especially, this det-
rimental efficiency roll-off was distinguished in the SPPO1
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Fig. 7. Luminance efficiency versus luminance characteristics of (a)
Device A (TcTa:26DCzPPy) and (b) Device B (TcTa:SPPO1).
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single host device because SPPO1 is electron transport-
type material which resulted in a shallow recombination
zone. However, the distributed recombination zone
through balanced charge carrier injection/transport in the
mixed host devices showed remarkably stable efficiency
roll-off. The external quantum efficiencies of the Device A
(TcTa:26DCzPPy = 1:9) and Device B (TcTa:SPPO1 = 5:5)
showed over 18% at a luminance of 10,000 cd/m2 and de-
creased to half at a current density of J0 = 258 and
230 mA/cm2, respectively. Both values are better than
any other efficiency roll-off values for blue electro-phos-
phorescent devices [19], indicating a highly reduced roll-
off in efficiency.

4. Conclusion

In summary, light-emitting performances of blue PHOL-
EDs could be enhanced by host layer engineering. Mixed
host structure devices of TcTa:26DCzPPy or TcTa:SPPO1
showed effective distribution of recombination zone as
well as balanced charge carrier injection, which resulted
in highly improved efficiency roll-off at high current
density.
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2,6-bis[2-(9,9-dihexyl-9H-fluorene)]-N-(4-hexylphenyl)-
dithieno[3,2-b:20,30-d]pyrrole (DTP-FLU) oligomer (Fig. 1)
were discussed.
2. Experimental section

DTP-FLU oligomer was synthesized by Suzuki coupling
of 2,6-dibromo-N-(4-hexylphenyl)-dithieno[3,2-b:20,30-
d]pyrrole and 9,9-dihexyl-9H-fluorene-2-boronic acid.
Scheme 1 represents the synthetic route leading to the tar-
get compound (DTP-FLU). The detailed synthesis, charac-
terization, photophysical and electrochemical properties
of a series of DTP derivatives are reported separately [15].

Absorption spectra were recorded using Shimadzu 1601
PC spectrophotometer and fluorescence was measured
using Shimadzu RF 5301 spectrofluorophotometer. The
samples for the spectroscopic studies were prepared by
spin coating chloroform solution of DTP-FLU on a quartz
substrate. The quantum yield in chloroform was measured
using quinine sulfate (0.1 M H2SO4) as a reference. The solid
state photoluminescence quantum yield was determined
using an integrating sphere (Lab Sphere Com) with He–Cd
laser (325 nm; 11 mW) as an excitation source [16].

For time-of-flight photoconductivity measurement, the
oligomer film samples were prepared by drop casting the
chloroform solution of DTP-FLU (concentration: 37 mg/
ml) onto an indium tin oxide (ITO) patterned glass slide
in a solvent saturated environment. A 100 nm thick alumi-
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Scheme 1. Synthesi
num electrode was evaporated onto the DTP-FLU film
using an Edwards thermal evaporator. The thickness of
the oligomer film was measured using a surface profiler
(KLA-Tencor P10 surface profiler) and it was found to be
4.4 lm. The TOF measurement system was composed of
a pulsed nitrogen (N2) laser (Oriel 79074), a pulse genera-
tor (SRS-DG535), a DC voltage source (Kenwood PWR18-2),
and a digital oscilloscope (Agilant-Infiniium, 1 GHz, 4 Gsa/
s). The N2 laser with pulse width <4 ns, and pulse repeti-
tion rate 1 Hz, was illuminated on the ITO side of the de-
vice. The photocurrent under the influence of applied
electric field was monitored across a variable resistor using
an oscilloscope. It was ensured that the time constant of
the setup is less than the transit time (RC < ttr). The details
of the TOF setup have been described elsewhere [17]. The
active area of the device was 4 mm2. The sample was
mounted in a temperature controlled continuous flow
cryostat under vacuum of �10�5 mbar. The charge mobili-
ties were calculated using the relation l = d2/VtT, where d
is the thickness of the film, V is the applied voltage and tT

is the transit time. The transit time was obtained from
the inflection points in a double logarithmic plot of photo-
current versus time.
3. Results and discussion

The solid state absorption and emission spectra of DTP-
FLU is shown in Fig. 2. The absorption spectrum shows a
broad band with a maximum around 426 nm with two
shoulder peaks at 214 and 271 nm. The fluorescence spec-
trum in film state is characterized with emission maxima
at 505 nm with full width at half maximum (FWHM) of
49 nm. The Stokes shift was found to be 79 nm. The quality
of the emission spectra was assessed based on the Com-
mission International de L’Eclairage (CIE) chromaticity
coordinates (see inset of Fig. 2). The color coordinate was
found to be in the green region (0.2422, 0.5019). The band
gap was calculated from the onset of the absorption spec-
tra and it was found to be 2.5 eV.

DTP-FLU has a strong solution state photoluminescence
with a quantum efficiency of 75%. The solid state quantum
yield was measured using an integrating sphere and it was
S

N

S

C6H13

C6H13 C6H13 C6H13 C6H13

3)4

 THF

s of DTP-FLU.
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Fig. 2. Solid state absorption and emission spectra of DTP-FLU. Inset: CIE coordinates in film sample.
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found to be 22%. The surface morphology of the DTP-FLU
film was studied using atomic force microscopy (AFM).
The experiment was performed at room temperature using
a commercial AFM Nanoscope IV (Dimension 3100, Digital
Instruments) in the tapping mode. The film was prepared
by spin coating the DTP-FLU oligomer solution in chloro-
form on a cleaned ITO substrate. Fig. 3 shows the AFM im-
age of the film and from the 3D view (Fig. 3D) it is noted
that the film is uniform with grain size in the nanoregime.
Fig. 3. (A) AFM height image of the spin coated film (10 lm � 10 lm) of DTP-FL
(C) height profile of AFM image B and (D) the 3D view of the AFM image showi
The time-of-flight (TOF) photocurrent transients were
measured to determine the carrier drift mobility by moni-
toring the time taken by the carriers generated at one end
of the sample to reach the other end under the influence of
constant electric field. The device architecture used for the
TOF measurement was ITO/DTP-FLU (4.4 lm)/Al. Fig. 4
shows a linear plot of TOF transients for holes in DTP-
FLU at various applied voltages at 298 K and the corre-
sponding double logarithmic plot is shown in the inset. It
U on ITO coated glass substrate. (B) magnified image of A (2 lm � 2 lm).
ng the surface morphology of the film.
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is clear from the figure that the initial decay in the
photocurrent follows a constant current plateau. This
appearance of constant current plateau is due to the
non-dispersive nature of the hole transport. The subse-
quent decay in the current is due to the holes reaching
the other electrode at which they are discharged.

The transit time tT, for the arrival of carriers were read-
ily obtained from the inflection point in the double loga-
rithmic plot of photocurrent versus time. The carrier
mobility l, was extracted using the relation l = d2/VtT. In
order to get an in-depth knowledge of the transport prop-
erty of DTP-FLU, a detailed investigation was carried out at
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Fig. 4. Linear plot of time-of-flight hole current transients for different
applied voltage in DTP-FLU film at 298 K. The inset shows the corre-
sponding double-logarithmic plot.
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Fig. 5. Linear plot of TOF photocurrent transients at variou
a temperature range of 218–308 K. It is observed that at
low temperature, the transport become dispersive in nat-
ure. The linear plot of TOF hole transients obtained at var-
ious temperatures are shown in Fig. 5.

At 298 K, the hole mobility was found to be
7.7 � 10�6 cm2/Vs at an applied electric field of
2.9 � 105 V/cm. It is noteworthy that the field-dependenc-
es of the hole mobilities are in good agreement with the
Pool–Frenkel relationship (l ¼ lðE¼0Þ expðcE1=2Þ), where
l(E = 0) is the zero-field mobility and c is the slope of the
field dependence of charge mobility, at all temperatures
studied [17–20]. The Pool–Frenkel plots of hole mobility
in DTP-FLU at various temperatures are shown in Fig. 6.
The hole mobility was found to be increasing with increase
in temperature. At 238 K, the hole mobility was found to be
1.2 � 10�6 cm2/Vs at an applied field of 2.7 � 105 V/cm, but
at 278 K the mobility was increased to 4.1 � 10�6 cm2/Vs
and at 308 K, it was found to be 8.4 � 10�6 cm2/Vs with
the same applied electric field. The zero-field mobility
(l(E = 0)) and c were extracted from this Pool–Frenkel plot
and the zero-field mobility was plotted against tempera-
ture (Fig. 7A). It is clear from the plot that the zero-field
mobility increases with increase in temperature and the
slope (c) decreases with increase in temperature. This
illustrates the typical hopping mechanism of charge trans-
port in DTP-FLU. Generally, in conjugated molecular solids,
the transport of charges occurs via hopping between the
localized sites on individual molecules. It is known that
the disorder in energies of localized sites arises from vari-
ations in conjugation length, conformation of the molecule
or intermolecular interactions. This leads to a distribution
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s temperatures in DTP-FLU (Field: 2.7 � 105 V/cm).
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of site energies and such distributions give rise to a signif-
icant dispersion in the charge hopping times.

The mechanism of charge transport and the relation be-
tween the Gaussian energy distribution and characteristics
of time-of-flight transients in disordered organic materials
was interpreted by various models [21]. Gaussian disorder
model (GDM), proposed by Bässler et.al. is one of the
empirical expression which has been widely used to char-
acterize the field and temperature dependence of charge
transport in amorphous organic solids [21–23]. In GDM,
it is assumed that the charge transport occurs through a
hopping mechanism with Gaussian distribution of ener-
getic disorder of localized hopping sites and intermolecular
positional disorder. Energetic disorder (r) and positional
disorder parameter (R) are the two crucial parameters
which influence the carrier mobility [21]. The energetic
disorder corresponds to the width of the Gaussian density
of states and it arises from the distribution of conjugation
length. The positional disorder parameter arises from the
fluctuations of intermolecular distances or mutual orienta-
tion of neighboring molecules. This GDM model also ac-
counts for the crossover from non-dispersive to
dispersive transport at low temperatures [24–26]. In
Gaussian model, the dependence of hole mobility on elec-
tric field and temperature can be expressed by Eq. (1) [24].

lGDM ¼ l1 exp � 2r
3kT

� �2
" #

� exp C
r
kT

� �2
� R2

� �
E1=2

� 	

ð1Þ

where l1 is the high temperature limit of the mobility, r is
the energetic disorder bandwidth, R is the parameter of
positional disorder and C is the empirical constant. The
empirical constant indicates the hopping distances that a
charge carrier has to overcome to be transferred from
one site to another. The energetic disorder parameter and
high temperature limit of mobility was extracted from
the plot of logarithmic zero-field mobility versus 1/T2

(Fig. 7A) and it was found to be l1 = 6.1 � 10�4 cm2/Vs
and r = 100 meV. Also the positional disorder parameter
and the empirical constant C were extracted by plotting
the slope of the field dependence (c) against (r/kT)2 (see
Fig. 7B) and the values of R and C were obtained from
the linear fit and was found to be 2.4 and 4.6 � 10�4

(cm/V)1/2, respectively.
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It is reported that long range correlations due to
charge–dipole interaction exists in disordered organic
materials [27]. But in GDM model, the correlation between
the sites is not accounted. This lead to the development of
another model called Correlated disorder model (CDM)
which accounts for the charge–dipole interactions [28].
According to CDM, the non-dispersive mobility in corre-
lated media can be represented by Eq. (2).

lCDM ¼ l1 exp � 3r
5kT

� �2
" #

� exp 0:78
r
kT

� �3=2
� 2

� � ffiffiffiffiffiffiffiffi
eaE
r

r" #
ð2Þ

Carrier hopping among the sites is arranged on a cubic
lattice with a cell spacing a. Also the high temperature lim-
it of mobility may have additional temperature depen-
dence due to other less correlated sources of energy
disorder or polaron effects. The major difference between
GDM and CDM is the predicted temperature dependence
of c. Fig. 7C shows the variation of c with (r/kT)3/2 and
the linear fit is according to CDM (Eq. (2)). The average cell
spacing (a) was obtained from this linear plot and it was
found to be 1.4 nm. The energetic disorder parameter
according to CDM model was also calculated from the plot
of logarithmic zero-field mobility versus temperature
(Fig. 7A) and was found to be 111 meV. The localization
length for the charges was calculated by using Eq. (3) with
the derived values of energetic disorder parameter, l1 and
average cell spacing.

l1 ¼
ea2tph

r
exp

�2a
L

� �
ð3Þ

where tph is the phonon frequency for hopping (�1012 s�1).
The localization length was estimated to be 5 Å. The results
obtained from both the models (GDM and CDM) are sum-
marized in Table 1.

The charge transport parameters obtained from the
GDM/CDM analysis are similar to the established conju-
gated materials such as poly (p-phenylenevinylene)
(PPV), polyfluorene (PFO) etc [29,30]. It is interesting to
note that the intersite hopping constant and energetic dis-
order obtained in the case of DTP-FLU is found to be sim-
ilar to that in PFO (intersite hopping constant = 2.4 � 10�4

(cm/V)1/2 and rGDM = 90 meV) [31], and in (2-methoxy-5-
(20-ethylhexyloxy)-1,4-phenylenevinylene)/C60 (MEH-
PPV/C60) composite [32]. Also it is noteworthy that that
the average site spacing (a = 1.4 nm) and the localization
length (L = 5 Å) in DTP-FLU is similar to the fully conju-
gated materials [33]. Therefore it can be concluded that
Table 1
Charge transport parameters of DTP-FLU calculated using Gaussian disor-
der model (GDM) and Correlated disorder model (CDM).

Gaussian disorder model Correlated disorder model

l1, GDM: 6.1 � 10�4 cm2/Vs l1, CDM: 6.1 � 10�4 cm2/Vs
C: 4.6 � 10�4 (cm/V)1/2 rCDM: 111 meV
rGDM: 100 meV a: 1.4 nm
R: 2.4 L: 5 Å
DTP based materials have similar transport properties as
that of other conjugated materials such as PFO or PPV
which have potential uses in device applications. Therefore
the charge transport parameters of DTP based molecules
can be controlled and optimized to enable us to fine tune
and fabricate the optoelectronic devices.

4. Conclusion

The charge transport properties of DTP-FLU were stud-
ied by using time-of-flight photoconductivity method. The
film morphology and photophysical properties of this oli-
gomer was also investigated in detail. The compound is
found to be hole transporting. The hole mobililites were
measured over a range of temperatures from 218 to
308 K and the mobilities were in the order of 10�6 cm2/
Vs at all temperatures. The field and temperature depen-
dence was analyzed by Gaussian disorder model (GDM)
and Correlated disorder model (CDM) and charge transport
parameters were extracted. The energetic disorder param-
eter and positional disorder parameter estimated using
Gaussian disorder model was found to be 100 meV and
2.4, respectively. Most interestingly the transport parame-
ters of this material are similar to the other conjugated
materials such as PFO and PPV. The results indicate that
dithienopyrrole-based compounds will be a promising
new material for various optoelectronic applications.
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metathesis reaction [24–32]. Such copolymers attracted
significant attention due to the strong self-assembly in-
duced by p�p interactions and exhibited quite different
ordered morphologies in comparison with the reported
rod–coil block copolymers [9–21].

Polythiophene is one of the most widely explored poly-
mers in the optoelectronic devices, especially in transistor
and photovoltaic applications [33,34], because of the excel-
lent charge-transporting mobility and highly regioregular
structure. Several all-conjugated thiophene-based poly-
mers have been reported recently [28–32]. MuCullough first
reported the synthesis of poly(3-hexylthiopehene)(P3HT)-
block-poly(3-dodecylthiophene) by the sequential addition
of different monomers [28]. Soon after, Yokozawa and
coworkers prepared an amphiphilic P3HT-block-poly(3-
methoxyethoxyethoxylmethylthiophene) by the similar
approach [29]. Recently, Hashimoto and his coworkers dis-
covered that the poly[3-(2-ethylhexyl)thiophene] (P3EHT)
segment in P3HT-b-P3EHT could promote the self-orga-
nized P3HT domains in the film state and showed a higher
crystalline absorption intensity than a P3HT homopolymer
[30]. The nanowire morphology of crystalline-crystalline
conjugated diblock copolymer of P3HT-block-poly(3-octyl-
thiophene) was developed with the aim of a photovoltaic
cell application recently [32]. One of us also prepared
alternative well-controlled block copolythiophenes, P3HT-
block-poly(3-phenoxymethylthiophene) (P3HT-b-P3PT,
Chart 1), with a nanofiber-like morphology [31]. Although
the all-conjugated copolymers were successfully synthe-
sized, the studies on the morphology and optoelectronic de-
vice characteristics are still quite limited. The nano-scaled
morphologies of P3HT-b-P3PT could play an important role
in the charge transport and optoelectronic properties.

In this study, the morphology and device characteristics
of P3HT-b-P3PT are reported, including field-effect
transistor (FET) and photovoltaic cell (PV). The polymer
surface structures were explored through different solvent
mixtures of chloroform (CHCl3) and dichlorobenzene
(DCB). The optical absorption, FET, and PV characteristics
were correlated with their surface structures. This present
S S

O

n m

n = 150, m = 27

Chart 1. Polymer structure of the studied diblock copolythiophene,
P3HT-b-P3PT.
study provided a new insight into the morphology and de-
vice characteristics of all conjugated block copolymers.
2. Experimental part

2.1. Materials

The monomer of 2,5-dibromo-3-phenoxymethylthioph-
ene and the block copolythiophene of P3HT-b-P3PT, were
prepared according to our previous report [31]. Ultra-
anhydrous solvents and common organic solvents were
purchased from Tedia, Merck, and J.T. Baker. Octadecyltri-
chlorosilane (ODTS) used as self-assembled monolayer
(SAM) on the gate dielectric surface was purchased from
Aldrich. P3HT (Mn: 17,730, regioregularity: 98.5%) and
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) were
obtained from Rieke-Metal and Nano-C, respectively. All
reagents were used as received.

2.2. Polymer structure of P3HT-b-P3PT

The molecular weights of different blocks in P3HT-
b-P3PT were well-controlled through the feed ratio of the
monomers and the initiator, according to our previous
report [31]. The number average molecular weight (Mn)
of the studied P3HT-b-P3PT estimated from GPC was
around 30,100, with polydispersity index of 1.17. The de-
gree of polymerization of P3HT and P3PT segments esti-
mated from the 1H NMR spectrum, appended in Fig. S1,
were 150 and 27, respectively. The regioregularity of
P3HT-b-P3PT was found to be 98% (P3HT block) and 69%
(P3PT block), respectively, estimated from the 1H NMR
spectrum by comparing the signal intensities of the meth-
ylene protons next to the thiophene ring.
3. Characterization

UV–Vis absorption spectra of the spin-coated polymer
films on quartz substrates were recorded on a Hitachi U-
4100 spectrophotometer. For these thin film spectra, poly-
mer solutions (ca. 10 mg/ml) were filtered through syringe
filters with PTFE membrane (0.45 lm pore size), then spin-
coated at a speed rate of 450 rpm for 60 s onto the quartz
substrate, and annealed for 10 min under nitrogen. Cyclic
voltammetry (CV) was conducted with the use of a three-
electrode cell in which ITO (polymer film area about
0.5 � 0.7 cm2) was used as a working electrode. A platinum
wire was used as an auxiliary electrode. All cell potentials
were taken with the use of a homemade Ag/AgCl, KCl (sat.)
reference electrode. The energy level of HOMO was deter-
mined from the onset oxidation (Eox

onset) based on the refer-
ence energy level of ferrocence (4.8 V below the vacuum
level) according to the following relation : HOMO =
�e(Eox

onset � E1=2
ferrocene + 4.8) (eV). The LUMO level was calcu-

lated from the HOMO and the value of optical band gap
according to the relation: LUMO = HOMO + Eopt

g (eV)
[35,36]. The thickness of the prepared polymer films was
measured with an Alpha-step 500 surface profiler (TEN-
COR). Atomic force micrographs (AFM) of polymer films
on a device surface were obtained with a Nanoscope 3D
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Controller AFM (Digital Instruments, Santa Barbara, CA)
operated in a tapping mode at room temperature. Com-
mercial silicon cantilevers (Nanosensors, Germany) with
typical force constants (5–37 Nm�1) was used and the
images were taken continuously with the scan rate of
0.8 Hz.

3.1. Fabrication and characterization of polymer field-effect
transistor

A polymer field-effect transistor was fabricated through
the bottom-contact and bottom-gate geometry. A ther-
mally grown 200 nm thickness of SiO2 was used as the gate
dielectric with a capacitance of 17 nF/cm2. The source/
drain regions were defined by a 130 nm thickness of Au
through a shadow mask, and the channel length (L) and
width (W) were 25 and 500 lm, respectively. Before gild-
ing the devices, the clean substrates were immersed in
anhydrous ODTS toluene solution and left to form a self-
assembled monolayer for 6 h at room temperature under
nitrogen. In the following, the ODTS-treated substrate
was taken out from the solution, rinsed with toluene for
several times, and baked at 100 �C for 30 min under ambi-
ent air. The ODTS-modified substrate was kept in a dry box
before use. A polymer solution (5 mg/ml) in CHCl3, DCB, or
mix-solvents was first filtered through 0.45 lm syringe fil-
ters, spin-coated at a speed rate of 1000 rpm for 60 s onto
the ODTS-modified substrate, and then annealed at 150 �C
for 1 h under nitrogen. Output and transfer characteristics
of the transistor devices were performed using a Keithley
4200 semiconductor parametric analyzer. All the electronic
measurements were conducted at ambient atmosphere.

3.2. Fabrication and characterization of polymer photovoltaic
cells

The bulk-heterojunction photovoltaic cell was fabri-
cated through the following preparation procedures: The
glass–indium tin oxide (ITO) substrate (obtained from Sa-
nyo, Japan (8 X/h)) was first patterned by lithograph, then
cleaned with detergent, and ultrasonicated in acetone and
isopropyl alcohol, and subsequently dried on a hot plate at
120 �C for 5 min, and finally treated with oxygen plasma
for 5 min. Poly(3,4-ethylenedioxy-thiophene):poly(sty-
rene-sulfonate) (PEDOT:PSS, Baytron P VP AI4083) was
passed through a 0.45 lm filter and then spin-coated at
3000 rpm on ITO in air and dried at 150 �C for 30 min in-
side the glove box. The thickness of the prepared PED-
OT:PSS film was around 30 nm. The polymer/PCBM blend
was prepared by dissolving them together in CHCl3, DCB,
or mix-solvents followed by spin-coating on the top of
the PEDOT:PSS layer. The device was then annealed at
150 �C or 240 �C for 10 min in glove box. Subsequently,
the device was coated with a 30 nm thickness of Ca and
a 100 nm thickness of Al by thermal evaporation under
high vacuum (<10�6 torr), respectively. The active area of
the device is 4 mm2.

The current–voltage (J–V) measurement of the polymer
photovoltaic cell was conducted by a computer-controlled
Keithley 2400 source measurement unit (SMU) with a Pec-
cell solar simulator under the illumination of AM 1.5 G,
100 mW/cm2. The illumination intensity was calibrated
by a standard Si photodiode detector with KG-5 filter.
4. Result and discussion

4.1. Optical and electrochemical properties

Fig. 1(a, left) shows the UV–Vis absorption spectra of
P3HT-b-P3PT and P3HT films cast from either CHCl3 or
DCB and annealed at 150 �C for 10 min under nitrogen.
The absorption maximum (kmax) of P3HT-b-P3PT prepared
from DCB is around 554 nm with a shoulder peak around
604 nm while that from CHCl3 is around 516 nm without
a clear shoulder peak. The much higher kmax of P3HT-b-
P3PT processed from DCB than that from CHCl3 suggests
that the stronger p�p interchain interaction in the former.
In comparison, the kmax of pristine P3HT prepared from
DCB is around 558 nm with a shoulder peak around
605 nm. The shoulder peak around 605 nm is generally as-
signed to the crystalline structure, resulting from strong
intermolecular interaction [30–32]. The weight fraction of
P3HT to P3PT in P3HT-b-P3PT is around 83%. Thus, the
slightly higher intensity of the shoulder peak in the pris-
tine P3HT of Fig. 1(a, left) than that of P3HT-b-P3PT is as
expected since P3PT is an amorphous segment from our
previous study [31]. In contrast, an opposite behavior
was observed after annealing at 240 �C, which is above
the melting point of P3HT as shown in Fig. 1(a, right).
P3HT-b-P3PT could still maintain a more intense peak
around 605 nm than pristine P3HT exhibiting a significant
reduction of the crystalline peak It supports that the intro-
duction of P3PT segments probably enhances the stability
of the self-organized crystalline structure of P3HT
segments.

The AFM images of the prepared polymer films on
quartz could further provide a detailed characterization
on the polymer surface structure. The amorphous-rich
polymer domain structure of the film cast from CHCl3

shown in Fig. 1b provides another evidence for the unclear
shoulder peak of P3HT-b-P3PT in the optical absorption in
Fig. 1(a, left). The volatile CHCl3 solvent is rapidly evapo-
rated during spin-coating and thus limits the crystalline
structure formation of P3HT-b-P3PT. However, the P3HT-
b-P3PT film cast from DCB followed by annealing at
150 �C shows elongated fiber-like structure (Fig. 1b), which
is almost identical to the fiber structure of pristine P3HT as
shown in Figure S2. It suggests the importance of the less
volatile cast solvent for the formation of crystalline
domains in conjugated polymer. The polymer domain
structure changes from the fiber-like to the worm-like
after annealing at the elevated temperature of 240 �C,
which is correlated with the slightly weaken intensity of
the shoulder peak around 605 nm in UV–Vis absorption
compared to that annealed at 150 �C (Fig. 1(a, right)).

Fig. 2 shows the cyclic voltammagram (CV) of the P3HT-
b-P3PT film in acetonitrile at a potential scanning rate of
0.1 V s�1. The onset oxidation (Eox

onset) and the estimated
HOMO energy level are 0.55 V and �4.91 eV, respectively.
The calculated optical band gap (Eopt

g ) of P3HT-b-P3PT from
the absorption spectrum (DCB) is about 1.91 eV. Hence, the



Fig. 1. (a) UV–Vis absorption spectra of P3HT on quartz processed from DCB and P3HT-b-P3PT (Diblock) film on quartz processed from CHCl3, CHCl3/DCB
(ratio = 1:1), or DCB. The insert is the variation of UV–Vis absorption spectra of P3HT-b-P3PT film processed from DCB (annealed at 150 and 250 �C) and the
P3HT film (annealed at 250 �C). (b) Their corresponding AFM phase images (scale: 1.5 lm � 1.5 lm) on quartz.
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LUMO energy level estimated from the difference between
the Eopt

g and HOMO energy level is �3.00 eV. The Eopt
g ,

HOMO, and LUMO of P3HT-b-P3PT are almost identical to
those of regioregular P3HT (1.9, �5.1, and �3.2 eV, respec-
tively) reported in the literature [37], but unlike some
random polythiophene derivatives reported in the litera-
tures [33].
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Fig. 2. Cyclic voltammogram of P3HT-b-P3PT thin film on ITO glass at a
scanning rate of 0.1 V s�1 in 0.1 M TBAPF6 solution.
4.2. Thin film transistor characteristics

The charge-transporting mobility of P3HT-b-P3PT was
explored by the bottom-contact and bottom-gate field-ef-
fect transistor devices. Figs. 3 and 4 show the transfer
and output characteristic curves of the P3HT-b-P3PT films
on the ODTS-modified SiO2 processed from different sol-
vents of CHCl3, CHCl3/DCB (1:1 ratio), and DCB. As shown
in the figures, P3HT-b-P3PT exhibits typical p-channel out-
put characteristics (source–drain current (Id) versus drain
voltage (Vd) at different gate voltages (Vg)) when operated
in the accumulation mode. In the saturation region
(Vd > Vg � Vt), Id can be described by Eq. (1) [38]:

Id ¼
WColh

2L
ðVg � V tÞ2 ð1Þ

where lh is the field-effect hole mobility, W is the channel
width, L is the channel length, Co is the capacitance per unit
area of the gate dielectric layer (SiO2, 200 nm, Co = 17
nF/cm2), and Vt is the threshold voltage, respectively. The
saturation region field-effect mobility of the studied
copolymer was thus calculated from the transfer charac-
teristics of the FETs involving plotting (Id)1/2 versus Vg.
The estimated hole mobilities of P3HT-b-P3PT from differ-
ent solvents are listed as below: �6.0 � 10�3 (CHCl3),
�8.0 � 10�3 (CHCl3/DCB = 1/1), and 2.0 � 10�2 (DCB). The
Ion/Ioff ratios of the studied TFT devices are around



Fig. 3. Transfer characteristics of P3HT-b-P3PT device, in different
processed solvents, with an ODTS-modified surface and anneal at
150 �C, where Vds = �100 V.
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2.1–5.5 � 104 and Vt of �3.0 to �6.0 V, as summarized in
Table 1. It suggests that the hole mobility increases by
increasing the DCB content in the processing solvent. As
discussed in the optical absorption spectra, the P3HT-b-
P3PT processed from a CHCl3 solution is largely amorphous
while that from a DCB solution is mostly crystalline. It
probably explains the above trend on the hole mobility
with the processing solvent.

The surface structure of the P3HT-b-P3PT processed
from different solvents may provide another insight to
the above hole mobility. Fig. 5 shows the AFM images of
P3HT-b-P3PT film on the ODTS-modified silicon surface
processed from different solvents of CHCl3, CHCl3/DCB
(1:1 ratio), and DCB. As shown in the figure, a continuous
roundish phase is observed in the polymer film processed
from the CHCl3 or CHCl3/DCB solution, but a web-like silk
phase is exhibited in that processed from the DCB solution.
Interestingly, the domain size of the roundish phase in
polymer film decreases from 80 nm (CHCl3) to 40 nm
(CHCl3/DCB). The various surface structures are probably
resulted from the different volatility of CHCl3 and DCB
and the miscibility between the processed solvents and
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Fig. 4. Output characteristics of P3HT-b-P3PT device p
polymer blocks. Apparently, the less volatile DCB could
provide enough time to rearrange the polymer chains,
forming the web-like structure. Such ordered structure is
similar to the pristine P3HT nanostructure with the charac-
teristics of planar p-stacked chains, an elongated domain,
and less grain boundary as compared to the roundish
structure [39], which enhances to stabilize the p-channel
and allow higher hole mobility. The obtained hole mobility
of P3HT-b-P3PT is similar to that of the commercial P3HT
(around �2.0 � 10�2 cm2 V�1 S�1 with an on/off ratio of
�2.00 � 104 and Vth of �5 to 5 V under the same prepara-
tion condition and device structure) and comparable to the
values reported in the literature [40–42], despite the exis-
tence of 17 wt.% of the amorphous P3PT. The above results
indicate that the all conjugated block copolythiophene,
P3HT-b-P3PT, could have a tunable hole mobility through
the processing solvent.

4.3. Photovoltaic cell characteristics

The BHJ solar cells based on the studied copolymer
P3HT-b-P3PT were fabricated with a sandwich structure
of ITO/PEDOT:PSS (30 nm)/polymer:PCBM/Ca (30 nm)/Al
(100 nm). The J–V characteristics and the related parame-
ter of polymer solar cells prepared from the blends of poly-
mer:PCBM (1:0.5–1:2, w/w) are shown in Fig. 6 and
summarized in Table 1. The P3HT-b-P3PT:PCBM film in
the device was also processed from three different solvent
systems of CHCl3, CHCl3/DCB (1:1 ratio), and DCB in order
to investigate the relationship between morphology and
solar cell performance [43].

As listed in Table 1, in the case of polymer:PCBM (1:1,
w/w), the photovoltaic properties of the devices fabricated
from CHCl3 and CHCl3/DCB (1:1 ratio) reveal the smaller
short-circuit current (Jsc) and fill factor (FF) than the DCB
fabricated devices. The power conversion efficiencies
(PCE) of the photovoltaic cells are 1.88%, 2.13%, and
2.60%, for the cast solvents of CHCl3, CHCl3/DCB (1:1 ratio),
and DCB, respectively. The poorer performance of the for-
mer two is significantly influenced by the surface structure
besides the hole mobility trend discussed above. As seen
from the Fig. 7a, the domain of the polymer:PCBM (1:1)
blend film onto the device processed from CHCl3 or
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Table 1
Transistor and photovoltaic characteristics of P3HT-b-P3PT.

Polymer TFT – pristine polymer Solar Cell - Polymer/PCBM

Processing Solvent Mobility On/Off Vth Conditionsb,d Jsc Voc FF PCEc

(cm2 V�1 S�1) (–) (V) (mA/cm2) (V) (%) (%)

P3HT-b-P3PT CHCl3 �6.0 � 10�3 �2.1 � 104 �3 to �4 CHCl3 (1:1) 7.04 0.65 0.41 1.88
CHCl3/DCB.(1:1) 7.26 0.64 0.46 2.13

Mix-Sol.a �8.0 � 10�3 �3.5 � 104 �4 to �5 DCB (1:0.5) 7.97 0.35 0.36 1.03
DCB (1:0.7) 8.16 0.62 0.56 2.80

DCB �2.0 � 10�2 �5.5 � 104 �5 to �6 DCB (1:1) 7.75 0.60 0.56 2.60
DCB (1:2) 3.10 0.59 0.52 0.95

a Mix-Sol.:CHCl3/DCB = 1:1.
b All devices are annealed at 150 �C for 10 min.
c The average value of power conversion efficiency is calculated from 4 pixels in the device.
d The ratio in bracket is the weight ratio of polymer to PCBM.

Fig. 5. Height (top) and phase (bottom) AFM images of the P3HT-b-P3PT films, in different processing solvents of (a) CHCl3, (b) CHCl3/DCB = 1:1, and (c)
DCB, on ODTS-modified SiO2 surface (The image sizes are 1.5 lm � 1.5 lm and the RMS is root mean square roughness.).
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CHCl3/DCB solution is composed of island-like structures
and shows large phase separation, which causes the drop
in Jsc and FF. In a sharp contrast, the DCB fabricated devices
retain the orderly elongated fiber-like structure induced by
P3HT-b-P3PT, except for the case of blend ratio, poly-
mer:PCBM (1:2), as shown in Fig. 7b. The discrepancy in
surface morphology is undoubtedly resulted from the pro-
cessing solvents. DCB could provide sufficient time for the
polymer to form ordered structures, then filled with PCBM,
and therefore form a better microphase-separation. Be-
sides, the P3PT segment is supposed to preferably dissolve
PCBM due to the better miscibility than the crystalline
P3HT segment when PCBM packs the fiber-like domain.
Different ratios of PCBM/P3HT-b-P3PT from 0.5 to 2.0 were
investigated to address the effect on the polymer structure
and PCE. Fig. 7b presents the phase images of these blend
films, whose RMS are all around 1 nm. All blend films,
PCBM/P3HT-b-P3PT, with the ratio under 1.0 preserve the
order structure observed in pristine P3HT-b-P3PT. Among
them, the polymer/PCBM (1:0.7, w/w) shows the
best PCE of 2.80% higher than 2.60% of polymer/PCBM
(1:1, w/w). The 17% amorphous P3PT probably affects the
polymer surface structure and thus the optimal blend ratio
is 1:0.7, which corresponds to the weight ratio of P3HT in
the block to PCBM (1:0.84). As the PCBM ratio increase to
1:2, the dark region corresponding to PCBM-rich domains
become larger and more aggregated than the other blend
ratios, suggesting that the order domain formed by
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Fig. 7. (a) Height (left), phase (right), and its 3D images (bottom) of the P3HT-
image sizes are all 5 lm � 5 lm and the Z range is 30 nm and 60�; (b) phase imag
image sizes are all 1 lm � 1 lm and the Z range is 10�.
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P3HT-b-P3PT was destroyed at the high blend ratio of
PCBM. The Jsc dramatically decreases to 3.10 mA/cm2

at such high PCBM blend ratio. Although the poly-
mer/PCBM (1:0.5, w/w) shows an order domain, the
PV performance is inferior to those from the blend ra-
tios of 1:0.7 and 1:1. It could be ascribed to the
unbalanced carrier transport and thus efficient electron
separation is not obtained. Unfortunately, the highest
PCE (2.80%) based the studied P3HT-b-P3PT/PCBM
blend system is still lower than that (3.04%) of the
commercial P3HT/PCBM (1:0.7, w/w) device under the
same preparation conditions (Jsc: 8.60 mA/cm2, Voc:
0.61 V, and FF: 0.58). It is probably due to the lower
absorption coefficient of the present blend system than
that of P3HT/PCBM, as shown in Fig. 8. However, the
present study did address the manipulation of photo-
physical properties, charge-transporting mobility and
photovoltaic characteristics on such all-conjugated
diblock copolymers.
b-P3PT/PCBM (1:1) blend film cast from CHCl3 and CHCl3/DCB = 1:1. The
es of the P3HT-b-P3PT/ PCBM (1:0.5–1:2.0) blend film cast from DCB. The
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5. Conclusion

We have shown the manipulation on the surface struc-
ture and optoelectronic device applications of all-
conjugated diblock copolythiophene, P3HT-b-P3PT,
through different cast solvent mixtures. The optical
absorption spectra showed the much enhanced intensity
on the crystalline absorption peak from the DCB solution
but not in the case of CHCl3. The AFM images suggested
that highly volatile CHCl3 led to the amorphous-rich struc-
ture, while less volatile DCB resulted in the largely orderly
fiber-like structure of the P3HT-b-P3PT. The FET hole
mobility increased from �6.0 � 10�3, �8.0 � 10�3 to
2.0 � 10�2 cm2 V�1 s�1 as the DCB content in the solvent
mixture was raised. Such difference on the polymer struc-
ture and hole mobility also resulted in the variation on the
power conversion efficiency (PCE) of the photovoltaic cells.
The PCE of P3HT-b-P3PT /PCBM (1:1, w/w) based photovol-
taic cells was 2.60% processed from the DCB solution was
higher than 1.88% using CHCl3. The PCE of polymer/PCBM
was further improved to 2.80% at the 1:0.7 blend ratio of
polymer to PCBM. The present study suggested that the
photophysical properties, charge-transporting mobility
and photovoltaic characteristics of all-conjugated diblock
copolymers could be efficiently tuned by solvent polarity,
block segment characteristic, and blend composition.
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promote efficient exciton dissociation at donor/acceptor
interfaces yet with bicontinuous networks to facilitate
charge collection. The most efficient polymer blend solar
cells utilise blends of a conjugated polymer with a methan-
ofullerene derivate (6,6)-phenyl-C61-butyric acid (PCBM)
[7,8]. The ability of P3HT to form highly ordered, nanocrys-
tal domains in blends with PCBM is cited as one of the rea-
sons for the high efficient of the P3HT/fullerene system
[9,10]. The structure and charge transport properties of
polymer/fullerene blends have been well-studied [11–13],
demonstrating efficient ambipolar charge transport [14]
and the ability to form bicontinuous phases [10]. However,
there are fewer reports in the literature of combined struc-
ture–transport studies of blends of two conjugated poly-
mers [15–17]. Such investigations are of interest not only
from an academic point of view, since polymer/polymer
blends represent a distinct materials class to polymer/fuller-
ene blends, but also from a technological point of view with
all-polymer solar cells having the potential to contribute to
development of organic photovoltaic technology. In particu-
lar, compared to polymer/fullerene blends, the use of two
conjugated polymers in a polymer blend solar cell offers
greater flexibility in materials design. This flexibility allows
for tuning of the electronic properties of the materials
(affecting the optical band gap and open circuit voltage
amongst others [18]) and tailoring of the physical properties
of the blend such as interfaces and phase separation [19].

Recently, we have demonstrated efficient photovoltaic
operation from a blend of poly(3-hexylthiophene) (P3HT)
with the polyfluorene co-polymer poly((9,9-dioctylfluo-
rene)-2,7-diyl-alt-[4,7-bis(3-hexylthien-5-yl)-2,1,3-benzo-
thiadiazole]-20,20 0-diyl) (F8TBT) [20] (see Fig. 1 for chemical
structures and energy level diagram). Power conversion
efficiencies of nearly 2% were demonstrated for this blend,
one of the highest for all-polymer solar cells [4]. The suc-
cessful utilisation of the semicrystalline high-mobility
P3HT in efficient all-polymer solar cells also represents
an important development [20]. Understanding of the
structure of P3HT in blends with F8TBT and its influence
on hole transport is therefore important in furthering the
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Fig. 1. Chemical structures and energy level diagram of F8TBT (R@C6H13)
and P3HT.
development of all-polymer solar cells. To this end, here
we report a joint time-of-flight charge transport and
X-ray diffraction study of P3HT/F8TBT blends.
2. Materials and methods

2.1. Materials, sample preparation and device fabrication

Regioregular P3HT was supplied by Merck with a molec-
ular weight (Mw) of 52 kg mol�1, polydispersity of 2.0 and a
regioregularity of 95.6%. Regiorandom P3HT was supplied
by Rieke Metals with a molecular weight of 90 kg mol�1

and polydispersity of 2.4. F8TBT and was supplied by Cam-
bridge Display Technology Ltd. with molecular weight of
54 kg mol�1 and polydispersity of 2.4. The glass transition
temperature of F8TBT is �360–370 K [21]. Films for both
time-of-flight and X-ray diffraction studies were prepared
at the same time from the same solutions, by dissolving
in anhydrous chloroform at 80 mg mL�1 and spin-coating
in a nitrogen glovebox. Rotation speed was varied to obtain
approximately the same film thickness. In particular, regio-
regular P3HT films were spin-coated at 1000 rpm to give a
film thickness of 1.6 ± 0.2 lm, regiorandom P3HT films
were spin-coated at 1000 rpm to give a film thickness of
1.8 ± 0.2 lm and F8TBT films were spin-coated at
2000 rpm to give a film thickness of 1.4 ± 0.1 lm. Blend
films of regioregular P3HT and F8TBT were prepared by
mixing equal volumes of 80 mg mL�1 P3HT and F8TBT solu-
tions (1:1 weight ratio) and spin-coating at 1500 rpm to
give a film thickness of 1.4 ± 0.1 lm. All film thicknesses
were measured with a Dektak 6 M surface profilometer.
To avoid unnecessary and repetitive clarification, any refer-
ence to P3HT will henceforth refer to regioregular P3HT un-
less specified. Films were annealed either in the glovebox
on a hotplate for 10 min at temperatures of 373, 413 or
453 K with quenching to room temperature; or in situ in
the X-ray diffractometer (see below). Films for X-ray dif-
fraction study were spin-coated onto cleaned silicon sub-
strates with a 100 nm thermally grown oxide. TOF devices
were fabricated with an ITO/TiO2/P3HT:F8TBT/Au architec-
ture. TiO2 (anatase) acts as a hole-blocking layer and was
deposited by spray pyrolysis as follows. ITO-coated glass
substrates were heated to 743 K and sprayed with the or-
ganic precursor di-iso-propoxy-titanium bis(acetylaceto-
nate) (75 wt% in isopropanol, Aldrich) from ethanol (1:10
volume ratio). After 45 min drying on the hot plate, a thick-
ness of 50 nm of TiO2 was achieved. Au (20 nm) was depos-
ited through vacuum evaporation in a chamber inside the
glovebox at a pressure of 10�6 mbar. Devices were encapsu-
lated in the glovebox before removal and testing.
2.2. Time-of-flight details

Time-of-flight (TOF) measurements were performed
using a Nd:YVO4 Q-switched laser (AOT model YVO-
25QSPX) with 500 ps pulse duration and wavelength of
532 nm near the absorption maximum of all polymers
used [22]. Voltage was supplied by a battery array (9–
72 V) with current recorded using a high speed current
amplifier (Femto DHPCA-100) and an oscilloscope (Agilent
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DSO6052A). Pulse energies of less than 10 nJ/pulse were
used, with the beam defocused to cover the active area of
the device (4.5 mm2). To avoid possible space-charge or
recombination effects, the laser intensity was limited such
that the collected charge was less than 10% of the capacitor
charge. Transit times were estimated from the intersection
of asymptotes fitted to the pre- and post-knee regions on a
log–log plot of current vs. time as is standard for analysis of
dispersive current transients [23]. Due to the high extinc-
tion coefficient of both polymers, the majority of light is
absorbed within the first 100 nm of the film [24]. Mobility
was calculated as l = d/(Ettr) where d is the thickness of the
film, E is the electric field strength and ttr the transit time.
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Fig. 2. (a) Time-of-flight (TOF) hole transients in P3HT/F8TBT blends and
unblended P3HT. Squares represent the unblended P3HT hole transient,
while diamonds represent the as-spun blend film, inverted triangles the
373 K annealed blend, triangles the 413 K annealed blend and circles the
453 K annealed blend. (b) Electric field dependence of the TOF mobility
for as-spun and annealed P3HT/F8TBT blends and unblended P3HT using
the same symbol key as for part (a) Also included are TOF mobilities
measured for regiorandom P3HT (asterisks).
2.3. X-ray diffraction details

X-ray diffraction (XRD) experiments have been per-
formed on a Bruker D8 Discover diffractometer using radi-
ation from a copper sealed tube. On the primary side
polycapillary optics with a divergence of 0.3� and a
0.6 mm slit were used. On the secondary side conventional
slit optics in combination with a graphite monochromator
were mounted in front of a scintillation counter. A domed
heating stage supplied by Anton Paar Ltd. [25] was used as
a protective sample stage as well as for in situ annealing of
samples in vacuo. Annealing in the diffractometer was per-
formed with a ramp of 30 K/min to the anneal temperature
where the temperature was held for 10 min followed by a
slow cooling back to room temperature. One sample of the
blend material was annealed between 373 and 453 K in
subsequent steps of 20 K for 10 min at each temperature.
In a final step the blend sample was annealed at 453 K
for 1 hr. As a reference, one pure P3HT film was annealed
at 413 K and 453 K in subsequent steps as above. All XRD
measurements were performed at room temperature and
in vacuum using a graphite dome to minimize degradation
due to X-ray and UV radiation. Careful alignment of the
sample has been performed in the primary beam to ex-
clude misalignment errors in the experimental results.

The interplanar distances (d-values) were determined
using Bragg’s formula taking the 2h-position of the exper-
imentally observed diffraction peaks. In case of P3HT two
different methods were applied (i) using the single 2h-
position of the 100 reflection and (ii) using all three diffrac-
tion peaks and correcting them towards misalignment er-
rors. No significant difference could be observed between
these two methods. Therefore, the interplanar distances
of the different samples were obtained by using only the
100 diffraction peaks in order to apply the same procedure
also to the blend samples where the higher order peaks
were weaker. Crystal size determination was performed
by using the integral peak width of the individual 100 dif-
fraction peaks by using the Scherrer equation.
3. Results

3.1. Time-of-flight measurements

Fig. 2a presents representative time-of-flight transients
of P3HT/F8TBT blends annealed at different temperatures
compared with that of an unblended P3HT film (unan-
nealed). The transients in Fig. 2a were measured at an elec-
tric field strength of 2.7 � 105 V cm�1 for blends and
2.4 � 105 V cm�1 for the P3HT film. Fig. 2a shows a system-
atic decrease in the transit time with increasing annealing
temperature for the blend films. In particular, the transit
time improves from �5 ms (diamonds) to 100 ls (circles)
when the as-spun film is annealed at 453 K. The transit
for the highest annealing temperature still lags that of
the unblended P3HT, �5 ls (squares). Fig. 2b plots the cal-
culated TOF mobility of blended and unblended films as a
function of electric field strength. The change in transit
time of 5 ms–100 ls corresponds to an increase in TOF
mobility of nearly two orders of magnitude from
�8 � 10�8 to 6 � 10�6 cm2 V�1 s�1. The TOF mobility of
the 453 K annealed blend is still over an order of magni-
tude less than that of the unblended P3HT film that has a
TOF mobility of �2 � 10�4 cm2 V�1 s�1, similar to values
measured previously [23]. Examining the electric-field
dependence of mobility, Fig. 2b, the blends in general exhi-
bit a pronounced negative field dependence, compared to a
relatively flat electric-field dependence of the hole mobil-
ity of unblended P3HT. The observation of a strong nega-
tive electric-field dependence in the blends compared to
the unblended material may be attributed to the higher
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degree of spatial disorder in the blend [26]. For compari-
son, we also present the TOF mobilities measured on
films of regiorandom P3HT (asterisks in Fig. 2b). Despite
having an amorphous film structure, the regiorandom
P3HT film has a time-of-flight mobility only an order of
magnitude lower than that of the regioregular film, and
significantly higher than that of the 453 K annealed
P3HT:F8TBT blend. This demonstrates that the lower
TOF mobilities of the blend compared to the pure P3HT
are related to the film microstructure and not simply
the result of P3HT disorder.

We have also investigated the influence of annealing on
the unblended regioregular P3HT films, Fig. 3, taken at an
electric field strength of 2.4 � 10�5 cm2 V�1 s�1. A system-
atic decrease in transit time is also seen with increasing
annealing temperature, however the change in the TOF
mobility is more modest, increasing from 1.7 � 10�4

cm2 V�1 s�1 for the unannealed film to �3.0 � 10�4 cm2

V�1 s�1 for the 453 K annealed film. Our observation of a
large change in the P3HT hole mobility in the blend with
annealing, but only a modest change in mobility in the
pure P3HT film with annealing, is similar to previous
observations for P3HT blended with the methanofullerene
PCBM [9].
1.69) 
3.2. X-ray diffraction results

Specular X-ray diffraction experiments on the as-spun
P3HT film show well pronounced 100, 200 and 300 diffrac-
tion peaks of the crystalline state without observation of
an amorphous scattering contribution (Fig. 4). Annealing
of the P3HT film at 413 and at 453 K induces an enhance-
ment of the diffraction peaks in intensity together with
peak narrowing. Additionally an increase in the interplanar
distances is observed, consistent with previous observa-
tions [27,28]. We obtain a shift in the d-value from
1.662 nm for the as-prepared sample to 1.667 nm for the
same sample after annealing at 453 K (circles in Fig. 5).
We note that there is a large variation in the reported d-
values of P3HT in the literature [29], but our observations
are consistent with reports on similar molecular weight
materials measured by Yang et al. [30] and Kline et al.
[28]. The F8TBT diffraction pattern shows an amorphous
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Fig. 3. Change in the dynamics of TOF hole transients of unblended P3HT
with annealing.
halo at around 2h = 21� which does not change after
annealing. For the blend, in the as-spun state only the
100 P3HT reflection is observed together with the amor-
phous diffraction feature characteristic of F8TBT with a
possible contribution from disordered P3HT.

Annealing of the blend leads to a more pronounced 100
diffraction peak and the emergence of second and third or-
der peaks. In general we find a larger d-spacing for P3HT in
blends compared to that measured for pure films. Further-
more, with annealing we see a general trend of decreasing
d-spacing with annealing, opposite to the trend observed
for pure P3HT films. Specifically, for blend samples that
were annealed separately in a nitrogen atmosphere at dif-
ferent temperatures, the P3HT d-spacing is observed to de-
crease from 1.677 nm for the as-spun film to 1.668 nm for
the 453 K annealed film (triangles in Fig. 5). For the case of
in situ annealing of the same sample in the X-ray diffrac-
tometer, the d-spacing was observed to remain rather con-
stant up to 453 K (squares in Fig. 5), but extended
annealing at 453 K (for one hour) resulted in a drastic de-
crease of the d-value to 1.673 nm, as indicated by an arrow
in Fig. 5. The differences in the trends for the two blend
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Fig. 5. The upper panel shows changes in the interplanar distances of the
100 plane with annealing for blends and unblended P3HT. The lower
panel shows the effect of annealing on the integral breadth of the 100
reflection as a function of annealing temperature. The right hand axis in
the lower panel displays the corresponding crystallite size calculated
using the Scherrer equation.
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sample sets likely arise from the different annealing
procedures, with the in situ annealed samples gradually
cooled to room temperature rather than quenched. It is
interesting to note that in all cases, with annealing there
appears to be a convergence of the d-spacing to a value
of �1.668 nm.

For all samples, with annealing there is a significant
narrowing of the 100 peak width consistent with an in-
crease in P3HT crystallite size (lower panel in Fig. 5). As
calculated using the Scherrer equation, the mean P3HT
crystallite size in the unblended film increases from
3.7 nm in the as-spun state to 6.2 nm in the sample an-
nealed at 453 K. The crystallite size in the blend increases
from 3.3 nm in the as-spun film, to 3.8 nm with annealing
at 373 K, to 5.0 nm with annealing at 413 K (average of two
samples) and to 6.0 nm with annealing at 453 K, close to
the value for 453 K annealed P3HT. The increase of the
crystal size is slightly larger in case of the blends, which
can be seen from the steeper negative slope of the integral
breadth above 373 K (Fig. 5).
4. Discussion

The experimental results reveal that the 1:1 blends of
P3HT and F8TBT show a phase separation in two compo-
nents with a crystalline part and an amorphous part. With-
in the X-ray diffraction pattern of the as-prepared sample
the presence of a crystalline component is deduced from
the presence of the diffraction peak at a d-value of
1.677 nm, while the amorphous part is clearly evident
from the amorphous halo at around 2h = 21�. Since the d-
value of the crystalline part is close to the P3HT value, it
can be attributed to P3HT crystallites. However, this crys-
talline part cannot be formed only from pure P3HT, since
the experimentally observed d-values as well as the rela-
tive intensities between the reflections are noticeably dif-
ferent. These two experimental observations reveal that
the P3HT crystals in the blend are distorted. Since spin-
coating is a non-equilibrium process, the packing of P3HT
in the blend may be affected by solvent molecules or
F8TBT molecules enclosed as impurities in the P3HT crys-
tals. A recent report has also observed an increase in the
d-spacing of the polythiophene poly(2,5-bis(3-tetradecyl-
thiophen-2-yl)thieno[3,2-b]thiophene) (pBTTT) when
blended with PCBM attributed to the intercalation of PCBM
between the side-chains of pBTTT [31]. In contrast, blends
of PCBM with P3HT show no change in the d-spacing of
P3HT [8,32] as the side-chains in P3HT are too dense to al-
low intercalation of the bulky PCBM [31].

Annealing of the polymer blends leads to a gradual ap-
proach of the d-values of the crystalline part of the blend to
that of pure P3HT. Since remaining solvent molecules
within spin-coated films are evaporated at annealing tem-
peratures well below 373 K [33], it can be inferred that the
P3HT crystallites are distorted by the presence of F8TBT
polymer chains. This distortion could be either a direct
incorporation of F8TBT polymer chains into P3HT crystals
or the intermixing of the side-chains from both types of
polymers. With increasing annealing temperature the
two d-values of blend and pure P3HT come closer which
reveals that the influence of F8TBT on P3HT packing
decreases. The increasing crystallite size from 3.3 nm in
the as-prepared state to 6.2 nm in the sample annealed
at 453 K is a clear marker that a major re-arrangement
happens during the annealing process. Such a re-arrange-
ment would allow a reduction in the influence of F8TBT
impurities on the packing of crystalline P3HT, evolving to
a packing comparable to pure P3HT. We conclude that
the final state of the blend consists of separated regions
of amorphous F8TBT and crystalline P3HT containing only
a negligible amount of F8TBT molecules as impurities.

We now turn to explain the trends in the TOF data in
terms of the observed microstructure. Curiously, both un-
blended P3HT and P3HT/F8TBT blend films were found to
have similar crystallite sizes as a function of annealing
temperature. Thus the large discrepancy in general be-
tween the TOF mobilities of blended and unblended
P3HT cannot be explained by differences in the size of
P3HT crystallites alone. Similarly, the vast improvement
in the mobility of P3HT/F8TBT films (nearly two orders of
magnitude) cannot be explained in terms of variations in
P3HT crystallite size in annealed blends, as only a modest
change in mobility is observed in unblended P3HT for a
similar change in crystallite size. As discussed in Section
3.1 where we noted the moderate TOF mobility of regio-
random P3HT films, differences in the overall degree of
crystallinity of P3HT also cannot explain the orders of mag-
nitude improvement in hole mobility in the blend with
annealing. We therefore seek to explain the observed
trends in terms of P3HT packing distortions and film mor-
phology as follows.

Firstly from the X-ray diffraction measurements there is
strong evidence for the presence of F8TBT chains in P3HT
crystallites in as-spun and mildly annealed P3HT/F8TBT
films. These F8TBT chains that are incorporated inside
P3HT crystallites represent defects that may act as scatter-
ing or trapping sites for holes, impeding charge transport
[34]. (We note however, that since F8TBT has a deeper
HOMO, 5.37 eV, compared to P3HT, 4.9 eV, F8TBT is unli-
kely to act as a hole trap in itself.) Secondly, the physical
structure of the blend will adversely affect hole transport
particularly if P3HT crystallites are isolated due to an
enclosing F8TBT phase. The observation of a strong nega-
tive electric-field dependence in the blends absent in pris-
tine P3HT supports this assertion, with a negative electric-
field dependence attributed to spatial disorder [26]. While
we are unable to directly determine the crystallite content
from the XRD measurements, recent photophysical studies
estimate the crystallite content of unblended P3HT at
40–50% [35]. Thus in a blend with another polymer the
crystallite content will be further diluted, with crystallite
percolation pathways more likely in annealed films with
larger crystallites than in unannealed films with smaller
crystallites. Similar percolation thresholds have been ob-
served for electron transport in blends of conjugated poly-
mers with fullerene derivatives [14]. Given the amorphous
nature of F8TBT and the propensity of P3HT to form iso-
lated fibrils [13], it is indeed likely that the bulk morphol-
ogy of the film will favour isolated P3HT domains
surrounded by a continuous F8TBT phase, particularly at
low anneal temperatures. Furthermore, the measured
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P3HT crystallite size does not necessarily represent the
P3HT aggregate size, and films annealed at higher temper-
atures (and/or for longer times) will therefore have the
opportunity for P3HT crystallites to move and aggregate.
Fig. 6 schematically presents the proposed structures of
as-spun and annealed P3HT and P3HT/F8TBT films. For
the case of unblended P3HT, annealing serves to increase
the crystallite size, improving charge transport through a
reduction in the number of inter-domain hops. However,
in both unannealed and annealed P3HT films there is rela-
tively good interconnectivity between domains with only a
modest increase in mobility. For the case of uannealed
P3HT/F8TBT, it is proposed that the distorted P3HT crystal-
lites are surrounded by a continuous F8TBT phase that
inhibits inter-domain hops. Hole transport relies either
on inefficient inter-domain hopping possibly mediated by
disordered P3HT chains that may exist as a minority com-
ponent in the F8TBT phase. In contrast, in annealed P3HT/
F8TBT films the crystallites have a chance to aggregate as
they grow establishing interconnected percolation path-
ways. It is this change from isolated to interconnected do-
mains that then accounts for the order of magnitude
increase in hole mobility in the blend with annealing.

These measurements also have implications for under-
stand photovoltaic device performance. It is found that
an annealing temperature of 413 K is required for an opti-
mum photovoltaic performance [22]. The results here
show that at this annealing temperature the film is still
in an intermediate state of phase separation and purity of
P3HT crystallites. Furthermore, the charge transport
mobility of the P3HT phase still lags that of 453 K annealed
a b

c d

 

Fig. 6. Schematic diagram of the proposed structures of P3HT (a and b)
and P3HT/F8TBT blends (c and d). (a) Presents the schematic structure of
unannealed P3HT with smaller crystallite size and (b) the structure of
annealed P3HT (453 K) with larger crystallite size. (c) Shows the proposed
structure of unannealed P3HT/F8TBT with smaller, distorted P3HT
crystals surrounded by an F8TBT matrix. (d) Shows the structure of
annealed P3HT/F8TBT (453 K) with larger, pure P3HT crystallites with
good interconnection.
films that demonstrate inferior device performance [36].
Therefore it appears that it is not bulk charge transport
that is primarily determining the efficiency of P3HT/
F8TBT blends in solar cell devices, but rather the interme-
diate state of phase separation that exists in 413 K an-
nealed films balances the two processes of charge
generation (exciton diffusion and dissociation and donor/
acceptor interfaces [36,37]) and charge separation (separa-
tion of bound electron–hole pairs from the donor/acceptor
interface [38]). Also of interest, particularly for photovol-
taic operation, is the influence of film microstructure and
morphology on electron transport. However, the transport
of electrons in P3HT/F8TBT blends is adversely affected by
trapping effects making the observation of clean TOF tran-
sients difficult [39] and beyond the scope of this study.
Curiously the intercalation of F8TBT chains in P3HT crys-
tallites may represent a microstructural origin for electron
trapping in these blends and further research is planned to
investigate this.
5. Conclusions

We have measured the charge transport properties and
microstructure of P3HT/F8TBT blends. The X-ray diffrac-
tion results reveal that P3HT/F8TBT blends show a phase
separation of the two components with a crystalline part
attributed to P3HT and an amorphous part attributed to
F8TBT. In as-spun and mildly annealed blends, the mea-
sured d-values and relative intensities between the P3HT
reflections are noticeably different to unblended P3HT
indicating an incorporation of F8TBT in P3HT crystallites
that distorts the crystal structure. At higher anneal tem-
peratures the blend d-values approach that of unblended
P3HT suggesting a well separated blend with almost pure
P3HT crystallites. We explain the increase in hole mobility
in the blend with annealing in terms of an increase in the
P3HT crystallite purity and the aggregation of P3HT crys-
tals to form percolation pathways.
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grown by chemical vapor deposition (CVD) found a
SWCNT/pentacene contact resistance as low as 30 kX cm
(VG = �50 V) [18]. However, the CVD method is expensive
and laborious, so solution-phase preparation of CNT films
is more desirable for applications. Solution-processed CNTs
have also been found to make good contact to poly(3,30 0 0-
didodecylquarterthiophene) [19], but it is not clear that
this result could be expanded to pentacene, where contact
resistance in bottom-contacted devices is more problem-
atic. Here, we demonstrate transparent films of commer-
cially-available SWCNTs produced by airbrushing from
aqueous solution as electrodes for pentacene and poly-3-
hexylthiophene (P3HT) thin-film transistors (TFTs). Air-
brushing CNT thin films is an additive process that allows
quick, large area patterning over any substrate and is com-
patible with ink-jet printing. CNT films deposited by spray-
ing have been found to be rougher but exhibit similar sheet
resistance for a given transparency as most other methods
[14]. The channel-length-dependent output characteristics
of the SWCNT-contacted TFTs on SiO2/Si substrates are
used to extract the mobility l (0.093 cm2/Vs for pentacene,
0.014 cm2/Vs for P3HT) and contact resistivity. In the case
of pentacene, we demonstrate that solution-processed
SWCNT bottom-contact electrodes make moderately low-
resistance (as low as 30 kX cm) contacts, which extends
previous results for pentacene contacted by CVD-grown
SWCNTs [20] to this much more easily processed material.
For P3HT, we verify low contact resistance (<50 kX cm)
bottom-contact to solution-processed SWCNTs, similar to
previous results for poly(3,30 0 0-didodecylquarterthiophene)
[19]. We also demonstrate the use of solution-processed
films of SWCNTs as source, drain, and gate electrodes to
fabricate flexible, transparent SWCNT-contacted pentacene
TFTs on plastic polyethylene terepthalate (PET) substrates.
Fig. 1. The percent transparency at a wavelength of 550 nm vs. sheet
resistance of airbrushed carbon nanotube films and fit using Eq. (1).
2. Materials and methods

SWCNT films were prepared as follows. A dispersion of
1 mg/mL SWCNTs (‘‘P3”, carbon solutions) in 1% by wt. so-
dium dodecyl sulfate (SDS) and water was exfoliated by
sonication for 90 min followed by differential centrifuga-
tion at 12,000 rpm for one hour to remove carbonaceous
impurities [4]. The top 2/3 of the supernatant was ex-
tracted and used as the airbrush feedstock. The source/
drain (S/D) electrodes of the test devices were made by
using an airbrush (Aztek A470 airbrush kit) to deposit a
30–40 nm thick film onto a 500 nm-SiO2/n++–Si platform
at a temperature of 165 �C. The deposited films are then
soaked in water for one hour to remove surfactant, and
dried with a N2 gun. The SWCNT film was patterned using
photolithography and O2 reactive ion etching. In order to
determine the organic–SWCNT contact resistance, a set of
devices of varying gate length L from 3 to 1262 lm was
fabricated; the channel width W is 1.6–2.0 mm. The optical
transparency of the carbon nanotube thin-film T was ob-
tained from the ratio of the measured transparency of
CNT-coated PET, prepared by airbrushing directly onto
PET, to that of the PET substrate prior to nanotube coating.

Pentacene films were deposited onto the prepared elec-
trodes in vacuum (<2 � 10�7 torr) by evaporation through
a shadow mask to form the active area of the TFT. P3HT
transistors were fabricated on the prepared electrodes by
first vapor coating the SiO2 substrate with hexamethyldisi-
lazane and then spin casting P3HT at 1250–2000 rpm from
trichlorobenzene heated to 100 �C at a concentration of
10 mg/mL followed by a vacuum bake at 100 �C for one
hour [21]. The doped Si substrate acts as a back-gate elec-
trode. All electrical characterization was done in a N2

atmosphere in the dark to prevent unintentional doping
during the measurements.

3. Results and discussion

3.1. Carbon nanotube thin films as transparent electrodes

Fig. 1 shows the optical transparency T of the air-
brushed CNT films as a function of film sheet resistance.
The airbrushed films have a sheet resistance as low as
1 kX/sq. for T = 80%, and 5 kX/sq. for T = 90%, compared
with 0.0278 kX/sq. @ 80%T for ITO coated glass [22]. The
method of dispersing SWCNTs and subsequently spraying
them to form a thin-film has been reported by several
groups [12–14]. The T vs. sheet resistance behavior is in
agreement with a model proposed by Hu et al. [23] which
predicts.

%T ¼ 100

1þ 2p
cR�

rac
rdc

� �2 ð1Þ

where Rh is the sheet resistance, rac is the optical conduc-
tivity, rdc is the dc conductivity, and c is the speed of light;
a fit to Eq. (1) is shown in Fig. 1. The only free parameter
used is the ratio of rac to rdc; we find that a ratio of 0.74
+/� 0.03 gives the best fit to the data. This value is slightly
smaller than the value of 1 obtained by Hu et al. [23].

3.2. Pentacene and P3HT transistors with carbon nanotube
electrodes

Scanning electron microscopy was performed on the
pentacene/SWCNT TFTs after electrical measurement of



1558 A. Southard et al. / Organic Electronics 10 (2009) 1556–1561
the transistors. Parts of one of the pentacene/SWCNT TFT
are shown in Fig. 2a and Fig. 2b (a closeup) illustrating
the morphology of the pentacene layer on both the bare
SiO2 as well as the CNT film. The pentacene on the bare
SiO2 forms �250 nm grains separated by relatively thin
grain boundaries whereas the pentacene on the CNT film
forms a discontinuous film of rod-like grains. The crystal
structure of these grains is unknown at this time and is
the subject of further investigation.

Fig. 3a and b show output characteristics for example
pentacene/SWCNT and P3HT/SWCNT TFTs, respectively.
The resistance R of each device was found as a function
of L and gate voltage VG from the slope of drain current
vs. drain voltage I(VD) for �1 V < VD < 1 V. A threshold volt-
age VT was extracted from the conductance vs. VG plot for
each channel length; this allowed us to compare measure-
ments performed at the same effective gate voltage
V�G ¼ VG � VT, correcting for any possible length-depen-
dent threshold shift [24].

Fig. 4a and b show R vs. L at various values of V�G for the
pentacene/SWCNT and P3HT/SWCNT TFTs respectively. R
vs. L obeys a linear relationship RðL;V�GÞ¼aðV�GÞLþRcðV�GÞ.
The intrinsic field-effect mobility may be found from a
[25]:

lFEðV
�
GÞ ¼

1
WCox

@ða�1Þ
@V�G

: ð2Þ

The contact resistivity is defined to be qc = RcW, where
W is the channel width. For pentacene/SWNCT devices,
qc is finite and gate voltage dependent, saturating at
<30 kX cm for V�G < �40 V. Values for the contact resis-
tance using Au bottom-contacts vary from 20 to
110 kX cm depending on the gate voltage applied, the
work function and conductivity of the injecting electrode,
the temperature of the substrate during deposition and
the thickness of the pentacene layer [26,27]. Au top con-
tacts exhibit contact resistances an order of magnitude
smaller [27]. In our devices, the intrinsic mobility is
0.093 cm2/Vs. On/off current ratios (VD = �60 V,
�60 V 6 VG 6 60 V) were >106. For P3HT/SWCNT devices,
qc is less than 50 kX cm at all gate voltages in the ON state,
higher than control devices fabricated with Au bottom-
Fig. 2. Scanning electron micrographs of parts of one of the CNT/pentacene tran
CNT film deposited on SiO2 (upper right), the pentacene layer deposited on the s
left) and (b) a closeup of the interface between the pentacene on SiO2 and the p
contacts whose qc is 1–10 kX cm [25,28]. Intrinsic field-ef-
fect mobility was as high as 0.014 cm2/Vs. On/Off current
ratios >105 (VD = �60 V, �60 V 6 VG 6 50 V) were obtained
for P3HT/SWCNT devices.

The bottom-contact resistance obtained with Au depos-
ited on a relatively thin Cr or Ti wetting layer as is typically
used to make bottom-contacts is higher than that for Au
top contacts, and shows non-linear I(VD) characteristics,
attributed to the presence of an injection barrier [29] or
disruption of the pentacene morphology at the interface
of the bottom-contacts [30]. Thus our observation that bot-
tom-contact SWCNT electrodes offer slightly lower contact
resistance to pentacene might either be due to narrowing
of the injection barrier due to the high electric field at
the SWCNT ends [31], or by allowing better ordering of
the pentacene on SiO2 at the electrode interface. Given
the close packing of SWCNTs in our thick (30–40 nm)
SWCNT film, and the thick (500 nm) gate dielectric, we
consider electric-field enhancement unlikely. We propose
that SWCNT electrodes allow more favorable growth of
pentacene on the neighboring SiO2 substrate, or that the
morphology of pentacene on the SWCNTs themselves does
not give rise to a significant injection barrier. In the case of
P3HT, SWCNT contacts show a contact resistance similar to
that obtained with Au [25,32,33].
3.3. Demonstration of transparent organic thin-film
transistors

Finally, we show that solution-processed SWCNT elec-
trodes can be used to fabricate an all-carbon transparent,
flexible TFT in which SWCNT films are used as the source,
drain, and gate electrodes, and pentacene as the semicon-
ductor. Cao et al. demonstrated a SWCNT-contacted penta-
cene thin-film transistor (TFT) on a plastic substrate using
SWCNTs grown by chemical vapor deposition (CVD) and
patterned by photolithography [33]. Here, SWCNT gate
electrodes were airbrushed through a shadow mask onto
PET (Dupont TeijinTM Melinex 454/700; thickness 170 �
lm). The SWCNT gate had a sheet resistance of 3.1 kX/sq
and a transparency of >91% that was interpolated from
the sheet resistance vs. transparency fit using Eq. (1).
sistors showing (a) four separate areas: the bare SiO2 (bottom right), the
ame CNT film (upper left), the pentacene layer deposited on SiO2 (bottom
entacene on the CNT film.



Fig. 3. (a) Output characteristics of a carbon nanotube film-contacted pentacene transistor with length L = 20 lm, width W = 1600 lm. (b) Output
characteristics of a poly-3-hexylthiophene thin-film transistor with carbon nanotubes electrodes with length L = 50 lm, width W = 2000 lm.

Fig. 4. (a) Resistance vs. channel length for effective gate voltages VG �
VT = 0–60 V in 10 V steps for carbon nanotube film-contacted pentacene
transistors and (b) carbon nanotubes film-contacted P3HT transistors
with. VG � VT = �26 to �106 in 20 V steps.
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To facilitate probing the CNT layer, a 100 nm Au layer
was deposited onto the four sides of the CNT gate elec-
trode. The dielectric layer was applied in two steps. In
the first step, a 1 lm thick layer of PMMA was spun cast
onto a transfer substrate and printed onto the device sub-
strate at 500 psi and T = 170 �C for three minutes [34]. In
the second step, SWCNT source and drain electrodes (sheet
resistance of 1 kX/sq and T > 78%) were patterned on a
SiO2/Si transfer substrate following the scheme outlined
above, coated with 50 nm of alumina (electron beam evap-
oration at 2 � 10�6 torr) followed by a 1 lm thick spin
coated layer of PMMA and then printed onto the device
substrate. The alumina layer served to minimize the leak-
age current from the source and drain electrodes to the
gate. The capacitance of the resulting gate dielectric is esti-
mated to be 1.33 nF/cm2. Finally, 30 nm thick pentacene
was evaporated through a shadow mask as described ear-
lier to complete the devices. Devices had a channel width
of 97–98 lm and channel length from 37 to 47 lm.

Fig. 5a shows a micrograph of the completed device.
The single cross-shaped CNT film acts as a common gate
for all four transistors. Silver paint was applied to the ends
of two of the gate contacts to facilitate repeated probing of
the CNT film. Fig. 5b shows the output characteristics of
the device. The field-effect mobility obtained for these de-
vices (uncorrected for contact resistance) was as high as
0.06 cm2/Vs with an average of 0.04 cm2/Vs, assuming a
dielectric constant for PMMA of 3.6. As fabricated, the de-
vices exhibited VT > 60 V, so the on/off current ratio could
not be accurately determined. After aging the devices for
several months in an inert environment (<0.1 ppm mois-
ture content) the threshold voltages shifted to between
�10 and �20 V indicating diffusion of dopants out of the
device over time. The on/off current ratios for the aged de-
vices ranged from 103 to 104 (VD = �60 V, �60 V 6 VG 6

60 V), and the saturation mobility values decreased by
10–15%. The low on/off current ratios compared to devices
on SiO2 are likely due to the more than four times lower
gate capacitance as well as possibly charge trapping at



Fig. 5. (a) Optical micrograph of four transparent, flexible carbon
nanotube film-contacted pentacene thin-film transistors (TFTs) on poly-
ethylene terepthalate) (PET) substrate. (b) Output characteristics for one
of the TFTs pictured in (a).
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the pentacene/Al2O3 interface which prevent the off state
from being reached.
4. Conclusion

In conclusion, we have used airbrushed SWCNT films
with sheet resistance below 1 kX/sq at T = 80% as elec-
trodes to make bottom-contact pentacene transistors with
contact resistance as low as 26 kX cm, lower than typically
achievable with Au/Cr bottom-electrodes, and comparable
to results achievable with CVD-grown CNTs. If we assume
that the organic/CNT contact resistance is inversely pro-
portional to mobility [25] even lower contact resistance
should be possible with organic films optimized for higher
mobility. The low contact resistance between the penta-
cene and CNT film is surprising given the significant differ-
ences in morphology observed for pentacene deposited on
SiO2 vs. CNTs (see Fig. 2). Solution-processed SWCNT films
also make bottom-contact electrodes to P3HT with contact
resistance comparable to that of Au. We have also demon-
strated that solution-processed electrodes can be pat-
terned onto a flexible plastic substrate both directly (gate
electrode with transparency >91%) and via transfer print-
ing (source–drain electrode), as components of a Pn TFT
(with >78% transparency) using a relatively transparent
PMMA/Al2O3 dielectric and PET substrate with a transpar-
ency of 80–90%.

Acknowledgements

We are grateful to Dr. D. Hines for guidance in transfer
printing of carbon nanotubes and HMDS coating, Neetal
Jagadeesh for assistance with calibration of the airbrush
used, and Dr. V. Ballorotto for guidance on the spray coat-
ing of carbon nanotubes. This work has been supported by
the Laboratory for Physical Sciences, and the UMD-MRSEC
Shared Equipment Facilities, with infrastructure support
from CNAM and the UMD NanoCenter.

References

[1] H. Sirringhaus, Adv. Mater. 17 (2005) 2411.
[2] S.R. Forrest, Nature 428 (2004) 911.
[3] Y.G. Ha, E.A. You, B.J. Kim, et al., Synth. Met. 153 (2005) 205.
[4] D.H. Zhang, K. Ryu, X.L. Liu, et al., Nano Lett. 6 (2006) 1880.
[5] E. Cantatore, T.C.T. Geuns, G.H. Gelinck, et al., IEEE J. Solid-State

Circuits 42 (2007) 84.
[6] M.C. Hamilton, J. Kanicki, IEEE J. Sel. Top. Quantum Electron. 10

(2004) 840.
[7] Lagemaat Jao van de, M. Barnes Teresa, Rumbles Garry, et al., Appl.

Phys. Lett. 88 (2006) 233503.
[8] A. Bachtold, M.S. Fuhrer, S. Plyasunov, et al., Phys. Rev. Lett. 84

(2000) 6082.
[9] G. Gruner, J. Mater. Chem. 16 (2006) 3533.

[10] Z.C. Wu, Z.H. Chen, X. Du, et al., Science 305 (2004) 1273;
J.M. Bonard, T. Stora, J.P. Salvetat, et al., Adv. Mater. 9 (1997) 827.

[11] M. Kaempgen, G.S. Duesberg, S. Roth, Appl. Surf. Sci 252 (2005) 425;
J.H. Lehman, C. Engtrakul, T. Gennett, et al., Appl. Opt. 44 (2005) 483;
H.Z. Geng, D.S. Lee, K.K. Kim, et al., J. Korean Phys. Soc. 53 (2008) 979.

[12] Y.I. Song, C.M. Yang, D.Y. Kim, et al., J. Colloid Interface Sci. 318
(2008) 365.

[13] H.Z. Geng, K.K. Kim, K. Lee, et al., NANO 2 (2007) 157;
S. Paul, D.W. Kim, Carbon (2009).

[14] M. Jung de Andrade, M. Dias Lima, V. Skakalova, et al., Phys. Status
Solidi (RRL) – Rapid Res. Lett. 1 (2007).

[15] S.F. Pei, J.H. Du, Y. Zeng, et al., Nanotechnology 20 (2009).
[16] P. Fournet, D.F. O’Brien, J.N. Coleman, et al., Synth. Met. 121 (2001)

1683;
S.P. Lee, H. Choi, K.W. Lee, et al., J. Korean Phys. Soc. 48 (2006) 146.

[17] S. Chaudhary, H.W. Lu, A.M. Muller, et al., Nano Lett. 7 (2007) 1973;
M.A. Contreras, T. Barnes, J. van de Lagemaat, et al., J. Phys. Chem. C
111 (2007) 14045.

[18] Chia-Hao Chang, Chao-Hsin Chien, Jung-Yen Yang, Appl. Phys. Lett.
91 (2007) 083502.

[19] Y.Y. Zhang, Y.M. Shi, F.M. Chen, et al., Appl. Phys. Lett. 91 (2007)
223512.

[20] C.H. Chang, C.H. Chien, J.Y. Yang, Appl. Phys. Lett. 91 (2007).
[21] J.F. Chang, B.Q. Sun, D.W. Breiby, et al., Chem. Mater. 16 (2004) 4772.
[22] Y. Xu, J.S. Gao, X.M. Zheng, et al., J. Lumin. 122 (2007) 908.
[23] L. Hu, D.S. Hecht, G. Gruner, Nano Lett. 4 (2004) 2513.
[24] A. Benor, A. Hoppe, V. Wagner, et al., Org. Electron. 8 (2007) 749.
[25] B.H. Hamadani, D. Natelson, Appl. Phys. Lett. 84 (2004) 443.
[26] Vanoni Claudio, Tsujino Soichiro, A. Jung Thomas, Appl. Phys. Lett. 90

(2007) 193119;
Kumaki Daisuke, Umeda Tokiyoshi, Tokito Shizuo, Appl. Phys. Lett.
92 (2008) 013301.

[27] V. Pesavento Paul, P. Puntambekar Kanan, C. Daniel Frisbie, et al., J.
Appl. Phys. 99 (2006) 094504.

[28] B.H. Hamadani, D. Natelson, J. Appl. Phys. 95 (2004) 1227.
[29] N. Koch, A. Kahn, J. Ghijsen, et al., Appl. Phys. Lett. 82 (2003) 70;

P.V. Necliudov, M.S. Shur, D.J. Gundlach, et al., J. Appl. Phys. 88
(2000) 6594;
D. Kumaki, T. Umeda, S. Tokito, Appl. Phys. Lett. 92 (2008).



A. Southard et al. / Organic Electronics 10 (2009) 1556–1561 1561
[30] P. Puntambekar Kanan, V. Pesavento Paul, C. Daniel Frisbie, Appl.
Phys. Lett. 83 (2003) 5539.

[31] P.F. Qi, A. Javey, M. Rolandi, et al., J. Am. Chem. Soc. 126 (2004)
11774.

[32] L. Burgi, T.J. Richards, R.H. Friend, et al., J. Appl. Phys. 94 (2003) 6129.
[33] Cao Qing, Zhu Zheng-Tao, G. Lemaitre Maxime, et al., Appl. Phys.
Lett. 88 (2006) 113511.

[34] D.R. Hines, V.W. Ballarotto, E.D. Williams, et al., J. Appl. Phys. 101
(2007) 024503.



H. Wu et al. / Organic Electronics 10 (2009) 1562–1570 1563
mercial product that has been widely used as a hole inject-
ing and transporting material [8–10] due to its electronic,
optical and film forming properties [11–13]. Significantly,
optical quality PEDOT:PSS thin films can be readily depos-
ited on various substrates by solution processing tech-
niques, such as spin-coating, inkjet printing, and roll-to-
roll printing. [8–16].

Substantial efforts have been dedicated to develop PED-
OT:PSS films with high electrical conductivity. One of the
primary motivations has been that low conductivity leads
to lower PLEDs performance since the average electric filed
across the device is decreased and Joule heating can lead to
a decrease in operational lifetime [15,16]. However, high-
conductivity is necessary when PEDOT:PSS films are used
as the anode itself [15,17,18]. Atop ITO, PEDOT:PSS func-
tions as a buffer layer to remedy electrical shorts and sta-
bilize the work function. Under these conditions it is the
out-of-plane resistance that contributes more significantly
to the device resistance.

In this communication, we demonstrate that low con-
ductivity PEDOT:PSS in combination with a novel high-
conductivity, glycerol-modified PEDOT:PSS layer can be
used to fabricate phosphorescent PLEDs with high lumi-
nous efficiency (LE), power efficiency (PE) and external
quantum efficiency (EQE). This manuscript is organized
as follows. The difference in PLEDs performance as func-
tion of different commercially available PEDOT:PSS formu-
lations are provided first as a baseline measure.
Subsequently, we show that the addition of glycerol as
an additive during the spin-coating step leads to large in-
creases in PEDOT:PSS conductivity. Finally, we integrate
two different PEDOT:PSS layers with different electrical
properties to fabricate PLEDs that displays remarkably im-
proved LE, PE and EQE. These discoveries are anticipated to
enable further improvement of the present efficiency of
PLEDs and may minimize the efficiency gap relative to vac-
uum-deposited small molecular devices.
2. Experimental details

A host–guest system, consisting of poly(vinylcarbazole)
(PVK) blended with 2-(4-biphenylyl)-5-(4-tert-butyl-
phenyl)-1,3,4-oxadiazole (PBD) and green emitting iridium
complex, Iridium tris(2-(4-tolyl)pyridinato-N,C20) (Ir(mp-
py)3), is used as emitting layer. PVK and PBD were pur-
chased from Aldrich and used as received. Ir(mppy)3 was
purchased from America Dyes Sources. The three types of
PEDOT:PSS was purchased from H.C. Starck, Inc.

The fabrication of PLEDs followed well-established pro-
cesses and can be referenced elsewhere [16]. For the prep-
aration of glycerol-modified PEDOT:PSS layer, solution
blending consisting of glycerol (1.0 wt%) dispersed in the
commercially obtained PEDOT8000 solution was dropped
cast at a speed of 2000 rpm on the top of the prepared PED-
OT8000. All dispersion were filtered with 0.45 lm PVDF fil-
ter before spin-coating. It is important to disperse glycerol
by using a high frequency mixer. The obtained PEDOT films
were then dried on a hotplate at 160 �C for 10 min. The
current density–luminance–voltage (J–L–V) characteristic
was measured using a Keithley 236 source-measurement
unit and a calibrated silicon photodiode. The luminance
was calibrated by a spectrophotometer (Photo Research,
Model: SpectraScan PR-705). The external quantum effi-
ciency of device was collected by measuring the total light
output in all directions in an integrating sphere (IS-080,
Labsphere).

The conductivity of PEDOD:PSS film at room tempera-
ture was measured by the two-point probe or four-point
probe method or I–V curve sweeps in dry glove box filled
with N2 gas using a Keithley 2410 source meter. AFM
images were obtained with a Nanoscope IIIa instrument
(Digital Instruments), in the tapping mode. A crystal silicon
tip, with a resonant frequency of 300–350 kHz and a spring
constant of 20–100 N m�1 was used. The scanner was a
10 lm piezo scanner and the scan rate was 1–2 Hz. Off-line
image processing and analysis (grain size, roughness) were
performed using DI off-line software (Veeco Corp).
3. Results and discussion

Three different commercial PEDOT:PSS versions were
used to fabricate phosphorescent PLEDs. The three PED-
OT:PSS versions are (together with their abbreviations in
this manuscript): BAYTRON P (PEDOTP), BAYTRON P AI
4083 (PEDOT4083), and BAYTRON P CH 8000 (PEDOT8000);
their typical electrical conductivity are �1 S cm�1,
�10�3 S cm�1 and �10�5 S cm�1, respectively [19]. The
emitting layer (EML) used throughout the studies contains
70 wt% of poly(vinylcarbazole) (PVK), 29 wt% of 2-(4-bi-
phenylyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD)
and 1 wt% of Iridium tris(2-(4-tolyl)pyridinato-N,C20)
(Ir(mppy)3). Fig. 1a presents the resulting current den-
sity–luminance–bias (J–L–V) characteristics. One observes
that J is dependent on the conductivity of the PEDOT:PSS
layer. The current density of the PEDOT8000 device is con-
trolled by the high resistance of the buffer layer, as a result
the peak luminance of 14369 cd m�2 is obtained at a cur-
rent density of 52 mA cm�2 (see Table 1 for a summary
of relevant device characterization), much lower than that
of the PEDOTP or PEDOT4083 device. However, we note that
this device exhibits better control over the leakage current
in the small voltage region (0–3 V). For example, as shown
in Fig. 1a, the leakage current before turn-on is
�10�5 mA cm�2, at least 2–3 orders of magnitude lower
than those of PEDOTP and PEDOT4083 devices.

The luminous efficiency–current density (LE–PE–J)
characteristics of the PLEDs described above are shown in
Fig. 1b. Foremost, one can observe a peak LE of 86 cd A�1

for the PEDOT8000 device at 0.15 mA cm�2 (6.0 V), which
corresponds to an EQE of 26%. The peak PE (52 lm W�1)
was obtained at 0.030 mA cm�2 (5.1 V). At a high forward
view luminance of 1000 cd m�2, the efficiency slightly de-
creased to 77 cd A�1 (corresponding to an EQE of 23%) and
PE still retained as high as 30 lm W�1. These performance
parameters are superior relative to those observed with
PEDOTP or PEDOT4083 (see Table 1) and are consistent with
the fact that the peak LE and EQE occur in the small current
density region [20]. We also note that the efficiencies are
competitive with, and even exceed, those of vacuum-
deposited OLEDs reported to date [2–5]. In contrast, a peak



Fig. 1. Influence of different types of PEDOT buffer layers on the PLEDs parameters, (a) current density–voltage (J–V) characteristics (filled), luminance–
voltage (L–V) characteristics (open); (b) luminous efficiency–current density (LE–J) characteristics (filled), PE–J characteristics (open); (c) power efficiency–
current density (PE–J) characteristics (open). Circles are for devices with PEDOTP, squares for PEDOT4083, and diamonds for PEDOT8000.
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Table 1
Summary of PLEDs performance as a function of anode buffer layer. Device structure: ITO/PEDOT:PSS/EML/Ba/Al, EML = PVK (70 wt%):PBD (29 wt%):Ir(mppy)3

(1 wt%).

Anode buffer layer Peak LE
(cd A�1)

Peak
EQE
(%)

Peak PE
(lm W�1)

Peak
lumin.
(cd m�2)

Max. current
density
(mA cm�2)

LE@
0.1 mA cm�2

(cd A�1)

LE@
1 mA cm�2

(cd A�1)

LE@
10 mA cm�2

(cd A�1)

LE@
100 mA cm�2

(cd A�1)

PEDOTP 32 9.6 13 4.4 � 104 2.8 � 102 1.5 20 32 26
PEDOT4083 47 14 21 3.0 � 104 2.2 � 102 25 45 45 25
PEDOT8000 86 26 52 1.4 � 104 52 74 86 80 –
P8000 + 1 wt%

glycerol (1:1)
(single layer)

79 24 36 1.6 � 104 65 51 74 58 –

P8000/P8000 + 1 wt%
glycerol (1:1)

76 23 47 2.6 � 104 1.2 � 102 71 74 60 26

P8000/P8000 + 1 wt%
glycerol (1:4)

72 21 39 3.1 � 104 1.9 � 102 63 72 60 27

Fig. 2. J–V characteristics of hole-only device in ITO/different types of
PEDOT/PVK (70 wt%):PBD (29 wt%):Ir(mppy)3 (1 wt%)/Au configuration.
(b) Double logarithmic plot of the data in (a) to show that the J–V
characteristics are consistent with Ohmic law (slope = 1.1 with R = 0.999)
at small bias region and SCLC (slope = 2.1 with R = 0.991) at higher bias
region. Circles are for devices with PEDOTP, squares for PEDOT4083, and
diamonds for PEDOT8000.
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LE of 47 cd A�1 (EQE = 14%) at 4.4 mA cm�2 (8.1 V) and a
peak PE of 21 lm W�1 was observed at 6.9 V for PEDOT4083

device, while a peak LE of 32 cd A�1 (EQE = 9.6%) at
11 mA cm�2 (8.4 V) and a peak PE of 13 lm W�1 at 7.5 V
for the PEDOTP device. At a high forward view luminance
of 1000 cd m�2, LE and PE for the PEDOT4083 and PEDOT8000

device are 44.7 cd A�1, 19 m W�1 and 28 cd A�1,
12 lm W�1, respectively. It is very important to note, the
peak LE, EQE of the PEDOT8000 device are 1.8 times
(=86 cd A�1/47 cd A�1) of that of route PEDOT4083 device
while the peak PE of the PEDOT8000 device is 2.5 times
(=52 lm W�1/21 lm W�1) of that of PEDOT4083 device. Obvi-
ously, the above more significant enhancement in PE for
PEDOT8000 device is due to the combination of improved
LE (Fig. 1b) and reduced power consumption (Fig. 1c).

In order to get insight of the influence of the anode buf-
fer layer on the transport and injection of hole, and the
electrical characteristics of the device, it is necessary to
compare the sole current of hole. Fig. 2a presents J–V char-
acteristics of hole-only devices with the following configu-
ration: ITO/PEDOT:PSS/Emitting layer/Au. It is important to
note that the hole carrier density of the device with PED-
OT8000 is 4–5 orders lower in magnitude than that of the
PEDOTP device and 1–2 orders lower than that of the PED-
OT4083 throughout most of the applied voltage region, indi-
cating effective attenuation of hole flux and an excellent
control over electrical leakage. Given the thickness of each
PEDOT layer (PEDOTP, PEDOT4083, and PEDOT8000) was
50 nm, 40 nm and 80 nm, respectively, and the nominal
resistivity of these three types of PEDOT, the nominal
out-of-plane resistance are 2:9� 10�5 X;1:2� 10�2 X–
1:2� 10�1X; and 4.7–14 X, respectively (the cross section
area the device is 0.17 cm2 for our device). The calculation
suggests that for all types of PEDOT films, their out-of-
plane resistances are actually too small when compared
to the intrinsic resistance of the active layer (usually in or-
der of MX–GX as derived form I–V curve and can be treat
as insulator), also smaller than the sheet resistance of ITO
anode (�20 X), thus can be neglected. Note that the nom-
inal out-of-plane resistances (which is too small to count)
is inconsistent with Fig. 1a because the significant differ-
ence in the J–V characteristics at high voltage region. When
the device is operated at high bias region, where huge
amount of charge carriers are injected from the electrodes,
as a result of the injection, the density of free charge carri-
ers increase accordingly, the conductivity of the active



Table 2
Summary of resistivity measurement of several of PEDOT films and their nominal value.

PEDOT buffer layer PEDOT:PSS
ratio

Measured normal resistivity
(X cm)

Measured lateral resistivity
(X cm)

Nominal resistivity
(X cm)

Normal to lateral
ratio

PEDOTP 1:2.5 (1.3 ± 0.07) � 105 0.66 ± 0.22 1.0 2.0 � 105

PEDOT4083 1:6 (2.9 ± 0.09) � 105 (1.9 ± 0.06) � 103 500–5000 1.6 � 102

PEDOT8000 1:20 (4.3 ± 0.49) � 106 (1.9 ± 0.33) � 105 (1.0–3.0) � 105 22
P8000/P8000 + 1 wt%

glycerol (1:1)
– (1.6 ± 0.54) � 106 (4.9 ± 0.77) � 104 – 33

P8000/P8000 + 1 wt%
glycerol (1:4)

– (1.1 ± 0.23) � 105 (6.2 ± 0.85) � 103 – 1.7 � 102
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layer is significantly enhanced by several orders of magni-
tudes (retain as high as kX to hundreds of X, but still much
higher than that of PEDOT layer). In order to further clarify
the different J–V characteristics at high voltage region, di-
rect measurement on the three types of PEDOT sand-
wiched between ITO and Au metal contact was
performed, revealing that the actual resistance of the buf-
fer layer are (3.7 ± 0.2) X, (6.9 ± 0.2) X, and (202 ± 23) X
for the three types of PEDOT layer in the device, and the
calculated resistivity was summarized in Table 2. High
resistance of the PEDOT 8000 (�(202 ± 23) X, much higher
than the nominal value of 4.7 X) is coherent with the J–V
characteristics at high voltage region shown in Fig. 1a.
On the other hand, our simulation shows that for PH 500
and PEDOT 4083 device, an addition resistance of 200–
400 X (corresponding to the resistance of PEDOT 8000
layer) could shift the J–V characteristics of the device to-
wards higher voltage region, similar to that of PEDOT
8000 (not shown), but had no any influence on the small
bias region due to their MX–GX of resistance, indicating
that the conductivity of PEDOT layer itself only plays minor
role on electrical leakage. The effective attenuation of hole
flux and an excellent control over electrical leakage in the
PEDOT8000 devices can be attributed to a significantly re-
duced absolute injection efficiency [21] will occurred,
which is defined as the ratio of the actual current to the
ideal trap-free, space charge limited current (SCLC), is
responsible for the good control over electrical leakage,
hole flux attenuation and the subsequent enhanced device
performance as a result of more balanced charge injection
and transport [22]. This is also supported by photovoltaic
measurements [6], which show identical built-in poten-
tials (±0.05 V); thus the reduced absolute injection effi-
ciency is realized via reduced injection height can be
ruled out.

Furthermore, as the J–V characteristics of ITO/PEDOTP/
EML/Au device in Fig. 2a is replotted in double logarithmic
form (Fig. 2b), one can see that the J–V characteristics fit
Ohm’s law at small bias and the SCLC model at higher bias
region, which is given by Mott–Gurney equation J ¼ 9

8 le V2

d3 :

[23]. Thus, direct electrical leakage bypassing the EML
from irregularities of the ITO surface can be neglected:
most of the hole flux is injected from the anode into the
EML. One can further conclude that electrical leakage and
hole flux attenuation are not realized by conductivity
changes, but by the contact resistance between isolated
PEDOT segments, which in turn significantly influences
hole mobility and hole density since the conductivity is gi-
ven by r ¼ pql [24]. These conditions result in a reduction
of the absolute injection efficiency.

Despite the improved LE, EQE and PE obtained using
PEDOT8000, the peak J and peak luminance are limited by
the large out-of-plane resistance. In light of these chal-
lenges, we relied on recent reports that show the conduc-
tivity of PEDOT:PSS can be increased by two to three
orders of magnitude if the aqueous dispersion is mixed
with a small amount of additives [14–16,25–35]. Our ap-
proach consists of first spin-coating a thin layer (80 nm)
of PEDOT8000 atop ITO under normal experimental condi-
tions. Subsequently, a second layer of PEDOT8000 was spun
coated after dilution in either 1:1 or 1:4 volume ratios with
a water solution containing 1% glycerol. Partial removal of
the PEDOT:PSS underlayer takes place, and the thicknesses
of the resulting PEDOT:PSS films decreases from 80 nm to
50 nm (1:1), or to 23 nm (1:4). The normal resistivity of
the resulting anode buffer layer film determined using
I–V curve sweeps is (1.6 ± 0.54)�106 X cm, (1.1 ± 0.23)�
105 X cm (Table 2), in other word, the electrical conductiv-
ity of the resulting films were increased by a factor of 1.6
and 39 as compared to the film of PEDOT 8000
(Table 2).

Fig. 3a–c shows the J–L–V, LE–PE–J and PE–V character-
istics of PLEDs with PEDOT8000 and PEDOT8000/PED-
OT8000 + 1 wt% glycerol in either 1:1 or 1:4 ratios.
Comparison of the data shows that peak luminance were
enhanced by 79% to 2.6 � 104 cd m�2 and 113% to
3.1 � 104 cd m�2, respectively, with the new buffer combi-
nation. More importantly, high luminous efficiency (72–
76 cd A�1), high power efficiency (39–47 lm W�1) and high
luminance (�2.5 � 104–3.0 � 104 cd m�2) were realized.
Even at ca. 10 mA cm�2 one observes an efficiency of
60 cd A�1. At a high forward view luminance of 1000
cd m�2, LE and PE for the 1:1 and 1:4 devices are 71 cd A�1,
26 m W�1 and 67 cd A�1, 30 lm W�1, respectively. In addi-
tion, as shown in Fig. 1b and Fig. 3b, as a result of control-
ling the leakage current at small biases, the LE–PE–J
characteristics of the PEDOT8000 device and the glycerol-
modified PEDOT8000 device display a gradual roll-off from
its peak efficiency, which is typically observed at small cur-
rent region (�0.010–1.0 mA cm�2) (Fig. 3b). In contrast,
due poor control over electrical leakage current, the LE–
PE–J characteristics of the PEDOTP and PEDOT4083 devices
adopt a much sharper profile with a much steeper decline
in efficiency (Fig. 1b), with the best efficiencies appearing
between 1 mA cm�2 and 10 mA cm�2. Also, as a result of
more balanced charge carriers in the devices and reduced



Fig. 3. Influence of additive on the PLEDs performance. (a) Current density–voltage (J–V) characteristics (filled) and luminance–voltage (L–V) characteristics
(open); (b) luminous efficiency–current density (LE–J) characteristics (filled) and power efficiency–current density (PE–J) characteristics (open) for the
devices; (c) power efficiency–current density (PE–J) characteristics. Diamonds are for PEDOT8000, upwards triangles for PEDOT8000/PEDOT8000 + 1 wt%
glycerol (=1:1) and downwards triangles for PEDOT8000/PEDOT8000 + 1 wt% glycerol (=1:4).
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power consumption, the PE-V characteristics of the PED-
OT8000 device and the glycerol-modified PEDOT8000 device
display a gradual roll-off from its peak efficiency after
turn-on (4–5 V, Fig. 3c), while the peak PE for the PEDOTP
Fig. 4. The phase image of the PEDOT films with an area of 1um � 1um as obtain
substrates and were dried at 160 �C. Panels (a)–(e) correspond to PEDOTP, PEDOT
PEDOT8000:1 wt% glycerol (1:4), respectively. Panels (h)–(j) correspond to the resp
off-line software (Veeco Corp).
and PEDOT4083 devices appeared at 7–8 V, though PE is in
inverse proportion to bias.

Moreover, as summarized in Table 1, the efficiencies of
the PEDOT8000 device and the glycerol-modified PEDOT8000
ed by tapping mode AFM. All films were obtained via spin-coating on ITO
4083, PEDOT8000, PEDOT8000/PEDOT8000:1 wt% glycerol (1:1) and PEDOT8000/
ective off-line image processing and analysis (grain size), performed by DI
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PLEDs at a series of typical current densities (ca. 0.1, 1.0,
10.0 mA cm�2) are also superior to those of PEDOT4083

and PEDOTP. These data highlight the importance of con-
trolling the leakage current, and demonstrate a novel and
very simple approach to bridge the performance gap be-
tween PLEDs and OLEDs. It is also worth pointing out that
if PEDOT8000:1 wt% glycerol (1:1) is directly spin-coated at
top of ITO, the device performance is limited by its high
resistance, similar to the neat PEDOT8000 devices (Table 1).

Atomic force microscopy (AFM) was used to character-
ize surface morphologies of different PEDOT:PSS films. The
phase images of the AFM studies obtained by tapping
mode are shown in Fig. 4. Consistent with the different
PEDOT:PSS ratios and mean particle/grain size in the three
types of materials, for the PEDOTP film (Fig. 4a) and PED-
OT4083 (Fig. 4b) films, considerable surface roughness and
grain-like features are visible, while a more homogenous
film is observed for PEDOT8000 (Fig. 4c). Phase separation
of PEDOT grains and PSS matrix is observed with glycerol
treatment. For example, for PEDOT8000/PEDOT8000:1 wt%
glycerol (1:1) (Fig. 4d) and PEDOT8000/PEDOT8000:1 wt%
glycerol (1:4) (Fig. 4e), one observes the emergence of lar-
ger grains within a three-dimensional network. These
grains can be more clearly seen in Fig. 4f–j in which off-line
image processing and analysis (grain size) was applied to
the same scans. The observation that incorporation of glyc-
erol leads to increase in granularity is consistent with pre-
viously reports [16,32–34]. The changes have been
interpreted to be due to a decrease of the overall PSS-to-
PEDOT ratio, due to an excess of PSS is washed away upon
rinsing with glycerol, as revealed by X-ray and ultraviolet
photoelectron spectroscopy [14,28,34,36]. In other word,
as a result of excess PSS being washed away and morphol-
ogy change induced by glycerol and the grains merged
[14,32], a three-dimensional network of highly conducting
PEDOT/PSS is formed [28,32,34], thus responsible for the
enhancement of conductivity.

It is worthy pointing out that the conductivity of PED-
OT:PSS film is very anisotropic [35,37–39] due to its un-
ique morphology. Currently, the most common accepted
description of film morphology of PEDOT:PSS is that PED-
OT-rich grains (islands) are surrounded by lamellas formed
by excess PSS [14,28,30,32,37,39]. Thus, the material has a
metallic character in the plane of the film, while it behaves
more like a dielectric in the direction perpendicular to the
plane. Our direct measurement on these films confirm that
lateral and normal conductivities may be different by 2–5
orders of magnitude (Table 2), and are consistent with pre-
viously reported measurement by a source meter in in-
plane/out-of-plane configuration [37] and by conductive
atomic force microscopy [39].

The concept can be applied to other emitting layers.
PLEDs were fabricated containing a typical poly(p-phenyl-
enevinylene) (PPV) derivative, green emitting poly [2-(4-
(30,70-dimethyloctyloxy)-phenyl)-p-phenylenevinylene]
(P-PPV) [6], and the five types of PEDOT:PSS layers. The de-
vice performance observed vary greatly. It was found that
PEDOT8000 and glycerol-modified PEDOT8000 devices have
a peak LE of more than 25 cd A�1 while 18 cd A�1 for the
PEDOT4083 device and 3.5 cd A�1 for the PEDOTP device,
respectively. In contrast, with poly(9,9-di-n-octylfluo-
rene-alt-benzothiadiazole) (F8BT) as the EML, which is a
typical n-type EL polymer, [40] the reverse is observed.
The PEDOT4083 device is more efficient than PEDOT8000

based device, fully consistent with the influence of charge
carrier matchup on the efficiency via hole flux attenuation/
expansion. Again, our results indicate that for most of
PLEDs, in which p-type of organic semiconductor (where
mobility of hole is much higher than that of electron) is
used as active layer, replacement with PEDOT8000 and glyc-
erol-modified PEDOT8000 can lead to significant enhance-
ment in efficiencies, as compared to that of devices with
routine PEDOT:PSS.
4. Conclusions

In summary, we report a new approach for the prepara-
tion of anode buffer layer for efficient PLEDs by using glyc-
erol to modify relative low conductivity PEDOT8000. This
new type of anode buffer layer allows for a 50–60% in-
crease in device performance in terms of luminous effi-
ciency, and external quantum efficiency, while 90–130%
in power efficiency, as compared to devices fabricated
using route PEDOT:PSS with moderate conductivity, with-
out significant loss of peak luminance. Green emitting
phosphorescent PLEDs with this modified anode buffer ex-
hibit very high efficiencies, representing a significant step
forward to matching and exceeding the efficiencies re-
ported to date with vacuum-deposited small molecular de-
vices. We found that this enhancement stems from good
control over leakage and hole flux attenuation in p-type
devices, leading to more balanced charge injection and
transport. Furthermore, modification with glycerol can sig-
nificantly enhance the conductivity of typically low con-
ducting types of PEDOT:PSS by a magnitude of 1–2
orders as a result of the film morphology and structure
change. This modified PEDOT:PSS retains excellent proper-
ties of good control over electrical leakage, while at the
same time it does not cause appreciable potential drop
due to its low serial out-of-plane resistance. We anticipate
that these findings can provide a simple experimental pro-
cedure for improvement of PLEDs.
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Quantum–mechanical calculations based on density-
functional theory (DFT) have been successful in under-
standing the interfacial properties of self-assembled mon-
olayers (SAMs) chemically adsorbed on metal surfaces
[15–18]; however, fewer DFT studies have been reported
on weakly interacting interfacial systems, where the mole-
cules forming the monolayer are physically adsorbed on
the metal surface [19–22]. Previous DFT calculations
[20,21] optimized the pentacene adsorption geometry on
the Au(0 0 1) surface while assuming a flat-lying geometry
of the pentacene molecules with their molecular planes
parallel to the surface.

Here, we report on a DFT study of the interface made of
a pentacene monolayer adsorbed on the Au(1 1 1) surface.
The equilibrium structure and adsorption energy of the
pentacene monolayer, the work-function change of the
Au(1 1 1) surface upon pentacene adsorption, and the en-
ergy level alignment at the interface are calculated and
compared with recent experimental data [3,5,7,10,12–
14]. In addition, the band structures of the pentacene–Au
interface are analyzed in detail to extract the electronic
couplings between the HOMO level of pentacene and the
gold surface and between adjacent pentacene molecules
within the monolayer.
Fig. 1. Side view (a) and top view (b) of the relaxed structure of the
pentacene–Au interface. In (a), the adsorption height z (defined as the
distance between the lowest hydrogen atom of the pentacene molecule
and the average height of the gold atoms in the top layer of the slab,
projected along the lattice c-direction) is equal to 3.13 Å; the tilt angle
between the pentacene molecular plane and the gold surface h, is equal to
37.7�. The surface unit cell is indicated by the red contour in (b). (For
interpretation of the references in colour in this figure legend, the reader
is referred to the web version of this article.)
2. Methodology

We use a repeated-slab approach and model the
Au(1 1 1) surface with a cð

ffiffiffi
3
p
� 6Þ surface unit cell with

lateral unit cell parameters a = 5.11 Å and b = 17.71 Å along
the h11�2i and h1�10i directions. The surface unit cell param-
eters are derived from the optimized bulk gold lattice
parameter without taking into account the Au(1 1 1) sur-
face reconstruction [23–28], as discussed in Ref. [15]. In
the direction perpendicular to the c-axis (h1 1 1i direction)
of the unit cell, a slab consisting of five layers of gold atoms
is used to model the surface, with each layer containing 12
gold atoms (resulting in 60 gold atoms per unit cell). The
gold atoms within the top two layers of the slab are fully
relaxed while the bottom three layers are frozen (see the
lateral view in Fig. 1a). The c lattice parameter of the unit
cell is taken to be 45.28 Å; since the thickness of the re-
laxed gold slab is about 10 Å, this leaves a vacuum gap of
about 35 Å between each repeated gold slab along the c-
direction (which effectively prevents any interactions from
slab to slab).

To model the monolayer coverage, each surface unit
cell of the gold is made to accommodate one pentacene
molecule. Interestingly, the experimental observed sur-
face lattice parameters of the pentacene monolayer on
the gold surface (a = 5.76 Å, b = 15.3 Å, c = 79.1� [10] or
a = 5.7 Å, b = 15.5 Å, c = 84� [12]) are different from those
of the clean gold surface unit cell. However, it would be
very difficult to model two sets of non-commensurate
lattice parameters in a DFT calculation under periodic
boundary conditions; to take into account the lattice
parameters for both the gold surface and the pentacene
monolayer at the same time, a much larger super cell
would need to be adopted, which would be computa-
tionally unpractical. Therefore, in the present study
where the a lattice parameter is taken to be 5.11 Å,
neighboring pentacene molecules are constrained to lay
at a distance ca. 0.6–0.65 Å shorter than the one experi-
mentally observed; this is expected to slightly affect the
optimization of the pentacene adsorption geometry due
to the increased steric hindrance, as we will discuss
below.

As a starting geometry, the pentacene molecules were
positioned 2.48 Å (measured as the distance between the
lowest hydrogen atom of the pentacene molecule and the
average height of the gold atoms in the top layer of the slab,
projected along the lattice c-direction) above the clean
Au(1 1 1) surface, with their molecular long axis parallel to
the surface along one of the diagonals in the surface unit cell
(see the top view in Fig. 1b), and the molecular plane
perpendicular to the Au(1 1 1) substrate. The vacuum gap
between the top atom of the pentacene molecule and the
next gold slab is then larger than 28 Å. All atoms in the penta-
cene molecule and in the top two layers of gold surface slab
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were relaxed using a damped molecular dynamics scheme
until the remaining forces were lesser than 0.03 eV/Å.

The DFT calculations were performed with plane-wave
basis sets with an energy cutoff of 22 Ryd to expand the
Kohn–Sham orbitals of the valence electrons; the projector
augmented-wave (PAW) method [29,30] was used to
describe the core electrons and valence-core interactions.
The generalized gradient approximation (GGA) exchange–
correlation functional of Wang and Perdew [31] was chosen
since it was found earlier to perform better than other
traditional functionals for weakly bonded systems [32].
All calculations were carried out using the VASP code [33].
In all slab calculations (including the Au(1 1 1) surface,
the pentacene–Au interface, and the isolated pentacene
monolayer where the molecules are maintained in their
optimized adsorption geometry), a 8 � 3 � 1 Monkhorst–
Pack k-point grid [34] was used for both geometry optimi-
zations and total energy calculations. A Methfessel–Paxton
occupation scheme [35] with a broadening of 0.2 eV was
employed in all calculations.

To compute the total energy of an isolated pentacene
molecule, a periodically repeated box of 16 � 27 � 17 Å3

was used with the pentacene molecule sitting at the center
of the box. For this large supercell, only the C-point was
used in the geometry optimization and total energy
calculation.

To compensate for the dipole resulting from the consid-
eration of asymmetric slabs, a dipole sheet is introduced in
the middle of the vacuum gap [36]. This procedure allows
one to properly extract the electrostatic potentials on both
sides away from the asymmetric slabs.

For the pentacene–Au interface, as well as for the iso-
lated pentacene monolayer, the electronic coupling for
the highest occupied molecular orbital (HOMO) or lowest
un-occupied molecular orbital (LUMO) between neighbor-
ing pentacene molecules within the monolayer, was esti-
mated from the band dispersion corresponding to each
orbital. The electronic coupling between the pentacene
monolayer and the Au(1 1 1) surface was extracted from
the band-structure calculations by solving the following ei-
gen-function equation based on the tight-binding model:
e1 V12

V12 e2

� �
W ¼ EW ð1Þ
where V12 is the electronic coupling and e1 and e2 denote
the energies of the unperturbed states of the pentacene
monolayer and Au(1 1 1) surface; E is the eigen-value of
the corresponding eigen-state W, which comprises the con-
tributions of both the monolayer and the Au(1 1 1) surface.
Based on the eigen-value E and eigen-state W extracted
from the band-structure calculations, the electronic cou-
pling V12 is obtained by solving Eq. (1). Since the main goal
of our band-structure calculations was to extract the elec-
tronic couplings between neighboring pentacene mole-
cules within a monolayer and between the pentacene
monolayer and the gold surface, the spin polarization and
spin–orbit interactions for the gold atoms were not taken
into account in these calculations.
3. Results and discussion

3.1. Gold surface

The structure of the Au(1 1 1) surface was optimized
first. After full relaxation of the top two layers of gold
atoms in the slab, the work-function of the surface slab
(UAu) was calculated as the energy difference between
the Fermi energy (EF) of the surface and the electrostatic
potential energy (Vvac) of an electron in the vacuum region
at the distance where the potential energy has reached its
asymptotic value. For the cð

ffiffiffi
3
p
� 6Þ surface unit cell used

in our calculation, the work-function is calculated to be
5.25 eV; this value agrees very well with the reported re-
sults of 5.2–5.35 eV from both experimental [37–39] and
computational studies [15,40].
3.2. Pentacene adsorption geometry

Starting from the separately optimized geometries of
the clean gold surface and the isolated pentacene mole-
cule, the pentacene–Au interface system was relaxed from
the starting geometry described above, in the following se-
quence: at first, only the pentacene monolayer was relaxed
while the gold slab remained frozen; then both the penta-
cene monolayer and the top two layers of the gold slab
were relaxed simultaneously.

After geometry optimization, the pentacene molecules
are found to tilt towards the gold surface with a tilt angle
h = 37.7� due to a rotation along the molecular long axis,
which remains parallel to the surface (see Fig. 1a). The
molecular long axis also slightly rotates towards the
b-direction of the lattice with respect to its original direc-
tion along the unit cell diagonal and forms an angle of
about 81� with the a-direction; this value agrees very well
with the c angle (79.1� or 84�) reported from STM experi-
ments [10,12]. The optimized tilt angle of pentacene
(h = 37.7�) is larger than the one measured in NEXAFS
experiments (h = 13�) [14]. This difference can be attrib-
uted to the shorter distance between neighboring penta-
cene molecules along the molecular short axis that we
were forced to consider in our computations, as discussed
in Section 2. In spite of the numerical difference in tilt an-
gle h, it is clear that the pentacene molecules tend to lean
towards the gold surface in the course of the geometry
optimization of the interface, rather than keep the initial
perpendicular orientation of the molecular plane, even
though the steric hindrance can prevent reaching a more
flat configuration.

The perpendicular distance between the lowest hydro-
gen atom of the adsorbed pentacene molecule and the gold
surface (as defined in Section 2) is found to be 3.13 Å,
about 0.4 Å lower than the adsorption height (3.52 Å) pre-
viously calculated for the Au(0 0 1) surface [21]. To further
characterize the sensitivity of the interface to the adsorp-
tion height, the total energy of the pentacene–Au system
was calculated by shifting the pentacene molecule along
the c-direction around the optimized position, while keep-
ing the optimized structures of both pentacene molecules
and gold substrate. The total energy vs. the shift Z is given



Fig. 2. Total energy of the pentacene–Au interface as a function of a shift
of the pentacene molecules along the c-direction (the geometries of the
pentacene molecules and gold slab are kept rigid); Z = 0 corresponds to
the fully optimized situation (we note that the extreme flatness of the
potential energy surface between in the range Z � 0.0–0.4 Å does not
allow for a very accurate determination of the optimal Z distance).
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in Fig. 2. The main result is that the potential energy sur-
face remains very flat for distance Z between �0.2 and
+0.5 Å from the optimized distance. Thus, small fluctua-
tions in pentacene–Au distance can be expected (such
small fluctuations do not change the work-function of
the modified Au(1 1 1) surface to any appreciable extent,
see Section 3.5 below).

3.3. STM image

Based on the optimized structure of the pentacene–Au
interface, the constant-current STM image was simulated
using a tip voltage of �0.6 V and compared with the exper-
imental image reported in Ref. [12], see Fig. 3. The overall
appearance of the simulated STM image is in very good
agreement with experiment. In the simulated STM image,
the angle formed between the molecular long axis and
the a-vector (parallel to the dark zig-zag stripe) is about
81�, which agrees very well with the angle c (84�) measured
Fig. 3. Comparison between: (a) the experimental constant-current STM image a
and (b) the calculated constant-current STM image from EF to (EF �0.6) eV over
in the STM experiment and shown in Fig. 3a [12] (note that
the molecular long axis is taken as lattice vector b in Ref.
[12], which corresponds to a notation different from ours).

3.4. Adsorption energy

The adsorption energy Eads per pentacene molecule is
calculated as:

Eads ¼ EPEN�Au � EMol � EAu ð2Þ

where EPEN–Au is the energy of the pentacene–Au system,
EMol is the energy of an isolated pentacene molecule and
EAu is the energy of the clean Au(1 1 1) slab. The adsorption
energy is calculated to be �0.16 eV, which is ca. 0.1 eV
smaller than the adsorption energy (�0.28 eV) calculated
previously by Lee et al. [20] for a pentacene molecule ad-
sorbed on the Au(0 0 1) surface, using the GGA functional
of Perdew–Burke–Ernzerhof [41]. It was also found by
these authors that the local density approximation (LDA)
tends to overestimate the adsorption energy (�3.2 eV for
pentacene on Au(0 0 1) surface), while a GGA functional
tends to underestimate it. The adsorption energy measured
by temperature-programmed desorption (TPD) experi-
ments is on the order of �1.1 eV [10] for a pentacene
monolayer on the Au(1 1 1) surface. The large discrepancy
between the computational results and experiment is due
to the lack of consideration of dispersion interactions in
the exchange–correlation functional used in the present
DFT approach. This is definitely an issue that warrants fur-
ther improvement.

3.5. Work-function modification

The work-function of the gold surface modified by the
pentacene monolayer was calculated in the same way as
for the clean gold surface; the result is given in the upper
panel of Fig. 4. Upon adsorption of the monolayer, the
work-function of the modified gold surface (UPEN–Au) be-
comes 4.29 eV; this corresponds to a work-function de-
crease of 0.96 eV with respect to the clean Au(1 1 1)
surface (UAu = 5.25 eV). This calculated work-function
t a bias voltage Vs = �0.6 eV from Ref. [12] over an area of 5.6 nm � 5.6 nm;
an area of 7.8 nm � 8.2 nm.



Fig. 4. Electrostatic potentials for the clean Au(1 1 1) surface and the
pentacene–Au interface (upper panel); charge density difference upon
monolayer adsorption and interface dipole (ID) obtained by solving the
Poisson equation (lower panel). The Fermi level is set at zero. The
locations of the gold slab and pentacene molecule are illustrated at the
bottom.
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modification (DU = �0.96 eV) is in excellent agreement
with the value recently reported based on angle-resolved
UPS (ARUPS) experiments, there the work-function change
of the clean gold surface upon adsorption of a pentacene
monolayer was measured to be �0.95 eV [7].

In the course of our previous theoretical work on self-
assembled monolayers chemically bonded on the metal sur-
face [15–18], the work-function change DU of the metal
was decomposed into two largely independent contribu-
tions coming from the bond dipole around the metal–mole-
cule bond and the electrostatic potential energy step (DUvac)
across the monolayer itself. Here, as expected from the non-
polar character of the molecule and near-flatness of the
monolayer over the surface, the contribution to the work-
function change due to the potential energy step across
the isolated pentacene monolayer is very small (0.04 eV).
The potential energy change due to the charge redistribu-
tion within the pentacene–Au interface region (that we
define here as the interface dipole, ID, since no chemical
bond is formed between the pentacene and the gold surface)
can be derived by solving the Poisson equation:

d2VðzÞ
dz2 ¼ � 1

e0
DqðzÞ ð3aÞ

DqðzÞ ¼ qPEN�AuðzÞ � qAuðzÞ � qPENðzÞ ð3bÞ

where V(z) represents the electrostatic potential energy,
e0 the vacuum permittivity, and Dq(z) the averaged sur-
face-charge-density difference over the ab plane; the
three terms on the r.h.s. of Eq. (3b) denote the plane-
averaged surface charge densities for the pentacene–Au
interface system, the clean Au(1 1 1) surface, and the iso-
lated pentacene monolayer (evaluated with the same geo-
metric structure as in the pentacene–Au system),
respectively. The central panel of Fig. 4 shows the charge
difference Dq and induced electrostatic potential energy
V as a function of the distance z taken from the bottom
of the slab. The charge difference Dq changes from
slightly negative to positive upon crossing of the gold sur-
face (near z � 10 Å) and reaches a maximum at z � 11 Å;
it then becomes negative in the space between gold and
pentacene (z � 12 Å), and reaches a minimum at the low-
er edge of the monolayer. This evolution neatly illustrates
the push-back of the gold electron density towards the
surface due to pentacene adsorption, i.e., the so-called pil-
low effect referred to by experimentalists [7]. Corre-
spondingly, the potential energy V(z) (see the lower
panel of Fig. 4) is flat inside the gold slab, then drops
abruptly by 1.0 eV in the region from z � 10–14 Å, and fi-
nally flattens again in the region high above the adsorbed
monolayer. This potential energy change of �1.0 eV is by
far the dominant contribution to the total work-function
change of �0.96 eV, with the potential energy step (DU-
vac) due to the pentacene monolayer providing only a very
small contribution (+0.04 eV). Thus, the total work-func-
tion modification (DU) can be well expressed as the
sum of the vacuum potential energy step (DUvac) and
the interface dipole (ID):

DU ¼ DUvac þ ID ¼ 0:04� 1:00 ¼ �0:96 eV ð4Þ

This result is consistent with the conclusions obtained
from our analysis of chemically bonded SAM-metal sys-
tems [15–18,42].

Since fluctuations of the pentacene–Au distance can be
expected, we also calculated the total work-function mod-
ification DU of the pentacene–Au interface for two adsorp-
tion distances larger by 0.2 and 0.5 Å than the optimized
pentacene–Au distance. The corresponding work-function
modifications were calculated to be �0.95 and �0.89 eV,
respectively, that is 0.01 and 0.07 eV smaller than for the
optimized distance. Such small variations in work-function
modifications are within the usual experimental resolution
of UPS measurements and do not affect our main results
neither qualitatively nor quantitatively.

3.6. Energy level alignments

The energies of the levels corresponding predominantly
to pentacene molecular orbitals (MOs) in the interface sys-
tem can be resolved by projecting the total density of



Fig. 5. (a) Density of states projected onto the pentacene molecule, PDOS (note that the horizontal axis runs from right to left); (b) band-structure of the
pentacene–Au system along the CX (a-axis) and CY (b-axis) directions. The Fermi energy is set at zero. For the sake of clarity, the bands comprising mainly
the contributions from the d-orbitals of the gold atoms in the bulk-like states are removed from the plot.
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states (DOS) into the molecular region. Fig. 5a shows the
DOS projected to all carbon atoms in the pentacene mono-
layer for the pentacene–Au system. Below the Fermi en-
ergy (EF), the projected density of states (PDOS) shows a
broad HOMO band spanning about 0.6 eV, with a tail
extending over EF. The LUMO band is centered at 0.9 eV
above the Fermi energy, and is about 0.2 eV narrower than
the HOMO band. The charge density distributions corre-
sponding to the contributions from both the HOMO level
of the pentacene molecule and the gold surface in the
pentacene–Au interface system are shown in Fig. 6 and
compared to the HOMO and LUMO levels of isolated penta-
cene in Fig. 7.

The ARUPS spectra of a pentacene monolayer on gold
have recently been reported (see Fig. 1d in Ref. [7]). The
calculated occupied PDOS width of 0.6 eV agrees well with
the width of the pentacene HOMO band in Ref. [7]. How-
ever, there is a significant discrepancy in the energy level
alignment between theory and experiment. In the ARUPS
spectra, the onset of the pentacene HOMO band is found
ca. 0.7 eV below the Fermi level of the gold surface. This
discrepancy between the theoretical and experimental re-
sults is related to the lack of many-body correlation effects
in the Kohn–Sham single-particle approximation used in
the current DFT method; as a consequence, the excited-
state energies and surface polarization response are not
adequately treated and the energetic positions of molecu-
lar frontier orbitals with respect to the Fermi energy of
the metal contact cannot be described accurately [43,44].
A further study based on the GW approximation [45] is
currently in progress.
3.7. Pentacene–pentacene in-plane coupling vs. pentacene–
gold coupling

To estimate the electronic coupling of the HOMO and
LUMO levels between neighboring pentacene molecules
within the monolayer, as well as the coupling between
the monolayer and the gold surface, we calculated the band
structures of the pentacene–Au system along the CY (b-
direction of the unit cell) and CX directions (a-direction
of the unit cell) in reciprocal space (see Fig. 5b). Along the
b-direction, since the intermolecular interactions between
rows of pentacene molecules are very weak due to the large
intermolecular distances (see Fig. 1), the two bands corre-
sponding to the HOMO and LUMO levels of the pentacene
monolayer (or highest valence (HV) band and lowest con-
duction (LC) band) are flat along CY. Along the CX direction,
the HV band shows a dispersion of ca. 0.43 eV (starting at
ca. 0.4 eV below EF from C and ending at ca. 0.03 eV above
EF at X). In a tight-binding context, this leads to an in-plane
electronic coupling of ca. 0.11 eV for the HOMO level of the
monolayer along the a-direction. The LC band dispersion
along the same direction is about 0.27 eV, which corre-
sponds to an in-plane electronic coupling of ca. 0.07 eV
for the LUMO level. In addition to the smaller intramolecu-
lar electron-vibration coupling calculated for holes than
electrons in the pentacene molecule [46], this result points
to better transport properties for holes than for electrons
along the pentacene layer.

The electronic coupling between the adsorbed mono-
layer and the gold surface is estimated by comparing the
band structures for the gold surface in the pentacene–Au



Fig. 6. Charge density for the pentacene–Au system corresponding to the
bands near the Fermi energy at the X point in Fig. 5b: (a) illustrates the
charge density for the bottom band among the three, and (b) for the top
band.

Fig. 7. Charge density for the isolated pentacene molecule: (a) HOMO;
and (b) LUMO.

Fig. 8. Band-structure along the CX (a-axis) and CY (b-axis) directions for
the pentacene–gold model system where the pentacene molecule are
shifted 10 Å above their optimized adsorption positions. The Fermi
energy is set at zero. For the sake of clarity, the bands comprising mainly
the contributions from the d-orbitals of the gold atoms in the bulk-like
states are removed from the plot.
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system and for a model system in which the monolayer is
shifted 10 Å away from its optimized adsorption height on
the gold surface (see Fig. 8). The band structures for the
gold surface in both systems appear very similar, except
near the Fermi energy around the X point (see Figs. 5b
and 8). In the separated model system (Fig. 8), the single
band above the HV band actually comprises two quasi-
degenerate bands which keep their quasi-degeneracy all
along the CX direction. These two bands are found to be
the bonding states of s- and d-orbitals of the surface gold
atoms. Interestingly, for the interacting system (Fig. 5b),
we observe three bands at X near the Fermi energy. The
bottom one is made of a larger contribution from the HV
band of the pentacene monolayer and a smaller contribu-
tion from the s- and d-orbitals of the surface gold atoms
(Fig. 6a shows the charge distribution corresponding to
this band). The other two bands can be traced to the qua-
si-degenerate bands near the C point, which become split
near the Fermi level and reach a maximum splitting
(0.023 eV) at the X point; the upper of these two bands
comes from a hybridization of the s- and d-orbitals of the
surface gold atoms and the HV band of the pentacene
monolayer (charge distribution shown in Fig. 6b), while
the other one is essentially due to contributions from the
surface gold atoms. This result shows that the electronic
coupling between the adsorbed pentacene molecules and
the gold surface is large enough to break the quasi-degen-
eracy of the two bands originating in the gold surface.

Applying the tight-binding approximation to the model
Hamiltonian (Eq. (1)) for the top and bottom bands
which comprise contributions from both the pentacene
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monolayer and the gold surface, we estimate that the max-
imum electronic coupling between the HOMO of the
pentacene molecules and the gold surface is about
0.02 eV; thus, this value is about one fifth the correspond-
ing pentacene–pentacene electronic coupling along the a-
direction, 0.11 eV. In our earlier work on the interface be-
tween pentacene and graphene [47], we found that: (i)
the electronic coupling between pentacene and graphene
is ca. 0.04 eV, i.e., nearly twice as large as the pentacene–
gold electronic coupling; and (ii) the pentacene–pentacene
in-plane coupling is �0.01 eV, i.e., one order of magnitude
smaller than on the gold surface; on graphene, the penta-
cene molecular plane is parallel to the graphene sheet
and the shortest distance between neighboring pentacene
molecules (measured as molecular center-to-center dis-
tance along the molecular short axis) is large, about
6.3 Å. It would be interesting to evaluate how these differ-
ences in electronic coupling impact the rates of electron
transfer across the interface when pentacene is deposited
on gold vs. graphene/graphite.
4. Conclusions

DFT calculations have been carried out to study the
interface formed by a pentacene monolayer adsorbed on
the gold (1 1 1) surface. The optimized geometry agrees
very well with STM images. The work-function modifica-
tion of the gold surface upon pentacene adsorption is cal-
culated to be �0.96 eV and is fully consistent with the
results of UPS measurements. We have found that the
charge distribution over the clean gold surface is altered
due to pentacene adsorption and leads to a significant po-
tential energy change at the pentacene–gold interface. Our
results neatly illustrate the concept of surface-electron
push-back based on UPS experiments [7].

The energy level alignment at the pentacene–gold inter-
face has been resolved from band-structure calculations
and the corresponding DOS. Although the calculations are
able to reproduce the overall broadening of the pentacene
HOMO level upon adsorption, the differences between our
calculated values and the experimentally observed penta-
cene binding energy and level alignments are most likely
related to the lack of many-body correlation effects in the
Kohn–Sham approximation. A further study based on the
GW approximation [45] is in progress to clarify this issue.

The estimated electronic interaction between the gold
surface states and the pentacene HOMO level is much smal-
ler than the one between neighboring pentacene molecules
within the monolayer. We are therefore interested in the
near future in determining the rates of charge transfer
across the gold–pentacene interface, such as the one that
can be found in pentacene-based field-effect transistors.
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Fig. 1. (a) Chemical structures of [emim][FSI], (b) capacitance of the ionic
liquids as a function of frequency measured by the ac impedance
technique with pure [emim][FSI] (green), [K][emim][FSI] (blue) and
[Li][emim][FSI] (red). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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fast-switching and low-power OFETs. Since the number of
tested ILs are still very limited for OFETs, further explora-
tion is desired in quest for the best gating ILs among vari-
eties of the existing materials.

It was reported that the components of pure ILs are not
completely dissociated into ions and that considerable part
of the ions form multiple-ion pairs; 30–40% of the ions
form dimer and trimer which do not contribute to the ionic
conduction [14–16]. As the result, it can be expected that
total number of carriers accumulated at the surface of
the semiconductors are reduced. To enhance the degree
of dissociation of ILs, it is known that addition of highly
electronegative inorganic salts is very effective; for exam-
ple, in the case of lithium salts which has the strongest
electrostatic interactions, only with the mole fraction of
0.15, half of multiple-ion pairs are dissociated into ions
and the number of ions responsible for the ionic conduc-
tion is considerably enhanced [17–19].

To further improve the performance of the IL-gated
OFETs, we introduce the binary ILs with the inclusion of
lithium and potassium salts. It turned out that capacitance
of the binary ILs drastically increased, especially at high-
frequency. The faster ionic diffusion in response to the
voltage application results mainly from the enhancement
of the degree of dissociation of the ILs. Rubrene single-
crystals EDL-FETs are fabricated with the binary ILs and
their performance is compared with that with pure ILs.
The devices show mobility as high as 2.9 cm2/Vs with the
binary ILs, indicating that good solid/liquid interfaces are
possibly attained even with the inorganic salts. The results
demonstrate that the binary ILs provide an effective way to
achieve fast-switching, low-power, and high-mobility
OFETs.

2. Experimental

The basal IL which we use in this experiment is 1-ethyl-
3-methylimidazolium bis(fluorosulfonyl)imide ([emim]-
[FSI]); the structures of the constituent molecules are
shown in Fig. 1a. Since it has been demonstrated that the
highest mobility 9.5 cm2/Vs is achieved for the OFETs with
[emim][FSI] devices [13], which is only a fraction of the
values given for the air-gap transistors, the material is sui-
ted to examine the effect of the binary ILs. The binary ILs
including lithium ([Li]) or potassium ([K]) salts are pre-
pared by mixing 0.32 mol/kg of [Li][FSI] or [K][FSI] pow-
ders with [emim][FSI] to make [Li][emim][FSI] and
[K][emim][FSI], respectively. The mole fraction of [Li]-
[FSI]/[Li][emim][FSI] and [K][FSI]/[K][emim][FSI] are 0.09.
It has been reported in several ILs that the degree of disso-
ciation is enhanced with increasing the amount of lithium
or potassium salts as long as mole fraction of lithium- or
potassium-based ionic liquids are lower than 0.15.

We have formed a well structure of polydimethylsilo-
xan (PDMS) elastomer for the substrate on which a rubrene
single-crystal is electrostatically attached as previously re-
ported [12,13]. The electrodes for the gate, source, and
drain are all prepared with Cr/Au films. Typical dimensions
of the channel length L, channel width w, and the gap layer
are 40 lm, 150–200 lm, and 25 lm, respectively. The ILs
are poured underneath the rubrene single-crystal by the
capillary force, so that the EDLs in the ILs can induce
high-density carriers at the surface of the crystal with
the application of gate voltage. We use the four-terminal
method to measure transfer characteristics of the device.
All the measurements are done in air at room temperature
with an Agilent Technology B1500A semiconductor param-
eter analyzer. Before we introduce the ILs, the rubrene sin-
gle-crystals are characterized by measuring transistor
performance with the application of gate voltage to the
air-gap layer. The values of obtained mobility l are in
the range of 10–37 cm2/Vs with the average values around
20 cm2/Vs [13], which is comparable to the best value ever
reported for the rubrene single-crystal transistors [20,21].

EDL capacitance CEDL of the ILs is measured using a test
device consisting of the same PDMS substrates, where the
top surface is structured with Cr/Au evaporated on the
PDMS substrate. Solartron 1260 and 1296 impedance ana-
lyzers are used to obtain the frequency profiles over the
range from 0.1 Hz to 10 MHz with the application of AC
voltage amplitude of 5 mV. We emphasize that more than
10 devices are measured for each IL to confirm the repro-
ducibility within the deviation of 10%.
3. Results and discussion

As shown in Fig. 1b, the values of the capacitance in-
crease with decreasing frequency for all the ionic liquids.
With adding lithium and potassium ions, absolute values
of the capacitance in the binary ILs are enhanced particu-
larly in the high-frequency regime and the frequency



Fig. 2. Output characteristics of the devices with [Li][emim][FSI] (a) and
[K][emim][FSI] (b) with different gate voltages (VG = 0.20, 0.15, 0.10, 0.05,
0.00, �0.05, �0.10, �0.15, �0.20 V, respectively).

Fig. 3. Transfer characteristics of the EDL OFETs with [Li][emim][FSI] (a)
and [K][emim][FSI] (b). Conductivity of gate leakage rG is also plotted.
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dependence is weakened in common. It is to be empha-
sized that the EDL capacitance of the binary ILs does not
significantly diminish with increasing frequency and re-
mains more than 3.5 lF/cm2 for [Li][emim][FSI] and
1.5 lF/cm2 for [K][emim][FSI] even at 0.1 MHz: the values
are only less than one order of magnitude lower than that
at 0.1 Hz for the both compounds, demonstrating fast ionic
diffusion in response to the voltage application. This is be-
cause that the degree of dissociation of ILs are enhanced
and the number of the ions which contribute to the ion
conduction is enhanced especially at high-frequency. Since
the quick formation of the EDLs enables rapid accumula-
tion of high-density carriers at the IL/semiconductor inter-
faces for IL-gated OFETs, the high ionic response directly
relates to the fast-switching operation of OFETs in re-
sponse to the gate voltage application.

The variation in the lower-frequency capacitance
among the three ionic liquids is also to be addressed be-
cause the observation of the highest capacitance in [Li][e-
mim][FSI] is reproducible for all the three measured
samples, though the property gives less impact on the
performance of the high-speed switching transistors. Since
[Li][emim][FSI] shows larger capacitance than [K][emim]-
[FSI], the difference possibly comes from effects of the
impurities on the EDL thickness. If lithium and potassium
ions by themselves are attracted to the electrodes so that
they take considerable part in the EDLs with the applica-
tion of the gate voltage, it can be expected that thinner
EDLs are formed to enhance the capacitance in the binary
ILs due to their smaller ionic radius than the main compo-
nents in the ILs. As a counter effect, the stronger electro-
static interactions of the lithium and potassium ions may
attract large crowds of anions, which could lead to thicker
Helmholtz layers; however this effect appears to be minor
in the present experiments because the observed faster io-
nic motion in the binary liquids is not in line with the
assumption that the lithium and potassium ions moves
together with anions. In addition, including influences of
differences in semiconductor surfaces and inevitable inclu-
sion of water molecules, it is to be further investigated to
elucidate microscopic mechanisms of the formation of
EDLs in the vicinity of the solid/binary IL interfaces.

Fig. 2 shows output characteristics of the rubrene-crys-
tal FETs with the two binary ILs. With increasing drain
voltage VD, drain current ID show the linear regimes and
fairly good saturation behavior with the application of less
than �0.2 V for both VG and VD. Simultaneously measured
gate leakage current IG through the electrolytes is negligi-
bly small as compared to the drain current ID, that is less
than 0.1 nA as long as jVGj is less than 0.5 V. Rather large
saturation current of the order of lA are obtained at very
low gate and drain biases, demonstrating the low-voltage,
high-current operation due to the high-density carrier
accumulation at the IL/rubrene liquid-to-solid interfaces.

Fig. 3a and b shows typical transfer characteristics
of the device with [Li][emim][FSI] and [K][emim][FSI],
respectively. A sweeping rate of 0.1 V/s results in negligible
hysteresis for all the ILs and is translated to the frequency
of 10 Hz to change 10 mV, which is the amplitude of the
capacitance measurement shown in Fig. 1. Typical turn-
on voltage of the devices are 0.40 V and 0.25 V for [Li][e-
mim][FSI] and [K][emim][FSI], respectively. We note that
the turn-on voltage reproducibly shifts to positive values
with the inclusion of the impurity ions among several
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transistors prepared. Since lithium and a potassium salts
have hydrophilic property, the shift of the turn-on voltage
can be also due to inevitable inclusion of water from atmo-
sphere or impurities in the ILs. We speculate that the
impurities in the ILs and inclusion of water from atmo-
sphere are both involved in the observation, providing
additional dipoles and/or hole-trapping levels at the ILs/
organic single-crystal boundaries.

The hole mobility l is estimated from the transfer char-
acteristics by employing the standard formula in the Oh-
mic regime. Assuming the values of CEDL at 10 Hz, the
average mobility values are 1.5 cm2/Vs for [Li][emim][FSI]
and 2.9 cm2/Vs for [K][emim][FSI]. These values are rela-
tively high in the standard of ever reported EDL-gated
FETs, partially due to the use of the rubrene single-crystals
with high intrinsic mobility. Because of the achieved repro-
ducibility, we can argue that the present results qualita-
tively follow the tendency of higher l with the gating ILs
with smaller capacitance. Similar tendency of the decreas-
ing l with increasing capacitance is reported for OFETs
with solid dielectrics [22,23] and ILs [13]. At this low-fre-
quency, the variation of l as function of CEDL appears to
be in the same trend as that for previously measured pure
ILs in the [emim] families, for which the mobility system-
atically decreases with capacitance approximately to the
power of �1.5. Since the increase in the carrier density at
a certain gate voltage is compensated by more significant
decrease in mobility, the overall transconductance, which
is proportional to the product of mobility and capacitance,
is reduced with the binary ILs. The observation still sug-
gests that the surface of the rubrene single-crystal is not
seriously damaged by using the binary ILs as was the case
for the pure ILs.

In contrast to the diminished transconductance in the
low-frequency region, the benefit of the binary ILs appear
to be at higher frequencies than 100 Hz; capacitance is al-
most 10 times higher at 10 kHz for the Li-doped ILs than
that for the pure ILs though l differs only by the factor
of 6 with each other. Therefore, the devices with the binary
ILs are potentially attractive for high-frequency switching,
despite that the present sample dimensions are not suit-
able for high-frequency response because of their rela-
tively long channel length L. If the devices with 5-lm
channel length can be developed with improved fabrica-
tion processes for example, the theoretical cut-off fre-
quency f = lVD/L2 can reach 1 MHz for the device with Li-
doped ILs, as long as injection at the metal/semiconductor
contacts do not cause significant delay during the on–off
switching. Since the ionic motion is proportional to the in-
verse ionic conductance and the thickness of the ionic li-
quid layer in addition, development of the devices with
shorter channel length and shallower well structures is un-
der way to realize the faster-switching EDL-OFETs with the
combination of high-mobility rubrene single-crystals and
the Li-doped ILs.

4. Conclusion

We have introduced binary ILs electrolytes for the fu-
ture development of high-speed OFETs with very low oper-
ating gate voltages. As the result of comparative
experiments with high-mobility rubrene single-crystal de-
vices incorporating with and without inclusion of small
amount of inorganic ions, it is shown that the EDLs are
formed much more rapidly in the binary ILs and that the
high-mobility rubrene surface is well preserved at the
interface to the binary ILs. The above two results suggest
that binary-IL gated devices can be promising candidates
for fast-switching OFETs with extremely low operating
gate voltage.
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formulate high boiling point solvents in the active layer
[15–20]. Phase separation and crystallization of the active
layer were observed in OSCs with a high boiling solvent in
the active layer. Peet et al. reported that the efficiency of
OSCs was doubled by incorporating an alkanedithiol as
the high boiling solvent [16]. The alkanedithiol dissolves
the PCBM phase selectively without affecting the hole
transport type polymer, resulting in phase segregation.
Extensive percolating pathway formation was proposed as
the main factor for the improved efficiency. Nitrobenzene
[19] and 1-chloronaphthalene [20] have also been used
for this purpose. Surface modification of the electrode was
also successful in controlling the nanomorphology of the ac-
tive layer [21–23]. Vertical segregation of the active layer
was reported in the P3HT:PCBM blend depending on the
surface properties of the substrate, even though the detailed
device performance was not reported [21]. Other than
these, Au was also successful as a modifier for the OSCs [24].

This paper reports an approach to control the nanomor-
phology of the P3HT:PCBM active layer. A hydrophobic
fluorinated polymer, polyvinylidenefluoride (PVDF), was
inserted at the interface between poly-3,4-ethylenedioxy-
thiophene:polystyrenesulfonate (PEDOT:PSS) and P3HT:
PCBM active layers. The effect of the PVDF interlayer on
the morphology, crystallinity and charge transport proper-
ties of the OSCs was examined. The efficiency of the OSCs
was improved by the extensive phase separation and crys-
tallization of the active layer during thermal annealing by
the hydrophobic PVDF interlayer.

2. Experimental

A basic OSC device configuration of indium tin oxide
(ITO, 150 nm)/PEDOT:PSS(70 nm)/PVDF (4 nm)/P3HT:
PCBM(1:0.7, 120 nm)/LiF(1 nm)/Al(200 nm) was used to
fabricate OSCs. The PVDF was inserted at the interface be-
tween PEDOT:PSS and P3HT:PCBM. The PVDF polymer was
spin-coated from a 0.05 wt.% dimethylformamide solution
at a spin speed of 2000 rpm followed by baking at 160 �C
for 30 min to remove the residual solvent. The P3HT:PCBM
was coated from a 4 wt.% dichlorobenzene solution and the
film was baked at 150 �C for 30 min. Hole-only devices of
ITO/PEDOT:PSS (70 nm)/PVDF/P3HT:PCBM (120 nm)/Au
(200 nm) and ITO/PEDOT:PSS (70 nm)/PVDF/PPV(80 nm)/
Au (200 nm) were fabricated to monitor hole injection
from the active layer to the PEDOT:PSS layer. The PPV
was a super yellow� from Merck with a HOMO level of
5.2 eV. The active area of the pixel of the OSCs was 4 mm2.

The solar cell performances of the OSCs were character-
ized using a Keithley 2400 source measurement unit and
an Abet solar cell simulator under AM1.5 condition
(100 mW/cm2). The surface morphology of the PEDOT:PSS,
PVDF and P3HT:PCBM blended films was analyzed by non-
contact mode atomic force microscopy (AFM, XE100, PSIA
Co.). The ultraviolet–visible (UV–Vis) absorption spectra
were recorded using a UV–Vis spectrophotometer (Shima-
dzu, UV-2501PC) and the phases were examined by graz-
ing-incidence X-ray diffraction. The cross-section of the
fabricated device was analyzed by transmission electron
microscopy (TEM, model JEM-2100F, Jeol Co.) after sam-
pling using a focused ion beam method.
3. Results and discussion

PVDF is a well-known ferroelectric polymer with a high
dielectric constant owing to the strong electron withdraw-
ing fluorine group on the main chain [25]. It is also known
as a hydrophobic polymer with a contact angle of up to 90�.
The strong hydrophobic characteristics of PVDF can affect
the nanomorphology of the P3HT:PCBM blend. Therefore,
it was used as an interlayer between the PEDOT:PSS and
P3HT:PCBM blends. PVDF can be spin-coated from a ke-
tone or non-aromatic solvent, and can form an orthogonal
film with P3HT:PCBM spin-coated from an aromatic sol-
vent. There was no intermixing between the PVDF and
P3HT:PCBM layers during spin coating of the blend. There-
fore, PVDF can be applied effectively as an interlayer in the
OSCs by a simple spin coating method. Although other sur-
face modification methods, such as a self-assembled
monolayer coating on the PEDOT:PSS, have been reported
[21], it was difficult to modify the PEDOT:PSS surface with-
out damaging the PEDOT:PSS layer. Compared to those
methods, PVDF modification of the PEDOT:PSS is advanta-
geous in that surface modification can be carried out by a
simple spin coating of the PVDF.

PVDF was spin-coated from a 0.05 wt.% dimethylform-
amide solution, and its morphology after spin coating on
PEDOT:PSS was examined. Fig. 1 shows AFM images of
the PEDOT:PSS and PVDF coated PEDOT:PSS layers. The
average surface roughness of the PDVF coated PEDOT:PSS
surface was 0.89 nm, while that of the PEDOT:PSS was
0.57 nm. Although the surface roughness of the PVDF
coated PEDOT:PSS was slightly higher than that of the PED-
OT:PSS, the PVDF layer had a surface roughness < 1 nm.
The slight increase in surface roughness of the PVDF coated
PEDOT:PSS surface might be due to the minute crystallite
formation in the PVDF thin film, as shown in the AFM im-
age [25]. A small needle-like surface texture was observed
in the PVDF-modified PEDOT:PSS. PVDF can form crystal-
line domains during film formation, which leads to an
irregularity in a spin-coated film. However, crystalline do-
main formation is rather limited in thin films compared to
that in the bulk, resulting in low surface roughness < 1 nm
in PVDF coated PEDOT:PSS. PVDF thin film formation on
the PEDOT:PSS also changed the surface properties from
hydrophilic to hydrophobic. The contact angle of PED-
OT:PSS and PVDF was 22� and 89�, respectively.

The thickness of the PVDF interlayer was measured
from the transmission electron microscopy (TEM) images
of the fabricated film. Fig. 2 shows a cross-section image
of the PEDOT:PSS/PVDF/P3HT:PCBM. A focused ion beam
method was used as a sampling method to examine the
cross-section of the sample. The TEM image shows that
the PEDOT:PSS and P3HT:PCBM layers were separated by
a PVDF interlayer. The thickness of the PEDOT:PSS and
P3HT:PCBM layers was 70 and 120 nm, respectively. The
thickness of the PVDF layer, which was measured from
the magnified cross-section image, was approximately
4 nm. The PVDF layer formed an almost continuous film
at the interface between the PEDOT:PSS and P3HT:PCBM
blend, which confirms the formation of a PVDF layer on
PEDOT:PSS.



Fig. 1. Atomic force microscopic pictures of the PEDOT:PSS and PVDF coated PEDOT:PSS.

Fig. 2. Transmission electron microscopic pictures of the cross-section.
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OSCs with a PVDF interlayer was fabricated to examine
the effect of the PVDF layer on the device performance
of P3HT:PCBM OSCs. A device architecture of ITO/
PEDOT:PSS(70 nm)/PVDF/P3HT:PCBM(120 nm, 1:0.7)/LiF(1
nm)/Al(100 nm) was used, and an OSC without PVDF was
also fabricated. In each device structure, two samples were
fabricated with and without thermal annealing at 150 �C
for 30 min. Fig. 3 presents the current density–voltage
curves of the four OSCs. In the case of the OSCs without
thermal annealing, the Jsc and fill factor of the P3HT:PCBM
OSC with the PVDF interlayer were slightly lower. The re-
duced fill factor resulted in a low efficiency in PVDF-mod-
ified devices. This suggests that without thermal
annealing, the PVDF interlayer is not effective in achieving
high efficiency in the P3HT:PCBM device. The Jsc of the
P3HT:PCBM OSCs after thermal annealing was enhanced
by more than 15%, and the efficiency of the OSCs was im-
proved by more than 10% using the PVDF interlayer. The
Jsc and efficiency was increased from 6.5 to 7.5 mA/cm2

and from 2.4% to 2.7%, respectively. In general, the Jsc of
the OSCs depends on the energy barrier for charge trans-
port from the P3HT:PCBM active layer to the electrodes
and the morphology of the active layer including the phase
morphology and crystallinity [9,10]. Therefore, the in-
creased Jsc of the PVDF OSCs after thermal annealing and
the reduced Jsc without thermal annealing might be clo-
sely related to charge transport through the interface be-
tween the PEDOT:PSS and P3HT:PCBM active layers or
charge transport inside the active layer. The PVDF inter-
layer might alter the interfacial energy barrier between
the PEDOT:PSS and P3HT:PCBM layers, affecting the Jsc of
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the OSCs. In addition, the morphological change induced
by PVDF might have a significant effect on the Jsc of the
OSCs. The origins of the improved Jsc and the efficiency
of the PVDF-modified OSCs after thermal annealing were
examined. Compared to the Jsc, the open circuit voltage
(Voc) of the OSC was not greatly affected by the PVDF
interlayer. The Voc of the OSCs was almost constant de-
spite PVDF modification. The Voc is determined typically
by the HOMO level of the P3HT donor and the lowest unoc-
cupied molecular orbital (LUMO) level of the PCBM elec-
tron acceptor in addition to the interfacial contact
properties between the organic materials and electrodes.
The same P3HT:PCBM active layer was used in the OSCs
with and without the PVDF interlayer, which means that
the Voc of the OSCs may not be affected by the active layer.
However, the Voc from the interface between the organic
layers and electrodes can be affected by the PVDF inter-
layer. The Voc is not affected by the energy level of the
electrodes assuming that ohmic contact behavior domi-
nates charge injection from the electrodes to the organic
layer [26]. In the case of the P3HT:PCBM devices used in
this study, there was no difference in the interface between
the electrodes and organic layers, leading to a similar Voc
in the two devices. The fill factor was not changed by the
PVDF interlayer.

Although the Jsc and efficiency of the P3HT:PCBM OSCs
were enhanced by the PVDF interlayer after thermal
annealing, the mechanism for improving the device perfor-
mances is unclear. Therefore, the origin of the improved
device performances in the PVDF OSCs was examined
using the device performances of the hole-only devices,
light absorption and morphological analysis of the active
layer. The hole-only devices of the OSCs with and without
the PVDF interlayer were fabricated to confirm the origin
of the high Jsc of the OSC with a PVDF interlayer. A device
with a configuration of ITO/PEDOT:PSS/PVDF/P3HT:PCBM/
Au was prepared, and the hole current density from the Au
electrode to the ITO electrode was measured. The holes are
transported from the P3HT:PCBM active layer to the PED-
OT:PSS layer through the PVDF layer. Therefore, a compar-
ison of the hole current density from the Au electrode to
the ITO electrode can shows the effect of the PVDF inter-
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layer on the hole transport behavior in the OSCs. Fig. 4
shows the current density–voltage curves of the hole-only
devices with and without the PVDF interlayer. The
P3HT:PCBM active layer was thermally annealed at
150 �C for 30 min after spin coating. The hole current den-
sity from the Au to ITO was higher in the hole only device
with the PVDF interlayer. This suggests that hole transport
from the P3HT:PCBM active layer to the ITO electrode is
more efficient in the OSC with the PVDF interlayer than
in the OSC without the PVDF interlayer. This shows that
the high Jsc in the PVDF OSCs is due to enhanced charge
transport from the active layer to the ITO electrode. The
hole current density is affected by the interface between
the organic layers and the bulk charge transport properties
of the active layer. However, it is unclear if the high hole
current density of the OSC with the PVDF interlayer is
due to an interface effect, such as band bending or a bulk
effect, such as enhanced crystallinity. The hole current
density reflects both the interface effect and bulk effect
of the active layer because hole-only devices of the OSC
were prepared under the same experimental condition as
the OSC.

In order to separate the effect of the interface and bulk
properties of the P3HT:PCBM active layer, hole-only de-
vices, which were not thermally annealed at 150 �C, were
fabricated because thermal treatment of the active layer
induces phase separation and crystallization of the active
layer. Moreover, the morphological change would be af-
fected by the PVDF interlayer. Therefore, a comparison of
the hole-only devices with the same morphology would
be better for examining the interface effect by the PVDF
interlayer. The P3HT:PCBM active layer, which was not
thermally annealed at elevated temperatures showed an
almost amorphous morphology with very little crystalline
phase. In addition, the degree of phase separation of the
P3HT and PCBM was similar, as shown in Fig. 7. Therefore,
the bulk effect of the P3HT:PCBM active layer can be elim-
inated in the hole only device data of the pristine
P3HT:PCBM layer without thermal annealing. A compari-
son of the hole current density in the P3HT:PCBM hole only
device without thermal treatment shows only the interface
effect of the PVDF interlayer. In addition, two hole-only de-
vices with a polyphenylenevinylene (PPV) based amor-
phous active layer were also prepared to confirm the
interface effect by the PVDF interlayer. The PPV polymer
shows a fully amorphous morphology with a similar
HOMO level as P3HT. Therefore, the interface effect of
the PVDF in the OSCs can be examined indirectly. Fig. 5
shows the hole only device data of the pristine P3HT:PCBM
devices without thermal treatment and the PPV devices.
The hole current density of the pristine P3HT:PCBM and
PPV devices decreased when a PVDF interlayer was in-
serted at the interface between the PEDOT:PSS and
P3HT:PCBM layers or PPV. This suggests that the PVDF
interlayer hinders hole transport from the organic layer
to the PEDOT:PSS layer. Photoelectron spectroscopy
showed that the HOMO level of the PEDOT:PSS was shifted
from 5.3 to 5.4 eV by the PVDF interlayer, which has an ad-
verse effect on hole transport from the active layer to the
PEDOT:PSS. Hole transport may be facilitated in the PVDF
free hole only device due to the large driving force for hole
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injection. There was a 0.2 eV energy barrier for hole injec-
tion from the P3HT with a HOMO level of 5.1 eV to the
PEDOT:PSS with a HOMO level of 5.3 eV. However, the en-
ergy barrier for hole injection was increased from 0.2 to
0.3 eV by PVDF interlayer modification. Therefore, hole
transport was reduced in the hole-only devices with the
PVDF interlayer. This also explains why the bulk effect of
the P3HT:PCBM, such as improved light absorption, exten-
sive phase separation and accompanying high crystallinity
by the PVDF interlayer, are responsible for the high hole
current density in the PVDF-modified hole-only devices
after thermal annealing. This means that the high Jsc of
the OSCs with the PVDF interlayer is not due to the inter-
face effect but to the bulk effect dominated by the mor-
phology of the active layer.

UV–Vis absorption of the P3HT:PCBM film on PED-
OT:PSS and PEDOT:PSS/PVDF after annealing was mea-
sured to examine the change in P3HT:PCBM bulk
properties by the PVDF interlayer. Fig. 6 shows the UV–
Vis absorption spectra of P3HT:PCBM. The absorption of
PEDOT:PSS and PEDOT:PSS/PVF was too weak to be ob-
served in the UV–Vis absorption spectra and PVDF absorp-
tion was negligible. The UV–Vis absorption of the
P3HT:PCBM was not changed by the PVDF interlayer after
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Fig. 6. Ultraviolet–visible absorption spectra of the PEDOT/P3HT:PCBM
and PEDOT/PVDF/P3HT:PCBM films after annealing at 150 �C.
coating on the PEDOT:PSS and PEDOT:PSS/PVDF layers and
thermal treatment. The PVDF did not affect the UV–Vis
absorption of the P3HT:PCBM. The constant UV–Vis
absorption spectra in the PEDOT:PSS/PVDF/P3HT:PCBM
film after annealing suggests that the bulk absorption
properties of the P3HT:PCBM active layer were not affected
by the PVDF interlayer during the annealing process. This
suggests that the high current density in PVDF-based OSCs
is not due to increased charge generation in the active
layer because strong light absorption leads to more exciton
generation and charge density in the active layer.

As light absorption in the P3HT:PCBM film was not en-
hanced by the PVDF interlayer, the morphological change
in the P3HT:PCBM layer on PVDF may be responsible for
the increase in the Jsc of PVDF-based OSCs. Therefore, the
morphology of the P3HT:PCBM film was monitored.
Fig. 7 shows AFM images of the pristine and annealed
P3HT:PCBM film on PEDOT:PSS and PEDOT:PSS/PVDF.
The PVDF had little effect on the morphology of P3HT:
PCBM, and similar AFM images were obtained in the pris-
tine P3HT:PCBM film irrespective of the presence of a PVDF
interlayer. Microscopic phase separation of the P3HT and
PCBM was observed, and the domain size of each domain
was small. Phase separation of the P3HT and PCBM was al-
tered significantly by the thermal treatment, and the ex-
tent of phase separation was increased considerably after
the thermal treatment. The domain size of the P3HT and
PCBM was increased after the thermal treatment. In partic-
ular, the domain size of the annealed P3HT:PCBM film on
PEDOT:PSS/PVDF was large due to the extensive phase sep-
aration of P3HT and PCBM. Charge transport in the blended
P3HT:PCBM was enhanced by phase separation due to
channel formation for the charge transport [16]. Charge
hopping between the P3HT or PCBM domains was difficult
due to the long distance for charge hopping, and should be
minimized in order to improved charge transport in the
P3HT:PCBM blend. Charge hopping between domains
dominates charge transport in the P3HT:PCBM blend with
a small domain size, while charge hopping between mole-
cules dominates charge transport in the blend with a large
domain size. In addition, there was excessive crystalline
domain formation in the P3HT:PCBM with a large domain
size. Therefore, a high current density can be obtained in
the P3HT:PCBM blend with a large domain size, which ex-
plains the high Jsc of the PVDF OSCs. Extensive phase sep-
aration of the P3HT:PCBM after annealing on PEDOT:PSS/
PVDF improved the Jsc of the PVDF OSCs.

The main reason for the extensive phase separation of
the P3HT:PCBM on PEDOT:PSS/PVDF was the hydrophobic
nature of the PVDF with a water drop contact angle of 89�.
The strong hydrophobicity of PVDF induces phase separa-
tion of the P3HT and PCBM. This agrees with a report
showing that the vertical phase separation of the P3HT
and PCBM was induced using a self-assembled monolayer
[21]. The hydrophobic self-assembled monolayer segre-
gated the P3HT and PCBM, resulting in phase separation.
Similarly, PVDF assisted in promoting the phase separation
of P3HT and PCBM due to the low surface energy during
the thermal annealing process. Phase separation by PVDF
could not be induced in a pristine P3HT:PCBM film without
thermal annealing. Therefore, phase separation during the



Fig. 7. Atomic force microscopic pictures of the PEDOT/P3HT:PCBM and PEDOT/PVDF/P3HT:PCBM films before and after annealing at 150 �C.
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thermal annealing process is the key factor for the in-
creased Jsc in the PVDF-based OSCs. Fig. 8 shows a sche-
matic diagram of the phase separation procedure. The
P3HT:PCBM blend showed a similar morphology after spin
coating on PEDOT:PSS and PVDF-modified PEDOT:PSS
without a thermal treatment. The phase separation was in-
duced during thermal treatment of the spin-coated
P3HT:PCBM film, and the degree of phase separation was
high on the PVDF-modified surface due to the surface en-
ergy-induced crystallization of the P3HT:PCBM.
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Phase separation is closely related to the crystallization
of the P3HT:PCBM. Therefore, the XRD patterns of the pris-
tine and annealed P3HT:PCBM on PEDOT:PSS and PED-
OT:PSS/PVDF were investigated. Fig. 9 presents the
grazing-incidence XRD patterns of the P3HT:PCBM film.
The intensity of the diffraction peak at 5.2� 2h, which
was assigned to the (1 0 0) plane of P3HT, was higher in
the P3HT:PCBM film annealed on PEDOT:PSS/PVDF, while
it was weak in the P3HT:PCBM film annealed on PED-
OT:PSS. The high intensity of the 5.2� 2h peak suggests that
the crystallinity of the P3HT in the annealed P3HT:PCBM
was increased by thermal annealing on PEDOT:PSS/PVDF.
This also indicates that PVDF facilitates the phase separa-
tion of P3HT and PCBM, and film crystallization is induced
during phase separation. The high crystallinity of the
P3HT:PCBM film also plays a role in charge transport in
the active layer, contributing to the high Jsc of the PVDF
OSCs. Therefore, the high Jsc in the PVDF OSCs is due
mainly to the phase separation and crystallization of
P3HT:PCBM induced by the hydrophobic PVDF interlayer.
The high Jsc improved the efficiency of the PVDF OSCs.
4. Conclusions

A PVDF interlayer was introduced at the interface be-
tween the PEDOT:PSS and P3HT:PCBM layers to improve
the short circuit current and power conversion efficiency
of the OSCs by inducing phase separation and crystalliza-
tion of the P3HT:PCBM blend. The hydrophobicity of the
PVDF thin film was responsible for the extensive phase
separation and high crystallinity. The phase segregation
of the P3HT:PCBM active layer was induced mainly during
the thermal annealing process of the film. Therefore, the
PVDF interlayer can be used as an interlayer to improve
the device performance of OSCs.
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transport in the PVK:Au NPs hybrid memory device is
dominated by the PVK matrix (i.e., by means of the hop-
ping of holes among the carbazole groups of PVK polymer
chains). The role of Au NPs is to store the electrons donated
from PVK to keep the high-conductivity state stable.
Hence, in the present work, I–V characteristics of the Al/
PVK:Au NPs/Al device are examined by fitting the J–E
curves to various conduction models. It is revealed that
the carrier conduction is governed by the energy-band off-
sets at the metal–semiconductor (Al–PVK or Au–PVK)
junctions. The resistive switching of the Al/PVK:Au NPs/
Al device can be explained by the variation of depletion
width at the Al–PVK or Au–PVK Schottky barrier junctions,
owing to the change of PVK Fermi level position upon
applying bias. In addition, memory retention test demon-
strates that the device remains the excellent performance
at 154 �C in ambient atmosphere.
2. Experimental procedures

The memory device had a structure shown in the inset
of Fig. 1a. The polymer active layer, consisting of PVK and
Au NPs, is sandwiched between Al electrodes. PVK
(Mw = 1100000, Tg = 220 �C) was purchased from Sigma–
Aldrich, Inc. Au NPs with a diameter of approximately
4 nm were synthesized by Brust’s two-phase reaction
method [14] and capped with saturated alkanethiols of
1-dodecanethiol (DT). PVK and Au NPs were mixed and
dissolved in 1,2-dichlorobenzenic solution with the weight
ratio of Au NPs:PVK = 0.083:1. The solution was spun on
the Al/glass substrate followed by a heat treatment at
�60 �C for 5 min to form the active layer. The film thick-
ness was about 120 nm as measured with scanning elec-
tron microscope. Finally, the top aluminum electrode was
deposited on the polymer active layer by electron-beam
evaporation through a shadow mask. The electrode area
is 0.04 mm2. The spin-coating process and electrical mea-
surements (with Agilent 4156C semiconductor parameter
analyzer) were conducted in ambient condition.
Fig. 1. I–V characteristics of the Al/PVK:Au NPs/Al device in (a) semi-log
scale and (b) log–log scale at 25 �C. The inset in (a) represents the
schematic structure of the memory device. (c) J–E curve (for V > 0.1 V) of
the Al/PVK:Au NPs/Al device at the high voltage region in the HRS fitted
with the Schottky emission model.
3. Results and discussion

Fig. 1a and b shows the I–V characteristics of the
PVK:Au NPs hybrid memory devices in semi-log and log–
log scales, respectively. The as-fabricated device shows a
high-resistance state (HRS) until the threshold voltage
where the device is switched to a low-resistance state
(LRS) with a current compliance of 1 mA. Once the transi-
tion is achieved, the device remains at the LRS even after
the applied voltage is removed, indicative of the non-vola-
tile switching property. The conductance of LRS is different
from that of HRS by a factor of 105 at room temperature.
When the current compliance is released, the device can
be switched back to the HRS by the application of a posi-
tive voltage below 2 V (see Fig. 1a). For further analysis,
the I–V curve is replotted in a log–log scale in Fig. 1b. It
can be seen that the I–V characteristic in the LRS follows
a linear Ohmic conduction (the slope is close to 1). The
conduction behavior in the HRS is governed by Ohmic
law at a low voltage region (<0.1 V) with a slope �1. How-
ever, the current is not a simple straight line in the voltage
region of greater than 0.1 V. This region is fitted with the
Schottky emission model [15] as follows:

J ¼ A�T2 exp
�q /B � b

ffiffiffi
E
p� �

kT

2
4

3
5; ð1Þ

where J is the current density, A* is the effective Richard-
son constant, T is the absolute temperature, q is the elec-
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tronic charge, /B is the barrier height, b is the Schottky
coefficient, E is the electric field, and k is the Boltzmann
constant. A plot of ln(J) vs. E1/2 indeed exhibits a linear
relation, as shown in Fig. 1c, indicating that the conduction
behavior in the HRS is governed by Schottky emission at
the voltage greater than 0.1 V. The unipolar switching
behavior and mechanism are significantly different from
the space-charge-limited-conduction (SCLC) effects ob-
served for other PVK-based memory devices so far [10,11].

To acquire further insight into the resistive switching
phenomenon, the dependence of the electrical conduction
property on temperature was investigated. Fig. 2a shows
log I–log V curves of the Al/PVK:Au NPs/Al memory device
measured at temperatures ranging from 25 to 154 �C. The
retention performance in LRS has also been examined un-
der biased at voltage 1 V for temperatures ranging from 25
to 154 �C. The result indicates that the current remains
constant as time passed for the devices tested at all indi-
vidual temperatures; therefore, only the stress test in LRS
for the device measured at 154 �C is presented to demon-
strate the outperformed thermal stability, as shown in
Fig. 2b. The memory device remains to be programmable
at 154 �C, which is superior to other polymer [3,10] and
even inorganic memory devices [16].

The Schottky emission mechanism is further confirmed
by replotting the I–V curves obtained at various tempera-
Fig. 2. (a) log I–log V characteristics of the Al/PVK:Au NPs/Al device
measured at temperatures ranging from 25 to 154 �C. The solid and open
symbols represent the HRS and LRS, respectively. (b) Stress test (applied
bias = 1.0 V) in LRS of the Al/PVK:Au NPs/Al device measured at 154 �C.
tures in form of ln(J/T2) vs. V1/2. In the ln(J/T2) vs. V1/2 plot,
the voltage range where the linear relationship holds is de-
fined as ‘‘Schottky voltage region”. After that, ln(J/T2) is
plotted with respect to 1/T for different voltages within
the Schottky voltage region, and various activation ener-
gies (Eact: ¼ qð/B � bd�1=2V1=2Þ, where d: film thickness)
can be extracted from the curves associated with different
voltages. In the ln(J/T2) vs. 1/T plot, one can also find that
only in the temperature range 25–75 �C, the linear rela-
tionship holds well. Therefore, the Schottky emission mod-
el may not fully explain the conduction behavior of the Al/
PVK:Au NPs/Al memory device when operating at high
temperatures (T P 100 �C). The reason for it is yet to be
explored.

The Eact. is then plotted as a function of V1/2, as shown in
Fig. 3, to extrapolate the Schottky barrier height, /B. It is
found that /B ¼ 0:71 and 1.89 eV for the voltage regions
of 0.1 V 6 V 6 0.6 V and V P 1 V, respectively. These two
/B, 0.71 and 1.89 eV, correspond nicely to the energy dif-
ference between work function of Au NPs (5.1 eV) [17]
and HOMO (highest occupied molecular orbital) of PVK
(5.8 eV) [18], and to the energy difference between the
work function of Al electrode (3.9 eV) [19] and HOMO of
PVK, respectively. The schematic energy-level diagrams
for Al, Au and PVK prior to contact are shown in Fig. 4,
where the Fermi levels of Al and Au, as well as the LUMO
and HOMO levels of PVK are at 3.9, 5.1, 2.2 [18] and
5.8 eV, respectively. (All the energy levels are relative to
the vacuum level.) After contact, Fermi level is a constant
through the system at thermal equilibrium. The energy-
band diagrams for the Al–PVK and Au–PVK junctions thus
will depend on the position of PVK Fermi level (EF, PVK), and
band bending will occur in the PVK (i.e., the semiconduc-
tor) layer. The degree of band bending in PVK shall govern
the carrier transport across the Al–PVK and Au–PVK junc-
tions, which will subsequently affect the current conduc-
tion in the resistive switching memory devices, as
discussed in the following.

The position of EF, PVK is dependent on the hole carrier
concentration in PVK. The higher hole concentration, the
closer EF, PVK approaches to HOMOPVK. In the pristine state,
the hole concentration in PVK is relatively low. Assuming
that EF, PVK � HOMOPVK = 1.0 eV at the beginning of bias
Fig. 3. Variation in activation energy (Eact.) as a function of V1/2 of the Al/
PVK:Au NPs/Al device.



Fig. 4. The schematic energy-level diagram for Al, PVK, and Au prior to
contact. All energy levels are in negative values with respect to the
vacuum level (Evac. = 0).
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application. In this case, EF, Au is slightly lower than EF, PVK,
while EF, Al is higher than EF, PVK. Accordingly, Au forms an
Ohmic contact to PVK while Al forms a Schottky contact to
PVK [20], and the schematic energy-band diagrams for Al–
PVK and Au–PVK junctions is drawn in Fig. 5a. Because of
the high Schottky barrier (�1.9 eV), it is less likely for hole
Fig. 5. The schematic energy-level diagrams for PVK–Au and PVK–Al junctions. A
EF, PVK � HOMOPVK = 1.0 eV; (b) a medium low carrier concentration, where, EF, P
carriers to be conducted through the Al–PVK junction.
However, there will be some Au NPs inevitably contacting
with the Al electrodes during the device fabrication. The
Au–PVK Ohmic contact provides a channel for hole con-
duction from the Al electrode to the HOMO of PVK, via
the Au NPs, at the low voltage region. Therefore, the Ohmic
conduction is observed in the HRS at the low voltage region
(<0.1 V).

Upon the application of external voltage, PVK carbazole
groups will donate their electrons to Au NPs to increase the
hole concentration and conductivity of the polymer, lead-
ing to the down-shift of EF, PVK (approaching to HOMOPVK).
Subsequently, the work function of PVK would be larger
than that of Au, which results in the Schottky conduction
at both Au–PVK junction (barrier height �0.7 eV) and Al–
PVK junction (barrier height �1.9 eV), as illustrated in
Fig. 5b (where EF, PVK � HOMOPVK is assumed to be
0.5 eV). Therefore, a Schottky barrier height of �0.7 eV is
extracted from the Eact. vs. V1/2 plot (Fig. 3) within the volt-
age region of 0.1�0.6 V. When the applied bias approaches
1 V, the probability for holes to surmount the energy bar-
rier at the Al–PVK junction is enhanced. Accordingly, the
Schottky barrier height extracted from the Eact. plot
(Fig. 3) corresponds adequately to the energy offset be-
tween EF, Al and HOMOPVK (�1.9 eV).

Switching of the device from the HRS to LRS can also
be explained via the energy-band diagrams. As the PVK
carbazole groups continuously donate electrons to Au
ssuming that PVK possesses: (a) a rather low carrier concentration, where
VK � HOMOPVK = 0.5 eV.
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NPs upon applying bias, the amount of hole carriers in-
creases. High carrier concentration will further lower EF,

PVK and narrow the width of depletion region at the
Al–PVK Schottky barrier junction, which eventually leads
to the tunneling of holes at the Al–PVK junction, as illus-
trated in Fig. 6a (where EF, PVK � HOMOPVK is assumed to
be 0.3 eV). As a result, a sharp increase of current is ob-
served, which corresponds to the switching from HRS to
LRS. The tunneling of carriers at the metal–semiconduc-
tor junction due to the thinning of depletion width of
Schottky barrier may be analogous to the steep change
of current of a PN diode under a large reverse bias (Ze-
ner effect). Therefore, the current increases (from HRS
to LRS) abruptly.

According to the energy-level diagram, when an elec-
tron is conducted across the Au–PVK junction, it needs to
overcome the energy difference (barrier) between EF, Au

and LUMOPVK, as schematically shown in Fig. 6b. Because
of the large value of LUMOPVK � EF, Au, the trapped elec-
trons will be stably trapped in Au NPs. Therefore, after
the memory device is switched to the LRS, a subsequent
voltage scan reveals that the current instantly reaches
the level of compliance current (I–V curve not shown).
Regarding to switching from the LRS to HRS, the current
compliance needs to be released or lifted, such that the
external voltage is effectively applying on the device and
the hole concentration in PVK will increase with the
increasing applied voltage (via the electron donation from
PVK to Au NPs). Increase of hole concentration leads to
thinning of the depletion region at the Au–PVK Schottky
Fig. 6. The schematic energy-level diagrams for PVK–Au and PVK–Al junctions.
PVK � HOMOPVK = 0.3 eV; (b) a very high carrier concentration, where EF, PVK � H
barrier junction. Consequently, the holes will have a large
probability to tunnel through the thin depletion region
and neutralize the trapped electrons in Au NPs. As a result,
the carrier concentration in PVK is significantly reduced
and the EF, PVK moves upwards, resembling the situation
of Fig. 5a or b. Consequently, the device is switched back
to HRS.

The work done by Song et al. [12] also utilized PVK:Au
NPs hybrid as the active layer for non-volatile memory de-
vices but the top and bottom electrodes are Al and TaN,
respectively. Both Song et al.’s and our works agree that
the role of Au NPs is to accept electrons donated from
PVK. However, they observed bipolar switching behavior
and the resistive switching is attributed to the change of
the electronic states due to the formation of the electric-
field-induced charge transfer complex between the PVK
and Au NPs. Additionally, the conduction mechanism (J–E
curve fitting) was not investigated in their work. We em-
ployed Al as both top and bottom electrodes to simplify
the device structure and observed unipolar switching char-
acter. The current conduction is mainly governed by Scho-
ttky emission, and the hole concentration in PVK increases
via donating electrons to Au NPs upon applying electrical
field. As a result, the resistive switching is correlated with
the width of depletion region in Al–PVK or Au–PVK Scho-
ttky barrier junction. Because Schottky emission phenom-
enon is highly dependent on the electrode materials, the
dissimilar observations and conclusions between Song
et al.’s and our works may be attributed to the different
electrode schemes of the memory devices. Definitely, the
Assuming that PVK possesses: (a) a high carrier concentration, where EF,

OMOPVK = 0.1 eV.
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exact explanation for the dissimilarity is yet to be further
explored.
4. Conclusion

The Al/PVK:Au NPs/Al memory device is investigated
for non-volatile memory applications with the conduc-
tance difference ratio between the HRS and LRS by a factor
of 105. Furthermore, the Au nanoparticle/PVK hybrid mem-
ory device can be programmed and exhibits excellent ther-
mal stability at 154 �C in ambient atmosphere. It is
elucidated that the carrier conduction in the HRS is mainly
governed by the Schottky emission model and the barrier
height is associated with the energy-band offsets at the
Al–PVK or Au–PVK junction. However, the position of
PVK Fermi level, characterized by the hole carrier concen-
tration, also changes upon applying bias due to donation of
electrons from PVK to Au NPs. As a result, depletion width
at the Al–PVK or Au–PVK Schottky barrier junction varies
with the applied bias, leading to the tunneling of carriers
and subsequently inducing the resistive switching in the
Au nanoparticle/PVK hybrid memory device.
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Pentacene-based OTFTs incorporating a PMMA gate
insulator usually possess a large operating voltage
(��20 V), related to the thickness of the PMMA layer
[7,8]. It is normally difficult to produce a pinhole-free film
that is <150 nm in thickness because of the large free vol-
ume of the polymer. One encouraging result is that of Noh
et al. who have reported devices operating at gate voltages
<8 V with a 30 nm thick cross-linked PMMA layer [9,10].
The particular chemical cross-linking methodology that
was used, exploiting the cross-linking agent 1,6-bis(tri-
chlorosilyl)hexane (C6-Si), is a rather demanding proce-
dure as it requires processing in a very high purity inert
atmosphere. In this work, we focus on a physical method
to cross-link PMMA.

During ion-beam irradiation of polymers, both cross-
linking and scission occur simultaneously, but the rela-
tive effectiveness of the two processes depends upon
polymer structure and also on the linear energy transfer
(LET, eV nm�1) from the radiation source [11,12]. For
Fig. 1. Atomic force microscope images of (a) 57 nm thick PMMA film spin-coate
irradiation, (c) 33 nm thick cross-linked PMMA film after development in aceton
cross-linked PMMA.
example, in the case of PMMA at low LET, most radicals
do not cross-link because of wide physical separation be-
tween them and chain scission predominates. Cross-link-
ing is however possible at high LET [12] because the
radical density is then higher and the separation be-
tween them is reduced. In this work, the irradiation
was undertaken using a 1.515 MeV 4He+ ion beam to
achieve a high LET and effective cross-linking.
2. Experiment

Top source and drain contact OTFTs were fabricated.
Glass slides were used as substrates after cleaning sequen-
tially in an ultrasonic bath with acetone, isopropanol and
deionized water. An aluminium gate, thickness 40 nm,
was defined by thermal evaporation through a shadow
mask. To form the gate dielectric, a 2.44 wt% anisole
(MicroChem) solution of PMMA (Mw = 93,000, Sigma–Al-
drich) was spin-coated at 3000 rpm spinning speed for
d onto a glass slide, (b) 33 nm thick cross-linked PMMA film by ion-beam
e, and (d) 40 nm thick pentacene film thermally evaporated on top of the
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50 s on Al and baked for 30 min at 120 �C; this resulted in a
57 nm thick layer with 0.65 nm rms roughness.

A 1.515 MeV 4He+ ion beam was delivered to the sample
surface at 7� grazing incidence using a National Electro-
statics Corporation 5SDH Pelletron accelerator. The total
charge of the beam was 6 lC per irradiated spot and the
incident beam had a diameter of 2.4 mm. The irradiated
area therefore was elliptical with axes of 2.4 and
19.7 mm and a total area of 37.1 mm2. The beam fluence
was 1.0 ± 0.1 � 1014 ions cm�2, and had an LET figure of
about 220 keV lm�1 (assuming a polymer density of
1.20 g cm�3). The energy loss and range of MeV ions in sol-
ids are well-documented and may be calculated using the
Fig. 2. Current density versus applied electric field for PMMA films (80
and 430 nm in thickness) and a cross-linked PMMA film (33 nm)
sandwiched between aluminium and gold electrodes.

Fig. 3. Capacitance versus voltage characteristics, measured at 1 MHz and 1 kH
(33 nm)/pentacene (40 nm)/gold structure. Inset: capacitance versus frequenc
between the aluminium and gold electrodes.
SRIM software made available by Ziegler et al. [13]. The to-
tal range of the ion beam used would be approximately
8.6 lm in PMMA, and in our experiments the energy loss
of the beam traversing 57 nm PMMA at 7� is approximately
0.1 MeV. The variation in stopping power (energy loss/dis-
tance traversed) of the ion beam over this range is <4%.
Therefore, we can be confident that the level of radia-
tion-induced cross-linking is similar throughout the film.

Pentacene (Sigma–Aldrich) was thermally deposited
onto the irradiated PMMA layer at room temperature to a
thickness of 40 nm using a shadow mask. The deposition
rate was 0.02 nm s�1 at chamber pressure of approxi-
mately 3 � 10�7 mbar. Finally, a further shadow mask
was used to define the source and drain contacts, formed
by the thermal evaporation of 40 nm of gold.

The thickness and morphologies of the various layers
were studied using a Digital Instruments Nanoscope atom-
ic force microscope. The transistor characteristics were
measured under ambient conditions using an HP 4140B
Picoammeter/DC Voltage source. The current versus volt-
age characteristics were measured using a Keithley 485
picoammeter and 2400 source meter. The capacitance ver-
sus voltage behavior was monitored with an HP4192A
impedance analyser.
3. Results and discussion

Fig. 1 shows atomic force microscope images of the sur-
face of a 57 nm spin-coated PMMA film (Fig. 1a), the same
film (now 33 nm in thickness) following ion-beam irradia-
tion (Fig. 1b), the irradiated PMMA film after development
in acetone (Fig. 1c) and the surface of a 40 nm pentacene
z and a voltage scan rate of 0.05 V s�1 for aluminium/cross-linked PMMA
y characteristics for 33 nm thick cross-linked PMMA layer sandwiched
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film, which was subsequently evaporated onto the irradi-
ated PMMA (Fig. 1d). Following irradiation, the thickness
of the PMMA has been reduced by about one half and the
film is no longer soluble in solvents such as acetone or
iso-propyl alcohol: methyl iso-butyl ketone in a 3:1 ratio
(used as a developer for PMMA). This suggests that the
PMMA has become cross-linked. The ion-beam irradiation
has also resulted in an increase in the rms surface rough-
ness – from 0.65 to 1.34 nm. However, subsequent evapo-
ration of pentacene onto cross-linked PMMA reveals a high
quality film with a relatively large grain size (Fig. 1d). The
cross-linked PMMA film is referred to as cPMMA in the
forthcoming sections.

A parallel plate capacitor structure (Al/insulator/Au)
was fabricated to investigate the dielectric properties of
the cPMMA. The area of the capacitor was nominally
1.8 � 10�3 cm2 (exact area values were measured and used
in the calculations of current density and permittivity).
Fig. 2 contrasts the current density J versus the electric
field F behavior for spin-coated PMMA (80 and 430 nm
Fig. 4. (a) Output and (b) transfer characteristics of a pentacene-based OTFT usi
scans are shown for both sets of data. Device channel length = 50 lm; channel w
films) and for cPMMA (33 nm). The leakage current density
of the cPMMA was <10�8 A cm�2 for fields up to
0.35 MV cm�1 and this remained below 10�6 A cm�2 for
fields up to 2 MV cm�1. Similar data were measured for
the uncross-linked PMMA. In a previous paper [7], we have
discussed the origin of the electrical characteristics of spin-
coated of PMMA films. The conclusion was that high elec-
trical field processes, resulting from the Poole–Frenkel
effect or from Schottky emission, may dominate the elec-
trical behavior in thin films. In the case of Schottky emis-
sion, the conductivity will be limited by the electrodes,
perhaps accounting for the similar conductivity values of
our cross-linked and uncross-linked films. Further work
is needed to clarify this point. However, for the purposes
of this study, the measured leakage current densities are
sufficiently small to enable a 33 nm cPMMA film to be used
as the gate dielectric in an OTFT.

The capacitance, C, versus voltage, V, characteristics,
measured at 1 MHz and at 1 kHz and a voltage scan rate
of 0.05 V s�1, for an aluminium/cPMMA/pentacene/gold
ng cross-linked PMMA as the gate dielectric. Forward and reverse voltage
idth = 500 lm.
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metal-insulator-semiconductor (MIS) structure are de-
picted in Fig. 3; the inset shows the measured capacitance
per unit area as a function of frequency for a 33 nm thick
cPMMA layer sandwiched between aluminium and gold
electrodes. Using the latter curve, the dielectric constant
of the cPMMA layer was calculated to be 3.90 ± 0.10 at
1 kHz and 2.89 ± 0.10 at 1 MHz. These values are almost
the same as those reported for PMMA [7]. The accumula-
tion capacitance for the MIS structure was found to scale
with the cPMMA thickness and the calculated dielectric
constant was the same, within experimental errors, with
the value calculated from the inset of Fig. 3. The C–V curves
shown in Fig. 3 reveal only a very small degree of hystere-
sis on reversing the voltage scan direction. This is very sim-
ilar to that observed with pentacene/PMMA OTFTs and is
consistent with a relatively ‘clean’ (in an electronic sense)
interface between the pentacene and the cross-linked
polymer [7].

The output and transfer characteristics for an OTFT with
a 33 nm cPMMA gate insulator, formed by spin-coating
and ion-beam irradiation, are shown in Fig. 4 (device chan-
nel length = 50 lm, and width = 500 lm). The output char-
acteristics of the device plotted in Fig. 4a reveal the drain
current, IDS, as a function of source-drain voltage, VDS, for
different values of gate voltage, VGS. The device shows
excellent characteristics in the linear and saturation re-
gions. Moreover, the thin-film transistor operates at rela-
tively low voltages, <10 V. The transfer characteristics of
the device Fig. 4b, are measured at VDS = �8 V. Plots are gi-
ven in the form of both log(IDS) versus VGS and (IDS)1/2 ver-
sus VGS. The on/off current ratio, threshold voltage, VT, and
sub-threshold slope for the device were 1.1 � 106, �0.9 V,
and 219 mV decade�1. Such characteristics compare very
favorably with other recent published data for pentacene/
PMMA OTFTs, the insulator thicknesses of which are great-
er than reported in this work [7,8,14–16].

The field-effect mobility, l, was estimated in the satura-
tion region of the transistor, using

IDSðsatÞ ¼
WCi

2L
lðVGS � VTÞ2 ð1Þ

where IDS(sat) is the saturated drain-source current, W and L
are the channel width and length, respectively, Ci is the
dielectric capacitance per unit area. The value of l may
therefore be evaluated from a plot of (IDS(sat))1/2 versus
VGS. Using the data from Fig. 4b provided a mobility of
1.1 cm2 V�1 s�1 (using a permittivity value of 3.9 for the
cPMMA). This will be a mean value, as the field-effect
mobility will vary along the channel of the OTFT. The
mobility figure obtained in this work is higher than that
previously obtained with thicker PMMA films [7]. Other
workers on organic transistors have reported mobilities
that depend on the gate voltage, even when VG exceeds
VT [17–20]. One explanation for this phenomenon can be
based on the theory described by Necliudov and coworkers
[17]. According to this model, in pentacene-based OTFTs
operating above threshold, most of the charge induced by
the gate-source voltage is trapped and only a fraction of
the carriers participate in the current conduction. The
number of accumulated carriers at the pentacene surface
will depend on the gate voltage, an increase in which will
result in an increase in the surface carriers. Such a process
may explain the higher field-effect mobilities found with
decreased thickness of gate insulator for our pentacene/
PMMA OTFTs.

4. Conclusions

We have been able to cross-link PMMA by ion-beam
radiation and to use the resulting thin film as the gate
dielectric in pentacene-based field-effect transistors. We
have achieved a high-performance device, possessing a
field-effect mobility of over 1 cm2 V�1 s�1, a threshold volt-
age of around �1 V, an on/off current ratio over 106, and a
sub-threshold slope of about 220 mV decade�1. The cross-
linking methodology using an ion beam may not seem to
fit with the low-cost rationale for organic electronics noted
earlier. However, the experiments reported here are feasi-
bility studies and indicate that physical cross-linking of the
PMMA gate dielectric can be used effectively to produce
thin-film transistors with high carrier mobility and operat-
ing at low voltages. Other solutions, e.g. based on reactive
ion etching, may prove to be more appropriate for
manufacture.
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ultrafast (�100 fs) hot exciton dissociation [14]. Subse-
quently, Virgili et al. studied the ultrafast intrachain photo-
excitation in isolated polymer chains [11]. They presented
the first experimental evidence of intrachain generation
and recombination of free charges, and attributed the
charge generation to the dissociation of some higher ex-
cited states.

Both Hendry [6] and Virgili [11] speculated that the ini-
tial excitation products are excitons and some higher ex-
cited states. However, the yields of excitons and the
higher excited states have not been investigated theoreti-
cally as they are a function of the photoexciting pulse.
‘‘By-hand” exciting one electron from a low occupied
molecular orbital to high empty one, An et al. considered
the single-electron transition in a polymer [13]. They
found that transition from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) results in an exciton, while transition from Below-
HOMO to Above-LUMO will lead to the formation of a
high-energy exciton (as called in Ref. [13] a mixed stated
consisting of an exciton and a polaron pair). Due to the
higher energy than that of an exciton, the high-energy
exciton is found to be responsible for the generation of free
charges [8]. In their theoretical treatment, the excited elec-
trons have been supposed to lie in higher energy orbitals,
while the photoexciting process was neglected. So they
could not give a relation between the excited states and
the photoexciting pulse. In this paper, we employ an AC
field to simulate a photoexcitation, through which the
spontaneous electron transitions are realized. The excita-
tion products are recognized by projecting the evolution
state onto the instantaneous eigenstates of some well
known excited states. The paper is organized as follows.
The model and method are presented in Section 2. The re-
sults and discussions are shown in Section 3. Finally in Sec-
tion 4, a summary is given.
2. Model and method

Here we consider the photoexcitations in a PPV mole-
cule, which has exhibits attractive optoelectronic proper-
ties. As early as the 1990s, Choi and Rice proposed a Su–
Schrieffer–Heeger (SSH) -like Hamiltonian to describe the
geometry and electronic structure of PPV [15], where all
the carbon atoms in the benzene rings are included. In
2007, according to the SSH-like Hamiltonian we proposed
a relatively simple model for a PPV molecule [8]. That is,
by a renormalization treatment for the benzene rings, a
PPV molecule can be regarded as a one-dimensional chain
and each PPV monomer contains six carbon atoms along
the chain direction. In this work, we will continue to use
the latter model, since we have found that the change be-
tween the two models has a minor effect on the photoex-
cited results through a comparison.

For a PPV molecule, the Hamiltonian consists of three
parts

H ¼ He þ Hlatt þ HE: ð1Þ

Here
He ¼ �
X

n

tn;nþ1ðCþnþ1Cn þ Cþn Cnþ1Þ ð2Þ

shows the electron hopping between the nearest-neigh-
boring sites of the system with the spin index omitted
for clarity. The transfer integral tn;nþ1 between site n and
n + 1 is written as

tn;nþ1 ¼ t0 � aðunþ1 � unÞ � t1 cos np

þ t2 cos
nþ 1

3
p

� �
� d nþ 1

3
; int

� �
; ð3Þ

where d nþ1
3 ; int

� �
¼ 1, if nþ1

3 ¼ int; and d nþ1
3 ; int

� �
¼ 0, if

nþ1
3 –int. ‘‘int” means an integer. t0 represents the near-

est-neighbor transfer integral for a uniform bond structure,
a the electron-lattice interaction constant and un the dis-
placement of a unit at site n. t1 and t2 are the symmetry-
breaking parameters introduced to reflect the lattice fea-
ture of a PPV monomer. Cþn (Cn) is the creation (annihila-
tion) operator of an electron at site n.

Hlatt ¼
1
2

K
X

n

ðunþ1 � unÞ2 þ
1
2

M
X

n

_u2
n ð4Þ

describes the classical treatment of the elastic potential
and kinetic energy of the sites. K denotes the elastic con-
stant and M the mass of a site.

HE ¼
X

n

eEðtÞðnaþ unÞðCþn Cn � 1Þ ð5Þ

shows the photoexciting effect through a time-dependent
AC field EðtÞ, where e is the electronic charge and a lattice
constant. To numerically simulate a femtosecond electric
pump pulse [6,11], we choose EðtÞ as a Gaussian form with
width T centered at tc ,

EðtÞ ¼ E0 expf�½ðt � tcÞ=T�2g cosðxtÞ; ð6Þ

by which Streitwolf et al. have successfully investigated
the formation of solitons [16]. E0 and x separately shows
the photoexciting intensity and frequency.

The evolution of an electronic state UmðtÞj i depends on
the time-dependent Schrödinger equation

i�h
@

@t
UmðtÞj i ¼ He þ

X
n

eEðtÞðnaþ unÞCþn Cn

 !
UmðtÞj i: ð7Þ

Displacement un is not fixed in present case due to the
strong electron-lattice interactions. With the evolution of
the electronic states, un is developed upon the Newtonian
equation of motion

M€un ¼ �Kð2un � unþ1 � un�1Þ þ 2aðqn;nþ1ðtÞ
� qn�1;nðtÞÞ þ eEðtÞðqn;nðtÞ � 1Þ � kM _un: ð8Þ

qn;n0 (t) is the electronic density matrix defined as

qn;n0 ðtÞ ¼
X

m
U�m;nðtÞfmUm;n0 ðtÞ; ð9Þ

where Um;nðtÞ ¼ njUmðtÞh i. fm denotes the occupation of state
UmðtÞj i and is determined by the initial electron occupation

(0, 1 or 2). In Eq. (8), a damping term is introduced to de-
scribe the energy dissipation into the surrounding medium
by a tuning parameter k [17].



Fig. 1. Schematic diagram of the molecular orbitals for a PPV molecule in
a ground state, where the filled circles indicate electrons with the spin
omitted.
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To recognize the final states after photoexcitation, we
introduce instantaneous eigenstate /lðtÞ

�� E
, which is ob-

tained by the instantaneous Eigen equation

He þ
X

n

eEðtÞðnaþ unÞCþn Cn

" #
/lðtÞ
�� E

¼ elðtÞ /lðtÞ
�� E

; ð10Þ

with the Hamiltonian determined by the instantaneous
site position un. elðtÞ is the Eigen energy of instantaneous
state /lðtÞ

�� E
.

In present investigation, we set Umðt ¼ 0Þj i ¼ /mðt ¼ 0Þj i
at beginning. When a photoexcitation is applied, the state
Umj i will experience an evolution determined by the cou-

pled differential Eqs. (7) and (8), which are solved by the
Runge–Kutta method of order eight with step-size control
[18,19].

The actual state of the whole electronic system at any
time is obtained through a Slater determinant of the occu-
pied single-electron evolutional wavefunction UmðtÞj i. It is
different from the simple adiabatic approximation, where
the state of the system is given by instantaneous eigenstate
/lðtÞ
�� E

. Therefore, the present approach is a nonadiabatic
one.
Fig. 2. Variations of occupation FlðtÞ on the six instantaneous eigenstates
near the gap during the evolution with photoexciting energy �hx ¼ 2:7 eV .
3. Results and discussion

In the simulations, we start from a ground state, which
is determined by minimizing the total energy of a PPV mol-
ecule. The parameters are set as a = 10.29 eV/Å, t0 = 2.66
eV, a = 1.22 Å, K = 99 eV/Å2, and M = 1349.14 eV fs2/Å2

referring to Refs. [20,21]. By adjusting the magnitudes of
t1 and t2, we get an energy gap of Eg ¼ 2:8eV between
HOMO and LUMO, in agreement with other works on pris-
tine PPV [20,21]. If there is no any external perturbation,
the molecule will keep its ground state unchanged. In this
equilibrium state, we have UmðtÞj i ¼ /mðtÞj i ¼ /mðt ¼ 0Þj i
with Eigen energy em. Fig. 1 shows the schematic diagram
of the molecular orbitals for a PPV molecule in a ground
state, where we denote el (l ¼ 1;2 � � �) to be the lth occu-
pied orbital counted from HOMO, and e�l (l ¼ 1;2 � � �) to be
the lth unoccupied one counted from LUMO.

When the molecule is photoexcited, electrons will gain
energy and UmðtÞj i evolves with time, which means that
electrons may transit among the instantaneous eigenstates
/lðtÞ
�� E

. The ‘‘by-hand” simulations treat the transitions by
moving electrons from the occupied orbitals to the unoccu-
pied ones. Here let us excite the molecule with a femtosec-
ond electric pump pulse with the form of Eq. (6), in which
E0 and T is fixed to be 1:0 MV=cm and 25 fs, respectively.
The final state after the photoexcitation is analyzed by cal-
culating FlðtÞ ¼

P
mfmj /lðtÞjUmðtÞ
D E

j2; which gives the elec-
tron occupation on instantaneous eigenstate /lðtÞ

�� E
at

time t. The variations of FlðtÞ reflect electron transitions
among the instantaneous eigenstates. A result with photo-
exciting energy �hx ¼ 2:7 eV is shown in Fig. 2. At begin-
ning, the molecule is in its ground state with electron
occupation FlðtÞ ¼ fl. A photoexcitation is applied to the
molecule at tc ¼ 40 fs. It is found that electrons on the
occupied orbitals gain energy to transit to the unoccupied
ones with different probabilities. Especially, apparent tran-
sitions take place between e1 and e�1. About 30 fs later, the
transitions stop.

Transition probability of electron or distribution of FlðtÞ
is found to be dependent upon the photoexciting energy.
Fig. 3 shows the dependence of the transferred electrons
C ¼

P
Flðl ¼ e�1; e�2; � � �Þ on the photoexciting energy �hx.

It is found that there exists a critical value of �hxc

¼ 2:6 eV, below which electrons in the occupied orbitals
can not transit to the unoccupied ones. The reason is that
there is a big energy gap between HOMO and LUMO. In
fact, this critical value corresponds to experimentally ob-
tained optical energy gap [22–24]. When the photoexciting
energy is larger than the critical value, electrons begin to
transit. As the orbitals are discrete, the transition probabil-



Fig. 3. Dependence of the transferred electrons C on the photoexciting
energy �hx.

Fig. 4. Probabilities of the PPV molecule in a ground state (dash-dotted
line), an exciton (solid line), a biexciton (dashed line), and a high-energy
exciton (dotted line) during the evolution with �hx ¼ 2:7 eV (a) and
�hx ¼ 3:0 eV (b), respectively.
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ity is strong only at some photoexciting energies. As shown
in Fig. 3, we find that there separately appears a transition
peak at �hx ¼ 2:7 eV, �hx ¼ 3:0 eV, and �hx ¼ 3:4 eV, et al.
As we know, in a photoexcitation the most probable di-
pole-allowed transitions are those from el to e�l (i.e.,
el ! e�l). By a further check for these transition peaks,
we can clearly see that the first peak corresponds to the
transition e1 ! e�1 (see Fig. 2), the second one e2 ! e�2,
and the third one e3 ! e�3, etc. For the peak value, we find
that it decreases remarkably with the photoexciting en-
ergy. It shows that, in a photoexciting process, a higher-en-
ergy transition is not easy to be obtained.

It has been known that transition e1 ! e�1 with one elec-
tron will result in the formation of an exciton, while that
with two electrons will produce a biexciton. But the photo-
excitation can not give the ideal transitions. As shown in
Fig. 3, the transferred electrons for transition e1 ! e�1 are
about 0.3e in present parameters. Now let us recognize
the final state corresponding to the transition e1 ! e�1,
which has the highest transition probability. To do so, we

calculate the projection iSk
ðtÞ ¼ j /Sk

UðtÞj
D E

j2 of the evolu-

tion state onto the instantaneous ground state [denoted
as S0ðFe�1

¼ 0; Fe�2
¼ 0Þ ], exciton [denoted as S1ðFe�1

¼
1; Fe�2

¼ 0Þ ], and biexciton [denoted as S2ðFe�1
¼ 2; Fe�2

¼ 0Þ
], which gives the yield iSk

of one kind state Sk. The results
are shown in Fig. 4a. After the photoexcitation, it is found
that the molecule may still in its ground state with a prob-
ability of 72%, or lie in an exciton with a probability of 26%,
or lie in a biexciton with a probability of 2%. As we know,
biexcitons have some characteristics different from those
that excitons or other excited states have, such as the
abnormal polarization [25]. Here the calculated yield of a
biexciton is much smaller than that of an exciton, which
may be related to the weak photoexciting intensity
(E0 ¼ 1:0 MV=cm in present model). For the second transi-
tion peak corresponding to e2 ! e�2, we find that the prob-
ability in ground state is 82%. But the probability in an
exciton or biexciton is nearly negligible, which means that
the photoexcitation at this photoexciting energy
(�hx ¼ 3:0 eV) can not get excitons or biexcitons. To recog-
nize the excitation product, we have to introduce another
excited state. As An et al. indicated in Ref. [13], transition
e2 ! e�2 will result in the formation of a high-energy exci-
ton [denoted as S3ðFe�1

¼ 0; Fe�2
¼ 1Þ ]. By projecting the evo-

lution state onto the instantaneous state S3, we get a yield
of 18%, as shown in Fig. 4b. Hence the photoexcitation at
�hx ¼ 3:0 eV produces a higher excited state or high-energy
exciton. Due to the higher photoexciting energy (0.3 eV in
present parameters), a high-energy exciton is found to be
more easily dissociated into free charges contributing to
photocurrent than an exciton [8].

For other higher energy photoexcitations, we obtain
that a transition eodd ! e�odd finally leads to the formation
of excitons, while eeven ! e�even high-energy excitons. The
results agree with the speculations by Hendry [6] and Vir-
gili [11], as stated in Section 1. In addition, from Fig. 3 we
can obtain a relation between the photogenerations of the
two excitation products and the photoexciting energies,
which is helpful for optoelectronic applications of organic
semiconductors. As we know, in photovoltaic devices, such
as photovoltaic cells or electrophotographic devices, one
would like free charges to be efficiently produced. Since
free charges result from the dissociation of high-energy
excitons, we should control the photoexciting energy to
improve the yield of high-energy excitons. While in light-
emitting devices, one would like to suppress the formation
of free charges and enhance the yield of excitons.

In actual applications, the photoexciting intensity also
plays an important role for the photoexciting process. It
has been experimentally observed that, at high photoexcit-
ing intensities, biexcitons will be photogenerated [26]. It
means that, at a higher photoexciting intensity, biexcitons
should have a higher yield. This question will be specially
discussed in a future work. In addition, a superlinear
dependence of the charge photogeneration (CPG) yield on
the photoexciting intensity has also been reported [11].
Here we investigate the effect of the photoexciting inten-
sity on the generation of high-energy excitons. Fig. 5 shows
the dependence of the yield of high-energy excitons (corre-
sponding to the second transition peak) on the photoexcit-



Fig. 5. Dependence of the yield of high-energy excitons on the photoex-
citing intensity E0.

K. Gao et al. / Organic Electronics 10 (2009) 1601–1605 1605
ing intensity E0. An apparent superlinear increase of the
yield of high-energy excitons with the photoexciting inten-
sity is obtained when the photoexciting intensity is not
strong (E0 < 1:5 MV=cm). The result is consistent with
the experimental observations, if we consider that the dis-
sociation of high-energy excitons is independent upon the
photoexciting intensity. When the photoexciting intensity
is strong (E0 P 1:5MV=cm), the yield of high-energy exci-
tons is found to gradually reach a constant (�40% in pres-
ent parameters).

Finally, it should be stressed that, despite the model is
parameterized for PPV, some molecular effects on the
photoexciting process are not taken into account. An
innegligible effect is the thermally-induced or solvent-in-
duced rotations of the benzene rings out of the energeti-
cally favored planar conformation. For example, Ginder
and Epstein demonstrated the importance of the ring-tor-
sion angle in polyaniline [27]; Brédas et al. also discussed
the influence of ring-torsion dimerization on the band
gap of aromotic conjugated polymers [28]. Both of the
two works indicate that the rotations of benzene rings
can cause many interesting optoelectronic properties. In
addition, an external photoexcitation or thermal perturba-
tion must cause the quantum fluctuations of the lattices as
discussed by Shuai et al. [29]. So, further investigations
should be done in the future that include the molecular ef-
fects, such as the rotations of benzene rings and the quan-
tum fluctuations of the lattices, on the excitation products
and the corresponding yields in PPV.

4. Summary

In summary, by numerically applying a femtosecond
electric pump pulse we investigated the photoexciting pro-
cess in a PPV molecule, which will be vital to understand
the light-emitting efficiency and the photoconductance of
organic semiconductors. We found that the initial excita-
tion products are excitons, biexcitons, and high-energy
excitons. The yields were calculated and it was found that
the photogenerations of them are determined by the
photoexciting energy. A relation between their photogen-
erations and the photoexciting energy was obtained, which
is helpful for optoelectronic applications of organic semi-
conductors. In addition, effect of the photoexciting inten-
sity on the photogeneration of high-energy excitons was
discussed. We found a superlinear increase of the yield of
high-energy excitons with the photoexciting intensity,
which is consistent with the experimental observations.
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trodes to the emitting materials is so similar that does not
always allow sufficiently selective injection (and therefore
emission) depending on the external bias. Quantum-dot-
based LEDs is an alternative method to tune the outcoming
light by controlling the size and shape of the quantum-dot
[7]. However, the blue component is rather difficult to ob-
tain due to the diminute dimensions of the quantum-dots
required. The synergic combination of organic and inor-
ganic semiconducting materials is a recently reported ap-
proach to obtain color tunable devices [8,9]. As we will
demonstrate, the very different charge injection properties
of these two dissimilar materials can also provide a fine
voltage controlled color tunability. White emission in poly-
meric devices has also been previously reported [3,4,10],
however they are either no voltage controlled, imply ter-
nary blends or use no solution processable materials.

Therefore, we merge together two of the most promis-
ing technologies in the last decade – organic electronics
and nanotechnology – to report blue to red voltage tunable
emitting devices that can also be white for certain voltages.
As previously mentioned, one needs the three RGB compo-
nents in a white device. We obtain green and blue from the
same polymer with the approach of deliberately oxidizing
commercially available PFO from American Dye Source.
The green band of PFO has been studied in detail by Sims
et al. mainly by means of photoluminescence [9,10]. We
report experimental procedures to fabricate blue and/or
green emitting diodes depending on the controlled oxida-
tion degree of PFO. In order to achieve white light, the
red component arises from the addition of also commer-
cially available CdSe/ZnS quantum dots with a diameter
of 5.8 nm. The charge injection properties into PFO and
QDs are that different that allows our devices to balance
the Red, Green and Blue components if both, the blend
composition (PFO and QD) and the PFO oxidation degree
are exactly adjusted. Moreover, when this balance is bro-
ken, the same device can emit towards either blue or red
depending on the externally applied voltage.
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Fig. 1. Electroluminescence spectra measured at 8 V for different ITO/
PEDOT:PSS/PFO/Ca/Ag diodes. The original PFO solution was prepared
differently (see experimental details); while for triangles a minimum
degree of oxidation was aimed, for squares oxidation steps were
intentionally introduced.
2. Experimental

2.1. Solution preparation

Fifteen milligram of PFO (American Dye Source) were
dissolved in 1 mL of chlorobenzene using different proce-
dures, in order to achieve either pure blue emission or a
combination of blue and green.

– Solution preparation for non-oxidized PFO (pure blue
emission):The semiconductor solution was heated at
80 �C during intervals of 10 s; enough to dissolve the
polymer but preventing temperature activated oxida-
tion. The semiconductor and the substrates were at
room temperature during spin-coating process.

– Solution preparation for deliberately oxidized PFO (blue/
green emission):The solution to obtain blue–green emis-
sion was stirred at 88 �C during 1 h 300. The semiconduc-
tor was spin coated directly from the hot solution.
Furthermore, after spin coating the semiconductor, the
substrates were annealed at 88 �C for 5 min.
In order to prepare the PFO:QD blends, commercial dis-
persions of quantum dots in toluene from Evident were
used (CdSe/ZnS, 5.8 nm diameter 5 mg mL�1). Different ra-
tios of the QD dispersion were used as the percentage in
volume of the initial PFO solution. Blends were stirred at
50 �C for 1 h.

2.2. Device fabrication and instruments

Four inch circular glass wafers completely covered with
ITO from VISIONTEK were in-house structured by means of
photolithography to produce 15 � 15 mm square sub-
strates with a 7 mm wide centered ITO stripe. The ITO sub-
strates were cleaned in acetone and isopropanol 5 min
ultrasonic baths. Commercially available Baytron PED-
OT:PSS AI4083 from HC Starck was spin coated on the
ITO. PEDOT films were heated at 100 �C for 5 min to evap-
orate any residual water in the film. The either PFO or
PFO:QD were spin-coated under different conditions
depending on the solution used. Finally, metallic cathodes
of 10 nm calcium and 200 nm silver were thermally evap-
orated under high vacuum (<4 � 10�6 mbar) through a
shadow mask, giving four diodes of 9 mm2 on each
substrate.

Samples were measured inside a nitrogen glove box
with a Minolta CS100-A spectroradiometer applying volt-
ages controlled by a Keithley VMU 2420.
3. Results and discussion

Fig. 1 shows the emission of two diodes fabricated with
PFO under different conditions (see Section 2), fresh or
non-oxidized, and trying to promote polymer oxidation.
The emission of sample 1 (triangles) is the typical PFO blue
emission habitually reported [11,12]. For sample 2
(squares) the green band grows as a function of the poly-
mer oxidation until it becomes clearly dominant. The
mechanisms to explain the green band have been previ-
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Fig. 3. Emission spectra at 12 V for PFO and different PFO:QD combina-
tions. Samples were prepared as described in the Section 2. White
emission (CIE X: 0.34–0.35/Y: 0.35–0.36) was achieved by precisely
controlling both the oxidation degree of PFO and tuning the PFO and QD
amounts in the solution.

Fig. 4. Electroluminescence spectra for a 70:30 PFO:CdSe blend at
different applied voltages. The same initially white emitting device can
be tuned towards either blue or red depending on the applied bias.
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ously reported [13,14]. It is commonly accepted that oxida-
tion leads to a fluorenone formation (ketone (C@O)) group
at the C-9 position following dealkylation. It is additionally
believed that further manipulation of fluorenone-contain-
ing chains is necessary to activate the green emission. In
essence, there seems to be a requirement that fluorenone
groups are able to aggregate before the green emission can
appear. Temperature and/or solvent assisted chain mobili-
zation (swelling) is then envisaged to facilitate aggrega-
tion. Therefore, by modifying and controlling the solution
and film preparation conditions one can achieve different
color emission. Fig. 2 shows the IVL characteristics of the
same two diodes. The chemical oxidation of the PFO
responsible for the green emission introduces competing
non-radiative processes that negatively affect the emitting
properties of the device in terms of luminance. However,
one can benefit from this fact to obtain outcoming color
tuning by adjusting the blue and green components at
wish when either the efficiency and/or efficacy of devices
is not the limiting factor.

In order to also obtain the red component from the same
emitting film, different amounts of a 5 mg/ml commercial
dispersion of CdSe/ZnS quantum dots with diameter of
5.8 nm were added to the original PFO solution (15 mg/ml
in chlorobenzene). The emission spectra of different
PFO:QD combinations can be seen in Fig. 3. The triangles
containing curve (70:30 in vol) denotes a nearly perfect
white emission (CIE X: 0.34–0.35/Y: 0.35–0.36) while the
squares containing curve (only PFO partially oxidized)
and the circles containing curve (30:70) show a larger blue
and red component, respectively. It has to be pointed out
that devices made with PFO solutions minimally either over
or under oxidized did not show white emission.

Once we have obtained the desired white emission, it is
additionally possible to further tune the color by adjusting
the applied voltages. Fig. 4 shows the electroluminescence
spectra of a diode fabricated with a 70:30 blend at different
voltages. Three different regimes can be seen in the same
device depending on the applied bias. The original white
emission can be modified according to the charge injection
properties of each material. While small voltages exclu-
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Fig. 2. IVL characteristics for ITO/PEDOT:PSS/PFO/Ca/Ag diodes made
from different original PFO solutions as explained for Fig. 1. Triangles
denote non-oxidized PFO, and squares denote deliberately oxidized PFO.
Current values can be read in the left Y-axis (open symbols) and
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Increasing the voltage favors red emission from the QD while decreasing
values promotes red/green emission from the partially oxidized PFO.
Inset: chromatic coordinates for the emission obtained at different
voltages. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
sively allow charge injection to PFO – and therefore
blue–green emission –, larger voltages induce the QD red
emission.

It is noticeable – from Figs. 3 and 4 – how the green
band of PFO is also affected by both the presence of QD
and the applied voltage. Both effects therefore favor the
formation and subsequent aggregation of fluorenone group
containing polymer chains, which supporting the interpre-
tation of Ferenczi et al. [14], triggers the green emission.
Unfortunately, the chemical oxidation of PFO is not revers-
ible, and once the green band has arisen is not removable.
Fig. 5 shows the IVL characteristics of the PFO:QD diode
before and after obtaining white emission. The applied
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voltage, i.e. the current flowing through the polymer, is
also believed to play a crucial role in the oxidation of the
polymer. Therefore, increasing the applied voltage to ob-
tain the red component also contributes to further oxidize
the PFO. This favors the green emission also detrimenting
the blue component, and makes the process non-revers-
ible. Once we have observed white emission it is not pos-
sible to achieve blue again, but certain degree of voltage
tunability between green and red is still feasible.

Voltage tunable emission has been previously reported
in both polymer:QD [8] and polymer:polymer [5,6] de-
vices. There are usually two different processes to explain
color tunability from the same device. One relies on di-
pole–dipole interaction (Förster transfer) in which an ex-
cited state is transferred from the host to the guest if
certain conditions are fulfilled. Basically, the absorption
of the guest has to overlap the emission of the host. If addi-
tionally, different polymer chains are within a minimum
distance (Förster radius), the whole emitted energy by
the host is re-absorbed by the guest [15,16]. Therefore
phase-segregation even in the nanoscale has to be avoided.

On the other hand, materials with different miscibility
properties, that consequently tend to phase-segregate (like
conjugated polymers and quantum dots), can also be made
to simultaneously emit if they are excited at once [6]. Con-
trolling for example the charge injection properties in both
phases, it is an additional possibility to achieve voltage
tunable emission. Polymers and QD tend to segregate and
therefore we observe simultaneous emission from both of
the components that can either be polymer (blue–green)
or QD (red) biased depending on the external applied
voltage.

4. Conclusion

In summary, we have shown the possibility to combine
organic conjugated polymers with inorganic semiconduct-
ing nanoparticles in order to fabricate white emitting
diodes. Their emission can be finely tuned towards either
red or blue by modifying the external applied bias. This
can be achieved with a precise control of the oxidation de-
gree of the polymer and the adequate percentage of both
components – polymer and QD – in the solution. Oxidation
and phase separation are controlled via specifically devel-
oped solution preparation techniques. Devices can then
be processed from these solutions via a simple wet coating
process. We chose spin-coating for its simplicity at lab
scale, but there are no restrictions for other processes more
suitable for mass production (doctor blading, inkjet print-
ing) to result in the same desired phase segregation be-
tween polymers and quantum dots in the film. This
segregation allows for the important selective charge
injection to a particular material phase depending on the
voltage. With this approach it is possible to cover the
whole color gamut with only a single device.
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(LT-632) with side chains have been used in order to get
uniform thin films. In addition to the molecular modifica-
tion, many efforts have been made to fabricate multilayer
structure by solution process, such as synthesis of cross-
linked materials [3], water/methanol soluble materials [7],
lamination method [8], liquid buffer layer [9], and blade
coating method [10]. All-solution-processed OLEDs in mul-
tilayer device structure, hole transport layer (HTL)/emissive
layer (EML)/electron transport layer (ETL), have been fabri-
cated by blade coating without applying any cross-linked
materials. In such devices the LiF/Al is used as the cathode,
without any low work function metals like Ca, Ba, or Mg.
The performance of the device by all-solution process is
close to that by evaporation but the cost would be reduced
dramatically due to the cheap solution process.

All-solution-processed multilayer blue light OLED with
high device efficiency has been compared with its counter-
part by vacuum deposition. Three devices with device struc-
ture of ITO/PEDOT:PSS/HTL/EML/ETL/LiF/Al were made to
compare the different fabrication processes, including the
device by all evaporation process (device A), the device with
solution-processed HTL and evaporated EML/ETL (device B),
and the device by all-solution process (device C). Four
devices by all-solution process with different annealing
temperatures of ETL layer, 20 �C (device C-1), 50 �C (device
C-2), 70 �C (device C-3), and 90 �C (device C-4) for 10 min
were made to optimize the device performance. Further-
more a device without ETL by solution process was made
as comparison (device D). ITO is indium tin oxide and PED-
Fig. 1. (a) Chemical structures of the organic materials, and (b) schematic
energy profile of the multilayer device structure design in this work. The
numbers are in eV.
OT:PSS is poly-(3,4-ethylenedioxythiophene):poly-(sty-
renesulfonate) (CLEVIOSTM P VP CH 8000, purchased from
HC Starck). PEDOT:PSS was spin coated to form a 40 nm thin
film on pre-cleaned the ITO substrate and then was baked at
100 �C for 40 min. N,N0-Bis(naphthalen-1-yl)- N,N0-bis
(phenyl)- 9,9-dimethyl-fluorene (DMFL-NPB, from
Luminescence Technology Corporation), acting as HTL,
was dissolved in chlorobenzene to form a 20 nm film by
blade and spin coating. LT-492 and LT-632 provided by
Luminescence Technology Corporation, act as blue host
and blue dopant individually. The 2 wt% LT-632 in the host
LT-492 were dissolved in chlorobenzene and blade coated
to form a 50 nm film on top of DMFL-NPB. Blade and spin
coating is the process to use first blade coating to form the
wet film and then spin coating until dried film is formed.
Blade coating is the process only to use the blade coating
without any spin coating. The DMFL-NPB and LT-492:LT-
632 layers were baked at 120 �C for 10 min and 125 �C for
5 min in vacuum (10�3 torr). The 2,20,200-(1,3,5-Ben-
zinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi, from
Luminescence Technology Corporation), acting as the ETL
and hole blocking layer, was dissolved in methanol to form
a 20 nm film by blade and spin coating. The film thickness
by blade coating can be controlled by the solution concen-
Fig. 2. Device performance of device A (solid square), device B (empty
square), device C-2 (solid circle), and device D (empty circle). (a) The
current efficiency. Inset is the electroluminescent spectra. (b) The
luminance. Inset is the current density.
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tration and the gap between substrate and blade coater. The
film thickness by blade and spin coating can be controlled
by the spin rate in addition to the solution concentration
and the gap. The speed of blade coating is fixed at 10 cm/
s. The film thicknesses are measured by a Kosaka ET4000
Surface Profiler. Fig. 1 shows the material chemical struc-
Fig. 3. AFM images of the (a) HTL, (b) HTL/EML, (c) HTL/EML/ETL by evaporat
solution-processed ETL (TPBi) is annealed at 50 �C.
tures and schematic energy profile of the multilayer device
structure. All the solution and annealing processes were
performed in the glove box with low humidity (<5 ppm)
and oxygen (<5 ppm). In device A all the organic layers were
made by conventional thermal evaporation in the high vac-
uum chamber (10�7 torr) without any annealing process. All
ion, and (d) HTL, (e) HTL/EML, (f) HTL/EML/ETL by solution process. The



Fig. 4. Device performance of the all-solution-processed devices with
different annealing temperature of TPBi, 20 �C (solid square), 50 �C
(empty square), 70 �C (solid circle) and 90 �C (empty circle). (a) The
current efficiency. Inset is the electroluminescent spectra. (b) The
luminance. Inset is the current density.
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the devices were coated with LiF(1 nm)/Al(100 nm) cathode
and packaged in a glove box. Ionization potential is mea-
sured by cyclic voltammetry and electron affinity is calcu-
lated by Ionization potential plus band gap determined by
the ultraviolet absorption spectrum. The electrolumines-
cence (EL) spectra and current–luminance–voltage (I–L–V)
characteristics are measured by a Photo Research PR650
spectrophotometer integrated with Keithley 2400 multi-
meter.

Fig. 2 shows the device performances of device A (all
evaporation), device B (only HTL by solution process), de-
Table 1
Performance of OLEDs in this work.

Label HTL (DMFL-NPB) EML (LT-492:LT-632) ET

Device A Ea E E
Device B Sb E E
Device C-1 S S S(
Device C-2 S S S(
Device C-3 S S S(
Device C-4 S S S(
Device D S S

a E: evaporation.
b S: solution process.
vice C-2 (all-solution process), and device D (all-solution
process, without TPBi). While operating at 10 mA/cm2,
the device efficiency is 6.3 cd/A of device A, 5.6 cd/A of de-
vice B, 4.8 cd/A of device C-2, and 0.01 cd/A of device D.
The maximum luminance is 7054 cd/m2 of device A,
11,460 cd/m2 of device B, 3677 cd/m2 of device C-2, and
26 cd/m2 of device D. The maximum luminance of the de-
vices is defined as the luminance that can be achieved of
the device. The luminance will decay after this maximum
luminance even the bias increases. There are some dam-
ages occurred of the devices after the maximum lumi-
nance. The device performance of device D without TPBi
as ETL is obviously poor, indicating TPBi layer is required
to offer efficient electron injection. As can be seen in I–V–
L relation, the current and luminance of all-solution-pro-
cessed device C-2 at low bias before 9 V are about the same
as those of device B and are higher than those of all-evap-
orated device A. At higher bias larger than 10 V, the current
and luminance of device C become saturated and lower
than those of device A and device B. Moreover the electro-
luminescent (EL) spectra of the devices with solution-pro-
cessed EML (device C-2 and device D) show red-shift
compared with the devices with evaporated EML (device
A and device B). This may be attributed to the slight disso-
lution between the HTL and EML during blade coating,
which might cause exciplex formation in such mixing area.
The dissolution has been verified to be less than 10 nm by
measuring the total film thickness. In order to study the
detail of the different processes, the microscopic morphol-
ogies of each layer of device A and device C-2 have been
checked by AFM. The results are shown in Fig. 3. The
roughness of the evaporated layers is 1.04 nm for DMFL-
NPB, 0.87 nm for LT-492 LT-632, and 1.01 nm for TPBi.
The roughness of the solution-processed layers is 0.42
nm for DMFL-NPB, 0.46 nm for LT-492:LT-632, and
1.39 nm for TPBi. The morphologies of each layer by evap-
oration are about the same. The uniformity of the solution-
processed DMFL-NPB and LT-492:LT-632 are better than
the evaporated ones but a few spots still can be seen in
the solution-processed DMFL-NPB. There are even more
spots shown in the solution-processed TPBi layer due to
the fact that there is no side chains in the TPBi molecules.
We speculate that crystallization occurs in the solution-
processed DMFL-NPB and TPBi and such crystallization
could be regarded as one kind of impurity, which would
quench the excitons. That is the reason why the efficiency
decreases in device B and even more in device C-2. On the
L (TPBI) Max. efficiency (cd/A) Max. luminance (cd/m2)

7.4(4V) 7054(11.5V)
5.6(8V) 11,460(11.5V)

20 �C) 2.9(10V) 2125(13V)
50 �C) 4.8(8V) 3677(11.5V)
70 �C) 2.3(10V) 856(13V)
90 �C) 1.8(10V) 315(13V)

0.1(11.5V) 26(11.5V)
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other hand, the crystallization in DMFL-NPB may cause
higher mobility in device B and device C-2, therefore the
current density is higher than that of device A at lower bias
range (below 9 V). While the bias increasing, the emission
zone will move to the interface between EML and TPBi due
to the carrier blocking effect and the excitons would be
quenched by the large crystallization of TPBi. Therefore
the luminance of device C-2 becomes lower at higher bias
range (after 10 V). In order to optimize the all-solution-
processed OLED, devices with different annealing temper-
atures of TPBi layer have been made, which are device
device C-1 (20 �C), C-2 (50 �C), device C-3 (70 �C), and
device C-4 (90 �C). The results are shown in Fig. 4. The effi-
ciencies while operating at 10 mA/cm2 are 2.9 cd/A for
device C-1, 4.8 cd/A for device C-2, 2.1 cd/A for device
C-3, and 1.7 cd/A for device C-4. The maximum luminance
are 2125 cd/m2 for device C-1, 3677 cd/m2 for device C-2,
856 cd/m2 for device C-3, and 315 cd/m2 for device C-4.
The device performance of device C-1 is lower than that
of device C-2, indicating that the crystallization of device
C-2, as can be seen in Fig. 3f, may increase the carrier
mobility and help the electron transporting. In device C-3
and device C-4 large crystallization occurs and obvious
spots can be seen by naked eyes, therefore the device per-
formances are poor due to the exciton quenching effect.
the crystallization of organic film is detrimental to the de-
vice and should be avoided. The case of TPBi films annealed
at 70 �C and 90 �C indeed shows the crystal formation at
the scale of lm or larger in organic films which can be ob-
served by naked eyes. The performance of the devices with
TPBi at 70 �C or 90 �C shows poor efficiency. On the other
hand the TPBi film at 50 �C has very small spots (much less
than lm). We speculate that the films at 50 �C just start
packing and cause higher carrier mobility than that an-
nealed at 20 �C but less harmful than that with real crys-
tals. Furthermore, according to the AFM image the
morphology and roughness of HTL/EML (annealed at
125 �C, 5 min) seems to be about the same as those of
HTL (annealed at 120 �C, 10 min). However the morphol-
ogy and roughness changed after adding the ETL (annealed
at 20 �C, 50 �C, 70 �C, or 90 �C for 10 min). Because the
annealing temperature of ETL is less than that of HTL or
HTL/EML, we think the roughness and morphology change
should be resulted from the crystallinity change of TPBi
layer, not from other layers (HTL, EML). We suggest that
vapor-quality devices from solution process can be ob-
tained with all the small molecules including hole/electron
transport and emissive materials modified with side chains
to get a uniform thin film without crystallization. All the
device performances are summarized in Table 1.

In conclusion we have demonstrated all-solution-pro-
cessed multilayer blue OLEDs by blade coating without
any cross-linked materials. This kind of device combines
the advantages of small molecular organic materials and
large area manufacture process with low cost. Blue organic
host and guest have been used with side chains to get a
uniform thin film by solution process. The performance
of the solution-processed device with multilayer structure
can be very close to the evaporated one, and the cost of the
solution-processed can be reduced dramatically.
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gives mobility values which are anisotropic and might be
far away from those in a real device because factors like
disorder and experimental conditions (like nature of
charge generation, electric field range and charge concen-
tration [10]) may significantly influence mobility values.

Conventionally charge carrier mobility in organic mate-
rials has often been measured by TOF in which the transit
time (ttr) of a sheet of charge carriers, flash photo-gener-
ated in a thin, initial region of the sample, is measured in
a transient experiment. But p-conjugated polymers are
slightly different in the sense that poor sample quality
and low mobilities often make the TOF measurements dif-
ficult. TOF needs thick samples (in lm range) with optical
density in excess of 10. However, the thickness of polymer
solar cells is a couple of hundreds of nanometer. Therefore,
the mobility values obtained from TOF experiments are not
the measured values for an actual device of interest. Fur-
thermore, the necessary conditions for the applicability
of TOF techniques is that the dielectric relaxation time
sr ¼ ee0=r (e is the dielectric permittivity, r is the conduc-
tivity) is larger than the charge carrier transit time,
ttr ¼ d2

=lV (here d is the inter-electrode distance, l is
the mobility of charge carriers, V is the magnitude of volt-
age), otherwise the drifting charges will relax before they
reach the opposite electrode [11]. Moreover, the equilib-
rium charges will be sufficient to significantly redistribute
the electric field inside the sample leading to anomalous
electric field dependence of mobility [12]. Hence, the
mobility results from TOF do not reflect the actual situa-
tion of a real solar cell device due to thick film. Hence, it
can be seen that each of these mobility measurement tech-
niques lacks the universality of application or desired
accuracy.

Another method available for mobility measurements is
the Charge Extraction by Linearly Increasing Voltage (CE-
LIV) technique. The theory behind CELIV has been pre-
sented elsewhere [13]. CELIV has the advantage of being
experimentally very simple and measured values are not
influenced by contact barriers of sandwich sample. The CE-
LIV method also demonstrates advantage against the pop-
ular TOF method because for CELIV it is not necessary to
fulfill the TOF condition. Hence, the mobility values are
for the actual OPV nanometer thick optimized films not
micron thick as required in TOF. Although all methods suf-
fer from some problems but values obtained from CELIV
are inherently closer to the actual value in the device; also
because CELIV is based on the charge carrier extraction
current, which causes the electric field redistribution in
the device.

Theoretically both electron and hole mobility measure-
ments are possible using CELIV but it has proved to be very
difficult in the past. The only restriction imposed by the
experimental setup is that at least one contact of the sam-
ple should be blocking. Nonetheless, measurements have
not been very straightforward as only one extraction peak
is seen in CELIV. The main difficulty has been to resolve the
electron and hole mobility peaks. Up until now only one of
the values has reportedly been possible to extract for OPV
blends [14]. The only reported data on bipolar mobility val-
ues by CELIV is by Andersson et al. [15] where they see two
distinct peaks at critical acceptor loading greater than 75%.
But 75% is very high loading for the acceptor and does not
represent the conditions for optimized solar cells. To iden-
tify the type of carrier they correlate their data to FET
(where the polarity of charge carriers can be chosen at
will), but still not all materials show obvious electron cur-
rents in FETs. Hence, a universal method is needed which
can be applied to optimized films to get individual electron
or hole mobility values. In this work, all measurements
were performed on optimized bulk heterojunction (BHJ)
active layers with a systematic variation of the
donor:acceptor weight ratio over a wide range to empha-
size the universality of the method and to demonstrate
that this can indeed be used to study mobility in any kind
of system. Appropriate blocking electrodes to block one
type of carriers in the film were used in this case. This sup-
presses the CELIV transient corresponding to the carrier
that has been blocked resulting in one broad peak convert-
ing to a sharper peak corresponding to the carrier that has
not been blocked. This is, in effect, something similar to de-
convolution.

However, it is an inherent problem of mobility mea-
surement that it is very sensitive to the interface chemistry
of the dielectric used [16]. Recently Quiles et al. [17] pro-
vided evidence that vertical segregation and hence trans-
port in a polymer film depends on several processing
parameters; one of them being the type of substrate used.
A blocking electrode near the anode (effectively a material
other than PEDOT–PSS) might change the film morphology
perpendicular to the electrode. The transport characteris-
tics and hence mobility values of the test device might
then be different from those of the real devices. Hence, in-
stead of using the blocking electrode on the anode side, it
was introduced on the cathode side above the polymer
layer. In this manner, the morphology of the polymer ac-
tive layer was not disturbed and hence the mobility values
obtained should be more reflective of the actual values.
2. Materials and methods

In this letter, optimized solar cells based on various
poly-alkylthiophene: [6,6]-phenyl-C61-butyric acid methyl
esters (PCBM) were fabricated. Samples of regio-regular
(RR)-poly (3-butylthiophene) (RR-P3BT), RR-poly (3-octyl-
thiophene) (RR-P3OT) and RR-poly (3-dodecylthiophene)
(RR-P3DT) were investigated by the CELIV method. The
materials were purchased from Reike-metals and were
used without further purification. The alkylthiophenes
and PCBM were separately dissolved in 1,2-dichloroben-
zene, then blended together with 1:x wt/wt ratio to form
a 2.0 wt.% solution. The PCBM loading concentration was
systematically varied with respect to the alkylthiophene
polymer and hence x = 0.5, 1.0, 2.0 was used. This solution
was spin coated at 700 rpm for 40 s, and the wet film was
dried in a covered glass Petri dish as by Li et al. [18]. The
dried film was then annealed at 120 �C for 10 min in the
glove box. The active film thickness was 230–250 nm mea-
sured by a Dektak 3030 profilometer. The cathode was
10 nm Ca covered by 100 nm Al. The device structure
was ITO/PEDOT–PSS/BHJ/Ca/Al. The power conversion effi-
ciency (PCE) for the different systems is shown in Table 1.



Table 1
Power conversion efficiency (PCE) and fill factor (FF) for BHJs of different
alkylthiophene:PCBM BHJ. The leftmost column indicates ratio of alkylthi-
ophene:PCBM. The upper values in columns 2, 3 and 4 indicate PCE while
the lower values indicate FF. Device structure was ITO/PEDOT/BHJ/Ca/Al.

P3BT P3OT P3DT

2:1 1.89%
65.16

2.1%
53.7

0.09%
43.6

1:1 1.64%
46.0

0.52%
32.11

0.18%
48.9

1:2 0.94%
43.55

0.6%
47.3

0.03%
23.3
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Successful extraction of hole mobilities is demonstrated
by blocking the electrons for various poly-alkylthioph-
ene:PCBM BHJ at varying amounts of PCBM loading per-
centage. This is achieved by using appropriate blocking
electrode to suppress the peak for one carriers (block this
carrier) thus in effect separating the electron and hole
mobility peaks. The authors propose this as a generalized
method which can be applied to any of the polymeric sys-
tems. N,N0-bis(3-methylphenyl)-N,N0-diphenyl-[1,10-
biphenyl]-4,40-diamine (TPD) (a well-known electron
blocking material in small molecule solar cells as shown
in Fig. 1c, with highest occupied molecular orbital (HOMO)
and lowest occupied molecular orbital (LUMO) levels of
5.4 eV and 2.2 eV [19] respectively), was the material of
choice to be thermally deposited between the polymer
BHJ and the Ca/Al electrode. The device structure was
ITO/PEDOT–PSS/BHJ/TPD/Ca/Al as shown in Fig. 1b. The
TPD layer thickness was 7–8 nm and was deposited at a
base pressure of 1 � 10�6 torr. Vacuum was broken after
deposition of TPD and the film was exposed to air for less
than a minute while it was loaded into another chamber
for deposition of Ca/Al electrode. BHJ’s as detailed in Table
1 were used in this structure. I–V curves on introduction of
Fig. 1. (a) Energy diagram and (b) device structure for ITO/PEDOT/alkylthiophe
CELIV setup used for the experiments.
additional TPD layer show a reduction in efficiency due to
blocking of electrons by the TPD layer.

The experimental setup for the CELIV is shown in Fig. 1d
and was the same as in Ref. [20]. A variable pulse generator
Wavetek Datron 195 and a memory oscilloscope Tektronix
TDS 430A were used to recode the extraction currents. In
this technique charges that cause conductivity in the dark
are extracted by a triangular voltage pulse [13]. The extrac-
tion field pulls charges towards the electrodes which gives
rise to a current transient. The initial of the pulse current is
equal to the capacitive displacement current given by:

jð0Þ ¼ Aee0

d

(where A is the ramp rate of voltage, d the film thickness, e
is relative dielectric permittivity and e0 is the dielectric
permittivity with respect to free space). By selecting the
appropriate voltage rise speed (A = V/t) the current goes
over the maximum, and from the peak extraction time tmax

(marked by arrows in the corresponding figures) the
mobility can be calculated as:

l ¼ 2d2

3At2
max 1þ 0:36 Dj

jð0Þ

h i if Dj < jð0Þ

Current maxima is calculated from the zero intersect to
the peak position and this excludes ohmic effects.

3. Results and discussion

Fig. 2a shows the CELIV transient for the structure ITO/
PEDOT–PSS/P3BT:PCBM/Ca/Al. It is quite apparent that the
transient peak is quite broad with poorly defined maxima
for certain PCBM loading concentrations (1:1 and 2:1). It
has been argued that the mobility obtained from peaks
for CELIV transients corresponds to the majority carriers
ne:PCBM/TPD/Ca/Al, (c) chemical structure of TPD, and (d) schematic of
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Fig. 2. CELIV curves for P3BT:PCBM BHJ. The device structure is (a) ITO/PEDOT:PSS/P3BT:PCBM/Ca/Al and (b) ITO/PEDOT:PSS/P3BT:PCBM/TPD/Ca/Al using a
blocking electrode (TPD) at the cathode. The label in each of the subfigures indicates the ratio by weight percent (black star = 2:1, red circle = 1:1 and green
triangle = 1:2) of P3BT:PCBM in the active layer. Approximate peak positions are indicated by arrows. In Fig. 2a only the mobility for ratio 1:2 (D) can be
pointed by the arrow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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[13,21] and the integrated area under the peak gives the
carrier number. However, it is difficult to extract exact
mobility values from broad peaks due to uncertainty asso-
ciated with tmax in broad peaks (such as in Fig. 2a). These
imply probably a superposition of peaks for both the carri-
ers resulting in a particularly broad peak. Hence, if the
electrons are blocked the peak corresponding to electrons
should be very small (if any). Based on this underlying
principle, CELIV transient for P3BT:PCBM system with the
blocking TPD layer (structure ITO/PEDOT–PSS/
P3BT:PCBM/TPD/Ca/Al) is shown in Fig. 2b (voltage ramp
A for 2:1, 1:1 and 1:2 blends being 330, 195 and 195 kV/
s). For the P3BT:PCBM ratio of 2:1 a higher ramp voltage
has been applied to get a better hole peak. This will not
influence the extracted mobility values. These peaks were
ascribed to hole mobility as explained earlier. The calcu-
lated mobility values for the different loading concentra-
tions of PCBM are shown in Table 2. It is to be noted that
these peaks are much more prominent and sharper than
those compared to those in Fig. 2a. This will be discussed
in more detail later.

To test the method for more systems, similar thio-
phene–backbone based polymers (as P3BT) but with longer
side chains (P3OT and P3DT) were used. The TPD layer was
used in a similar architecture as shown in Fig. 1b to dem-
onstrate extraction of hole mobility. The CELIV transients
for these polymers with the structure ITO/PEDOT–PSS/
alkylthiophene:PCBM/TPD/Ca/Al has been shown in Fig. 3
(for 2:1, 1:1 and 1:2 blends, the ramp A was 204, 270
and 230 kV/s for P3OT and 270, 195 and 230 kV/s for
P3DT). A summary of the calculated values of hole mobili-
Table 2
Hole mobilities (unit: cm2 V�1 s�1) extracted from CELIV peak maxima of
Fig. 2 for various alkylthiophene:PCBM (given in row 1) loading conditions.

P3BT P3OT P3DT

2:1 1.89 E�6 3.26 E�5 1.70 E�5
1:1 4.11 E�5 2.90 E�5 1.84 E�5
1:2 6.13 E�5 3.25 E�5 7.01 E�5
ties has been given in Table 2. It is to be noted that for 1:1
ratio of thiophene:PCBM, P3BT with the shortest four car-
bon alkyl side chain shows higher mobility among all three
polymers under study in agreement with some previous
reports [22] (measured using FET). These results agree
with the correlation between mobility and the length of
the alkyl side chain. Assuming the same degree of regio-
regularity as well as polymerization degree for all three
P3ATs, the hole mobility should increase as the length of
the side chains decreases due to their contribution to the
degree of intermolecular order and chain packaging den-
sity. However, this trend is not observed for 2:1 or 1:2
blends. There are also contrary reports of a non-monoto-
nous decrease in mobility with side chain length for pure
alkylthiophene polymers [23] (measured by FET). From
the experimental results, it is concluded that mobility is
a complex function of interlayer distance, crystallinity,
crystallite size etc.; all of which will be influenced by
external factors such as PCBM loading concentrations.
Hence, it is all more important to study mobility values
for actual solar cell devices. Therefore, results reported ear-
lier using FET or TOF might not reflect the actual mobility
values in real devices. These hole mobility values are, not
surprisingly, lower than those reported by FET: approxi-
mately 10�3 cm2 V�1 s�1 for P3OT [24] and
2 � 10�3 cm2 V�1 s�1 for P3DT [25]. Previous literature
[26] shows that there is at least an order of magnitude dif-
ference between FET and CELIV mobility, with FET mobili-
ties being the higher, for this class of system.

For P3BT, there seems to be an increase in hole mobility
on increasing the PCBM concentration. Although on
increasing the PCBM percentage, the order of mobility
change is very small. This increase is less prominent in
P3DT and almost absent in P3OT. Increase in hole mobility
of polymers with increase in PCBM percentage has also
been observed for other polymers also and has been re-
ported earlier [27,28]. According to Pacios et al. [29], the
change in film morphology upon adding PCBM molecules
results in an enhanced intermolecular interaction and
therefore an improved charge transfer between adjacent
molecules. Though under optimized annealing conditions,
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PCBM crystallizes out of the matrix of the BHJ [30,31], leav-
ing the polymer chains behind which will try to reorganize
and obtain an optimized morphology. Hence, for optimized
devices, even on increasing PCBM loading concentration,
the hole mobility should not vary by a huge factor.

For the CELIV transients shown, the peak corresponding
to electrons should either be absent or highly suppressed.
But on comparing the prominent hole peaks, it can be seen
that some peaks are considerably sharper (distinguishable
extraction time tmax), while others are still broad. It is sus-
pected that in systems corresponding to sharp peaks (e.g.
2:1 ratio in P3BT:PCBM system), the hole and electron
mobility is balanced, i.e. the peak for hole and electron
mobility (even if a small one) overlap. According to Melzer
et al. [32] and Li et al. [19], for high fill factors (and hence
PCE) for BHJ solar cells, the charge carrier mobility should
be balanced. In this case, all systems with sharp peaks in-
deed have considerably high fill factors (and consequently
PCE) as reported in Table 1. In fact, CELIV signals for the
highest fill factor for a particular donor:acceptor system
have the most well defined extraction time tmax for that
set. Based on above arguments a mobility balance is ex-
pected for the sharp peak of 2:1 ratio for P3BT:PCBM. It
has also been reported that electron mobilities increase
with acceptor (PCBM) loading concentrations [33]. If this
is true then the peak for electron mobility should occur
at lower time scales (left shifted) on increasing PCBM load-
ing concentration. Indeed, for this case, the curves corre-
sponding to higher PCBM concentrations are broader
than those at lower PCBM concentrations. The authors be-
lieve that the electron mobility is indeed higher at higher
PCBM concentrations and hence the electron mobility peak
(appearing at lower time scales) is demerged from the hole
peak, broadening the overall peak.
4. Conclusion

Summarizing, it has been shown in this letter that it is
possible to obtain resolved hole mobility peaks through
CELIV for the alkylthiophene:PCBM system by choosing
the appropriate blocking electrode and the observations
agree with the existing theories. This method does not af-
fect the organization in the polymer BHJ layer and hence it
is expected that the mobility values obtained by this meth-
od will be closer to the real values. Universality of the
method was demonstrated by using polymers from alkyl-
thiophene system with varying side chain length and hole
mobility for the optimized BHJ films were extracted. Since
mobility is not the only factor affecting PCE, so based on
these measurements no concrete conclusions for the vary-
ing performance between different alkylthiophene systems
could be reached. But, it was shown, as suggested earlier,
that a balance of hole and electron mobility is necessary
for high fill factors. It is well known that further insight
into the performance limiting properties of the solar cells
can be gained by correlating the transport measurements
with solar cell data. It is in this light that this method will
help understand this correlation and the balance between
electron and hole mobility, which is crucial to solar cells.
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Fig. 1. Topographic ((a) and (b)) and cross-sectional ((c) and (d)) scanning
electron microscope (SEM) images of CuPc nanorods grown on a
stationary ((a) and (c)) or rotational ((b) and (d)) substrate. The scale
bar is 100 nm in all four images.
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Fig. 2. X-ray diffraction pattern of a CuPc nanorod film with 300 nm long
nanorods and a 100 nm thick flat CuPc film.
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layer surface, and poor contact with the top electrode
[11,12]. In this letter, we report the growth of dense arrays
of vertically aligned, polycrystalline copper phthalocyanine
(CuPc) molecular nanorods with diameter down to 20 nm
using the high vacuum oblique angle deposition (OAD)
process [13–15]. By infiltrating the CuPc nanorod arrays
with the acceptor of [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) using spin-coating, we demonstrate interdig-
itated, bulk heterojunction organic PV devices with a max-
imum power conversion efficiency of gp = (1.8 ± 0.1)%
under 1 sun AM1.5 solar illumination, a twofold improve-
ment over that of optimized bilayer, planar heterojunction
CuPc/PCBM device.

The nanorod arrays are grown on glass substrates
pre-coated with a layer of indium-tin-oxide (ITO, sheet
resistance � 20 X/h) in a high vacuum chamber (base
pressure � 1 � 10�7 Torr). Different from normal high vac-
uum deposition processes in which the ballistic molecular
or atomic beam typically arrives at the substrate surface
from near-normal directions, in an OAD process (also
known as glancing angle deposition), [13–15] the molecu-
lar/atomic beam arrives at the surface with a large angle
from the substrate normal, nearly 90�. Due to the self shad-
owing effect by the deposited molecules and the limited
adatom diffusion on the substrate surface, nanorod arrays
with various morphologies can be obtained by controlling
the incident angle of the molecule flux as well as the sur-
face diffusivity of the molecules [14]. In our experiments,
the molecular beam incident angle from the substrate nor-
mal was a � 80� during the nanorod growth. The substrate
was either stationary or rotated at a speed of �5 rpm.

PV devices were fabricated by spin-coating PCBM solu-
tion (in chlorobenzene) onto the CuPc nanorod films at
1000 rpm for 45 s in a nitrogen glove box integrated with
the vacuum system. The CuPc/PCBM composite films were
then annealed at 80 �C for 15 min to remove residual sol-
vent and further enhance PCBM infiltration. We have not
observed any significant changes in the optical, morpho-
logical or electronic properties of the CuPc films upon such
quick exposure to the chlorobenzene solvent. An 8 nm
thick bathocuproine (BCP) exciton-blocking layer [16]
was then deposited on top of the organic active region in
high vacuum, followed by a 100 nm thick aluminum cath-
ode to complete the device and form device areas of
4 mm2. An Agilent 4155C semiconductor parameter ana-
lyzer was used to measure the current–density–voltage
(J–V) characteristics of PV devices in the dark and under
simulated AM 1.5 solar illumination from an Oriel solar
simulator equipped with a Xe-arc lamp. The light intensity
was measured using a calibrated single-crystalline silicon
reference cell with a KG1 filter, and the spectral mismatch
factor was corrected according to the ASTM Standard E973
[17]. X-ray diffraction (XRD) patterns of the organic films
were obtained using a Philips X’pert MRD diffractometer
in the h–2h geometry with a Cu Ka radiation source. The
film morphology was investigated using a JOEL 6335F
field-emission gun scanning electron microscope (SEM).

Fig.1a and b show the topographic SEM images of CuPc
nanorod arrays grown with a stationary or rotational sub-
strate, respectively, whereas Fig. 1c and d are the corre-
sponding cross-sectional images. With a stationary
substrate [Fig. 1a and c], slanted nanorods with 20–
40 nm in diameter were grown on the ITO surface, tilting
towards the direction of the incoming molecule flux during
deposition [14]. On the other hand, the CuPc nanorods
grown with rotational substrates have larger diameters,
typically 40 to 70 nm, and are mostly in the up-right orien-
tation. Moreover, large gaps (>50 nm) between the nano-
rods can be occasionally observed. However, upon closer
observation we have found that the larger nanorods are
in fact made up of a bundle of several smaller nanorods.
This is consistent with the proposed morphology evolution
model of OAD growth on rotational substrate [14].
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The XRD pattern of a CuPc nanorod film grown with a
rotational substrate is shown in Fig. 2 along with that for
a CuPc flat film deposited in the normal fashion (i.e. mole-
cules arriving at the surface roughly from the normal direc-
tion). The XRD patterns are very similar, showing
diffraction peaks at 2h = 6.9�, which suggest the existence
of polycrystalline a-CuPc phase in the nanorods as well
as in the flat film [18,19]. The polycrystalline structure of
the CuPc nanorods is important to ensure high mobility
for hole transport through the donor material, leading to
high collection efficiency for photogenerated holes in the
PV devices.

With the obtained CuPc nanorod arrays, an interdigita-
ted bulk heterojunction was achieved by spin-coating a
chlorobenzene solution of PCBM onto the nanorod arrays.
Fig. 3 shows two cross-sectional SEM images of CuPc nano-
rods/PCBM composite films with different PCBM loading.
No obvious voids or pin-holes are observed in either
film, indicating good infiltration of PCBM into the spacing
between CuPc nanorods. With a high PCBM loading
(30 mg/mL in chlorobenzene), the spacing between CuPc
nanorods is completely filled, resulting in a relatively
smooth top surface [see Fig. 3b]. However, when a much
lower PCBM loading (15 mg/mL) was used, the amount of
Fig. 3. Cross-sectional scanning electron microscope (SEM) images of
CuPc nanorod/PCBM composite films with PCBM concentration of (a) 15
and (b) 30 mg/mL in the chlorobenzene solution. The scale bars are
100 nm.
PCBM molecules deposited was insufficient to completely
fill the spacing between the CuPc nanorods, leading to a
corrugated and rough surface as shown in Fig. 3a. This sug-
gests that the CuPc nanorods still stand vertically on the
substrate and the spin-coating process does not damage
the contact of the nanorods with the underlying ITO elec-
trode, which is important for hole collection in PV devices.

To fabricate PV devices, planar (i.e. flat) and/or CuPc
nanorod films with 40–60 nm long nanorods were depos-
ited. A PCBM solution with a concentration of 22 mg/mL
was spin-coated on top of the CuPc films at 1000 rpm,
which leads to an average PCBM layer thickness of approx-
imately 50 nm. Fig. 4 shows the J–V characteristics under 1
sun AM 1.5G illumination for PV devices based on CuPc
nanorods grown with a stationary or rotational substrate
(labeled as ‘‘NR-S”, and ‘‘NR-R”, respectively). The structure
of the NR-R device is shown in the inset. Also shown for
comparison are the characteristics of a bilayer, planar het-
erojunction CuPc/PCBM device (labeled as ‘‘Planar”) with a
30 nm thick flat CuPc film and a PCBM layer deposited un-
der the same condition as the nanorod-based devices. The
layer thicknesses in this bilayer device are very close to
optimized [20].

As shown in Fig. 4, the short-circuit current density is
JSC = (4.4 ± 0.2) mA/cm2 for both NR-S and NR-R devices,
higher than the planar heterojunction device, which is only
(3.4 ± 0.2) mA/cm2. The open-circuit voltage is the same
for all three devices, at VOC = 0.57 V, close to the previously
reported value for the same D–A material system [20]. The
fill factor (FF) of the NR-S device is, however, much lower
than that for the NR-R device, 0.40 vs. 0.55, which could
be attributed to the differences in the nanorod array mor-
phology. The tilted nanorods obtained with a stationary
substrate may present more challenges for the complete
infiltration with PCBM molecules than the mostly up-right
nanorods grown with a rotational substrate. Nevertheless,
2 Al

2

0

m
2 ) Glass

-4

-2

(m
A/

cm

-6

-4
 Planar
 NR-S
NR- R

J 
 (

-1 0 -0 5 0 0 0 5 1 0
-8

NR R
 Planar-NR

. . . . .
V   (V)

BCP
PCBM
CuPc
ITO

Fig. 4. Current–density–voltage (J–V) characteristics of four CuPc/PCBM
photovoltaic cells under 1 sun AM 1.5G illumination: a bilayer cell
(labeled as ‘‘Planar”) with a 30 nm thick flat CuPc film, two devices with
CuPc nanorods grown on ITO with a stationary (‘‘NR-S”) or rotational
(‘‘NR-R”) substrate, and a device with a 20 nm thick flat CuPc film
followed by a nanorod film (‘‘Planar-NR”). The inset schematically
illustrates the device structure of the NR-R device.



1

103

 Planar
NR R

3

10
-1

101 NR-R
 Planar-NR

A/
cm

2 )

10-7

10-5

10-3

J 
 (m

(a)

-1.0 -0.5 0.0 0.5 1.0
10 7

V   (V)

20

30

(b)

10

20

  Planar
Planar NR

EQ
E 

(%
)

300 400 500 600 700 800
0

Planar-NR

λ   (nm)

Fig. 5. (a) Current–density–voltage (J–V) characteristics in the dark for
the Planar, NR-R, Planar-NR devices; (b) external quantum efficiency
(EQE) as function of wavelength k for Planar and Planar-NR devices.

1624 Y. Zheng et al. / Organic Electronics 10 (2009) 1621–1625
the power conversion efficiency is gp = (0.95 ± 0.05)% for
the NR-S device and (1.4 ± 0.1)% for the NR-R device, both
higher than gp = (0.85 ± 0.05)% for the bilayer device.

To further improve the efficiency of the nanorod-based
devices, a 20 nm thick planar CuPc layer was inserted be-
tween the nanorods (approximate length �40 nm) and
the ITO. The planar layer can further improve the hole
transport across the film and also provide additional
absorption of the incident photons, similar to that in a pla-
nar-mixed heterojunction device [9,21]. As shown in Fig. 4,
JSC of this device (labeled as ‘‘Planar-NR”) was improved to
(5.6 ± 0.3) mA/cm2 and a high FF of 0.53 was achieved. The
Planar-NR device also shows a slightly higher VOC of 0.60 V,
leading to a power conversion efficiency of
gp = (1.8 ± 0.1)%, approximately doubling that of the opti-
mized bilayer CuPc/PCBM device.

Fig. 5a shows the dark J–V characteristics for the Planar,
NR-R, and Planar-NR devices. The NR-R device shows sig-
nificantly higher leakage currents than the other two de-
vices. The shunt resistance of the NR-R device as
estimated from the dark J–V characteristics around
V = 0 V is approximately 5 � 104 X cm2, compared to
approximately 1 � 107 X cm2 for the Planar device and
3 � 106 X cm2 for the Planar-NR device. The difference in
the shunt resistance can be explained by considering the
direct contact of the PCBM acceptor phase with the ITO an-
ode in the NR-R device, which provides a direct leakage
path between the two electrodes. Such leakage path does
not exist when a flat CuPc layer has been deposited on
the ITO anode, a case for both the Planar and Planar-NR de-
vices. These results in turn also suggest that we have
achieved excellent infiltration of PCBM molecules deep
into the gaps of the CuPc nanorods.

A comparison of the external quantum efficiency (EQE)
for the Planar and Planar-NR devices as a function of the
incident light wavelength k is shown in Fig. 5b. In both
the CuPc (550 nm < k < 800 nm) and PCBM (k < 550 nm)
absorption regions, the Planar-NR device possesses a 60–
70% higher EQE than the Planar device. This efficiency in-
crease is attributed to the increased interface area between
the donor and acceptor species as enabled by the nanorod-
based architecture. Note that integrating the EQE spectra
shown in Fig. 5b with the standard AM1.5G solar spectrum
[17] yields a 1 sun short-circuit current density of
JSC = 5.3 mA/cm2 for the Planar-NR device and 3.2 mA/cm2

for the Planar device, both within the experimental errors
of the actual measured JSC.

In conclusion, we have demonstrated that vertically
aligned polycrystalline CuPc nanorods with diameters as
small as 20 nm can be grown using the oblique angle depo-
sition method. An interdigitated bulk heterojunction struc-
ture was subsequently realized by infiltrating the CuPc
nanorod array with solution processed PCBM molecules.
Growth of �40 nm long CuPc nanorods on a thin planar
CuPc film results in organic PV cells with power conversion
efficiency approximately doubling that of an optimized bi-
layer CuPc/PCBM device. With further optimization of the
nanorod growth and device fabrication processes, the
structure described here could prove to be an effective
architecture for very efficient organic PV cells.
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A potential approach is to use Cs2CO3 as the electron-
injection and hole-blocking layer in TiO2 or ZnO-based
devices [6,9,10]. Another approach is to improve the mor-
phology and charge injection ability using the self-assem-
bly monolayer (SAM) technique. SAM can adjust the
work function (WF) of a substrate by producing a perma-
nent dipole moment at interface [11,12]. As SAM links
the substrate with an interfacial dipole directed towards
the substrate, it would create an electric field which
increases the WF of the substrate. Using this concept,
numerous studies reported that the WF of the transparent
substrate ITO or mirror substrate Ag is increased by linking
a SAM with the high electronegativity terminal group to
enhance the performance of PLEDs [11–15]. However,
few reports have investigated that the WF of a cathode
for I-LEDs is lowered by SAM technique.

In this study, two silane-based SAMs with different ter-
minal groups were used to modify the TiO2 surface. The
presence of an amine group at the outer surface of N-[3-
(trimethoxysily)propyl]ethylenediamine (PEDA-TMS)-
modified substrate induces a strong dipole due to its low
electronegativity, which lowers the WF of the cathode.
The performance of I-PLED is enhanced by this compound.
The device performance of 3-chloropropryltrimethoxysi-
lane (CP-TMS) modified I-PLED is different from that of a
device modified by PEDA-TMS because the chlorine atom
owns the electron-withdrawing ability. The functions of
the two SAMs on the TiO2 surface are confirmed by ultra-
violet photoelectron spectroscopy (UPS) measurement
and electron-dominated devices. A storage test was per-
formed on the PEDA-TMS-based device to measure the sta-
bility of both electrodes in air. The inverted device without
sealing maintained a luminescence of about 120 cd/m2

after 48 h (the initial luminous was about 124 cd/m2).
2. Experimental

To fabricate the devices, ITO-coated glass substrates (re-
ceived from RITEK Corp., 15 X/h) were cleaned in an ultra-
sonic bath with detergent, deionized water, acetone, and
isopropyl alcohol and then dried under a N2 stream. The
substrates were treated using a UV/O3 photoreactor to
eliminate surface contaminants. Titanium isopropoxide
(Ti(OC3H7)4, Aldrich, 99.999%) diluted in n-butyl alcohol
was spin-coated onto the ITO/glass substrate at 5000 rpm
for 60 s. The spin-coating process was conducted in a N2-
filled glove box. (Ti(OC3H7)4) then underwent hydrolysis
and was converted to TiOx in air for at least 1 h. The TiOx

film underwent thermal annealing at 450 �C for 30 min to
transform it into TiO2. The glass/ITO/TiO2 substrate was
immediately surface modified by immersing it in 1 wt.%
PEDA-TMS (Aldrich, 97%) or CP-TMS (Aldrich, 97%) toluene
solution for 2 min in an ultrasonic bath. After the reaction,
the substrate was rinsed with toluene and then dried in a
N2 steam. The glass/ITO/TiO2 substrates with and without
SAM were then transferred into a N2-filled glove box.
High-yellow phenyl-substituted poly(para-phenylenevin-
ylene) copolymer (HY-PPV)(EL emission centered at
560 nm) was spin-coated onto the substrates and used as
the light-emissive layer. A MoO3 interfacial layer with a
thickness of 6 nm was thermally evaporated over the poly-
mer, followed by the evaporation of Au(20 nm)/Ag(80 nm)
at a pressure of 10�6 torr. A conventional PLED was also
fabricated for comparison. ITO/PEDOT:PSS (Baytron-P AI
4083) and Ca/Al were used as the cathode and anode part,
respectively, for this PLED.

The UPS experiments were carried out in VG CLAM4,
whose illumination was a non-monochromatic He(I) UV
source (21.2 eV). The total energy resolution of the
measurement was 0.38 eV. The entire process was per-
formed in a multi-chamber ultrahigh vacuum (UHV)
system, which included the UPS analysis chamber base
(Pbase � 8 � 10�10 torr) and the preparation chamber
(Pbase � 9 � 10�10 torr). The work function (U) of the films
is defined as U = hm � DE, where hm is the photo energy
(21.2 eV) and DE is determined from the distance of the
binding energy between the secondary electron emission
cutoff edge (Ecut) and the Fermi level. The current den-
sity–voltage–luminance (J–V–L) measurements were per-
formed using a Keithley 2400 source measure unit and a
Keithley 2000 digital multimeter with a silicon photodiode,
calibrated using a Minolta LS-100 luminous meter. All
measurements, expect for the storage test, were performed
in a N2-filled glove box.
3. Results and discussion

The mechanism of silanization is shown in Fig. 1. The
molecules are hydrolyzed when they come close to the
TiO2 surface, which is covered with an H2O film. Chains
are then bonded to the substrate via hydrogen bonds.
Water is then removed to link the silane molecule to the
surface of TiO2. The SAM substrates were analyzed using
X-ray photoelectron spectroscopy (XPS) (not shown here).
The feature peak of Si2p is found at 103 eV [16]. The Si2p

peak appears on the substrates, demonstrating that the si-
lane molecule was bound to the TiO2 surface.

UPS is a valuable tool for investigating the electronic
properties of a semiconductor. Fig. 2 shows the UPS spectra
of ITO/TiO2 and ITO/TiO2/SAM substrates. The work func-
tion (WF) of a sample can be determined from UPS spectra
using the difference between the photo energy and the
width spectrum, the latter being given by the energetic
separation of the high binding energy (secondary electron)
cutoff and the Fermi level. In other words, the position of
the cutoff corresponds to the position of the vacuum level
relative to the Fermi level. The inset of Fig. 2 shows the
emission cutoffs for these substrates. For the ITO/TiO2 sub-
strate, Ecut is located at 17.08 eV. The WF of TiO2 was calcu-
lated to be 4.12 eV. Because TiO2 is N-type semiconductors,
its WF is close to the molecular energy level of the conduc-
tion band. From our previous study, the band gap of TiO2 is
3.20 eV [17]. Therefore, the valance band of TiO2 was calcu-
lated to be 7.32 eV. For the PEDA-TMS-modified substrate,
Ecut increased by about 0.32 eV to give a WF of 3.80 eV. This
result is attributable to the presence of the amine group.
The high electron-donating ability of the amine group
polarizes electrons, which results in an interfacial dipole
that is directed away from the ITO/TiO2 surface. The inter-
facial dipole decreases the vacuum level outside the TiO2



Fig. 1. Scheme for the formation of self-assembled monolayers on ITO/TiO2 substrates.
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layer since the Fermi level of the system is not changed. A
lower vacuum level implies a lower injection barrier for
electrons in the PEDA-TMS-modified device. For the CP-
TMS-modified substrate, Ecut is 0.37 eV lower than that
for the untreated TiO2 surface, giving a WF of 4.49 eV. Be-
cause the chlorine atom has an electron-withdrawing abil-
ity, the polarization of electrons has the opposite effect of
that for the PEDA-TMS-modified substrate. Therefore,
there is a 0.69 eV gap between the PEDA-TMS and CP-
TMS-modified substrates.

The effect of SAMs on electron-injection was studied
using Ca/Al as a cathode. Due to the low work function of
Ca, the hole injection is inhibited and the devices should
be electron-dominated. The J–V curves of ITO/TiO2/HY-
PPV/Ca/Al and ITO/TiO2/SAM/HY-PPV/Ca/Al are shown in
Fig. 3. Because there is a high electron-injection barrier of
1.42 eV due to the energy mismatch of the LUMO of HY-
PPV (2.70 eV) and the WF of ITO/TiO2 cathode (4.12 eV),
the current density for this device is very low even at a
high driving voltage (0.38 mA/cm2 at 7 V). The threshold
voltage of the PEDA-TMS-modified device is greatly re-
duced compared to that of the base one. From UPS results,
the effective dipole created by PEDA-TMS lowers the WF of
the ITO/TiO2 cathode by 0.32 eV, thereby eliminating the



0

0.5

1

1.5

2

2.5

3

3.5

0 1 2 3 4 5 6 7

PEDA-TMS/ TiO
2

    CP-TMS/ TiO
2

                     TiO
2

C
ur

re
nt

 d
en

si
ty

 (m
A/

cm
2 )

Bias (V)

Fig. 3. Current density–voltage curves of electron-dominated devices with and without self-assembled monolayers.

0.0001

0.01

1

100

104

0 1 2 3 4 5 6 7

    PEDA-TMS/ TiO2

         CP-TMS/ TiO2

                          TiO2

C
ur

re
nt

 d
en

si
ty

 (m
A/

cm
2 )

Bias (V)

10

100

1000

104

105

106

0 1 2 3 4 5 6 7

PEDA-TMS/ TiO2

    CP-TMS/ TiO2

                     TiO2

Lu
m

in
es

ce
nc

e 
(c

d/
m

2 )

Bias (V)

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500 600

EL
 e

ffi
ci

en
cy

 (c
d/

A)

Current density (mA/cm2)

(a) 

(b) 

Fig. 4. (a) Current density–voltage and (b) luminescence–voltage curves of the devices with and without self-assembled monolayers. Inset: EL efficiency vs.
current density.

S.-N. Hsieh et al. / Organic Electronics 10 (2009) 1626–1631 1629
electron-injection barrier and enhancing electron-injection
into HY-PPV. In addition, the electron current is even more
suppressed by the ITO/TiO2 cathode modified with CP-
TMS. As demonstrated above, the effective dipole created
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by this SAM increases the WF of ITO/TiO2 to 4.49 eV. This
modification results in an electron-injection barrier of
1.79 eV between HY-PPV and ITO/TiO2. Therefore, the elec-
tron current is almost completely suppressed.

Fig. 4a plots the J–V curves of the devices with and
without SAM layers. The figure shows that the driving
voltage for the devices with the SAM layers is higher than
that for the device without SAM layers. The majority carri-
ers in these devices are holes because the injection barrier
for holes is much lower than that for electrons. Majority
carriers determine J–V characteristics. Inserting SAM layers
between HY-PPV and TiO2 induces a higher resistance for
holes, and thus produces a higher driving voltage. This
indicates that SAM layers have hole-blocking capability.
The L–V curves and EL efficiency vs. J are shown in
Fig. 4b. The light turn-on voltage for the PEDA-TMS-modi-
fied device is 3.1 V. The light intensity was 3148 cd/m2 at
7 V. The EL efficiency for this device was 0.7 cd/A at
200 mA/cm2. However, no luminescence was observed
for the other devices. From the results of UPS and elec-
tron-dominated devices, the enhanced EL efficiency for
the PEDA-TMS-modified device is mainly attributed to
the decrease in the WF of the cathode, which lowers the
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Fig. 5. Device parameters as a function of storage time for an inverted device an
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injection barrier for electrons to enhance the probability
of hole-electron recombination. In addition, injected elec-
trons for the other devices are too few to emit light.

Fig. 5 shows the decays of device parameters, including
light output and operating bias from the storage test with-
out sealing. At a constant current of 0.5 mA/cm2, the in-
verted device has an initial brightness of about 124 cd/m2

and an initial driving voltage of 5.4 V. After 48 h of expo-
sure to air, the light output decayed by less than 1% and
the driving voltage slightly increased. For the conventional
device, the light decayed by more than 75% after 12 h of
exposure. The improved stability for the inverted device
is attributed to two factors. (1) The conventional device
consists of both Ca and acidic PEDOT:PSS layer. It is well
known that Ca is easily oxidized by air. The acidic PED-
OT:PSS has been proven to cause corrosion of ITO in air
[18]. Both of them have a negative influence on the device
stability. In the inverted device, ITO/TiO2/PEDA-TMS and
MoO3/Au were chosen for the cathode and anode, respec-
tively. They are not oxidized and reacted with ITO because
both electrode materials are stable in air. (2) Several
groups reported that the photoluminescence (PL) in PPV-
type polymers rapidly weakens when irradiated in air
inverted device
conventional device

e (hr)
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[19–21]. The kinetic of the degradation depends on light,
oxygen and the structure of the polymer [22,23]. TiO2 has
a scavenging effect due to its photocatalytic activity and
intrinsic oxygen deficiency [24–26]. This can prevent the
intrusion of O2 or H2O into the active layer, thereby
improving the lifetime of unpackaged devices exposed to
air. In addition, TiO2 has strong absorption in the ultravio-
let region [17], so it may protect the active layer from radi-
ation damage.
4. Conclusions

A SAM technique was proposed for modifying the ITO/
TiO2 substrate for application in PPV-based I-PLEDs. The
WF can be effectively decreased by linking the PEDA-TMS
layer to the TiO2 surface. The decrease is attributable to
the presence of the amine group at the outer surface of
TiO2, which results in an interfacial dipole that is directed
away from the ITO/TiO2 surface. The PEDA-TMS modified
substrate can be utilized as an effective cathode to improve
the electron-injection ability and EL efficiency of I-PLED.
For the CP-TMS-modified substrate, a contrary result is ob-
tained due to the presence of a chlorine atom. In addition,
the emission characteristics of the PEDA-TMS modified de-
vice were almost unchanged after exposure to air for 48 h.
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ever, while n-channel ZnO TFTs have been widely reported
(for example, [1,2]), there are no reports of stable, high-
mobility, p-channel devices. In contrast, p-channel organic
TFTs typically have higher mobility and better stability
than n-channel organic devices. While the stability and
field-effect mobility of most organic TFTs are poor com-
pared to ZnO TFTs, organic TFTs can be fabricated using
very simple solution processing, which may provide a path
to an inexpensive and simple to implement CMOS process.

There have been several previous reports of hybrid
inorganic–organic CMOS processes. Katz et al. demon-
strated CMOS inverters using amorphous silicon and
a-hexathienylene TFTs fabricated on separate substrates,
with field-effect mobility of <1 cm2/V s and <0.03 cm2/V s,
respectively [3]. Bonse et al. demonstrated ring oscillator
circuits with a minimum propagation delay of 5 ls using
a-Si:H and pentacene devices fabricated on a single sub-
strate [4]. Low-voltage ZnO–pentacene CMOS circuits were
demonstrated where both the ZnO and pentacene TFT
mobilities were �1 cm2/V s, and a ZnO–pentacene inverter
was shown to respond up to a 10 Hz input frequency with
rise and fall times of 4 and 13 ms, respectively [5]. 5-stage
hybrid CMOS ring oscillator circuits fabricated using in-
dium gallium zinc oxide and pentacene TFTs operated with
a minimum propagation delay of 1 ms/stage at 10 V [6]. All
of the previous reports used vacuum-based processes to
deposit the gate dielectric layer as well as both semicon-
ducting layers. In addition, different metallization steps
and pattering steps were required for the organic and inor-
ganic semiconductor TFTs. These vacuum-based processes
and additional mask steps result in a more complicated,
expensive process. In addition to the complex processing,
the dynamic performance of ZnO-based hybrid CMOS
circuits thus far has been limited to >1 ms/stage. In this
report we demonstrate a simple 4-mask CMOS process
with bifunctional Ti/Au contacts and ZnO/organic hybrid
circuits operating at <150 ns/stage at a supply voltage of
35 V.

We previously demonstrated a low-temperature
(200 �C), atmospheric pressure, spatial atomic layer deposi-
tion process that allows rapid deposition (10–20 nm/min)
of high-quality, uniform, and stable Al2O3 and ZnO thin
films [7]. We have also demonstrated that these films can
be used to fabricate high-mobility TFTs (>15 cm2/V s) and
fast ring oscillators (<31 ns/stage for 4 lm channel length)
[8]. The fast circuits, good subthreshold slopes, and device
stability are consistent with low interface state densities
at the Al2O3/ZnO interface in these TFTs [7,8]. We have also
previously reported that the organic semiconductor
difluoro 5,11-bis(triethylsilylethynyl) anthradithiophene
(diF TES-ADT) yields a different and more ordered micro-
structure on and near pentafluorobenzene-thiol-treated
gold electrodes than on untreated oxide surfaces, resulting
in high-mobility (�0.1–1 cm2/V s) and a self-patterning
character for diF TES-ADT TFTs and circuits [9,10]. The nat-
ure of this crystallization phenomenon and its impact on
the electrical properties of the material and interfaces is
related to contact treatments and molecular design and
has been described in detail in several previous reports
[9–12]. Using this self-patterning microstructure we
demonstrated simple all-organic circuits operating at
3.3 ls/stage with no direct patterning of the organic layer
[11]. We report here an integrated approach that combines
these two technologies in a simple way to form high-speed,
low-temperature CMOS circuits.
2. Experimental

The hybrid inorganic/organic CMOS circuits were fabri-
cated on 2.50 0 � 2.50 0 borosilicate glass substrates, with an
ion beam sputtered and photolithographically patterned
chromium layer used for both the organic and inorganic
TFT gates. Spatial ALD was used to deposit 150 nm of
Al2O3 and 100 nm ZnO at 200 �C and atmospheric pressure.
Photolithography and wet etching were used to pattern the
ZnO and Al2O3 layers. Next, using a double-layer photore-
sist (Novalak/PMMA) mask, we first Ar ion beam-etched
our ZnO contact surface and then deposited ion beam-
sputtered Ti/Au (10/100 nm) and patterned electrodes by
lift-off. The ion beam etching of the contact area improves
the contact resistance to the ZnO [13]. Ti/Au was used
because the Ti bottom layer makes a good contact to the
n-channel ZnO and the Au top layer makes a good contact
to the p-channel diF TES-ADT, minimizing the processing
and mask steps required for device fabrication. The Ti/Au
electrodes were then treated with the self-assembled
monolayer pentafluorobenzene thiol (PFBT), and the
Al2O3 dielectric was treated with hexamethyldisilazane
(HMDS). The diF TES-ADT organic semiconductor was then
spin-cast from a 2.5 wt.% solution in chlorobenzene with a
chlorobenzene solvent vapor ambient maintained above
the sample during spin-casting to promote uniform, large
grain growth on and near the near the PFBT-treated
contacts [14]. The solvent spinning combined with the
contact-related microstructure previously mentioned is a
straightforward way to achieve a highly controlled organic
crystallization. The samples received a 30 min bake at
90 �C to remove residual solvent and were then tested.
All devices and circuits were measured in air. A schematic
cross-section and optical micrograph of a CMOS inverter
and enlarged images showing the organic thin-film differ-
ential microstructure on gold and oxide are shown in Fig. 1.
The differential microstructure between the treated gold
electrodes and the untreated oxide areas provides enough
device isolation for simple circuit operation without direct
patterning of the organic semiconductor. The entire
process required no vacuum processing to deposit the
semiconducting and dielectric layers and only four masks
and lithography steps.
3. Results

Discrete n-channel ZnO and and p-channel diF TES-ADT
transistors were tested. The 150-nm-thick Al2O3 layer had
a dielectric constant of eight. The n-channel ZnO transis-
tors had mobility of 12–15 cm2/V s and threshold voltage
of �0–1 V. The p-channel diF TES-ADT transistors had
mobility of �0.1–0.2 cm2/V s and threshold voltage of
�8–12 V. In both transistors the off current was limited
to �1 lA due to residual leakage through the unpatterned
organic layer and not through the ZnO layer which is fully



Fig. 1. Schematic cross-section of organic/Zno CMOS inverter (top). Optical micrograph of CMOS inverter (bottom left) and enlarged image of diF TES-ADT
microstructure on the untreated oxide area (top right) and PFBT-treated gold electrode (bottom right).

Fig. 2. Drain current as a function of drain voltage for several gate voltages for discrete p-channel (left) and n-channel (right) devices. The p-channel device
has a field-effect mobility of �0.1 cm2/V s and the n-channel device has a field-effect mobility of �12 cm2/V s.

Fig. 3. Output voltage and supply current for a unit CMOS inverter with a beta ratio of 10 (left). Experimentally measured propagation delay as a function of
channel length for 7-stage CMOS ring oscillators with AIMSpice simulated propagation delay in the dotted line (right).
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depleted even at 100 nm thickness. The off current of these
devices would be improved by patterning the organic
layer, but the circuits operate well without patterning. In
addition, because the p-channel organic material covers
the ZnO layer in the n-channel device, these devices are
ambipolar. However, because the mobility for the ZnO is
�100� higher than the diF TES-ADT and the ZnO layer is
relatively thick (100 nm), resulting in reduced gate capac-
itance, the p-channel channel formation in the organic
layer on top of the n-channel ZnO devices has minimal im-
pact and results mainly in a small shift in the n-channel
threshold voltage (<3 V). This impact would also be re-
moved by using a patterned organic layer. Plots of the
drain current as a function of drain voltage for several gate
voltages are shown in Fig. 2 for both the n-channel and
p-channel devices.

Fig. 3 (left) shows the characteristics of a hybrid inor-
ganic ZnO – organic diF TES-ADT CMOS inverter. The static
off current and power consumption of the circuits were
limited by the unpatterned diF TES-ADT organic layer,
and the supply current peak is partially due to the
depletion mode organic TFT with threshold voltage of
8–12 V. In addition, the inverter was designed with a
[W/Lp-channel]/[W/Ln-channel] ratio of 10, but the mobility
was actually �100� larger in the n-channel device.
Patterning the organic material and optimizing the circuit
design would allow for substantially improved gain and
power consumption. However, despite these non-ideali-
ties, the robustness of CMOS digital circuits allows accept-
able operation for a range of integrated circuit applications.
As an example, we fabricated simple 7-stage ring oscilla-
tors. Fig. 3 (right) shows the propagation delay as a func-
tion of supply voltage for three different TFT channel
lengths. For the organic TFTs, the mobility has significant
channel length dependence. This is due to the treated
contact-related microstructure self-patterning which re-
sults in diF TES-ADT grains which extend completely
across short channel length devices, but not longer chan-
nels, and thus in a mobility that increases with decreasing
channel length. As a result the decrease in propagation de-
lay as a function of channel length is more substantial than
would be expected for a constant mobility versus channel
length devices. AIMSpice [15] was used to fit I–V curves for
discrete 5 lm channel length diF-TES-ADT and ZnO TFTs
and to simulate ring oscillator operation. The result is
shown in Fig. 3 (right, dotted line) and shows a reasonable
match to the experimental results. Because AIMSpice does
not have time constants for charge states this reasonable
match is evidence that slow-interface states do not
dominate the electrical performance of these devices.
Seven-stage ring oscillators fabricated with a beta ratio of
10, 3-lm channel lengths, and 1-lm gate/source and
gate/drain overlaps oscillated at a frequency >500 kHz,
corresponding to a propagation delay of <150 ns/stage at
a supply voltage of 35 V.

4. Conclusion

We have fabricated hybrid inorganic ZnO n-channel and
organic diF TES-ADT p-channel CMOS circuits by deposit-
ing both the dielectric and semiconductor layers at atmo-
spheric pressure and low-temperature (<200 �C). The
CMOS circuit fabrication process is simplified to only four
masks by using bifunctional Ti/Au contacts for both the
ZnO and diF TES-ADT TFTs. In addition, the functionalized
organic semiconductor provided a contact-related micro-
structure which allowed simple circuits to operate without
directly patterning the organic semiconductor layer. Thin-
films transistors were formed and the n-channel ZnO had
field-effect mobility of 12–15 cm2/V s and the p-channel
diF TES-ADT had field-effect mobility of 0.1–0.2 cm2/V s.
Using these devices seven-stage CMOS ring oscillators
were fabricated and operate at >500 kHz corresponding
to a propagation delay <150 ns/stage at a supply bias of
35 V, the fastest hybrid organic/inorganic circuits reported
to date.
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The junction between the electrode and the organic
semiconductor has a significant influence on the perfor-
mance of an organic device [19]. A buffer layer is usually
sandwiched at the metal–organic semiconductor interface
to improve the charge-injection capability and overall de-
vice performance [20–22]. Although the output current in
vertical-type transistors is dramatically enhanced when a
thin buffer layer of LiF is incorporated between the emitter
electrode and the organic emitter [13,23], the OFF current
usually remains high – sometimes even higher than that of
the device lacking a LiF layer. This behavior might be
attributable to the diffusion of metal into the active layer
or unfavorable chemical reactions between the organic
layer and the metal electrode when operating the devices
under high electric fields. Moreover, because the leakage
current of a vertical transistor depends mainly on its film
thickness, the presence of a thin LiF layer cannot help to re-
duce the leakage current. Hence, the choice of the buffer
layer is a crucial factor toward improving the overall de-
vice performance.

Employing the diverse electronic properties of transi-
tion metal oxides could provide a unique opportunity
to lower the energy barrier between metal and organic
for the charge-injection. When a metal oxide film is
sandwiched between the metal and organic semiconduc-
tor, the fundamental principle governing charge-injection
at the junction is controlled by the doping concentration
of the film. Therefore, a thicker film can be incorporated
to prevent the diffusion of metal into the active layer
and unfavorable chemical reactions between the active
layer and metal electrode, while maintaining the
charge-injection capability. In this Letter, we describe
how the performance of organic base-modulation triodes
(OBMTs) is improved after inserting a metal oxide film
between the emitter electrode and the organic emitter.
The OBMTs featuring molybdic oxide (MoO3)/Al bilayer
emitter electrodes exhibited increased output current;
as a result, the current ON/OFF ratio reached as high as
103, thereby allowing inverters to be prepared exhibiting
higher gains.

2. Experimental

The structure of the OBMTs is revealed in the inset to
Fig. 1. Prior to deposition, the glass substrates were cleaned
using detergent, acetone, and isopropyl alcohol and then
treated in a UV–ozone cleaner for 15 min. A 30-nm-thick
Au layer was deposited on the glass substrate to serve as
a collector electrode. A 50-nm-thick layer of copper phtha-
locyanine (CuPc, Luminescence Technology) was thermal
deposited on the Au layer to smoother the surface mor-
phology and then a 270-nm-thick layer of pentacene (ca.
98% purity, Luminescence Technology), which served as
the collector of the p-channel triode, was thermal evapo-
rated. A 30-nm-thick Al strip was thermally evaporated
onto the pentacene layer to function as the base electrode.
A thin Al film (10 nm) was then deposited and a lithium
fluoride (LiF) layer of 0.4 nm was thermally evaporated to
function as a hole injection enhancement layer. A 20-nm-
thick layer of N,N0-bis(naphthalen-1-yl)-N,N0-bisphenylbenzi-
dine (NPB) was thermally evaporated to enhance the
carrier energy. Pentacene was then thermally evaporated
to form the 100-nm-thick emitter layer. Finally, for com-
parison, three types of emitter electrodes were used: 30-
nm-thick Au, 30-nm-thick Ag, and 50-nm-thick MoO3/30-
nm-thick Al. The patterns of each layer were defined using
different metallic shadow masks. The active area of the de-
vice, defined by the crossover between the emitter and col-
lector electrodes, was 0.0042 cm2. The work functions of
Al, Au, and Ag and the energy level of MoO3 are presented
schematically in Fig. 2a [20]. All organic materials were
used without further purification and were deposited
through thermal evaporation at a base pressure of ca.
2 � 10�6 torr. The current–voltage (I–V) characteristics of
the devices in a glove-box ambient (H2O and O2 contents:
<1 ppm) were measured using a Keithley 4200 semicon-
ductor parameter analyzer. X-ray photoelectron spectros-
copy (XPS) was performed using a PHI 5000 VersaProbe
system (ULVAC-PHI Chigasaki, Japan) and a microfocused
(100 lm, 25 W) Al X-ray beam with a photoelectron take-
off angle of 45�.

3. Results and discussion

Fig. 1a displays the collector-to-emitter current (ICE)
versus the collector-to-emitter voltage (VCE) characteristics
of the OBMT employing MoO3/Al as the emitter electrode,
with base–emitter voltages (VBE) ranging from 0 to �5 V at
a step of 0.5 V. The value of ICE reached up to �16.1 lA
when VCE and VBE were both �5 V. The current ON/OFF
ratio, defined as ICE (VBE = �5 V)/ICE (VBE = 0 V) at VCE =
�5 V, was ca. 3.08 � 103. For comparison, we also tested
Au and Ag as emitter electrodes. We found that the emitter
electrode of the emitter–base (EB) diode had a significant
influence on the electronic properties of the OBMTs.
Table 1 summarizes the device parameters of the OBMTs
employing Au, Ag, and MoO3/Al as emitter electrodes.
The device featuring MoO3/Al as the emitter electrode
had the highest ON current, while maintaining an OFF cur-
rent similar to those of the other systems. Although a small
energy barrier exits between Au and pentacene, metals
deposited onto the pentacene surface penetrate the sur-
face, thereby doping the upper layer of pentacene to form
a metallic overlayer. Due to charge transfer across the me-
tal/organic semiconductor interface, redistribution of elec-
tron cloud, and interfacial chemical reaction, an interface
dipole forms immediately, increasing the barrier height be-
tween the metal and pentacene [24,25]. The modified
MoO3 layer interface provided protection against metal
diffusion into the organic layer and unfavorable chemical
reactions between the organic and metal electrodes; it de-
creased the intensity of the interface dipole and enhanced
the degree of charge-injection. Besides, we also observed
the output current of the device was modulated by the
base current. Fig. 1b and c displays the ICE versus VCE under
common-base mode and common-emitter mode. As the
following two equations [16]:

a ¼ ICE � ICEðIE ¼ 0AÞ
IE

ð1Þ

b ¼ ICE � ICEðIB ¼ 0AÞ
IB

ð2Þ



Fig. 1. (a) Collector-to-emitter current (ICE) plotted as a function of the collector-to-emitter voltage (VCE) for base voltages ranging from 0 to �5 V at a step
of �0.5 V. (b) ICE as a function of VCE for emitter current ranging from 0 to 400 lA under the common-base mode. (c) ICE as a function of VCE for base current
ranging from 0 to 400 lA under the common-emitter mode. Inset: schematic representation of the device structure with emitter electrode MoO3/Al.

Fig. 2. (a) Current density (J) versus voltage (V) characteristics of EB diodes featuring Au, Ag, and MoO3/Al as emitter electrodes. (b) Energy level diagrams of
the organic materials and the metals.
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The IE and IB are the input emitter current and the base
current under common-base and common-emitter mode,
respectively. Under Eqs. (1) and (2), the transport factor
(a) of 0.1 and current gain (b) of 0.1 were measured. To
determine the reason why the barrier between the elec-
trode and organic layer influenced the performance of



Table 1
Device performance of OBMTs featuring Au, Ag, and MoO3/Al as emitter
electrodes; VCE and VB were both �5 V.

Emitter
electrode

Output current
(A)

OFF current
(A)

Current
ON/OFF ratio

Au 3.51 � 10�6 4.42 � 10�9 7.94 � 102

Ag 1.29 � 10�8 5.43 � 10�9 2.37
MoO3/Al 1.61 � 10�5 5.23 � 10�9 3.08 � 103

Fig. 4. Current density (J) versus voltage (V) characteristics of EB diodes
having the structure Al (30 nm)/thin Al (10 nm)/LiF (0.4 nm)/NPB
(20 nm)/pentacene (100 nm)/MoO3 (0–70 nm)/Al (30 nm).
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the OBMTs, we measured the current density (J) versus
voltage (V) characteristics of EB diodes featuring Au, Ag,
and MoO3/Al as emitter electrodes. Fig. 2b reveals that
the EB diode incorporating the MoO3 layer provided im-
proved hole injection and an obvious turn-on effect at ca.
1.4 V in Fig. 1 when VBE was �5 V. For the same CB diode
structure, the output current of the OBMT is determined
by the currents of the forward-bias EB diode and the re-
verse-bias CB diode [18]. Therefore, the output current of
the OBMTs was enhanced when using MoO3/Al as the
emitter electrode.

Because we deposited the MoO3 layer through thermal
evaporation, inevitably it decomposed into various Mo
species. We recorded XPS spectra to identify the chemical
species present in the ‘‘MoO3” layer (Fig. 3). In Fig. 3b, we
observe two measured binding energies (228.5 and
231.5 eV), suggesting that the layer included two or more
Mo species. Contamination from the boat introduced into
the film during thermal evaporation resulted in the shift-
ing of the two peaks [26] from their expected values for
MoO3 and MoO2 [27]. The intensities of the signals for
MoO2 and MoO3 were similar, suggesting that MoO2 was
heavily doped into the MoO3 film. Therefore, the MoO3 film
behaved as a degenerate semiconductor, to align the work
function of the metal and the Fermi-level of the MoO3

layer, with the depletion region at the MoO3–Al interface
being so narrow that the carriers had a high probability
of tunneling through the barrier when a suitable bias volt-
age was applied to the EB diode. To further demonstrate
this phenomenon, we fabricated emitter electrodes featur-
ing different thicknesses of the MoO3 interfacial layer;
Fig. 4 presents the J–V characteristics of the resulting EB
Fig. 3. XPS spectra of the (a) O 1s
diodes. The devices employing MoO3/Al bilayers had larger
current densities than that featuring the bare Al layer; the
maximum value occurred at a MoO3 thickness of 50 nm.
Because a thicker MoO3 interfacial layer would result in a
longer carrier transport pathway, the probability of carrier
capture would increase rapidly and the number of carriers
received by the electrode would decrease. Therefore,
OBMTs employing a suitable MoO3 thickness would pro-
vide superior hole–injection contact and enhance the out-
put current of the EB diode.

One of the advantages of the OBMTs requiring voltage
driving is that they can be used to construct organic invert-
ers. Fig. 5a and b displays the measured transfer character-
istics of organic inverters composed of the OBMT
connected with various resistances and corresponding
gains, respectively. The resistance ranged from 2 to
10 MX at a step of 2 MX; a supply voltage of �5 V was ap-
plied. The inset displays the structure of a vertical OBMT
with a load resistor. The corresponding gain of the inverter
changed with respect to the resistance, with a maximum
calculated gain of 6 arising when the OBMT was connected
with a resistance of 10 MX. This resistor is, however, not
an ideal switch; it resulted in the value of Vout of the inver-
and (b) Mo 3d energy levels.



Fig. 5. Measured transfer characteristics and corresponding gain of
inverters measured at a value of VDD of �5 V with resistances ranging
from 2 to 10 MX at a step of 2 MX. Inset: sketch of the inverter structure
and OBMT employing MoO3/Al as emitter electrode.
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ter varying upon increasing |Vin|. To overcome this draw-
back, the n-type OBMT should replace the resistor to form
a complementary inverter; such a study is currently under
investigation.

4. Conclusion

In conclusion, we have fabricated OBMTs featuring
three types of emitter electrodes (Au, Ag, and MoO3/Al).
The output currents of these OBMTs were strongly related
to the nature of the interface between the emitter elec-
trode and the organic semiconductor layer. XPS analysis
revealed that the MoO3 films formed through thermal
evaporation had degenerate semiconductor characteristics,
resulting in a tunnel current component at the EB diode.
Therefore, the devices featuring MoO3/Al as the emitter
electrode exhibited a current ON/OFF ratio of 103. Connect-
ing different resistances to the OBMT allowed us to prepare
inverters.
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PEDOT:PSS showed lower resistivity, however, careful con-
trol of the doping level was required because excess dop-
ing caused phase separation and defects in PEDOT:PSS.
On the other hand, Yoon and Berger [9] inserted an addi-
tional buffer layer between ITO and PEDOT:PSS to modify
the contact condition. Facilitating hole collection by
adjusting interface energy step resulted in an improved
PCE in PSCs but an extra evaporation step in a vacuum is
not a recommended method in the cost point of view.

In this study, we used external light irradiation: ultravi-
olet (UV) light to control not only the bulk resistance but
also the contact condition of the PEDOT:PSS. This is a sim-
ple and cost-effective method compared to those at-
tempted thus far. With a UV-irradiated PEDOT:PSS buffer
layer, the PSCs showed an improved short-circuit current
(Jsc) and fill factor (FF) so overall performance was
enhanced.

To fabricate the PSCs, an indium tin oxide glass was
cleaned and then exposed to oxygen plasma for 10 min be-
fore use. A buffer layer of PEDOT:PSS (Baytron P) was then
spin-coated to a thickness of �40 nm. After annealing the
PEDOT:PSS films at 200 �C for 5 min, they were irradiated
for 20, 40, and 60 min by a UV light source (output power
density of 544 lW/cm2) with its emission centered at
365 nm. An active layer composed of P3HT (Rieke Met.
Inc.) and PCBM (Nano-C) (1:0.6 in weight ratio) were
spin-coated from chlorobenzene with 220 nm ± 5 nm thin
films. The prepared organic film was then thermal-an-
nealed at 110 �C for 10 min. Finally, LiF (0.6 nm) and Al
(100 nm) electrodes were deposited under a pressure of
5 � 10�7 torr. The defined active area was 9 mm2 and all
procedures were performed in a N2 gas-filled glove box.
The current-density–voltage (J–V) curves were measured
by a Keithley 2000 source-measure unit. The photocurrent
was obtained under illumination from a Thermal Oriel so-
lar simulator (AM 1.5G). The illumination intensity used
was calibrated by a standard Si photodiode detector (Fra-
unhofer ISE, certificate no. C-ISE269).

Fig. 1 shows the current–voltage (J–V) characteristics of
the devices under illumination of AM1.5G, at an overall
Fig. 1. Current–voltage characteristics of PVs with different UV irradia-
tion times on PEDOT:PSS films: pristine PEDOT:PSS (j); with 20 min UV
irradiation (h); with 40 min irradiation (N); with 60 min UV irradiation
(5).
intensity of 100 mW/cm2 with different UV irradiation
times on PEDOT:PSS films. To ensure the reproducibility,
we fabricated five individual cells for each case, and photo-
voltaic parameters with mean deviation are summarized in
Table 1. After UV irradiation, the reduced series resistance
of the devices resulted in increased Jsc and FF values. De-
vice without UV irradiation shows Jsc and FF, values of
(9.10 ± 0.16)% and (54 ± 1.2)%, respectively, whereas with
40 min UV irradiation Jsc and FF reach to (9.89 ± 0.28)%
and (57 ± 1.5)%, so calculated PCE increased from
(3.05 ± 0.04)% to (3.46 ± 0.04)%. With further UV irradia-
tion, the PCE is increased from (3.46 ± 0.04)% to
(3.50 ± 0.03)%, however, the change is small respect to
the irradiation time so it can be considered that the effect
of UV irradiation becomes saturated after 40 min. In gen-
eral, the origin of the series resistance of a photovoltaic cell
can be either due to the limited charge transfer within the
layers (bulk resistance) and/or charge transport between
the layers (contact resistance) [10]. In the present case,
all devices were fabricated in the same manner while
changing only UV irradiation time, therefore it can be as-
sumed that the reduction of series resistance comes from
the bulk and/or contact resistance change of PEDOT:PSS
by UV irradiation. To evaluate the effect of UV irradiation
on bulk resistance of PEDOT:PSS, Raman spectroscopy
and four-probe method (CMT SR2000 by A.I.T) were
applied.

Fig. 2 shows the Raman spectra of PEDOT:PSS films with
and without UV irradiation. The clearest difference be-
tween pristine and UV-irradiated PEDOT:PSS was the
shoulder signal at 1445 cm�1. The UV-irradiated PED-
OT:PSS exhibited a weaker band in this region, and this
indicates that the resonant structure of the PEDOT chains
changes from a benzoid to a quinoid structure [11,12,16].
The benzoid structure favors coil conformation while the
quinoid structure favors linear or expanded coil conforma-
tion. In the coil conformation, the Ca–Ca bond between the
two thiophene rings is similar to a r bond and has a low
density of conjugated p-electrons. Thus, the conjugated
p-electrons are not completely delocalized so PEDOT films
have a low level of charge-carrier mobility. In contrast, in
the linear or coil-expanded conformation, thiophene rings
in the PEDOT chains can be oriented in nearly the same
plane. Therefore, the conjugated p-electrons are delocal-
ized through the entire chain, giving the PEDOT films high
charge-carrier mobility [11,12]. Hence, the conformational
change of the PEDOT films from benzoid to quinoid results
in a decrease of the bulk resistance of the PEDOT:PSS. The
resistivity of the PEDOT:PSS films evaluated by the four-
probe-method is summarized in Table 1.

Nextly, in order to examine the effect of the UV irradia-
tion on PEDOT:PSS on the contact resistance of the devices,
the impedance spectroscopy of the devices were measured
in a dark condition [13]. Fig. 3 shows the impedance
spectra of the devices at 0 V in a frequency range of
10�1 Hz–10 MHz. The diameter of semi-circle on the Z0 axis
represents the contact resistance. The resistance of the de-
vice without UV irradiation is approximately 0.52 MX, but
it is decreased to 0.33, 0.27, and 0.21 MX after 20, 40, and
60 min UV irradiation, respectively. This result indicates
that UV irradiation reduces the interface resistance



Table 1
Performance of ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al photovoltaic devices with different UV irradiation times under an illumination of AM1.5 (100 mW/cm2). The
values of photovoltaic parameters are averaged over five individual cells.

Anode Voc (V) Jsc (mA/cm2) FF (%) PCE (%) Resistance of PEDOT:
PSS filma (MX cm)

Pristine PEDOT:PSS 0.608 ± 0.003 9.10 ± 0.16 54 ± 1.2 3.05 ± 0.04 0.72
With UV 20 min on PEDOT:PSS 0.614 ± 0.007 9.20 ± 0.11 57 ± 1.0 3.29 ± 0.08 0.58
With UV 40 min on PEDOT:PSS 0.612 ± 0.006 9.89 ± 0.28 56 ± 1.5 3.46 ± 0.04 0.42
With UV 60 min on PEDOT:PSS 0.616 ± 0.004 9.83 ± 0.17 57 ± 1.4 3.50 ± 0.03 0.39

a Measure from the four-point probe.

Fig. 2. Raman spectra of pristine PEDOT:PSS films excited using 785 nm
semiconductor laser excitation.

Fig. 3. Impedance plots of the devices: pristine PEDOT:PSS (j); with
20 min UV irradiation (h); with 40 min irradiation (N); with 60 min UV
irradiation (5).

Fig. 4. AFM images and rms values of (a) pristine PEDOT:PSS
(rms = 1.563 nm), (b) with 60 min UV irradiation (rms = 1.326 nm).
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between the PEDOT:PSS buffer layer and the P3HT:PCBM
active layer, leading to a lower device series resistance.
Theoretically, hole mobility is a few orders higher than
electron mobility in organic material systems such as
P3HT/PCBM [14], hence, holes are accumulate in the de-
vices and the photocurrent is governed by space-charge
limited conditions [15]. However, in this case, the bulk
and contact resistance of PEDOT:PSS as reduced by UV irra-
diation promotes hole extractions so that the accumulation
of holes can be decreased. This results in improved Jsc and
FF values, as shown in Table 1 and Fig. 1. Here, the surface
morphology should be noted because the roughened sur-
face of the PEDOT:PSS also can cause an increase in the va-
lue of Jsc [16]. From AFM tapping mode images (5 � 5 lm2)
(Fig. 4), the root mean square (rms) roughness value of
pristine PEDOT:PSS was 1.563 nm, and 1.326 nm with
60 min UV irradiation. There was no significant change in
the surface morphology in the PEDOT:PSS layer after UV
irradiation.



Fig. 5. Work function change of PEDOT:PSS layer according to the UV
irradiation time. The inset is a diagram of the proposed energy level
indicating work function change of the PEDOT:PSS before and after UV
irradiation.
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Besides these effects, UV irradiation of PEDOT:PSS film
has one additional effect: an increase in work function
[17]. This change in the work function can be critical to
the performance of polymer PVs because it can change
the hole extraction barrier between active layer and PED-
OT:PSS buffer layer. Accordingly, the change in the work
function by UV irradiation was examined through a Kevin
probe method. This revealed that the work function change
was about 0.25 eV by 1 h UV irradiation (Fig. 5). Thus, after
a UV treatment, the PEDOT:PSS films can have an extrac-
tion barrier 0.05 eV (Fig. 5, inset). There are two mecha-
nisms for charge carrier injection/extraction at the
interface, thermionic emission [18] and electron tunneling
[19]. Since photovoltaic cells are operated at high temper-
ature (around 300 K) and showed temperature-dependent
current–voltage behavior [20], it can be concluded that
thermionic emission dominates charge carrier extraction
at the interface. For thermionic emission model,

J ¼ A�T2 expð�Ub=kTÞ

where A* is Richardson constant, T is temperature (K), k is
Boltzmann constant, Ub is Schottky barrier height. From
this equation, about 5% charge carrier can be trapped at
the interface by 0.05 eV energy barrier. So if the PEDOT:PSS
film with lower work function is used to eliminate the en-
ergy barrier, higher PCE can be obtained by UV irradiation.

In conclusions, this study demonstrated that the effi-
ciency of polymer solar cells can be improved by simple
UV treatment on PEDOT:PSS buffer layer. From Raman
spectroscopy, four-probe point and impedance spectros-
copy measurements, it was found that UV-irradiated PED-
OT:PSS films show reduction in both the bulk and contact
resistance without changes of the surface morphology.
This results in improved Jsc, FF and overall photovoltaic
efficiency. From the analysis of change in work function
of modified buffer layer (�0.25 eV), we found that higher
photovoltaic performance can be obtained by adjusting
buffer layer work function.
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