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Abstract

Study of the transient electroluminescence (EL) behavior at turn-on upon the application of a single voltage pulse is
presented. Based on the continuity equations which describe the carrier dynamics, and on the recombination current which
describe the EL output, we present a theoretical model to explain the slow rise of the EL associated to the electron packet
motion in the bulk. The model enables us to determine, more than the mobility of majority carriers, the equilibrium density
of free holes in the bulk. The dependence of free hole density (pe) of the applied voltage shows that the unipolar current
flow for holes in the bulk follows as expected, an SCLC regime characterized by a linear dependence of pe with applied
voltage. Our analysis allows us also to estimate the trap density (for holes) in the bulk of about 2 · 1015 cm�3. Both exper-
imental and theoretical results are compared to each other and to other works, and were found to be consistent with the
proposed model. The device under investigation is the conventional ITO/MEH-PPV/Al OLED.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Organic semiconductors has attracted extensive
researches during the last decade because of their
potential application in light-weight color flat panel
displays [1,2]. The basic structure of an organic light
emitting device (OLED) consists of a thin electrolu-
minescent material sandwiched between tow elec-
trodes. Electroluminescence (EL) is obtained by
applying a forward bias to the device. The funda-
mental mechanisms involved are injection, trans-
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port, and radiative recombination of carriers in
the bulk. In the injection mechanism charge carriers
have to surmount or tunnel through a contact bar-
rier at the metal–organic interface [3,4]. However,
carrier transport in the bulk was found to be either
injection limited [5], or bulk limited [6,7] dependent
on the barrier heights at the interfaces [8]. Electrolu-
minescence occurs via Langevin bimolecular elec-
tron–hole pair recombination [9] which leads to
singlet and triplet excitons formation but only sin-
glet can decay radiatively in MEH-PPV.

Further, transient EL has been attracting consid-
erable interest for its potential application as a pulse
light source [10,11], and for high resolution displays
[12]. Upon the application of a rectangular voltage
pulse to the OLED, one can study charge carrier
.
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Fig. 1. Schematic view of the experimental setup for measuring
transient EL, current and voltage across the device. The
oscilloscope used allows a simultaneous visualisation of e(t),
VOLED, V1, and VEL.
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Fig. 2. Electroluminescence spectrum of the ITO/MEH-PPV/Al
device.
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kinetics, as well as estimate charge carrier mobility
from the temporal response of the EL [13–16].

In our previous works [17,18], we are investigated
bilayer structure in which charge densities, transient
currents, as well as transient EL as function of
applied voltage pulses has been modeled and com-
pared to experimental data. This paper is focused
on single layer devices and it is organized as follow:
first we describe the device and we present the exper-
imental setup, after we focus on the theoretical
investigation based on rate equations, and finally
we discuss and compare the experimental results
to the theoretical ones.

2. Experimental setup

In this paper the device under investigation con-
sists of an indium-tin oxide (ITO) coated glass sub-
strate as the hole injecting electrode, followed by
�250 nm thick poly[2-methoxy-5-(2 0-ethylhexyl-
oxy)-p-phenylenevinylene] (MEH-PPV) as the emis-
sive layer, and terminated with 250 nm thick
aluminum (Al) as the electron injecting electrode:
ITO/MEH-PPV/Al. The LED was manufactured
by spin coating a solution of a commercial MEH-
PPV onto commercially available ITO glass. The
solution was formed by dissolving the polymer in
the trichloro-1,1,2-ethane (�20 mg/ml) using an
ultrasonic agitator during �6 h at around 50 �C fol-
lowed by filtration through a 10 lm filter. After sol-
vent evaporation, the Al top contact was vapor
deposed using a turbo pumped vacuum system at
a pressure less than 10�6 mbar. All processes of fab-
rication of the diode were made in a white room
without UV radiation. The sample after fabrication
was conserved in a nitrogen glove box.

The LED was electrically excited by means of
fast pulse generator Tektronix PG2012 which per-
mitted accurate control of repetition rate, rise and
decay times. Single pulses were varied in time
between 100 and 400 ls, and in magnitude between
2 and 14 V. To avoid heating of the sample, all sig-
nals were with data cycle up to 50%. The EL
response was detected using a PM Hamamatsu
H5783 photomultiplier tube detector, and a 50 X
external load resistance. Experimental setup for
recording of the transient light, current, as well as
the voltage across the sample, is shown in Fig. 1.
For a simultaneous recording of the three quantities
we have used a fast digital Tektronix TDS 5034
oscilloscope. All measurements were carried out at
room temperature in vacuum and all data were
averaged at variables rates. The overall RC time
constant of the measurement system was estimated
to be much lower than 1 ls.

The EL spectrum of the device was measured
with a Peltier cooled CCD camera coupled to a
polychromator. Fig. 2 shows the EL spectrum of
the device which is quite similar to any typical spec-
trum device based on the same material (MEH-
PPV), and in Fig. 3 typical transient behaviors of
EL and current in comparison with the applied rect-
angular voltage pulse (400 ls width and 9.75 V
amplitude) are depicted.
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Fig. 3. Transient: voltage across the device after applying single
voltage pulse with a duration of 400 ls and 9.75 V height, current
density, and EL.
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Our ITO/MEH-PPV/Al diode turned at around
8 V with a green emission peak at �580 nm.

3. Analytical model for the slow rise of the EL

Typical transient behavior of the EL is obtained
by addressing a rectangular voltage pulse to the
device. In transient features the emission starts after
a delay time td which is defined as the difference
between the rising edge of the voltage pulse and
the occurrence of the electroluminescence [13]. We
focus on the transient features for t > td. It is well
known and confirmed both experimentally [13,19–
21] and by numerical simulations [21], that beyond
td the electroluminescence signal in single layer
OLEDs consists of two exponential components
related to the transport of carriers in the bulk.
The first starts at td and consists of a fast initial rise
and corresponds to the hole dominated part. The
second starts at a time t1 and characterized by a
slower rise which corresponds to the electron packet
motion in the bulk. After EL turn-on and before t1,
the hole density gradually increase in the bulk yield-
ing a fast initial EL rise. The density of electrons in
this regime is very weak, and the latter can be asso-
ciated to the hole dynamic and may be also to the
mechanism of charge trapping within the device.
However, this regime is very hard to be resolved
experimentally because of the relatively high hole
mobility and quenching effects, so t1 can be approx-
imated by td. Detailed study of t1 can be found in
Ref. [21]. Beyond t1, it has been shown [21] that
the hole density is at its steady state and only the
electron density still moving in the bulk, than in this
region the EL can be described only by the electron
dynamic. In order to reproduce this feature, we con-
sider the phenomenological model based on the fol-
lowing dynamic equations [8,22] for electrons and
holes:

on
ot
¼ De

o2n
ox2
þ le

o

ox
ðnEÞ � Rnp ð1aÞ

op
ot
¼ Dh

o
2p

ox2
� lh

o

ox
ðpEÞ � Rnp ð1bÞ

where le and lh are the electron and hole mobilities
(which next will be taken field independent), respec-
tively, n and p are, respectively, the electron and
hole concentrations in the bulk, De and Dh are,
respectively, the diffusion constants for electrons
and holes. E is the electric field and R is the Lange-
vin recombination coefficient. These two equations
should be completed by Poisson’s equation:

oE
ox
¼ q

e
ðp þ nt � n� ptÞ ð2Þ

where pt and nt denote trapped holes and electrons,
respectively.

To our knowledge without any approximations
the system of Eqs. (1), (2) cannot be resolved analyt-
ically. However, an analytic solution for the EL
slow rise in the electron dominated region can be
obtained taken into account of some approxima-
tions based on the above physical considerations:
(i) for t > td, the hole density is independent of both
time and space and it is not affected by the recombi-
nation; (ii) the hole density exceeds very much the
electron one even at steady state (this can be
achieved when the barrier for hole injection is small
compared to the barrier for electron injection); (iii)
in contrast to the EL decay mechanism after switch-
ing off the bias which is due to charge trapping at
the polymer/metal interface and controlled by diffu-
sion of the fastest carriers (holes) in the polymer
[23,24], the EL slow rise is due to Langevin recom-
bination of free independent carriers and its mecha-
nism is controlled by the slow motion of electrons
under the effect of the applied electric field. Further-
more, since the EL signal is obtained when the
applied voltage become relatively high (in general
V > 2 V), diffusion contribution to the current flow
(first term in the second member of Eq. (1)) is neg-
ligible; (iv) finally, at the range of applied voltage
when the EL is obtained we assume that the influ-
ence of traps is not important (all traps are filled).
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Taken into account of these approximations one
obtain the following equation which describes only
the electron dynamic in the bulk:

on
ot
¼ le

o

ox
ðnEÞ � Rnpe ðt P tdÞ ð3Þ

where pe denote the steady state free hole density.
The EL output is directly proportional to the

recombination current Jr given by [9]

J r ¼ q
Z L

0

Rnp dx ð4Þ

Eq. (3) can be written as (taking into account
that pe is constant)

1

Rpe

oðqRpenÞ
ot

¼ qle

o

ox
ðnEÞ � qRpen ð5Þ

and the integration over the total device thickness
and taken into account of Eq. (4), yields

1

Rpe

oJ r

ot
¼ qle

Z L

0

o

ox
ðnEÞdx� J r

¼ qleðnðLÞEðLÞ � nð0ÞEð0ÞÞ � J r ð6Þ

Eq. (6) describes the time evolution of the recombi-
nation current. For t > td, n(L)E(L) � n(0)E(0) is
time independent since the external current reach
its steady-state at a time much smaller. The time
integration of Eq. (6) yields

J rðtÞ ¼ J rðt!1Þ 1� exp � t
s

� �� �
ð7Þ

where s�1 = Rpe, and the steady state recombina-
tion current is given by [25]

J rðt!1Þ ¼ qleðnðLÞEðLÞ � nð0ÞEð0ÞÞ
¼ J nðLÞ � J nð0Þ ¼ J pð0Þ � J pðLÞ ð8Þ

which is the difference between injection and exter-
nal currents (the same for electrons as for holes).
Hence, our assumptions express that the EL dy-
namic for t > td is governed only by the slowest car-
riers (electrons) where the holes are approximated
by their concentration at the equilibrium (pe). Eq.
(7) was used before [26] where s and td are briefly
studied in bilayer devices. Note that the above time
dependent equation of the recombination current is
independent of the nature of the current in the de-
vice. In the following section experimentally results
will be modeled and compared in terms of the above
analytic expression.
4. Results and discussion

Fig. 4 presents a set of transient light emission
responses acquired by single voltage pulses of dura-
tion of 100 ls and with various pulse amplitudes. In
this range of applied voltage the effective hole
mobility (deduced from Eq. (9)) was found to be
nearly field-independent.

Fig. 5 shows the magnitude of the logarithm of
the normalized EL subtracted from its steady state
value, i.e., ln[ELN(t!1) � ELN(t)] (where the
subscript N design normalized quantity), plotted
vs. time for a constant voltage pulse amplitude of
8.85 V with a duration of 200 ls. It shows that the
emission of light start after a delay time td (it is bet-
ter seen in Fig. 5 rather than in Fig. 4) which is
defined as the difference between the rising edge of
the voltage pulse and the occurrence of the electro-
luminescence. td was found to be on the order of
6 ls. Since in the PPV (and majority organic mate-
rials) holes are the fastest injected carrier with a
large mobility compared to the electron mobility
[27], td will correspond to the time make by holes
to reach and to recombine radiatively with the elec-
trons waiting near the cathode. Than the hole
mobility, neglecting an inhomogeneous field distri-
bution in the bulk, can be estimated by the follow-
ing expression [13]:

lh ¼
L2

Vtd

ð9Þ

where V is the applied voltage (potential built-in is
taken into account), and L is the device thickness
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(�250 nm). From Eq. (9) lh was found to be on the
order of 1.2 · 10�5 cm2 V�1 s�1, in agreement with
other works [13,21]. In addition this plot clearly
demonstrate as expected a linear behavior of
ln[ELN(t!1) � ELN(t)] for t > td. The fit between
Eq. (7) and experimental data yields s�1 �
2.2 · 104 s�1 for V = 8.85 V. Using the above ob-
tained hole mobility in the recombination coefficient
which can be approximated by R � qlh/e, we derive
pe � 3 · 1015 cm�3. Hence, at an applied voltage of
the order of 8.85 V we assume that the density of
free holes in the bulk is about 3 · 1015 cm�3, which
is consistent with that found by simulations by
Davids et al. [8] for the ITO/MEH-PPV/Al
(1014–1015 cm�3). We can make a simple compari-
son considering an upper limit for the hole density
in the bulk which can be estimated by a direct calcu-
lation of the holes injected through the ITO/MEH-
PPV interface: assuming a barrier height (D) of the
order of 0.3 eV [28] and a density of states (p0) of
the order of 1020 cm�3 [29], from pinj � p0 exp(�D/
kT)) one have �1015 cm�3 of holes at the contact.
Furthermore, we find that the experimental cur-
rent density of the order of 3.3 mA/cm2 at
(V � Vbi) = 8.85 V is of the same order than its esti-
mated value (from J = qlhpeE) �2.5 mA/cm2 at
steady-state. In spite of some details (for instance:
image force lowering, spatial inhomogenity of the
electric field . . .) are not taken in account in these
treatments, we can conclude that the above ob-
tained value for pe seems to be satisfactory. Thus
we use the above expressions(s�1 = Rpe and Eq.
(7)) for the determination of pe as a function of
the applied voltage pulse amplitude. In Fig. 6 we
show the variation of pe vs. V. This plot clearly re-
veals a linear dependence with a slope of the order
of 6 · 1014 cm�3 V�1 (slight deviations are related
to the mobility which is taken field independent). In-
deed this behavior is not surprising and arises from
the most commonly model of transport observed for
holes in the PPV and its derivatives.

We start by noting that the observed transient
current is due essentially to hole transport since
bipolar transient current does not show any over-
shoot in single devices [30]. In addition since the
barrier for hole injection at the ITO/MEH-PPV
interface (�0.3 eV) is much lower than the barrier
for electron injection at the MEH-PPV/AL interface
(�1.2 eV), the current flow is carried mainly by
holes which are in equilibrium state at a time close
to td (the current density reach its equilibrium value
at a time much smaller than the EL saturation see
Fig. 3). Furthermore, if the contacts are non-ohmic
we should observe an overshoot in the EL decay as
discussed by Lupton et al. for MEH-PPV single
layer devices [24]. For our device we do not observe
any spike in the EL decay which suggests an ohmic
contact at the ITO/MEH-PPV contact. This situa-
tion lead also to a space charge limited current
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(SCLC) for the transport of holes in the bulk.
Regarding of these considerations and assuming a
negligible influence of traps at the range of the
applied voltage to the LED when the EL occurs
(between 8 and 13 V) (we assume that the charge
density stored in trap sites remain constant as the
voltage is increased—all traps are filled—and this
will be studied below), we write the following
Mott–Gurney relation [31] for a pure SCL current
for holes:

Jp ¼
9

8
elh

V 2

L3
ð10Þ

On the other hand, the concept of an SCL current is
based on the following expression of the drift cur-
rent (for holes):

Jp ¼ qlhpðxÞEðxÞ ð11Þ
By replacing the electric field (E(x)) and the hole
density (p(x)) by their mean values V/L and pe,
respectively, from Eqs. (10) and (11) we can derive
the following linear relation for free hole density
as function of the applied voltage:

pe ¼
9eV

8qL2
; ð12Þ

We should note that Eq. (12) is an approximate
expression where pe and E are taken space indepen-
dent (in the general case for a SCL current, pE in
Eq. (11) is constant). In fact this assumption is usu-
ally used for the electric field. The calculated slope is
of the order of �3 · 1015 cm�3 V�1 which is in good
agreement with its experimental value obtained
above. This is moreover a direct evidence of an
SCL unipolar hole current in the bulk.

Finally, until now we have neglected the influence
of eventual traps in the bulk. By the extrapolation
of the experimental curve for pe vs. V to lower volt-
ages, we find that the equilibrium density of free
holes vanishes at a voltage value of �3.5 V. In fact,
it has been demonstrated from impedance spectros-
copy and current voltage characteristics [29,32,33],
that at lower applied voltages the sample should
be depleted and the injection is very weak which
lead to smaller currents. At small voltages, filling
of empty traps occurs and than reduce the free
injected carriers in the bulk. As the voltage pulse
is increased, the number of empty traps is reduced;
consequently the number of free holes is increased.
After filling of traps and when the depletion become
small we assume that the density of free holes which
is responsible of the current flow, starts to follow a
linear behavior with the applied voltage (the unipo-
lar hole current in the bulk become pure SCL).
Hence, below �3.5 V all of injected holes are
trapped and the amount of free holes in the bulk
is negligible. This allows us to approximate a trap
density for holes of the order of 2 · 1015 cm�3 which
is in good agreement with other works [21,29].

5. Conclusion

Summarizing, we have provided a simple model
for the transient slow rise of the EL turn-on in a sin-
gle layer organic device. The model is based on the
continuity equations for carrier dynamics, as well as
the expression of the recombination current. It pro-
vides a simple means for estimating the free hole
density at the equilibrium in the bulk after EL
turn-on. We found a linear dependence between
the free hole density in the bulk and the applied
voltage pulse with a slope of the order of
6 · 1014 cm�3 comparable to its theoretical value
(�3 · 1015 cm�3) by assuming an SCL behavior
for the current carried by holes. At low voltage
pulses, we find from the pe vs. V curve that pe van-
ishes at around 3.5 V which suggest the presence of
traps in the bulk. We have compared the model cal-
culations with experimental results, and with other
works, and the agreement is quite good. The model
allows us also to estimate a trap density for holes of
about 2 · 1015 cm�3 in the device under investiga-
tion. Later, EL turn-off of this device will be inves-
tigated to more understand the physical
mechanisms involved in OLEDs.
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Abstract

Efficient, chromaticity-stable fluorescent white, including pure white, organic light-emitting diodes are fabricated
by having an effective exciton-confining device architecture with a single emission layer via vapor-deposition of the
solution-mixed targets of a blue light-emitting host doped with a trace amount of a red and/or a green dye. The used
host is 1-butyl-9,10-naphthalene-anthracene. The red and green light-emitting dyes are 4-(dicyanomethylene)-2-
methyl-6-(julolidin-4-yl-vinyl)-4H-pyran, and 2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-1H,5H,11H-10-(2-benzothiazolyl)
quinolizino[9,9a,1gh]coumarin, respectively. The employed electron-blocking effective hole-transporting material is
N,N 0-bis-(1-naphthy)-N,N 0 diphenyl-1,1 0-biphenyl-4-4 0-diamine, and the hole-blocking effective electron-transporting
material is 2-2 0-200-(1,3,5-benzinetriyl)tris(1-phenyl-1-H-benzimidazole). The best power efficiency of the resulting
two-spectrum fluorescent devices is 7.5 lm/W (10.8 cd/A) at 11 cd/m2 with Commission Internationale de l�Eclairage
coordinates of (0.423,0.426), or 6.5 lm/W (9.6 cd/A) at 12 cd/m2with pure white light with coordinates of (0.346,0.343).
The best power efficiency of the three-spectrum counterparts is 6.7 lm/W (9.9 cd/A) at 15 cd/m2 with a nearly pure white
light with coordinates of (0.325,0.374). All color variations are less than (0.007,0.006) between 100 cd/m2 to 10,000 cd/m2.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

White organic light-emitting diodes (WOLEDs)
have attracted much interest for having great poten-
tial for use in high-quality flat-panel displays, plane
illumination, liquid-crystal-display backlighting and
opto-electronic applications [1–4]. The power
.
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Fig. 1. Schematic illustrations of the structures of the two- or
three-wavelength fluorescent WOLEDs and the organic mole-
cules studied.
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efficiency and lifetime of WOLEDs are currently the
primary concerns [5–7]. The emitting layer can be
made of phosphorescent [8–10] and/or fluorescent
[11–16] materials. Phosphorescent WOLEDs may
be suitable for the future illumination for having
shown very high luminance and power efficiency [4].
The best reported power efficiency of phosphorescent
WOLEDs is 26 lm/W [10]. The best reported power
efficiency, however, is 5.0 lm/W for three-spectrum
fluorescent WOLEDs with pure white emission [11].
The efficiency is 5.35 lm/W with pure white emission,
while 6.0 lm/W with a near pure white emission for
two-spectrum fluorescent WOLEDs [12,13]. The
power efficiency of fluorescent WOLEDs is compar-
atively low. Fluorescent WOLEDs with a much-
improved efficiency are thus being pursued.

To increase luminous efficiency, the host must first
exhibit efficient energy-transfer capability in trigger-
ing the emissions of the various dyes [17]. Second,
the host is better coupled with appropriate electron-
and hole-transporting materials to form low-energy
barriers, thus enabling electrons and holes, respec-
tively, to enter the emission layer easily. Third, elec-
tron- and hole-blocking functions are provided
therein to effectively confine more electrons and holes
having entered the desired emission zone to further
increase the electron-hole recombination probability,
and the corresponding efficiency [18–20].

This work reports the fabrication of efficient,
color-stable, white and pure white fluorescent
organic light-emitting diodes with an effective exci-
ton-confining device architecture with a single emis-
sion layer by vapor-deposition of solution-mixed
deposition targets. The best power efficiency of the
resulting two-spectrum fluorescent devices is
7.5 lm/W (10.8 cd/A) at 11 cd/m2 with Commission
Internationale de l�Eclairage (CIE) coordinates of
(0.423,0.426), or 6.5 lm/W (9.6 cd/A) at 12 cd/m2

with a pure white light of (0.346, 0.343). That of
the three-spectrum counterparts is 6.7 lm/W
(9.9 cd/A) at 15 cd/m2 with a nearly pure white light
of (0.325, 0.374). All color variations are less than
(0.007,0.006) between 100 cd/m2 to 10,000 cd/m2.

2. Experimental

Fig. 1 depicts the WOLED structure studied and
the organic molecules used. The devices comprise a
125 nm indium tin oxide (ITO) anode, a 45 nm hole-
transporting layer (HTL) of N,N 0-bis-(1-naphthy)-
N,N 0 diphenyl-1,1 0-biphenyl-4-4 0-diamine (NPB), a
30 nm white emission layer, a 40 nm electron-
transporting layer (ETL) of 2-2 0-200-(1,3,5-ben-
zinetriyl)tris(1-phenyl-1-H-benzimidazole) (TPBi),
a 0.5 nm electron-injecting layer of lithium fluoride
and a 150 nm aluminum cathode. The white emis-
sion layer is formed by vapor-deposition of the solu-
tion-mixed deposition target composed of the blue
host 1-butyl-9,10-naphthalene-anthracene (BANE)
with a trace amount of red dye 4-(dicyanome-
thylene)-2-methyl-6-(julolidin-4-yl-vinyl)-4H-pyran
(DCM2). To form three-spectrum white emission,
an additional trace amount of green dye 2,3,6,
7-tetrahydro-1,1,7,7-tetramethyl-1H,5H,11H-10-
(2-benzothiazolyl)quinolizino[9,9a,1gh]coumarin
(C545T) is added. Another blue host of 1,4-bis(2,2-
diphenylvinyl)biphenyl (DPVBi) and two other
ETLs of bathocuproine (BCP) and tris(8-hydroxyl-
quinoline)aluminum (Alq3) are studied for
comparison.

The deposition source of the white emission layer
of two- or three-spectrum was prepared via solu-
tion-mixing [21] as followed. The composing dye(s)
and host were first seperatively dissolved in an
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organic solvent such as tetrahydrofuran or toluene.
After complete dissolution, the resultant solutions
were then mixed to form a host solution uniformly
dispersed with the desired doping dye(s). Low dop-
ing concentrations were obtained by using the
diluted dye solutions. The resulted dye-dispersed
host solution was then vacuum-dried at 80 �C for
60 min prior to vapor-deposition.

The devices were fabricated by vapor-deposition
using an ITO coated glass substrate (Merck Display
Technologies, Ltd.) with a sheet resistance of 13 X/
square. The substrate was cleaned in ultrasonic
baths of detergent, de-ionized water, acetone and
isopropyl alcohol in turn, and then treated with
the boiling hydrogen peroxide. The substrate was
then dried by purging nitrogen. The respective
organic layers and the cathode layer were deposited
at 2 · 10�5 Torr using resistively heated tantalum
and tungsten boats. All the organic layers were
deposited at rates ranging from 0.1 to 0.3 nm/s.
The lithium fluoride and aluminum cathode were
subsequently deposited at rates of 0.01 and 1
nm/s, respectively. The emission area of all the
devices was 8 mm2, and only the luminance in the
forward direction was measured.

The luminance and Commission International de
L�Eclairage (CIE) chromatic coordinates of the
resulted OLEDs were measured by using Minolta
CS-100 luminance-meter. The electroluminescence
and photoluminescence spectra were measured
using a Hitachi F-4500 fluorescence spectrophoto-
meter. The ultraviolet visible (UV–VIS) absorption
spectra of the DCM2 and C545T solutions were
measured using a Hitachi U-3010 UV–VIS spectro-
photometer. The highest occupied molecular orbital
(HOMO) energy levels of the organic materials
studied were calculated from their oxidation poten-
tials measured by a cyclic voltammetry [22], while
the corresponding lowest unoccupied molecular
orbital (LUMO) energy levels were estimated based
on their HOMO energy levels and the lowest-energy
absorption edge of the UV–VIS absorption spectra.
A Keithley 2400 electrometer was used to measure
the current-voltage (I–V) characteristics. All the
devices were characterized without packaging and
all the measurements were carried out in the ambi-
ent condition.

3. Results and discussion

Fig. 2 shows the effect of the DCM2 concentra-
tion on the resultant electroluminescence spectra.
The spectra exhibit two major emission peaks at
450 nm from the blue host, BANE, and at 560 nm
from the red-dopant, DCM2, respectively. The
emission that yields pure DCM2 (100%) peaks at
630 nm is strongly blue-shifted when its doping-con-
centration becomes extremely low, ranging from
100 to 2000 ppm, which is due to a strong solid state
solvation effect [23]. The marked blue-shift turned
the DCM2, itself, from a so-called red dye to an
orange one in these doping ranges.

Table 1 presents the effects of the concentration
of the various light-emitting dopants on the resul-
tant luminous characteristics. The resultant CIE
coordinates change from that of blue light
(0.155,0.122) to that of yellow light (0.464, 0.457)
as the DCM2 concentration increases from 0 to
2000 ppm. The changing path passes through the
pure white light region, (0.33 ± 0.03, 0.33 ± 0.03),
indicating that pure white light can be obtained
from these device systems if they are of proper
composition. For example, the lower and upper
limits are 300 and 1200 ppm, respectively, to emit
white light, while only 500–600 ppm of red-dopant
DCM2 can be presented to emit pure white light
with emission between (0.330, 0.322) and (0.346,
0.343).

The maximum power efficiency, which is defined
as the value obtained at a luminance of =10 cd/m2,
increases from 1.3 to 8.3 lm/W as the DCM2 con-
centration increases from 0 to 2000 ppm for devices
A to H. Pure white emission of (0.346, 0.343) with a
power efficiency of 6.5 lm/W (9.6 cd/A) at 12 cd/m2

is obtained by doping with 600 ppm of DCM2
(device E). A much higher power efficiency,
7.5 lm/W (10.8 cd/A) at 11 cd/m2, is obtained by



Table 1
The effects of doping-concentration of the various light-emitting dopants on the luminous characteristics of the fluorescent WOLEDs
having a single emission layer composing of the blue host of BANE doped with trace amounts of the �red� dye of DCM2 and/or the green
dye of C545T

No. DCM2 (%) C545T (%) Max. luminance (cd/m2) Maximum power/
current efficiency a

CIE1931 (x,y) chromatic
coordinates at

(Im/W) (cd/A) 100 cd/m2 10,000 cd/m2

A – – 6500 1.3 3.6 (0.155,0.122) –
B 0.01 – 9900 2.1 3.3 (0.192,0.162) (0.198,0.169)
C 0.03 – 15,800 5.0 7.3 (0.280,0.269) (0.276,0.263)
D 0.05 – 16,900 5.5 7.6 (0.330,0.322) (0.328,0.317)
E 0.06 – 19,600 6.5 9.6 (0.346,0.343) (0.341,0.337)
F 0.08 – 24,700 6.5 9.7 (0.382,0.381) (0.380,0.380)
G 0.12 – 39,500 7.5 10.8 (0.423,0.426) (0.418,0.420)
H 0.20 – 41,500 8.3 13.4 (0.464,0.457) (0.455,0.452)
I 0.50 – 39,300 7.6 12.1 (0.479,0.471) (0.469,0.466)
J 1.00 – 38,900 7.3 11.6 (0.485,0.472) (0.477,0.469)
K 2.00 – 29,500 7.2 11.4 (0.505,0.467) (0.498,0.467)
L 0.05 0.02 23,200 5.7 8.1 (0.320,0.347) (0.316,0.342)
M 0.05 0.04 24,200 6.5 9.3 (0.325,0.374) (0.320,0.370)
N 0.05 0.06 25,300 6.7 9.9 (0.324,0.395) (0.317,0.389)
O 0.05 0.08 23,000 6.9 10.7 (0.316,0.411) (0.305,0.401)
P 0.05 0.12 22,500 7.2 11.3 (0.321,0.439) (0.312,0.432)

a The maximum power/current efficiency is defined as the value obtained at a luminance of =10 cd/m2.
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raising DCM2 to 1200 ppm (device G). However,
the corresponding color is not pure white, but is
within the generally defined white emission region
with CIE coordinates of (0.423,0.426). These two
devices exhibit the highest power efficiency of all
reported two-spectrum fluorescent WOLEDs.

The power efficiency, however, decreases
from 8.3 to 7.2 lm/W as the DCM2 concentration
increases from 0.2% to 2% for devices H to K. This
decreasing phenomenon may be attributed to the
increasing formation of guest molecule aggregates
[23] and low luminescent-efficiency excimers [24] at
higher doping-concentrations. The combined effect
of these two mechanisms would result in a lower
luminous efficiency, which is typically known as
concentration-quenching [25]. Moreover, carrier
trapping frequently exists in the EL process of dye
doped systems [26,27]. It would be more likely to
occur when the doping-concentration is higher. This
mechanism may also be taken into account for the
aforementioned efficiency-decreasing phenomenon.

The chromaticity of emission from all resulting
two-spectrum WOLEDs (devices C, D, E, F and
G) changes slightly between 100 and 10,000 cd/m2.
The emission coordinates of the device E, for exam-
ple, are (0.346, 0.343) at 100 cd/m2 and (0.341,
0.337) at 10,000 cd/cm2, respectively. The chromatic
variation is as small as (0.005, 0.006), which is the
least ever reported for pure white OLEDs. The
chromaticity of all other devices varied less. Of
these, device F, which contains 800 ppm DCM2
emits white light (0.382,0.381), exhibits the least
variation of (0.002,0.001).

Three reasons may explain the relatively high
color-stability of the WOLEDs. Importantly, the
devices simply compose one emission layer [12,15,
16]. The entering electrons/holes can be effectively
confined and so recombine within the desired emis-
sion layer owing to the presence of two neighboring
electron-blocking and hole-blocking layers. The
recombination zone will hence barely shift as the
applied voltage increases. Second, the guest mole-
cules are uniformly dispersed throughout the entire
thickness in the emission layer by employing the
solution-mixing method in the preparation of
the vapor-deposited target. A zone shift caused by
applied-voltage-variation occurs mostly within the
confined emission layer, explaining why the result-
ing colors are quite the same. Third, all the resulted
WOLEDs employed comparatively low doping-con-
centrations. Less exciton quenching would have
occurred and much less color variation was then
observed as the current density increased [26].

Fig. 3 shows the effect of C545T concentration on
the electroluminescence spectrum of the resultant
three-spectrum WOLEDs. The spectra show three
emission peaks at 450 nm from the blue host of
BANE, at 495 nm from the green dopant of
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C545T and at 560 nm from the red dopant of
DCM2. The emission changes from a pure white
light of (0.330,0.322) to the upper boundary of
white light with an emission of (0.324, 0.395) as
the C545T concentration is increased from 0 to
600 ppm. Increasing the C545T concentration to
1200 ppm causes the emission to turn to green with
chromatic coordinates of (0.321, 0.439).

The maximum power efficiency increases
from 5.5 lm/W (7.6 cd/A) to 7.2 lm/W (11.3 cd/A)
as the C545T concentration is increased from 0 to
1200 ppm. Device L, which contains 200 ppm of
C545T, emits pure white light with a maximum
power efficiency of 5.7 lm/W (8.1 cd/A) at 13
cd/m2. A much higher power efficiency, 6.7 lm/W
(9.9 cd/A) at 15 cd/m2, is obtained by increasing
the doping C545T to 600 ppm (device N). The cor-
responding emission remains white but no longer
pure white. All the resulting three-spectrum WOL-
EDs exhibit very little change in color between
100 and 10,000 cd/m2. For example, for devices L
and N, the corresponding chromatic coordinates
change from (0.320, 0.347) to (0.316, 0.342) and
from (0.325, 0.374) to (0.320, 0.370), respectively.
The corresponding chromatic variations are (0.004,
0.005) and (0.005, 0.004), respectively. The largest
chromatic variation observed herein is (0.007,
0.006), i.e., smaller than those of all previously
reported three-spectrum WOLEDs.

White emission can be obtained in both the two-
and three-spectrum OLEDs. Taking the two-wave-
length OLEDs for examples, the white emission is
resulted from the mixing of the red, or more
correctly orange, emission from the red dye and
the blue emission from the blue light-emitting host.
The concentration of DCM2 is so low that the com-
ing carriers of hole and electron must have mostly
gone through and recombined on the host mole-
cules. The excited energy upon recombination has
apparently transferred at least partly from the host
to the guest of DCM2 to yield the observed orange
emission, according to Förster energy transfer
mechanism [28]. And, part of the excited energy is
used to trigger its own blue emission as evidenced
by the blue emission peak at 450 nm shown in
Fig. 3. Similarly, the doping-concentration of green
dye C545T is also very low and its green emission is
triggered by the excited energy transferred from the
host molecules via the same mechanism.

Fig. 4 shows the effect of host materials on the
resultant luminous characteristics. The power effi-
ciency is 6.7 lm/W at 0.05 mA/cm2 for the BANE
host, while 5.5 lm/W at 0.18 mA/cm2 for the DPVBi
host. Their respective CIE chromatic coordinates at
100 cd/m2 are (0.330, 0.322) and (0.337, 0.349). The
devices with these two different hosts yield almost,
but not exactly, the same pure white emission. The
minor difference is attributable to the difference
between the colors originally emitted by the hosts,
themselves. Pure BANE has chromatic coordinates
of (0.155,0.122) and pure DPVBi has ones of
(0.170,0.165). BANE is a host with a deeper blue
color than DPVBi, so BANE is a more appropriate
host for the �red� dye, DCM2, to generate a pure
white light.

Fig. 5 shows the photoluminescence spectra of
the host molecules of BANE and DPVBi and the
UV–VIS absorption spectra of the guest molecules



0.0

0.5

1.0

300 400 500 600 700
Wavelength (nm)

N
or

m
al

iz
ed

 In
te

ns
ity

BANE (PL)

DPVBi (PL)

C545T (UV-VIS)

DCM2 (UV-VIS)

NPB

2.2

5.5

6.2

2.7

ITO

5.2
LiF/Al

4.3

TPBi

5.9

DPVBi

2.8
3.1

5.2

DCM2
NPB

2.2

5.5

6.2

2.7

ITO

5.2
LiF/Al

4.3

TPBi

5.9

DPVBi

2.8
3.1

5.2

DCM2

NPB

2.2

5.5

6.2

2.7

ITO

5.2
LiF/Al

4.3

TPBi

2.6

5.7

BANE

3.1

5.2

DCM2
NPB

2.2

5.5

6.2

2.7

ITO

5.2
LiF/Al

4.3

TPBi

2.6

5.7

BANE

3.1

5.2

DCM2

Fig. 5. The photoluminescence spectra of the host molecules of BANE and DPVBi, ultraviolet–visible absorption spectra of the guest
molecules of DCM2 and C545T, and HOMO/LUMO energy-level alignments (inset) of the WOLEDs using the two different hosts.

J.-H. Jou et al. / Organic Electronics 7 (2006) 8–15 13
of DCM2 and C545T. The spectral peak from the
BANE host ranges from 415 to 580 nm, and that
of DPVBi host ranges from 405 to 590 nm. The
absorption peak of red-dopant DCM2 ranges from
380 to 585 nm, and that of green-dopant C545T
from 370 to 515 nm. The photoluminescence spectra
of both hosts overlap greatly with the UV–VIS
absorption spectra of the two guest molecules,
revealing the likeliness of high-efficiency energy-
transfer [17]. Although the overlapping area of the
host DPVBi is larger than that of the host BANE,
the resulting efficiency is slightly lower than that
of the BANE counterpart, revealing that other
factors influence the overall efficiency of the device,
as described below.

The electrons are initially injected from the cath-
ode into the electron-transporting layer of TPBi, as
shown by the energy-level alignment of the resultant
device structure in the inset in Fig. 5. The LUMO of
TPBi is 2.7 eV, and that of the emitting layer of
BANE is 2.6 eV. An energy barrier of 0.1 eV must
be overcome to transport the electrons from the
TPBi layer into the BANE host. The LUMO of
the other host, DPVBi, is 2.8 eV. The energy barrier
is �0.1 eV, revealing that no barrier exists for the
electrons to enter the host of DPVBi. These facts
explain why the exhibited current density is obvi-
ously markedly higher for the device employing
the DPVBi host (Fig. 4). Although possessing better
electron-transporting characteristics, the device with
a DPVBi host does not have a correspondingly
higher luminous efficiency. This finding suggests
yet another crucial factor affecting the resultant
efficiency.

Also shown in the insert of Fig. 5, the holes are
initially injected from the anode to the hole-trans-
porting layer of NPB. The HOMO of NPB is
5.5 eV, while that of the BANE host is 5.7 eV. The
energy barrier to the transport of holes from the
NPB layer into the BANE host is 0.2 eV, whereas
the barrier to entering the DPVBi host is 0.4 eV.
Clearly, the holes can more easily enter the BANE
host. Additionally, the energy barrier to the further
transport of holes from the BANE host to the next
layer, TPBi (HOMO = 6.2 eV), is 0.5 eV, whereas
the barrier to transport from the DPVBi host is
0.3 eV. The higher energy barrier, 0.5 eV, would
subsequently make it more difficult for the holes
to leave the BANE host. More holes are then con-
fined in the BANE host, increasing the electron-hole
recombination probability and the luminous effi-
ciency. These results explain why WOLEDs with a
BANE host have a higher luminous efficiency.

Both energy transfer and carrier trapping exist
simultaneously in the emission process [26,27]. The
occurrence of carrier trapping on the dopants would
reduce the total efficiency. Nevertheless, the above
WOLEDs that employ BANE and DPVBi hosts
both exhibit relatively high efficiency. This may be
attributed to the comparatively low doping concen-
tration used for the red dye of DCM2 since the
occurrence of carrier trapping would be less [27].

Fig. 6 shows the effect of the electron-transport-
ing material on the luminous characteristics. The
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maximum power efficiencies of WOLEDs with the
electron-transporting layers of TPBi, Alq3 and
BCP are 6.8, 4.3 and 2.5 lm/W, respectively. Their
corresponding luminances are 16,900, 30,700 and
4000 cd/m2 at 10 V. The energy barrier to the trans-
port of electrons from TPBi to the same BANE host
is 0.1 eV, while the barrier to transport from Alq3

(LUMO = 3.0 eV) is 0.4 eV and that from BCP is
NPB

2.2

5.5

6.2

2.7

ITO

5.2

LiF/Al

4.3

TPBi2.6

5.7

BANE

3.1

5.2

DCM2

5.8

6.7

3.2

3.0

TPBi

BCP

BCP

Alq3

Alq3

HOMOHOMO

LUMOLUMO

Hole

Electron

NPB

2.2

5.5

6.2

2.7

ITO

5.2

LiF/Al

4.3

TPBi2.6

5.7

BANE

3.1

5.2

DCM2

5.8

6.7

3.2

3.0

TPBi

BCP

BCP

Alq3

Alq3

HOMOHOMO

LUMOLUMO

Hole

Electron

Fig. 7. The HOMO/LUMO energy-level alignment of the two-
spectrum WOLEDs with the three different electron-transporting
materials of TPBi, BCP and Alq3.
0.6 eV (LUMO = 3.2 eV) as shown in Fig. 7. Conse-
quently, the devices with a TPBi electron-transport-
ing layer have the highest efficiency for having the
lowest electron-injection barrier. Although BCP
provides the best hole-blocking function, its huge
electron-injection barrier, however, strongly hinders
the entry of electrons into the emitting host.

The device using Alq3 has yielded a poor effi-
ciency for having as well a high electron-injection
barrier. Nevertheless, its brightness is the greatest
among all these devices. This may be attributed to
its poorest hole-blocking effect that the unrecom-
bined holes can easily enter the green light-emitting
Alq3 layer to recombine with the electrons injected
from the cathode, substantially increasing the
brightness, but changing the color to an undesired
green.

4. Conclusion

In conclusion, we have presented the fabrication
of efficient, color-stable, two- and three-spectrum
white and pure white fluorescent organic light-emit-
ting diodes with an effective exciton-confining
device architecture with a single emission layer by
vapor-deposition of the solution-mixed deposition
targets of an efficient blue host of BANE doped
with the red dye of DCM2 and/or green dye of
C545T. The best power efficiency of the resulting
two-spectrum fluorescent WOLEDs is as high as
7.5 lm/W (10.8 cd/A) at 11 cd/m2 with chromatic



J.-H. Jou et al. / Organic Electronics 7 (2006) 8–15 15
coordinates of (0.423,0.426), or 6.5 lm/W (9.6 cd/A)
at 12 cd/m2 with a pure white light of (0.346, 0.343).
The best power efficiency of the three-spectrum
counterparts is 6.7 lm/W (9.9 cd/A) at 15 cd/m2

with a nearly pure white light of (0.325, 0.374). All
color variations are less than (0.007, 0.006) between
100 and 10,000 cd/m2.
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Abstract

Gate bias induced leakage current and drain current offset limit device performance in poly 3-hexylthiophene (P3HT)
organic thin film transistors (OTFTs). The drain current offset distorts the drain current in the linear region of the tran-
sistor performance curve, making it difficult to extract device parameters. A higher drain current offset corresponds to
higher leakage current, which contributes to poor drain current modulation. The drain current offset increases when
the semiconductor doping density is higher or when the P3HT film is thicker. We propose that the most probable mech-
anism for the leakage and drain current offset is uncontrolled expansion of drain/source electrodes. Based on the proposed
mechanisms, the drain current offset is dramatically reduced by patterning the active region to reduce non-channel leakage.
� 2005 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph; 85.30.Tv

Keywords: Organic thin film transistor; Gate induced leakage; Drain current offset; Organic thin film patterning
1. Introduction

The first OTFT was made in 1983 by Ebisawa
et al., even though organic semiconductors have
been studied for more than 50 years [1,2]. Twenty
years later, many researchers in both industry and
academia are engaged in the research and develop-
ment of OTFTs, because of the potential of low cost
applications such as large area displays, disposable
electronics, flexible electronics, etc. [3]. The perfor-
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2005.10.003

* Corresponding author. Tel.: +1 972 883 6636.
E-mail address: gnade@utdallas.edu (B.E. Gnade).
mance of OTFTs has improved to the point where
they are now comparable with amorphous-silicon
thin film transistors [4–6]. Many fundamental issues
need to be understood before commercial applica-
tions come to market. In this paper we examine
the drain current offset (ID offset) problem which
is seen particularly in polymer-based OTFTs. ID off-
set is defined as the drain current at different gate
biases, when the drain–source bias (VDS) is zero.
Ideally when VDS = 0 V, ID = 0 A. In contrast, sig-
nificant ID offset is common in organic thin film
transistors [7,8].

The ID offset distorts the drain current response in
the linear region of the transistor performance curve,
.

mailto:gnade@utdallas.edu
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making it difficult to evaluate the device characteris-
tics and impossible for proper device performance in
the linear region. The drain current offset leads to
high leakage current, which in turn contributes to
poor drain current modulation. We studied the possi-
ble sources of ID offset experimentally, and propose
possible mechanisms for the leakage current based
on our experimental results. We have demonstrated
that ID offset is reduced by using a thinner active
layer, lowering oxygen doping in the semiconductor
by annealing, and by patterning the active layer.

2. Experimental details

The material for the active layer is the solution
processable organic semiconductor poly 3-hexylthi-
ophene (P3HT), which is purchased from Aldrich.
The P3HT was used as-received. CMOS grade
toluene (JT Baker) and HPLC grade chloroform
(Aldrich) were used as the solvents for P3HT. A
bottom contact configuration for the OTFTs was
used in this work (Fig. 1). Highly doped (n or p-
type, resistivity 0.01–0.02 X cm) silicon wafers with
100 nm thick thermal SiO2 were used as the sub-
strate. The back side of the wafer was etched with
buffered oxide etchant (BOE) (JT Baker) and a gold
layer of about 200 nm, deposited by either e-beam
evaporation or sputtering, was used as the gate
Fig. 1. The configuration of the P3HT OTFTs: (a) schematic
view of the P3HT OTFTs, (b) a photograph (top view) of a P3HT
patterned OTFT with P3HT in the channel area only.
contact. Gold drain/source contacts were patterned
by lift-off on the SiO2 dielectric layer. The drain/
source contacts have a thickness of 100 nm with a
3 nm chromium or titanium adhesion layer, depos-
ited using the same method as the gate contact.
The P3HT film was deposited by spin-coating the
solution at 2000 rpm for 60 s. Prior to the P3HT
solution coating, the substrates were cleaned using
either O2 plasma or UV O3, followed by hexa-
methyldisilizane (HMDS) treatment. The deposited
films were heated at 95 �C in an air oven for 1 h
to remove the solvent. To pattern the P3HT film,
a parylene capping layer 1 lm thick was evaporated
over the P3HT layer, followed by photolithographic
patterning and reactive ion etching (RIE) in an O2

plasma etcher to remove the parylene and P3HT,
except in the channel region. The etching time is
approximately 7 min at 50 W and 200 mTorr. Ther-
mal annealing of the OTFTs was done in vacuum at
90 �C and 5 · 10�5 Torr for 10 h. All data shown
are for un-patterned and un-annealed samples
unless specified. A Keithley 4200-SCS Semiconduc-
tor Characterization System was used to probe the
devices, unless otherwise mentioned. The probe sta-
tion is a Cascade Microtech Model Summit Micro-
chamber with flowing N2. All measurements were
done at room temperature.

3. Results and discussion

3.1. ID offset and leakage

Fig. 2(a) shows the I–V characteristics of our
standard P3HT device. The P3HT film is approxi-
mately 70 nm thick and was not patterned for these
devices. The distortion of the I–V curves in the lin-
ear region because of the ID offset can be clearly
seen. The gate induced leakage (i.e. the gate current)
(IG) increases with gate bias and is much higher at
lower VDS and peaks at VDS = 0 V (Fig. 2(b)). A
plot of source current (IS), drain current (ID), and
gate current (IG) in Fig. 2(c) shows that at
VDS = 0 V, IS and ID are nearly equivalent and IG

is approximately twice as large as IS or ID. These
results suggest that the ID offset is closely related
to IG, and is a convenient indicator of gate induced
leakage (IG) in OTFTs.

3.2. Sources of ID offset

In order to understand the origin of ID offset, we
consider the possibility of process related sources.
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ID offset exists in P3HT devices made from different
solvents and different grades of solvents (HPLC
chloroform and CMOS toluene for example), as
well as for different batches of P3HT, indicating that
ID offset is not a function of the starting materials.

We also considered that the leakage current
might be due to degradation of the gate dielectric
caused by contamination from either the organic
semiconductor or the solvents. To test this we
removed the P3HT film from the devices by dissolv-
ing the organic film in chloroform and examined the
ID offset with no P3HT. The ID offset after P3HT
removal is the same as for samples that have never
been exposed to the P3HT process. The SiO2 dielec-
tric layer remains intact. This result agrees with
similar experiments of the leakage current observed
in P3HT capacitors reported by Raja et al. [9].

ID offset changes with the thickness of the P3HT
films in OTFTs. Films of different thicknesses were
made by changing the solution concentrations of
P3HT for spin-coating. Higher concentrations result
in thicker films for the same spin-coating condi-
tions. As shown in Fig. 3, ID offset increases when
the P3HT film becomes thicker and does not change
significantly below a thickness of about 4 nm, which
is approximately two monolayers of P3HT [10,11].
The drain current of the transistors changes in a
similar manner to that observed for ID offset.
Thicker films yield higher drain current at the same
VGS and VDS because the channel conductance of
the OTFTs is higher.

Additionally, we found that ID offset after ther-
mal annealing was reduced by >100· (Fig. 4). It is
believed that P3HT films are de-doped during ther-
mal annealing [12]. This de-doping can be clearly
seen from the decreased drain current in Fig. 4.
The drain current and the accumulation layer
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conductance, as a result, decreased by 1000·. This is
further evidence that the P3HT film conductance
impacts the ID offset in agreement with the P3HT
thickness measurements. Similar results were found
by Raja et al., where the leakage current in Al2O3/
P3HT capacitors increases with increased dopant
concentration in P3HT films [9].

Finally, we studied the effect of patterning the
P3HT on ID offset. The leakage current through
the SiO2 dielectric is small (current density is
10�9 A/cm2 at 40 V bias) when the only conduction
path is from the source/drain contact through the
SiO2 to the back gate (Fig. 1(a)). While the leakage
current density is small, when the P3HT is uni-
formly deposited, the semiconductor has the effect
of enlarging the source/drain contacts. Since a com-
mon gate (the Si wafer) is used, when the gate bias is
higher than the threshold voltage, there will be a
hole accumulation layer covering the whole sample
surface and making contacts with all of the drain/
source contacts. Therefore, when the OTFTs are
turned on, it is likely that the hole accumulation
layer serves as an expansion of the drain/source
contact electrodes. This is part of the source of the
increased ID offset after spin-coating the P3HT film.
In addition, the higher the conductance of the con-
ducting accumulation layer, the more the effective
area of drain/source electrodes will expand and
the higher the ID offset will be, as we observed. After
the OTFTs are on, the conductance of the hole
accumulation layer of the P3HT film is controlled,
as discussed previously, by the thickness and doping
of the film. The thicker the film or the higher the
doping density, the higher the conductance will
be. As a result, the ID offset is higher because of
the larger expanded drain/source electrodes.

3.3. ID offset reduction

As suggested in Section 3.2 the largest source of
ID offset is the expansion of the drain/source elec-
trode. To reduce ID offset it is necessary to eliminate
the drain/source electrode expansion by confining
the P3HT semiconductor layer within the active
region. The P3HT film is lithographically patterned
so the P3HT is only present in the channel area
(Fig. 1(b)).
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The ID offsets of patterned and un-patterned
P3HT OTFTs are shown in Fig. 5. The ID offset
of OTFTs after pattering reduced dramatically from
10�8 A (Fig. 5(a)) to 10�13 A (Fig. 5(b)). This
reduced ID offset is comparable to the leakage cur-
rent through the SiO2 dielectric only (Fig. 5(b)). Pat-
terning the P3HT film effectively eliminated the ID

offset, eliminating the distortion of the linear region
of the I–V curves (Fig. 6). The electrical characteris-
tics of the patterned P3HT device represented
in Fig. 6 show a p-channel OTFT with low gate
induced leakage current. While the ID offset is
reduced significantly, the drive current for the tran-
sistor is comparable to the unpatterned devices.

While we suggest the drain/source electrode
expansion as the major source of ID offset, we can-
not rule out other possible sources such as ion
migration through the P3HT film as suggested by
Raja et al. [9]. Lloyd et al. measured the leakage cur-
rent of SiO2/P3HT capacitors. In their results, the
leakage current of the capacitor made from P3HT
fractionated by solvent extraction is more than
-8.0E-07

-7.0E-07

-6.0E-07

-5.0E-07

-4.0E-07

-3.0E-07

-2.0E-07

-1.0E-07

0.0E+00
-60-40-200

I D
 (A

)
I D

 (A
)

-1.5 E-08

-1.3 E-08

-1.1 E-08

-9.0 E-09

-7.0 E-09

-5.0 E-09

-3.0 E-09

-1.0 E-09

-2-10
VDS (V)

VDS (V)

Fig. 6. I–V curves of a P3HT OTFT after patterning,
W/L = 500/5 lm, VGS = 0 to �50 V, step = �10 V.
10· higher than the unfractionated [13]. In the work
by Kokubo et al., there is no significant difference in
ID offsets for OTFTs made of precipitation purified
P3HT and unpurified P3HT, although the purified
device has a drain current almost 10· higher than
the unpurified material [14]. We are currently study-
ing these potential sources of ID offset.

4. Conclusion

In this paper, we studied the ID offset in OTFTs
with a bottom contact configuration. ID offset is clo-
sely related to gate leakage and can be used to mon-
itor the leakage of OTFTs. ID offset changes with
film thickness and doping density of P3HT films.
Thicker films and higher doping densities result in
higher ID offset. We suggest that the major source
of ID offset is the effective expansion of drain/source
electrodes from the conducting accumulation layer
when unpatterned OTFTs are on. By patterning
the P3HT film, ID offset in OTFTs can be reduced
to levels comparable to the leakage current of the
SiO2 dielectric. Patterning the P3HT film and limit-
ing the film to the channel area eliminates a large
source of ID offset.

Acknowledgements

The authors would like to thank Dr. Isaac Trach-
tenberg for helpful discussions. This work was sup-
ported in part by the US Army Soldier Systems
Center through contract numbers DAAD-16-00-
9732 and DAAD-16-01-C-0026.
References

[1] F. Ebisawa, T. Kurokawa, S. Nara, J. Appl. Phys. 54 (1983)
3255.

[2] M. Pope, C.E. Swenberg, Electronic Processes in Organic
Crystals and Polymers, second ed., Oxford University Press,
New York, 1999.

[3] A. Dodabalapur, C. Dimitrakopoulos, Final Report for the
National Science Foundation Workshop, January 16–17,
Arlington, VA, 2003. Available online: <http://www.mrc.
utexas.edu/NSFworkshop/finalreport.pdf>.

[4] C.D. Dimitrakopoulos, D.J. Mascaro, IBM J. Res. Dev. 45
(2001) 11.

[5] A.R. Brown, D.M. De Leeuw, M. Matters, C.P. Jarrett,
Synth. Met. 88 (1997) 37.

[6] A. Lodha, R. Singh, IEEE Trans. Semiconduct. Manufact.
14 (2001) 281.

[7] W. Geens, S.E. Shaheen, B. Wessling, C.J. Brabec, J.
Poortmans, N.S. Sariciftci, Org. Electron. 3 (2002) 105.

[8] S.H. Kim, Y.S. Yang, J.H. Lee, J.-I. Lee, H.Y. Chu, H. Lee,
J. Oh, L.-M. Do, T. Zyung, Opt. Mater. 21 (2002) 439.

http://www.mrc.utexas.edu/NSFworkshop/finalreport.pdf
http://www.mrc.utexas.edu/NSFworkshop/finalreport.pdf


H. Jia et al. / Organic Electronics 7 (2006) 16–21 21
[9] M. Raja, G. Lloyd, N. Seghi, S.J. Higgins, W. Eccleston,
Mater. Res. Soc. Symp. Proc. 725 (2002) P6.5.1.

[10] W. Luzny, M. Trznadel, A. Pron, Synth. Met. 81 (1996)
71.

[11] H.G.O. Sandberg, G.L. Frey, M.N. Shkunov, H. Sirring-
haus, R.H. Friend, M. Meedom Nielsen, C. Kumpf, Lang-
muir 18 (2002) 10176.
[12] R.H.M. van de Leur, B. de Ruiter, J. Breen, Synth. Met. 54
(1993) 203.

[13] G. Lloyd, M. Raja, I. Sellers, N. Sedghi, R.D. Lucrezia, S.
Higgins, B. Eccleston, Microelectron. Eng. 59 (2001) 323.

[14] H. Kokubo, T. Yamamoto, H. Kondo, Y. Akiyama, I.
Fujimura, Jpn. J. Appl. Phys. 42 (Part 1, No. 10) (2003)
6627.



Organic Electronics 7 (2006) 22–28

www.elsevier.com/locate/orgel
Photolithographic patterning of organic electronic materials

John A. DeFranco a, Bradley S. Schmidt b,
Michal Lipson b, George G. Malliaras a,*

a Department of Materials Science and Engineering, Cornell University, 327 Bard Hall, Ithaca, NY 14853, USA
b School of Electrical and Computer Engineering, Cornell University, Ithaca, NY 14853, USA

Received 26 July 2005; received in revised form 22 October 2005; accepted 25 October 2005
Available online 18 November 2005
Abstract

The realization of organic electronic technologies requires the availability of patterning techniques that are compatible
with chemically sensitive materials. We demonstrate an approach that allows the photolithographic patterning of organic
films without their exposure to harmful solvents, and achieves micrometer resolution. Examples of additive and subtractive
patterning of polymers as well as small molecules show this approach to be quite generic. The fabrication of a pentacene
transistor with a 2 lm channel length and conducting polymer electrodes is demonstrated.
� 2005 Elsevier B.V. All rights reserved.

PACS: 81.16.�c; 85.30.�z

Keywords: Patterning; OTFTs
1. Introduction

The past two decades were characterized by tre-
mendous progress in the performance of organic
electronic devices such as light emitting diodes, thin
film transistors, and photovoltaic cells [1–3]. The
progress has been so remarkable, that the term
‘‘organic electronics’’ is now being used to describe
the vision of an electronic technology using semi-
conductors, conductors and dielectrics based on
organic materials [4]. A critical step for the realiza-
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved
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tion of organic electronics is the availability of pat-
terning techniques that are compatible with these
materials. Although great strides have been
achieved in our ability to pattern organics, the tech-
niques used in the mature and entrenched industry
of silicon processing have made little impact in this
field. This is primarily due to incompatibilities
between chemicals used in photolithography and
the vast majority of organics. Overcoming these
incompatibilities promises a breakthrough in the
manufacturing of organic electronics since it would
provide for massively parallel output along with
process knowledge and equipment already available
from a very successful industry. As a first step
towards this goal, we report on a generic approach
for the photolithographic patterning of organic
.
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Fig. 1. Subtractive (a) and additive (b) photolithographic
patterning approaches for organic films. The asterisks indicate
the steps where the organics film would be damaged during
conventional photolithography. The chemical structure of paryl-
ene-C is shown on the bottom.
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materials with micrometer resolution. We demon-
strate the applicability of this approach to the addi-
tive and subtractive patterning of conducting
polymers, as well as semiconducting small mole-
cules. A pentacene transistor with 2 lm channel
length and conducting polymer electrodes is fabri-
cated as a proof-of-concept.

The particular challenge of patterning chemi-
cally-sensitive organic materials has stimulated
much invention, and numerous approaches have
been developed for making patterned structures
with small features [5]. Particular attention has been
paid in the patterning of semiconductors, used in
organic light emitting diodes (OLEDs) and organic
thin film transistors (OTFTs). Shadow masking has
been the canonical technique for patterning low
molecular weight materials, which are usually pro-
cessed into films using vacuum deposition [6]. A
stencil is placed either in contact with, or in close
proximity to the substrate, and defines the areas
that are coated with a film. Inkjet printing, on the
other hand, is the technique of choice for polymeric
materials, which are processed into films from solu-
tion [7]. It involves a modified inkjet or bubblejet
printer that delivers small droplets of polymer solu-
tion to selected places on the substrate. Both of
these techniques leave a lot to be desired. Large area
stencils are hard to fabricate and need to be rigor-
ously maintained to remove material that has been
deposited on them. Inkjet printing, on the other
hand, requires specially formulated inks and non-
standard equipment, and it is a serial (hence low
throughput) process. Certain recently developed
techniques such as imprint lithography [8,9], micro-
contact printing [10], and organic vapor jet deposi-
tion [11] seem to overcome some of these
limitations. Photolithography, however, which is
the technique of choice for the patterning of inor-
ganic electronic materials, remains the single most
attractive thin film patterning technique to date.
This is due to the host of advantages photolithogra-
phy offers, which include straightforward scaling to
large area substrates, availability of a broad basis of
equipment and expertise, and the high throughput
fabrication associated with its inherently parallel
nature.

2. Subtractive patterning approach

In photolithography, the film to be patterned is
coated with a polymeric photoresist, which is depos-
ited by spin coating. The photoresist is then exposed
to light through a photomask which carries the pat-
tern to be transferred to the film. A developer (typ-
ically an alkaline solution) is used to remove the
exposed parts in positive photoresists, or the unex-
posed parts in negative photoresists, replicating
the mask pattern (or its reverse) on the photoresist
film. Using the remaining photoresist as a contact
mask, an etching step is then used to transfer the
pattern to the underlying film. The etching can be
dry (i.e. reactive ion etching), or wet (i.e. use of suit-
able solvent), depending on the nature of the film to
be etched and the substrate. Finally, the photoresist
is stripped off by an appropriate solvent. The incom-
patibility of organics with conventional lithography
arises primarily due to the solvents used for the
deposition, the development and the removal of
the photoresist. The solvents used in these three
steps have, with a few exceptions [12], detrimental
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effects on organic films, including dissolution, crack-
ing, swelling, and delamination. Although chemical
modification of conjugated polymers to include a
photoactive element that allows their direct (with-
out using a photoresist) patterning has been recently
demonstrated [13], such a solution requires custom
chemistry for each material used.

In Fig. 1a, an approach for carrying out the
above photolithographic process on organic films
is shown (experimental details are given at the end
of this section, after the concept is described). The
key to this approach is the use of parylene-C [poly
(para-xylylene), Fig. 1, from now on referred to as
parylene], to protect the organic film during the
deposition and development of the photoresist, as
well as to strip the photoresist in a dry (solvent-free)
manner. Parylene is a chemical vapor deposited
(CVD) polymer with a number of useful properties
that endow it with applications as a barrier layer in
electronic circuits and medical devices [14]. It is
deposited near room temperature and gives rise to
conformal coatings that can be applied on chemi-
cally sensitive materials (such as organics) without
damaging them. The coatings are pinhole-free for
films of sufficient thickness (typically >500 nm
thick). Once deposited, parylene films are nearly
inert; they resist solvents, strong acids and bases.
As a result, conventional photolithography can be
Fig. 2. Optical micrographs showing examples of organic electronic fi
approaches: (a) 1 lm wide trenches etched in the conducting polym
(PEDOT:PSS), (b) spiral shaped trenches in PEDOT:PSS. The width
10 lm pitch, and (d) spiral lines with a 4 lm width made from rutheni
carried out on top of these films, as shown in
Fig. 1a. Once developed, the photoresist (which is
positive tone as indicated in Fig. 1a), serves as a
mask for a dry etch step that is used to transfer
the pattern to the parylene and the organic film
below. In fact, Kymissis et al. have used photoli-
thography to patterned a parylene layer, and selec-
tively etch an underlying pentacene film [15].

In addition, and most importantly, parylene films
show relatively weak adhesion to a number of
organic films. Their adhesion is good enough for
the parylene films to remain securely in place
throughout all processing steps indicated in Fig. 1a,
including deposition and development of the photo-
resist, plasma etching, and handling of the sample.
Parylene films can, however, be peeled off from a
variety of organic films, a process that can be assisted
with adhesive tape. Peeling the parylene strips off the
photoresist in a solvent free manner and leaves the
patterned organic material on the substrate.

The patterning approach shown in Fig. 1a is sub-
tractive and leads to organic films that are the
reverse of the photomask when positive tone photo-
resist is used. Examples of organic films patterned
using this approach are shown in Fig. 2. Fig. 2a
shows 1 lm wide trenches, separated by 10 lm,
etched in the conducting polymer poly(3,4-
ethylene dioxythiophene):poly(styrene sulfonic acid)
lms patterned using the subtractive (a–b) and the additive (c–d)
er poly(3,4-ethylene dioxythiophene):poly(styrene sulfonic acid)
of the trenches is 4 lm, (c) 1 lm wide lines of PEDOT:PSS on a
um tris-bipyridine, ½Ruðbpy3Þ�

2þðPF�6 Þ2.



Fig. 3. Pentacene patterned using the additive approach: (a)
optical micrograph of an array of square pixels with a 4 lm edge
and (b) atomic force micrograph of a 4 · 4 lm2 pentacene pixel.
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(PEDOT:PSS). Such trenches can be used, for
example, to define the channel in OTFTs [2].
Fig. 2b shows spiral shaped trenches in PED-
OT:PSS. The width of the trenches is 4 lm, and
the picture shows how well the parylene layer peels,
even around tight corners.

The structures in Fig. 2 were fabricated as fol-
lows: The organic films were deposited on oxidized
silicon wafers by spin coating. The parylene deposi-
tion took place in a PDS 2010 chamber from Spe-
cialty Coating Systems, in which the substrate was
held at room temperature. The parylene layers were
1.5 lm thick. Shipley SPR220 3.0 positive photore-
sist was spun on the substrate and was baked in a
convection oven (at sub-100 �C) to prevent damag-
ing thermally sensitive organic layers. The patterns
were exposed on a GCA 5X I-line stepper and devel-
oped with MIF300 developer. The process was opti-
mized beforehand to yield near vertical sidewalls.
The pattern formed in the photoresist during the
photolithographic step was transferred to the paryl-
ene layer and the underlying organic film through
an anisotropic oxygen plasma etch on a Plasma-
Therm PT72. The etch rate was in the range of
120–160 nm/min. Peeling the parylene films was
accomplished mechanically, and removal was some-
times assisted by attaching Scotch tape to the sur-
face of the parylene before lift-off.

3. Additive patterning approach

A second popular way for patterning films using
photolithography involves lift-off. In the lift-off pro-
cess, the photoresist is used as a contact mask. It is
deposited directly on the substrate, and it is exposed
and developed to leave parts of the substrate bare.
The film to be patterned is subsequently deposited
and coats the bare parts of the substrate and the sur-
face of the photoresist. An appropriate solvent is
used to dissolve the remaining photoresist, remov-
ing the part of the film that was deposited on it.
The problem with this process arises due to the
incompatibility of organics with the solvent used
for the removal of the photoresist.

Fig. 1b shows an approach for carrying out the
above photolithographic process on organic films.
Parylene is used here in the place of the photoresist
to enable the dry lift-off of the organic. This
approach, which relies on the limited adhesion of par-
ylene to the substrate, was originally developed by
Ilic and Craighead for patterning of biological mate-
rials such as proteins and cells [16]. The actual peeling
process used a combination of Scotch tape and twee-
zers to peel the entire film from the substrate, starting
from an edge. Once the edge is lifted, the film sepa-
rates easily. The force required to peel parylene from
various substrates has been investigated by Takeuchi
et al. [17]. Examples of organic films patterned using
this approach are shown in Fig. 2. These films are the
direct image of the photomask when positive tone
photoresist is used, and the overall process is addi-
tive. Fig. 2d shows 1 lm wide lines of PEDOT:PSS
on a 10 lm pitch, and Fig. 2e shows spiral lines with
a 4 lm width made from ruthenium tris-bipyridine,
½Ruðbpy3Þ�

2þðPF�6 Þ2, a material used in OLEDs
[18]. Finally, Fig. 3a shows an array of square pixels
with a 4 lm edge made from pentacene, an organic
semiconductor used in OTFTs [2]. Such structures
can be used, for example, to define pixels in OLED
displays, or to define the p- and n-type regions in
TFT circuits [2]. An AFM micrograph shown in
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Fig. 3b reveals well-defined edges and uniform penta-
cene thickness.

The structures in Fig. 3 were fabricated as fol-
lows: Parylene was deposited on oxidized silicon
wafers as described previously. Its patterning was
also conducted in the same way as in the subtractive
approach, but the photoresist was hard baked prior
to exposure (it was found that heating at tempera-
tures as high as 130 �C did not appear to affect the
integrity of the parylene layer). After the parylene
patterning, the residual photoresist was stripped
off with an acetone/isopropanol bath before the
deposition of the organic film and the wafer was
treated in a UV/ozone cleaner. The organic material
was subsequently deposited by spin coating (PED-
OT:PSS and ½Ruðbpy3Þ�

2þðPF�6 Þ2), or vacuum subli-
mation (pentacene). The parylene layer was peeled
off mechanically, as in the subtractive approach.

4. Discussion

The two approaches discussed here have some
similarities as well as some differences. Both avoid
exposure of the organic film to solvents used in pho-
tolithography, enabling a wide range of organics to
be patterned without the need for custom synthesis.
Both rely on the poor adhesion of parylene on a
variety of substances. We found parylene films to
peel easily from a variety of substrates used com-
monly in organic electronics, including freshly
cleaned Au, indium tin oxide, and silicon oxide.
Peeling of parylene films from glass substrates has
also been reported in literature, as a way to fabri-
cate dielectrics for OTFTs [19]. This makes the addi-
tive approach suitable to a variety of structures
needed in organic electronics. Moreover, since the
surface of the organic is left pristine, this approach
is well-suited for applications where the quality of
that organic surface is critical.

In the subtractive approach, the surface of the
organic film comes in physical contact with parylene
and runs the risk of getting damaged during the depo-
sition and removal of the parylene film. In addition,
successful peeling of the parylene requires stronger
adhesion at the bottom (substrate/organic) than at
the top (organic/parylene) interface. We found the
success of this approach to be material dependent.
Parylene peels easily from PEDOT:PSS and
½Ruðbpy3Þ�

2þðPF�6 Þ2 films deposited on a variety of
substrates. Moreover, the conductivity of a 100 nm
thick PEDOT:PSS film did not change upon deposi-
tion and removal of parylene, indicating that the pro-
cess was benign. On the other hand, peeling parylene
from pentacene and C60 films was not reproducible,
and in certain cases the films would not peel at all.
More detailed studies are necessary to understand
the limitations of this technique. It should be stressed,
however, that there is considerable latitude for tuning
the properties of the organic/parylene interface, so
that this patterning method becomes widely applica-
ble. First, other derivatives of parylene, as well as
other CVD films such as fluorocarbons [20] can be
used to tune the properties of the top interface and
strike the right balance between good adhesion and
ease of delamination. Second, the peeling of the par-
ylene films, which was carried out manually in this
work, can be achieved, with better control, by a com-
mercial delaminator. Third, CVD films that are solu-
ble in supercritical CO2 (which does not dissolve most
organic films), offer an alternative to mechanical
removal [21].

5. Demonstration of multi-level patterning

The photolithographic approaches described
here can be used for the fabrication of organic elec-
tronic circuits, which require the patterning of more
than one layers. This is demonstrated in Fig. 4,
which shows a pentacene transistor with a 2 lm
channel length and PEDOT:PSS electrodes. The
transistor was fabricated by first applying the addi-
tive approach to pattern 1-mm long, 50-lm wide
stripes of PEDOT:PSS (the PEDOT:PSS film was
deposited on an oxidized p-type silicon wafer, which
served as the gate electrode, with a 300 nm thick
thermal oxide serving as the gate dielectric). A sec-
ond additive step was then used to deposit a
2 · 75 lm2 island of pentacene, which was done by
vacuum sublimation. The etching step that preceded
the deposition of the pentacene partitioned the
PEDOT:PSS stripe in the middle, defining the
source and drain electrodes, separated by a 2 lm-
long channel. This channel length was chosen for
experimental convenience, and does not represent
the limit of this technique (e-beam lithography can
be used to define smaller channels).

The electrical characteristics of the transistor,
which were measured under high vacuum in a probe
station using Keithley 2400 source-meters, are
shown in Fig. 4c. The transistor had a field effect
mobility of 6.1 · 10�3 cm2/V s. This is considerably
lower than the mobility measured in pentacene tran-
sistors with polyaniline electrodes [22], indicating
that further optimization of the patterning process



Fig. 4. Optical micrograph of a pentacene transistor with a 2 lm
channel length and PEDOT:PSS electrodes fabricated by com-
bining the subtractive and the additive approach (a). The channel
region is shown in more detail in (b). Transistor characteristics
are shown in (c).
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is needed. Lefenfeld et al. [23] discussed contact
issues for bottom electrode polymer transistors
and demonstrate polymer transistors that perform
well, showing the possibility for improvement with
this process. The contact issues may be residual
from the etch step creating a thin damaged region
on the sidewalls of PEDOT:PSS. Since the parylene
layer is more than a micron thick, and with �1 lm
or residual resist, shadowing of the pentacene may
be a factor. Additionally, physical sputtering from
the oxygen plasma step may cause roughening of
the oxide layer, decreasing the mobility somewhat,
but this has not yet been determined. It should be
noted that devices with channel lengths of 25 lm
exhibited less pronounced contact limited behavior
and mobilities in the 10�2 cm2/V s range.

The OTFT of Fig. 4 shows the applicability of
this patterning approach to the fabrication of
organic circuits. In addition to OTFTs, other
devices can also be fabricated. For example, in sys-
tems where the parylene film can be peeled from the
organic, the additive approach can be repeated to
pattern different materials side-by-side. This way,
red, green and blue pixels for full-color OLED dis-
plays can be sequentially patterned by repeating
the additive approach three times. Similarly,
sequential patterning of p-type and n-type organic
semiconductor islands can be used for the fabrica-
tion of complementary OTFT circuits. The fabrica-
tion of such devices is currently underway.

6. Conclusions

In conclusion, we have demonstrated the photoli-
thographic patterning of chemically sensitive organic
electronic materials using parylene as an intermedi-
ary. With two complimentary patterning approaches
available, a wide variety of structures with small
dimensions may be fabricated out of low molecular
weight as well as polymeric electronic materials. As
a result, photolithography may yet play a role in
future organic electronics manufacturing efforts.
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Abstract

Red-light emitting organic electroluminescent devices using a trivalent europium complex (Eu3+) as emitter were fab-
ricated. A simple three-layer device, consisting of triphenyldiamine derivative (TPD) as hole transport layer, a 1,2,4-tria-
zole derivative (TAZ) as electron injection layer, and europium(dibenzoylmethane)3bathophenylphenathroline
(Eu(DBM)3BPhen) as electron transport and emission layer, exhibits efficient emission at very low currents. We attain
peak external quantum efficiency of 7.5 ± 0.5% and a corresponding power efficiency of 10 ± 1 lm/W. For higher driving
currents, we observe drastic decrease of efficiencies, accompanied by changes in the emission spectrum, i.e., an increase of
emission from the 5D1 state relative to the dominant 5D0 emission. We show that both effects are caused by exciton–exciton
annihilation. By co-evaporation of the Eu complex with TPD in the emitting layer, we can reduce quenching effects and
color changes and achieve efficient electroluminescence also at higher currents.
� 2005 Elsevier B.V. All rights reserved.

Keywords: Europium; Exciton quenching; Electroluminescence
1. Introduction

The development of efficient organic light-emit-
ting diodes (OLEDs) has lead to new possibilities
for a low-cost, compact display technology. How-
ever, the spectrally broad emission of most organic
molecules, due to vibrational broadening, makes it
difficult to achieve the spectral purity required for
full-color displays. On the other hand, it is widely
known that lanthanide ions can exhibit spectrally
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved
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narrow emission, due to intra-atomic transitions
within the 4f shell, when suitably excited. It is the
shielding of the 4f shell by the 5s5p electrons result-
ing in the narrow emission, which is only slightly
perturbed by the host electric field. Europium
complexes, which exhibit a dominant photolumi-
nescence peak at 612 nm corresponding to the
5D0 � 7F2 transition of the Eu3+ ion, are hence
promising materials for red EL devices [1]. The
use of organolanthanide molecules in OLEDs also
has the advantage of increasing the maximum theo-
retical internal quantum efficiency of the devices. In
most OLEDs, emission is obtained from the recom-
bination of singlet excitons only, limiting the inter-
nal quantum efficiency to 25%. Organolanthanides
.
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show highly efficient energy transfer from the ligand
singlet and triplet to the rare earth ion. Thus, elec-
troluminescence (EL) may arise from both singlet
and triplet excitons increasing the theoretical inter-
nal quantum efficiency to 100%.

To estimate a realistic upper limit of the EL quan-
tum efficiency, photoluminescence (PL) quantum
efficiencies can be used. Values for europium com-
plexes found in literature are up to �80% in solution
[2] and �30% in diluted films [3]. As external quan-
tum efficiencies of OLEDs on glass substrate (index
of refraction n = 1.5) are about a factor 2n2 smaller
than internal quantum efficiencies, we can roughly
expect an external efficiency of �6% for europium
complex based OLEDs. In previous reports, the
maximum external EL quantum efficiencies have
exhibited values from �1% up to 4.6% [4–7]. How-
ever, these best values are achieved only at very
low current densities, i.e., for low luminance. One
reason can be found in the nature of the characteris-
tic Eu3+ transition 5D0 � 7F2 at 612 nm; such a tran-
sition is strictly forbidden for the free Eu3+ ion and
only gets weakly electric dipole allowed in surround-
ings which break inversion symmetry. This results in
a long lifetime of the excited sate in Eu3+ systems of
several hundred ls [2,8].

In this work, the europium complex euro-
pium(dibenzoylmethane)3bathophenylphenathroline
(Eu(DBM)3BPhen [21]) is used to fabricate red-
light emitting devices. OLEDs based on undiluted
Eu(DBM)3BPhen as emission layer show pure
Eu3+ emission with an external quantum efficiency
of 7.5 ± 0.5% at low current densities. At higher
current densities, a drastic decrease of efficiency
accompanied by changes of the emission spectrum
is observed. The emission from the 5D1 state
increases relative to the dominant 5D0 emission.
By analyzing the current dependencies, we can
assign both effects to exciton–exciton (X–X) annihi-
lation. This quenching process reduces the over-all
quantum efficiency and feeds the 5D1 state.

By co-evaporation of the Eu complex with TPD
in the emitting layer, we can drastically reduce
quenching effects and achieve efficient electrolumi-
nescence also at higher currents. Beside this, spectral
changes of Eu3+ emission are much less pronounced
in these devices, assuring good color purity.

2. Quenching theory

A significant issue in europium based devices is
the decrease of quantum efficiency with increasing
current. This is an intrinsic problem of Eu3+ phos-
phorescence because of the long lifetime of the quin-
tet excited state. Depending on the specific
surrounding of the Eu3+ ion, this lifetime is found
to be in the range of 0.3–0.8 ms [2,8]. These values
are orders of magnitude higher than those for other
phosphorescent materials successfully applied in
OLEDs, as for instance Ir(ppy)3 with a phosphores-
cence lifetime in the order of 1 ls [9]. It has been
proposed that the strong roll-off of quantum effi-
ciency with current originates from quenching of
the excited Eu3+ ion state with injected charge carri-
ers, so called polaron–exciton (P–X) annihilation
[10]. Alternatively, it has been suggested that X–X
annihilation is responsible for this behavior
[4,8,11]. The two quenching processes are described
by

X–X: M� þM� ! M� þM ; ð1Þ

P–X: M� þM� ! M� þM ; ð2Þ

where M* represents the excited molecular state, i.e.,
the quintet electronic state of Eu3+. M represents its
septet electronic ground state and M± a positive or
negative charge carrier. In the case of X–X annihila-
tion, the exciton concentration [M*] follows:

d½M��
dt
¼ � ½M

��
s
� kXX

2
½M��2 þ kf

J
qd
; ð3Þ

where s is the exciton lifetime, kXX is the X–X anni-
hilation parameter, J is the current density, q is the
electron charge, d is the thickness of the exciton for-
mation zone, and kf is the probability for a charge
carrier to form an excited Eu3+ ion. The current
dependency of quantum efficiency g can be derived
from the steady-state solution of Eq. (3):

g ¼ g0

J 0

4J

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8

J
J 0

r
� 1

� �
; ð4Þ

where g0 is the quantum efficiency in the absence of
X–X quenching, and

J 0 ¼
4qd

kfkXXs2
ð5Þ

is the characteristic current density at which g =
g0/2.

Equivalent to Eq. (3), for the case of P–X annihi-
lation the concentration of triplets follows:

d½M��
dt
¼ � ½M

��
s
� kPX ½M��½M�� þ kf

J
qd
; ð6Þ
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where [M±] is the concentration of charge carriers
and kPX is the P–X quenching rate. Unfortunately,
there is no straightforward solution to this equation.
Adachi et al. solved the problem by assuming that
[M±] is determined by trapped charge carriers in
the case of trap-limited space charge current [4].
However, there remain doubts about this theory,
as it does not cover the complexity of hetero struc-
tures, i.e., it assumes that space charge and exciton
generation occur at the same position within the
device.

Moreover, one should be aware that both Eqs.
(3) and (6) already involve some serious simplifica-
tions, namely that (i) exciton generation is homoge-
neous within the generation zone and (ii) that the
thickness of this generation zone is independent of
the applied voltage and the resulting current den-
sity. Assumption (i) is certainly not justified, but
this may only affect the derived rate constants.
However, deviations from assumption (ii) will arise
especially if the charge balance depends on applied
voltage, which changes also the qualitative
behavior.

3. Experiment

The inset of Fig. 1 shows the chemical structure
of the emitter complex Eu(DBM)3BPhen. The
Eu3+ complex was prepared according to methods
similar to those reported in literature [12]. It was
Fig. 1. PL spectrum and molecular structure of
Eu(DBM)3BPhen. The various transitions are labelled in the
inset [17]. Transition 2 is too weak to show up in PL but appears
in EL spectra at high currents (see Fig. 6). Different parts of the
spectra are drawn to a larger scale as given beneath.
previously shown that Eu(DBM)3BPhen possesses,
besides efficient phosphorescence, good electron
transporting properties [5,13]. The other organic
materials used in this study are a hole transporting
triphenyldiamine derivative (TPD) and a electron
injecting and transporting 1,2,4-triazole derivative
(TAZ). These materials were purified by vacuum
gradient sublimation.

The organic layers were thermally deposited onto
a solvent cleaned and ozone treated indium–tin–
oxide (ITO) coated glass substrate at 5 · 10�6 Torr.
Layer thickness calibration was performed using
Dektak 3 surface profilometer. Mixed layers were
produced by co-evaporation from two crucibles.
The mixing ratio was established by independent
quartz monitors and source control. The ITO serves
as a transparent cathode with a sheet resistance of
15 X/sq. The Al top electrode was finally deposited
at 2 · 10�5 Torr to define an emitting area of
5 · 5 mm2. The electron injection from the Al cath-
ode to the organic electron-injection layer is
improved by a thin (0.5 nm) LiF layer [14].

It is worth mentioning that Eu(DBM)3BPhen is
thermally not stable at temperatures required for
evaporation and unavoidably decomposes during
the deposition process. Thereby, the melted yellow
material undergoes a slow darkening. Thus, contin-
uous processing is required and the re-use of mate-
rial, e.g., for a second sample, results in slightly
decreased OLED performance.

Luminance measurements were carried out at
room temperature under ambient atmosphere using
a Topcon BM-8 luminance meter. Quantum effi-
ciencies are calculated assuming Lambertian emis-
sion pattern and considering all spectral features
in the visible.

Photoluminescence (PL) lifetimes were measured
using a streak camera (C4334 from Hamamatsu
Photonics). Photoexcitation of the samples was
done by 500-ps pulses from a 10 Hz N2 laser at a
wavelength of k = 337 nm. The streak camera is
synchronized to the exciting laser and was used to
run in single-photon counting mode. All measure-
ments were performed at room temperature.

4. Efficient electroluminescence

Two device structures were chosen for investigat-
ing the EL properties of Eu(DBM)3BPhen. They
differ in their emission layer which consists either
of pure Eu(DBM)3BPhen or of a mixed layer of
Eu(DBM)3BPhen and TPD:



Fig. 2. Transient phosphorescence decay observed after pulsed
photo-excitation of a Eu(DBM)3BPhen film and a
Eu(DBM)3BPhen:TPD (1:2) film. Initial exciton concentrations
are about 1017 cm�3. The fitted decay constants s are given in the
plot. The curves are separated vertically for clarity.

Fig. 3. Electroluminescence (EL) intensity versus driving current.
Solid circles: undiluted Eu(DBM)3BPhen emission layer, device
(I). Open squares: mixed emission layer of Eu(DBM)3BPhen and
TPD, device (II).
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Device (I): [+] TPD (40 nm) j Eu(DBM)3BPhen
(60 nm) j TAZ (10 nm) [�].
Device (II): [+] TPD (40 nm) j Eu(DBM)3BPhen:
TPD (1:2, 20 nm) j Eu(DBM)3BPhen (40 nm) j
TAZ (10 nm) [�].

The given mixing ratio is the molecular ratio.
Here, we present only data for one specific mixed-
layer device. For the given mixing ratio of about
1:2, assuring both good electron and hole transport,
the geometrical structure is optimized in terms of
maximum quantum efficiency. Modification in the
molecular ratio of the mixed layer will both affect
exciton quenching as well as the carrier balance.
Therefore, a systematic investigation of mixed layer
devices requires additional optimization of device
geometry and is beyond the scope of this report.

There are already reports on investigations of
similar structures [5,15]. However, the results pre-
sented here differ significantly from previous
reports. Especially the introduction of the thin
TAZ layer improves the devices significantly. Lower
onset voltages and higher efficiencies, compared to
devices without the TAZ layer, suggest improved
electron injection. Both devices (I) and (II) are
designed to exhibit emission solely from Eu3+.

TPD is energetically well-suited to dilute
Eu(DBM)3BPhen and increase the effective interface
area of hole transport and emission materials. This
can be approved by time-resolved PL measurements.
By photo-excitation of a Eu(DBM)3BPhen:TPD
(1:2) film using 337 nm light, we excite both TPD
and DBM singlet excitons. However, the PL spec-
trum reveals solely Eu(DBM)3BPhen emission. The
absence of any TPD contribution shows that TPD
singlet excitons are efficiently transferred to
Eu(DBM)3BPhen. The transient PL decay is shown
together with data of a pure Eu(DBM)3BPhen film
in Fig. 2. The found phosphorescence lifetime for
the mixed film at room temperature is of about
0.42 ms, the Eu(DBM)3BPhen film shows a compa-
rable value of s = 0.44 ms. The difference of the
found lifetimes is within the experimental error of
the measurement.

In Fig. 3, the EL performance of the two devices is
shown. Device (I) exhibits a maximum luminance of
380 cd/m2 at around 60 mA/cm2, whereas device (II)
reaches its maximum luminance of about 1000 cd/
m2 at almost the double current density. Our inter-
pretation is as follows: In device (I), excitons are
formed at the sharp Eu(DBM)3BPhen–TPD inter-
face, whereas in device (II) exciton formation takes
place in the mixed Eu(DBM)3BPhen:TPD layer,
resulting in lower exciton densities. Thus, exciton
quenching limits the performance of device (I)
already at considerably lower currents. For higher
currents than shown, luminance in both devices
starts to decrease. This is partly due to irreversible
degradation, strengthened by the fact of performing
these measurements under ambient atmosphere.

Fig. 4 shows the external quantum efficiency g
versus driving current. Device (I) exhibits a maxi-
mum external quantum efficiency of gmax = 7.5 ±
0.5% (�13.7 cd/A) at a current density of
0.02 mA/cm2. To our knowledge, this is the highest



Fig. 4. The external quantum efficiency of the EL devices vs.
current density. The calculated curves, based on the model of
X–X annihilation, are also shown. The appendant fit parameters
are given as an inset.
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external quantum efficiency reported using a Eu3+

ion as a lumophore in an organic system. The power
efficiency for this current was measured to be
10 ± 1 lm/W. Note, however, that efficiencies
strongly decrease with increasing current, character-
istic for luminescence originating from recombina-
tion of long-lived triplet excitons [4,16]. Device (II)
with its broader exciton formation zone shows even
slightly higher maximum efficiency gmax = 7.8 ±
0.5% (�14.0 cd/A). The broad exciton formation
zone, i.e., the lower exciton density, results in a sig-
nificantly weaker decrease of g with increasing cur-
rent. For instance at a luminance of 100 cd/m2,
device (II) shows an external quantum efficiency of
4.9% whereas device (I) already dropped to 2.5%.
From the comparison of the two devices it is obvi-
ous that the mixed TPD:Eu(DBM)3BPhen layer in
device (II) does not introduce additional quenching.

We have applied the X–X quenching model to
the experiment. Adjusting Eq. (3) to the experimen-
tal data results in a good fit. However, for high cur-
rents we observe deviations of the fit. Especially for
device (I), the decrease of efficiency is stronger than
X–X annihilation predicts. This can be attributed to
heat-up of the samples, reduced charge balance, and
degradation, as well as other quenching mecha-
nisms, e.g., P–X annihilation or higher order pro-
cesses. The fit parameter for the initial quantum
efficiency is for both devices the same, g0 = 7.9%.
However, the parameter for the characteristic cur-
rent density J0, where g drops to half the initial
value, is about four times larger for device (II) with
J0 = 2.4 mA/cm2 compared to J0 = 0.6 mA/cm2 for
device (I). This shows the strong impact of the
mixed layer in reducing exciton density. In the next
section, we will investigate spectral changes accom-
panying electroluminescence. This will give further
evidence that X–X annihilation is the main quench-
ing process.

5. Spectral changes

The europium complex exhibits an absorption
spectrum which is determined by its DBM and
BPhen ligands. The lowest energetic peak at around
360 nm can be assigned to the allowed p–p* transi-
tion of the b-diketone (DBM) ligand, the two next
higher energetic peaks at 320 nm and 280 nm stem
from BPhen. The PL spectrum exhibits a main
sharp emission peak at 612 nm corresponding to
the 5D0 � 7F2 transition of the trivalent europium
ion accompanied by several weak peaks of various
other 5Di � 7Fj (i = 0,1; j = 0–4) transitions [17],
as given in Fig. 1.

The emission from 5D states is a result of highly
efficient intra-molecular energy transfer from the
DBM ligands to the Eu3+ ion, which is mediated
by the ligand-to-metal charge-transfer (LMCT)
state. LMCT state and emitting 5D states exhibit res-
onance crossovers accompanied by thermal barriers.
This can be depicted using a simple configurational
coordinate diagram [18], as shown in Fig. 5. The
feeding of LMCT state excitation into the 5D states
depends on the thermal barrier between the states.
For Eu(DBM)3BPhen, the 5D0 and 5D1 resonance
crossovers to LMCT state are near the LMCT state
minimum; energy transfer to these states can be acti-
vated thermally. Especially the LMCT! 5D0 feed-
ing is very efficient already at room temperature,
while the population of 5D1 is almost negligible.
The bent dotted arrows in Fig. 5 illustrate thermally
activated excitation of 5D0 and 5D1 state.

The unusually large energy difference of optical
transitions of the ligands and the Eu3+ core is worth
some extra remarks concerning the possible quench-
ing processes. Let us consider the possible processes
that can occur when an excited Eu-complex meets a
charge carrier (polaron). In general, the transitions
of the charged ligand are smaller than the energy
of the exciton on the complex core. In this case,
transfer of the excitation energy from the core to
the polaron via Förster process is possible, which
favors P–X quenching. In our case, however, the
transition energies of charged ligands might be lar-
ger than the energy of the exciton on the Eu3+ core.



Fig. 5. Schematic configurational coordinate diagram for the
ground 7F, emitting 5D, and the ligand-to-metal charge-transfer
(LMCT) states for Eu3+ complexes. Unlabelled parabolas have
been drawn in a reduced manner. The feeding of the emitting
states from LMCT state is visualized by dotted arrows. The solid
upward arrow represents the high excitation of one of the two
excitons involved in an exciton–exciton annihilation process. The
subsequent relaxation to the emitting states is given by dotted
arrows.

Fig. 6. EL spectra of device (I) for different driving currents. The
spectra are normalized with regard to the main 5D0 transition at
612 nm. With increasing current the 5D1 transitions grow
relatively stronger, shifting the emission from red to orange.
The corresponding color changes are visualized in the CIE 1931
chromaticity diagram (inset). The solid and dashed black lines
represent the red corner of the NTSC and SMPTE RGB triangle,
respectively.
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As the transition energies of Eu(DBM)3BPhen cat-
ions and anions are unknown, we can just speculate
that the energetic situation might prohibit P–X
quenching. In this case, a fusion of the exciton
and the polaron becomes possible leading to an
excited polaron. Such fusion process is favored by
the fact that the self-polarizability is usually
increased in the excited state. The excitation energy
on the Eu3+ ion may be largely preserved due to the
weak coupling between the ligands and the core.
Consequently, the fusion cannot yet be regarded
as a quenching process. However, the charged and
excited complex can subsequently capture a comple-
mentary charge due to Coulomb attraction, leading
to a higher excited state in a similar way to the X–X
annihilation process. Even though the mechanism is
different from conventional X–X quenching, the net
effect is the same, namely that two pairs of carriers
lead to one highly excited state instead of two exci-
tons. Therefore, one can assume that the theory
derived for X–X bimolecular quenching, as a first
approximation, is also covering this special X–X
quenching process.

Fig. 6 shows the evolution of EL spectra of device
(I) with driving current. For comparison, the spectra
are normalized with regard to the main emission at
612 nm. While peaks assigned to the 5D0 transitions
remain unchanged, we observe an increase of peaks
originated from 5D1 state. The two transitions,
which are used for further analysis are labelled, for
assigning other transitions see Fig. 1. A similar but
less pronounced behavior was observed for device
(II). Liang et al. already reported about the appear-
ance of emission from 5D1 state with increasing cur-
rent [8]. They speculate that X–X annihilation may
cause this effect, however, no further evidence is pro-
vided. In the following, we will show that the spec-
tral changes are truly caused by X–X annihilation.
For this reason, first, we have to exclude other
possible mechanisms, as there are

• Temperature effect (heat up of sample),
• Applied electric field,
• Charging of complex/local field effect.

Actually, conventional P–X quenching will not
lead to spectral changes as observed, because this
process results in excited states of charged ligands
with an excitation energy being lower than the exci-
ton energy. Such states typically recombine radia-
tionless and at least a blue shifted emission line is
not to be expected.

Temperature effect: As the samples are heated up
distinctly by the driving current, a temperature
related effect might be considered to explain the



Fig. 7. The peak height ratio 5D1/5D0 as a function of applied
electric field. The given data stem both from PL and, if possible,
from EL measurements.
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spectral changes. The temperature dependence of
Eu3+ PL was observed already in 1970 [18]. These
investigations resulted in semi-classical descriptions
which can be visualized in a configuration coordi-
nate diagram, as schematically drawn in Fig. 5. A
recent publication even proposes the use of euro-
pium complexes for thermo-optical devices, as they
provide accurate measurement of temperature [19].
However, the effects we observe in EL are too
strong to be explained by heating up the samples
in the approximate temperature range of 20–
100 �C. Furthermore, we do not find any hysteresis
of spectral changes by up and down switching of the
driving current.

Applied electric field: To exclude any effect
related to the applied electric field, we have pre-
pared device (III), which suppresses carrier injection
efficiently. For this purpose, we simply exchanged
the hole and electron transport materials:

Device (III): [+] TAZ (40 nm) j Eu(DBM)3BPhen
(50 nm) j TPD (30 nm) [�].

We have performed combined PL–EL measure-
ments for device (I), (II) and (III) as a function of
the applied electric field. The idea is that spectral
changes due to an electric field would show up both
in EL and PL. Therefore, in the following we do not
distinct strictly between the two measures of EL and
PL. We photoexcite the devices at 400 nm, where
Eu(DBM)3BPhen still has considerable absorption
while TPD and TAZ are transparent. At the same
time, we apply an electric field and record the spec-
tra of all luminescence leaving the devices. For low
fields, below the onset of EL, the spectra represent
solely PL. For higher fields, the EL signal quickly
outshines the PL signal and the recorded spectra
represent EL.

In Fig. 7, we show the peak-height ratio referred
to as 5D1/5D0 and equal to the emission intensities
from 5D1! 7F1 divided by 5D0! 7F2. We have
chosen these two transitions for analysis exempl-
arily; for other corresponding transitions we get
comparable characteristics. For devices (I) and
(II), the onset of EL is as low as 200 kV/cm2,
whereas device (III) does not show any EL up to
2000 kV/cm2. We find that luminescence spectra
do not change with field as long as there is no initi-
ation of EL. As all three devices show strongly dif-
ferent behavior, it is straightforward to conclude
that changes of Eu3+ emission are not caused by
the applied electric field.
Charging of complex/local field effect: The phos-
phorescent properties of Eu3+ are also used for
cathodoluminescent display applications, as cath-
ode ray tubes (CRTs) and field-emission displays
(FEDs). Studies of Eu3+ cathodoluminescence
report on changes of the 5D1/5D0 ratio as a function
of the electron-beam current [20]. This effect is
partly described to originate from local redistribu-
tion of charge carriers. For our devices, strong
charging effects seem not likely, however, we cannot
exclude local field effects a priori. Therefore, we
have prepared two devices, which suppress either
electron or hole injection efficiently. For this pur-
pose, we exchanged either the hole or electron trans-
porting material:

Device (IV): [+] TPD (40 nm) j Eu(DBM)3BPhen
(50 nm) j TPD (30 nm) [�].
Device (V): [+] TAZ (40 nm) j Eu(DBM)3BPhen
(50 nm) j TAZ (30 nm) [�].

Device (IV) suppresses electron injection while
hole injection remains efficient, which will lead to
positive charging of Eu(DBM)3BPhen. In contrast,
device (V) suppresses hole injection while electron
injection remains efficient, leading to negative
charging of Eu3+ complexes. We are aware that
charge carrier concentration in the Eu3+ layer of
the devices does not necessarily follow the field in
a linear way. Especially a comparison of the unipo-
lar devices (IV) and (V) and the bipolar devices (I)
and (II) seems questionable. The good carrier bal-
ance and efficient recombination in the bipolar



Fig. 8. The peak height ratio 5D1/5D0 as a function of driving
current. The curves are calculated using Eq. (10) based on the fit
parameters of the X–X annihilation model.
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devices will reduce charging effects considerably. On
the other hand, as charging effects should be stron-
ger in unipolar devices (IV) and (V), they should
clearly show up in combined PL–EL measurements.
We have performed PL–EL measurements as a
function of the applied electric field, as described
above. The results are depicted in Fig. 7. Devices
(IV) and (V) do not show any EL up to 1200 kV/
cm2, changes of the emission spectra are observed
above 1600 kV/cm2. As we observe only very small
spectral changes in the unipolar devices compared
to device (I) and (II), in which good carrier balance
is assured, we can safely exclude local field effects to
cause the observed spectral changes.

X–X annihilation: This process results in the high
excitation of an already excited molecule for one of
the two involved molecules. Fig. 5 visualizes this
excitation as well as the subsequent relaxation. This
relaxation may cause increased emission from
higher levels such as 5D1. The same holds for the
speculated case of subsequent capture of two
opposed charges by an already excited complex, as
discussed above.

By definition, the internal quantum efficiency is
given by the fraction of radiative-transition rate Rr

relative to the sum of all rates. If we assume, besides
nonradiative transitions, only X–X quenching to
occur, the external quantum efficiency is given by

gðJÞ ¼ Uoutcoupling

Rr

Rr þ Rnr þ RXX

; ð7Þ

g0 ¼ Uoutcoupling
Rr

Rr þ Rnr

; ð8Þ

where Uoutcoupling is a factor to take into consider-
ation outcoupling losses, Rnr is the nonradiative
transition rate, and RXX is the X–X quenching rate.
Now, we assume that the change of peak-height
ratio 5D1/5D0 is direct proportional to the ratio of
X–X quenching rate and radiative-transition rate:

5D1=
5D0 /

RXX

Rr

. ð9Þ

Connecting Eq. (9) with Eqs. (8) and (7) will
finally result in

5D1=
5D0 /

1

gðJÞ �
1

g0

/ g0

gðJÞ � 1. ð10Þ

This simple relation is a powerful tool to prove
the nature of quenching by comparing two indepen-
dently measured quantities. Fig. 8 shows the
5D1/5D0 ratio for devices (I) and (II) as a function
of current density. Additionally, we show the
behavior of this quantity, as it is predicted by the
X–X annihilation model. For this simulation, we
use the parameters from fitting the X–X model
to the experimental efficiencies as given in Fig. 4.
We find a nice correspondence of experiment and
simulation giving strong proof that quenching and
spectral changes in our devices truly stem from
X–X annihilation.

6. Conclusion and outlook

We have demonstrated efficient electrolumines-
cence of the lanthanide complex Eu(DBM)3BPhen.
Maximum external quantum efficiency of
g = 7.5 ± 0.5% at low current density <0.1 mA/
cm2 was achieved. The strong decrease of g with
current was found to be due to X–X annihilation.
We could show that this quenching mechanism is
also responsible for changes in the emission spectra
leading to significant color changes.

Further investigation of the spectral changes,
e.g., analysis of density dependent PL, would allow
to estimate the contribution of X–X annihilation
not only qualitatively but also quantitatively. The
quenching, and thus the color changes, can be suc-
cessfully reduced by diluting the electron-transport-
ing europium complex with the hole-transporting
material TPD. We achieve comparable maximum
efficiencies, however the roll-off for higher currents
is drastically reduced, e.g., we keep g at 4.9% at a
luminance of 100 cd/m2.

However, europium-complex EL is still far from
application. The used complex is not sufficiently
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stable, neither thermally as needed for evaporation,
nor electrically [5]. Future directions of work in this
area will include the synthesis of new molecules with
the aim of increasing stability and minimizing the
lifetime of excited quintet states. Furthermore, high
efficiencies at high current densities are possible when
appropriate guest-host combinations are identified.
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Abstract

Effects on resultant organic light-emitting device of substrate temperature during the evaporation process of a light-
emitting material are reported. Light-emitting diodes are based on a novel bis-imido-phenylene vinylene (ImPV) derivative
as green-emitting molecule. It is reported that the substrate temperature has a great influence on the thin film morphology.
Heating the substrate results in a more ordered film. Using this technique, molecules of ImPV self-organise in an even lay-
ered film with 1.7 nm-thick molecular layers. Devices based on heated substrates exhibit higher operating voltages but
enhanced quantum and luminous efficiencies.
� 2005 Elsevier B.V. All rights reserved.

PACS: 68.55.�a; 78.55.Kz; 78.60.Fi; 73.61.Ph; 71.20.Rv

Keywords: OLED; Substrate temperature; Organic vacuum deposition; Imido-phenylene vinylene
1. Introduction

Since Tang and VanSlyke demonstration of the
electroluminescence of organic molecules [1],
research around the world has expanded in order
to develop a new display technology. Organic
light-emitting diodes (OLEDs) present many attrac-
tive properties such as: low driving voltage, large
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2005.11.001
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color range, low cost and ease of processing. Small
OLED-based displays are available for mobile solu-
tions but quantum efficiencies and lifetimes are not
yet sufficient to reach the market of large area dis-
plays and lighting [2].

In organic devices such as organic field-effect
transistors (OFETs) [3], the morphology and the
molecular/crystal orientation of the active organic
layer are key factors for their electronic perfor-
mances. For instance, charge transport will strongly
depend not only on the molecular orientation due to
the highly anisotropic charge carrier mobility in
.
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organic crystals [4], but also on the film morphology
because of grain boundaries [5].

This paper deals with OLEDs optoelectronic per-
formances as a function of film morphology and
molecular organization. The most basic structure
of an OLED includes a single electroluminescent
layer (ca. 100 nm-thick) sandwiched between two
electrodes. It is well-known that multilayer devices
are the most efficient due to a better charge balance
using electron and hole transport layers, respectively
on top and below the emitting layer, as well as block-
ing layers to confine excitons in the luminescent
layer. Molecular layers are thermally evaporated
under secondary vacuum (ca. 10�6 mbar). Typically,
during deposition, substrates are kept at room tem-
perature (RT), although substrate temperature is a
key parameter to control the crystallinity of epitaxi-
ally grown layers [6]. This study deals with the effects
of substrate temperature during the deposition of the
active layer. Temperatures ranging between RT and
the melting point of the organic material are consid-
ered. In order to avoid any desorption process and/
or melting of successive organic layers, only single-
layer devices have been studied.

The effect of the substrate temperature on devices
with Tris-(8-hydroxyquinoline) aluminium (Alq3) as
emitting layer has already been reported [7–10]. Effi-
ciency enhancements and retarded dark-spots
growth have been observed with increasing sub-
strate temperature. Morphological changes have
also been reported but Alq3 layers have always been
found amorphous whatever the substrate tempera-
ture [11]. In this work, an electroluminescent mate-
rial which enables non-amorphous growth is
reported. Post-deposition annealing has not been
investigated here because it has recently been shown
that poor OLED performances are obtained [9].

2. Experimental

A novel bis-imido-phenylene vinylene (ImPV)
derivative (Fig. 1) has been chosen as light-emitting
material because this material exhibits good perfor-
mances even in a single layer OLED. ImPV was syn-
thesized in two steps from the 4-bromophthalic
anhydride 1. In a first step, cyclohehylamine and
the 4-bromophthalic anhydride were condensed
in refluxing toluene under a Dean–Stark trap to
afford the corresponding halogenated cyclohex-
ylphthalimide 2. Finally, 2 readily underwent
coupling reaction with the conjugated 1,4-divinyl-
2,5-bis(octyloxy)benzene 3 in the presence of palla-
dium catalyst. The Heck reaction was carried out
in dry N,N-dimethylformamide at 110 �C in the
presence of Pd(OAc)2 and P(o-C6H4Me)3. Yellow
needles of ImPV were simply isolated through a fil-
tration since it crystallised during the reaction mix-
ture cooling. This new chromophore is highly
soluble in common organic solvents, highly fluores-
cent and emits greenish blue light with a fluores-
cence quantum yield of 66% when irradiated at
425 nm in tetrahydrofuran [THF, kabs_max = 425
nm; kem_max = 515 nm (kex = 425 nm), UfImPV = 0.66].

Diodes were fabricated using the following proce-
dure. Indium-tin oxide (ITO) substrates on glass
underwent a previously described preparation proce-
dure [12]. A layer of poly(styrene sulfonate) doped
poly(3,4-ethylene dioxythiophene) (PEDOT-PSS)
was spun, from a 3 wt% water dispersion at
5000 rpm to form a 50 nm-thick layer. This conduct-
ing polymer layer was baked at 80 �C under rotary
pump vacuum for 1 h. This layer improves hole
injection from the ITO to the HOMO level of the
organic material and increases the performances
[13]. Then, the active layer was thermally evaporated
under vacuum (ca. 10�6 mbar) at a low deposition
rate of 0.1 nm s�1 and at different substrate temper-
atures in the same batch: Room temperature (RT),
45, 110 and 155 �C. Substrates were heated for 1 h
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before evaporation in order to reach a stable temper-
ature. Heating was kept during the evaporation pro-
cess (at least 10 min) and after the deposition during
30 min. Then, the heating system was shut down and
cooling operated naturally under high-vacuum. It
took approximately 2.5 h to cool the substrates
down to RT. We checked that PEDOT-PSS coatings
on ITO were not affected by the temperature under
high-vacuum since the substrate temperature does
not exceed 200 �C. Nguyen et al. had already shown
that PEDOT-PSS is not affected by such a thermal
treatment [14]. The ImPV deposited thickness
(50 nm) was monitored using a piezoelectric balance
set-up inside the vacuum chamber close to the sub-
strate holder. Thicknesses were subsequently
checked using a Tencor AS-IQ profilometer.

Bi-layer cathodes of lithium fluoride LiF (�1 nm-
thick) and aluminium Al (�55 nm-thick) were then
sublimed under vacuum through a shadow mask.
All investigated devices have an active area of
10 mm2. Samples were then stored and character-
ized under inert atmosphere in a nitrogen glove
box (O2 and H2O <1 ppm).

Contacts were taken using a prober (Karl Suss

PM5). Current–voltage–luminance (I–V–L) curves
were recorded using a Keithley 2400 Sourcemeter
Fig. 2. AFM images of ImPV films deposited on silicon wafers at (a) ro
refer to profiles in Fig. 3.
coupled to a photodiode calibrated with a Minolta

CS-100 luminancemeter. Electroluminescence spec-
tra (EL) were investigated using an Ocean Optics

HR2000 Spectrometer. Atomic force microscopy
measurements have been realized on a commercial
optical deflection microscope (stand-alone configu-
ration for a large sample, Dimension 3100 Veeco

Instruments with a Nanoscope IIIa, Digital Instru-

ment) operated in ambient conditions. Topographic
images were taken in the tapping mode, and com-
mercial silicon cantilever with a nominal radius of
5–10 nm and a spring constant in the range of 20–
70 N/m were used. Data were acquired on
1 lm · 1 lm frames having 512 · 512 data points
with a scan rate of 1.5 Hz. X-ray data were collected
using a curve position sensitive detector INEL CPS-

120 equipped with a Cu Ka (k = 1.542 Å) source
and a Ge monochromator.

3. Results

3.1. Thin film analysis

AFM has been carried out on ImPV films depos-
ited on silicon wafers (100) at different substrate
temperatures. Fig. 2 shows the surface morphology
om temperature, (b) 45 �C, (c) 110 �C and (d) 155 �C. Each arrow



Table 1
Maximum quantum and luminous efficiencies

Cd/A max Lm/W max

RT 1.78 0.46
45 �C 1.94 0.48
110 �C 3.09 0.70
155 �C 0.1 0.03
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of ImPV obtained with substrates at RT, 45, 110
and 155 �C. At RT, an irregular and granular struc-
ture is shown. With increasing temperature, the
morphology gradually shifts toward a layered struc-
ture. Sub-layers are 1.7 nm-thick (Fig. 3c). This
value corresponds to a tilted molecule since a single
molecule is approximately 2.7 nm-long. At 45 �C,
one can note that grain shapes exhibit small steps
of 1.7 nm indicating a modified morphology. At
110 �C, the 1.7 nm-thick layers have expanded to
form grains of around 1 lm of diameter and at
higher temperature (155 �C), non-homogenous films
have been obtained. In Fig. 2d, monocrystals of
more than 1 lm-large are shown. But, many huge
cracks are also observed, even in the middle of crys-
tallites. These cracks are approximately 50 nm-deep,
i.e. the layer thickness (Fig. 3d). We suppose that
these defaults appeared after the deposition during
the cooling step due to the mismatch in thermal
expansion coefficients between the Si substrate and
the organic semiconductor. Cracks are parallel to
each others and parallel to the crystalline planes
of silicon substrates. It has been verified that devices
based on such crackled layers exhibit poor perfor-
mances (see Table 1).

This type of morphological transition from
grains below 110 �C to lamellae above 110 �C is dif-
ferent from the growth mechanism observed on
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Fig. 3. Typical surface profile taken from the AFM images
following the arrows plotted in Fig. 2. Samples: (a) room
temperature, (b) 45 �C, (c) 110 �C and (d) 155 �C.
Alq3 film consisting of amorphous droplets with
spherical cap shape growing according to a Capture
Zone model (CZ) [11]. But the analogy with the
investigation of Biscarini et al. [15,16], dealing with
sexithienyl thin films, suggests that ImPV films
evolve towards a self-affine topology as the mor-
phology changes from grains to lamellae. This
growth mechanism is based on the mobility of the
molecules on the surface of the substrate which
increases with temperature and on strong intermo-
lecular interaction between ImPV molecules which
can reach the terrace edge and be steadily absorbed.
This is consistent with the film anisotropy revealed
by X-ray diffraction measurements realized on
ImPV thin films even at RT. X-ray diffraction pat-
terns of ImPV films on silicon wafers, presented in
Fig. 4, suggest a highly uniform out-of-plane lamel-
lar structure with intermolecular period of 17.3 Å
(q = 0.36 Å�1) whatever the substrate temperature.
This value is consistent with the AFM images. A tilt
angle of 38.5� can be calculated from the idealized
length of 27.8 Å (based on energy minimization
using an MM2 force field). Contrary to Alq3-based
reported studies [11], ImPV films are non-amor-
phous, even at RT. The position of the XRD peaks
are the same whatever the temperature which sug-
gests similar molecular arrangements. The only dif-
ference lies in a slight narrowing of peaks when
heating the substrate at 110 �C resulting in an
increase of the crystallite size up to around 1 lm
and resulting in a better out-of-plane orientation
of crystalline planes. The mosaic angle varies from
�5� at RT to less than 1.5� at 110 �C, showing that
in the latter case, the layer is better crystallized with
planes parallel to the substrate.

3.2. OLED characterizations

OLEDs present substrate temperature dependent
current–voltage–luminance curves (Fig. 5). Operat-
ing voltages increase with the substrate temperature
while current densities are slightly reduced. As a
consequence, quantum efficiencies are improved: a
maximum of 3.1 Cd/A is obtained at 110 �C



Fig. 4. X-ray diffraction patterns of ImPV films deposited on silicon wafers at (a) room temperature or 45 �C, and at (b) 110 �C. The
pattern obtained on ImPV powder is shown on (c). Inset: detailed of the first and second order diffraction peaks corresponding to the
lamellar organization. The tilted orientation of ImPV is schematically represented on the right for a single molecular layer.
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whereas RT sample exhibits a maximum of 1.8
Cd/A. In spite of the operating voltage raise, the
luminous efficiencies (Table 1), also increase with
respect to the substrate temperature upon all the
luminance range. The best efficiency is obtained
for the 110 �C sample with a maximum of 0.7 lm/
W. It corresponds to the most organised film with-
out cracks. In an OLED structure, current direction
between electrodes is orthogonal to the substrate.
Due to the molecular crystallization (see Fig. 4),
the charge carrier flow is perpendicular to the pi-
stacking. The mobility is then reduced since elec-
trons and holes have to cross a potential barrier to
move layer by layer. Thus, such a film morphology
is consistent with a voltage increase due to a charge
carrier mobility shrink. The most organised mor-
phology, the less grain boundaries amount, since
in layered structure, grain boundaries act as perco-
lation paths. I–V curves presented in Fig. 5 clearly
show a current drop, at constant voltage, as a func-
tion of the substrate temperature which is consistent
with a reduction of percolation path density. More-
over, enhanced efficiencies suggest a better exciton
confinement in the layered organic film, as in multi-
ple quantum wells inorganic LEDs and/or a reduc-
tion of non-radiative recombination centres.

Note that charge carrier mobility in plane direc-
tions, i.e. along molecular layers, must be higher
due to the pi-stacking. Similar behaviours have
already been reported on organic field-effect transis-
tors (OFETs) based on anthracene derivatives [17]
or based on different cyclohexyl-substituted mole-
cules [18].
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EL spectra of OLEDs made with substrate tem-
perature set at RT, 45 and 110 �C have been
recorded under inert atmosphere and at room tem-
perature on devices operated at a constant current
density of 100 mA/cm2 (Fig. 6a). Spectra were
found slightly different. The higher the substrate
temperature, the higher the amount of light output.
This is consistent with the efficiency improvement
discussed in the previous paragraph.

The shape of each spectrum is accurately
described by the sum of three Gaussian curves.
Calculation was performed using a least square min-
imization fit (Fig. 6b). It corresponds to a vibronic
structure as reported in crystallised 3,4,9,10-peryl-
enetetracarboxylic diAnhydride (PTCDA) films
[19]. The three main vibronic peaks are labelled
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0–0 at 2.42 eV, 0–1 at 2.29 eV and 0–2 at 2.16 eV.
These contributions correspond to emissive transi-
tions between the zeroth vibronic level in the excited
state and the consecutive levels in the ground state.
The energy difference between the successive vib-
ronic peaks is 0.13 eV. The energetic position of
each Gaussian curve is independent on the temper-
ature of the substrate whereas the full width at half
maximum (FWHM) of each contribution is affected
by the substrate temperature. The higher the sub-
strate temperature, the lower the FWHM. Such
phenomenon has already been observed on Raman
spectra performed on PTCDA films grown at vari-
ous substrate temperatures [20]. Salvan et al. pro-
posed that the correlation between the FWHM of
phonon bands and the structural order is similar
to those observed in the case of inorganic semicon-
ductor systems such as gallium arsenide [21]. The
decrease in FWHM of the Gaussian peaks is then
related to the development of larger and more per-
fect single crystalline domains. Furthermore, Sauva-
gol et al. [22] have studied polythiophene derivatives
and demonstrated that the crystallinity as well as the
presence of defects affect their photoluminescence
spectra. They found that the higher the crystallinity
the lower the FWHM of PL peaks. It is consistent
with the exciton distribution energy narrowing
related to a better molecular arrangement [23].

Moreover, the amplitude of the 2.29 eV peak
clearly increases with the substrate temperature
while the two other amplitudes are not significantly
affected by the temperature of the substrate. Photo-
luminescence (PL) spectra have also been measured.
A similar substrate temperature-dependence is
observed. Further experiments are under investiga-
tion to find out the origin of this phenomenon.

4. Conclusion

In summary, single layer OLEDs fabricated by
evaporating the organic layer at various substrate
temperatures have been demonstrated. The films
morphology is found highly dependent on the sub-
strate temperature. Increasing temperature induces
a lamellar organization. Each molecular plate is
17.3 Å-thick. A tilted angle of 38.5� has been
deduced whatever the temperature of the substrate.
The best layered and un-crackled film is obtained at
110 �C and exhibits the best performance, i.e. a
luminance efficiency twice higher than the RT sam-
ple. The lamellar structure induces a lower charge
carrier mobility perpendicular to the wafer. Further
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experiments are under investigation to evaluate this
mobility as well as the one in the wafer plane which
is suspected higher.

This study shows an original approach to
enhance performances of OLEDs. We believe that
such an approach, applied on multilayer and highly
efficient OLEDs, should enable to develop new dis-
play solutions. To reach this aim, the use of electron
transport layers as well as hole transport layers
should be a solution to prevent turn-on voltage
increase due to mobility reduction.
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Abstract

We present a comprehensive study of short channel effects in organic field-effect transistors by measuring the electrical
characteristics of devices with fixed channel width and varying channel length. Our studies are conducted on a hole trans-
port organic semiconductor, E,E-2,5-bis-{4 0-bis-(400-methoxy-phenyl)amino-styryl}-3,4-ethylenedioxy-thiophene, that is
spin-coated from solution to form bottom contact organic field-effect transistors. Drain–source currents from transistors
with a channel length of 50 lm show excellent agreement with the square law equations derived for crystalline Si MOS-
FETs in both the linear and saturation regimes. As the channel length is incrementally reduced to 1 lm, device character-
istics such as saturation regime channel conductance, sub-threshold current and threshold voltage, behave in a manner
similar to Si MOSFETs of decreasing channel length. Results of these studies indicate the presence of non-destructive cur-
rent punch-through and in addition, behavior similar to channel-length modulation and threshold-voltage roll-off, neither
of which have previously been reported in OFETs.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

As the field of organic electronics matures it will
be important to introduce organic based compo-
nents and circuits to the electrical engineering com-
munity in as seamless a manner as possible. This
will include reporting performance parameters and
figures of merit [1] such that computer models (e.g.
.
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SPICE) may be developed to adequately simulate
circuits that may be partly or completely comprised
of organic electronic components. For organic field-
effect transistors (OFETs) to be used in an increasing
number of applications, the ability to accurately pre-
dict their electrical behavior will be critical.

One aspect of OFET design that needs to be
addressed is that of device miniaturization for the
purpose of creating organic integrated circuits with
increased functionality. Within the field of integrated
Si electronics the issues associated with decreasing
MOSFET device dimensions can be effectively man-
aged and the devices adequately modeled [2]. How-
ever, the behavior of OFETs with small device
dimensions has yet to be fully explored and to date,
only one analytical model (based on a model devel-
oped for a-Si thin-film transistors) has been pre-
sented for short channel organic devices [3]. In this
work, we present a comprehensive characterization
of the effects of reduced channel lengths in OFETs
and show that these devices exhibit behaviors similar
to those observed in crystalline Si MOSFETs.
2. Short channel inorganic field-effect transistors

Here, we first discuss short channel effects in tra-
ditional electronics. Inorganic Si MOSFETs with
short channel lengths (L) are desirable for inte-
grated digital logic circuits as they increase both
functionality and clock speed by virtue of the fact
that both packing density (#/area) and linear regime
cut-off frequency (f ) scale approximately as 1/L2 [4]

Area / L2 ) Packing Density / 1

L2
ð1Þ

f ¼ lV DS

2pL2
ð2Þ

where l is the field-effect mobility and VDS is the
drain–source voltage, which in the following will
be referred to as the drain voltage. As the degree
of integration is increased (L is decreased), it is
essential to properly scale other device parameters
such as gate oxide thickness (tox) and substrate dop-
ing concentration to maintain predictable long
channel behavior [2]. Long channel behavior in
the linear (Eq. (3)) and saturation regimes (Eq.
(4)) can be described using the square-law equations

IDS ¼ lCox

W
L
ðV GS � V TÞ �

V DS

2

� �
V DS ð3Þ

IDS ¼ lCox
W
2L
ðV GS � V TÞ2 ð4Þ
where IDS is the drain–source current (or drain cur-
rent), W is the channel width, Cox is the gate oxide
capacitance density (F/cm2), and VGS, and VT are
the gate–source (or gate), and threshold voltages,
respectively. These equations are only valid under
the constraints of the gradual-channel approxima-
tion which says that the electric field due to the gate
voltage at the semiconductor/gate oxide interface is
a one-dimensional function of channel position.
Physically, the gradual channel approximation re-
quires the gate (transverse) electric field Eox to be
much larger than the longitudinal electric field
EDS, formed between the source and drain elec-
trodes [2]:

Eox >> EDS; Eox ¼
V GS

tox

; EDS ¼
V DS

L
ð5Þ

If channel lengths are reduced without regard to
other device parameters, deviations from ideal long
channel behavior are observed; such deviations are
commonly referred to as short-channel effects
[2,4,5]. As the channel length is decreased, the first
short-channel effect to be observed is channel-length
modulation. Channel-length modulation is charac-
terized by the inability of the drain current to satu-
rate above pinch-off and is defined by a non-zero
channel conductance, gd, where

gd ¼
oIDS

oV DS

6¼ 0 ð6Þ

In a device operating above pinch-off, the width of
the depletion region surrounding the drain junction
becomes comparable to the length of the conducting
channel for increasing drain voltage which, in turn,
causes a significant reduction in the physical chan-
nel length. As the drain current varies inversely with
L in saturation (Eq. (4)), a dependence of the drain
current on the drain voltage is observed. This
dependence can be modeled to a first approximation
by adding a term linear in VDS to Eq. (4):

IDS ¼ IDSðSaturationÞð1þ kV DSÞ ð7Þ

where k (V�1) is the channel-length modulation
parameter. In analogy to bipolar junction transis-
tors an early voltage VA [4] can be determined from
the linear dependence of the drain current in satura-
tion by extrapolating back to a common intercept
with the horizontal axis for various values of the
gate voltage where,

V A ¼ �
1

k
ð8Þ
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For MOSFETs of various channel lengths that exhi-
bit channel-length modulation, values of the early
voltage are expected to scale linearly with channel
length such that devices with channel lengths L1,
L2 and associated early voltages VA,1, VA,2 are gen-
erally expected to follow the relation [6]:

L1

L2

¼ V A;1

V A;2
ð9Þ

If the channel length is decreased even further the
magnitudes of the two electric fields in Eq. (5)
become comparable and the resulting field in the
channel becomes a two-dimensional function of
position; thus the gradual-channel approximation
is no longer valid. As a consequence, the depletion
regions associated with the source and drain junc-
tions can now occupy a large fraction of the channel
and act to deplete it of charge carriers. This reduces
the required applied gate voltage to reach inversion
and hence lowers the device threshold voltage (VT)
[7]. For such devices the deviation of the threshold
voltage from the long channel value (threshold-
voltage shift DVT) is inversely proportional to the
channel length [8] where:

DV T ¼ V TðLÞ � V T;Long Channel /
1

L
ð10Þ

Increased threshold-voltage shift (or threshold-volt-
age roll-off) ultimately transforms a normally-off
(enhancement mode) device into a normally-on
(depletion mode) device.

As a consequence of the larger depletion region
the surface potential near the source will increase
[2]. Below threshold, channel conduction is expo-
nentially dependent upon the magnitude of the sur-
face potential and at short channel lengths the
increased sub-threshold current will degrade switch-
ing performance [9]. Furthermore, as the size of the
depletion regions near source and drain are drain
voltage dependent, threshold-voltage roll-off and
sub-threshold current will also be functions of the
drain voltage [8,10].

Finally, in the limit where the source and drain
depletions regions come into contact, a space–
charge limited current (SCLC) flows between source
and drain. This is referred to as non-destructive
punch-through and is similar to the effect observed
in bipolar-junction transistors [4].

Elimination of these short-channel effects is most
easily accomplished by scaling critical device param-
eters by a factor j, such that the magnitudes of the
electric fields remain unchanged from the original
long-channel device (constant-field scaling) [11]. In
constant-field scaling the channel dimensions (W
and L), the gate oxide thickness, and the source
and drain junction depths are scaled by 1/j while
the substrate doping concentration scales directly
with j. To maintain the constant field condition,
the applied voltages must also be scaled by 1/j.
The resulting device has a threshold voltage that
scales as 1/j and a cut-off frequency and packing
density that scale as j2.

The previous analysis of short channel effects in
MOSFETs is based on the fact that these devices
are fabricated from selectively doped, bulk single
crystal Si where p–n junctions (source and drain)
and metal-oxide-semiconductor (MOS) capacitor
structures (gate) are utilized to modulate the current
flowing between source and drain. However, in
OFET devices the semiconducting material is typi-
cally an intrinsic material deposited as either an
amorphous or polycrystalline thin film and while a
MOS capacitor structures is present there are no
p–n junctions to define the source and drain. Fur-
thermore, as Si is a crystalline material, charge car-
riers will undergo band type transport whereas in an
amorphous/polycrystalline organic materials charge
carriers can be subject to an electric field and/or car-
rier concentration dependent hopping type trans-
port that can add complexity to the modeling of
OFETs [12,13]. Despite these differences however,
it will be shown that regardless of the semiconduc-
tor used and the principle of operation and/or
charge transport, short channel effects are common
to field-effect devices.

3. Short channel organic field-effect transistors

For organic electronics applications such as low-
cost RFID, the issue of circuit integration is just as
valid as for inorganic devices as both size and speed
will be important. Of more importance, however, is
that as the field-effect mobility values in organic
materials are orders of magnitude lower than in Si
(l � 103 cm2/Vs), organic transistors may be
required to go to shorter channel lengths (on the
order of 1 lm or less) to provide adequate drive cur-
rents while still maintaining relatively small channel
widths (Eqs. (3, 4)) [14].

From a material standpoint short channels can
also be preferable as many organic thin films tend
to be polycrystalline and poor charge transport
between adjacent crystalline domains decreases the
overall carrier mobility [15,16]. To circumvent the



Fig. 1. Cross section (a) and micro photograph (b) of the OFET
device geometry indicating the common source (S), individual
drain (D), and common gate (G) electrodes.
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Fig. 2. Chemical structure of E,E-2,5-bis-{4 0-bis-(400-methoxy-
phenyl)amino-styryl}-3,4-ethylenedioxy-thiophene.
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effects of domain boundaries short channel lengths
may be used to bridge single crystal domains [17].
Efforts to fabricate short channel length OFETs
have resulted in devices with non-zero channel con-
ductance above pinch-off and increased, drain volt-
age dependent, sub-threshold current. Klauk et al.
reported a channel length dependent threshold volt-
age [18] but large device-to-device variations made it
unclear as to if a strict 1/L dependence was
followed.

Short channel effects have been reported in poly-
mers [19–22] and small molecules [23] processed
from solution as well as in vacuum deposited small
molecules [3,24]. In two separate cases OFETs fab-
ricated using the same material, dihexylquarterthi-
ophene (DH4T), were shown to exhibit short
channel effects when the organic was processed
either from solution [23] or by vacuum sublimation
[24].

In this work, we present the characterization of
solution processed hole transport OFETs with a
fixed channel width of 500 lm but of varying chan-
nel lengths between 50 lm and 1 lm. OFETs with
long channel lengths show typical transistor behav-
ior whose output characteristics are well described
using the square-law equations (Eq. (3)). As the
channel length is reduced the various short-channel
effects outlined above are observed and are found to
behave in a manner similar to that of crystalline Si
MOSFETs. To the best of our knowledge, these
results represent the most comprehensive character-
ization of short-channel effects in OFETs to date.

4. Experimental

Transistors were fabricated on heavily n-doped
silicon substrates (resistivity 0.005 X cm), which
acted as the gate electrode with 200 nm of thermally
grown oxide (SiOx, er = 3.9) as the gate dielectric.
Interdigitated, bottom contact source and drain
electrodes (e-beam evaporated Ti/Au, 10 nm/
100 nm) with a channel width of 500 lm and chan-
nel lengths of 1, 2, 3, 4, 5, 10, 20 and 50 lm were
fabricated on the oxide surface using lift-off photo-
lithography (Fig. 1). The devices were fabricated
with a common source, but individual drains. An
external, common gate contact of e-beam evapo-
rated Ti/Au (10 nm/100 nm) was deposited on the
backside of the substrate. The organic semiconduc-
tor E,E-2,5-bis-{4 0-bis-(400-methoxy-phenyl)amino-
styryl}-3,4-ethylenedioxy-thiophene (Fig. 2) was
synthesized and cyclic-voltammetry measurements
using Cp2Co+/Cp2Co as an internal reference in
CH2Cl2 show the compound is easily oxidized with
an oxidation potential of 0.02 V vs. Fc+/Fc. From
this, an ionization potential (HOMO) of approxi-
mately 5.2 eV can be estimated, indicating a low
barrier for charge injection into the Au source and
drain electrodes (work function approximately
5.1 eV [3]). Films of the compound were pro-
cessed from solution in a nitrogen glove box
(O2, H2O < 1 ppm) by dissolving the compound in
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toluene at 20 mg/mL and spin coating over the
source and drain electrodes to a thickness of 60 nm.

Fully fabricated devices were transferred in an
air-tight vessel to a second nitrogen glove box (O2,
H2O < 0.1 ppm) for electrical characterization. Dur-
ing testing electrical connections were made with a
micro-probe station contained within the glove
box and an Agilent E5272A medium power
source/monitor unit, connected to the probe station,
was used to perform the electrical measurements. At
no point during and after spin coating of the
organic layer were the devices exposed to air. For
each device, output characteristics (IDS vs. VDS at
multiple, discrete VGS values) were measured for
0 V > VDS, VGS > �60 V. Transfer characteristics
(IDS vs. VGS at discrete VDS values) were also mea-
sured for 20 V > VGS > �60 V at VDS = �20, �40
and �60 V. From the transfer characteristics, linear
fits to plots of

ffiffiffiffiffiffiffi
IDS

p
vs. VGS allowed extraction of

threshold voltages and field-effect mobilities accord-
ing to Eq. (4). Field-effect mobilities were also calcu-
lated from linear fits to the output characteristics at
low VDS by use of Eq. (3) for different values of the
gate voltage.

5. Results and discussion

Transfer characteristics for the 50 lm channel
length device are shown in Fig. 3. This hole trans-
port device operated in enhancement mode with a
threshold voltage of �3.8 V. The extracted field-
effect mobility in the saturation regime was approx-
imately 10�4 cm2/Vs. In part, due to this low value,
the on/off current ratio was kept to between 103 and
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Fig. 3. Transfer characteristics for the 50 lm channel length
device.
104. Output characteristics for several gate voltage
values are shown in Fig. 4 and show ohmic behavior
at low drain voltages and drain current saturation
above the pinch-off point. The data has been fitted
to the square-law equations in both the linear (Eq.
(3)) and saturation (Eq. (4)) regimes using the
appropriate device dimensions and gate dielectric
parameters, as well as the threshold voltage
extracted from the transfer characteristic. To accu-
rately fit the data to the square-law equations a gate
voltage dependent mobility value had to be imple-
mented as the single saturation regime value from
the transfer characteristics tended to overestimate
currents for gate voltages less than �30 V. Mobility
as a function of the gate voltage was continuously
determined from the slope of a fourth-order polyno-
mial that was fitted to the transfer characteristic
above threshold; but these values tended to underes-
timate currents for gate voltages less than �30 V.
However, field-effect mobility values extracted from
the linear region of the output characteristics at the
various gate voltages using Eq. (3) yielded the fits
shown in Fig. 4. No additional fitting parameters
were used and the value of the field-effect mobility
that was extracted in the linear regime was used in
both the linear and saturation regime equations.
Output characteristics for the device with the
20 lm channel length show similar ohmic behavior
at low drain voltages and drain current saturation
above pinch-off.

For the 10 lm channel length device we begin to
see a lack of saturation above pinch-off and for the
5 lm channel length device the effect becomes quite
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pronounced (Fig. 5). Using techniques similar to
those used for the 50 lm channel length device,
the square-law equations are plotted and while the
agreement with the experimental data is good at
low drain voltages it begins to break down as the
pinch-off point is approached. Above pinch-off
there is no agreement between experiment and the-
ory and the current becomes linearly dependent on
the drain voltage. This effect is observed to an
increasing degree for shorter channel lengths down
to 3 lm and is suggestive of channel-length modula-
tion. For devices with channel lengths between
10 lm and 3 lm, early voltages were extracted for
output characteristics with gate voltages between
�10 V and �30 V and their values averaged. As
shown in Fig. 6 the early voltages do scale linearly
with channel length. It should be noted, however,
that while the plots in Fig. 6 exhibit a linear depen-
dence, the correlation between channel length and
early voltage as predicted by Eq. (9) was not
observed.

For channel lengths less than 3 lm the drain cur-
rent above pinch-off begins to exhibit diode-like
behavior suggestive of non-destructive current
punch-through as shown in Fig. 7 for the 1 lm
channel length device. In Si MOSFETs punch-
through current is space–charge limited and
expected to be quadratic with drain voltage. In a
thin film with coplanar electrodes (similar to our
OFET geometry, Fig. 1) this behavior is also
expected and the space–charge limited current den-
sity JSC is given by
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Fig. 5. Experimental output characteristics (circles) for the 5 lm
channel length device at various gate voltages. The square-law
equations (solid lines plotted using values of the field-effect
mobility extracted in the linear regime) and linear fits to the data
above pinch off (dashed lines) are also shown.

Fig. 7. Experimental output characteristics for the 1 lm channel
length device at various gate voltages.
J SC ¼
IDS

W
¼ �0:57el

V DS

L

� �2

ð11Þ

where e is the dielectric constant of the conductive/
semiconductive material [25]. Space–charge limited
punch-through currents in short channel OFETs
have been observed previously by Austin and Chou
[19], and by Chabinyc et al., whose results were
found to agree well with Eq. (11) [20]. In their anal-
ysis, Austin and Chou plot drain current density as
a function of longitudinal electric field (VDS/L) for
poly(3-hexylthiophene) OFETs on a log–log scale
for channel lengths down to 70 nm. For the 70 nm
channel length device at applied fields < 10 V/lm
the response is ohmic but for applied fields between
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10 V/lm and 100 V/lm, the drain current is found
to follow the general SCLC relation

IDS / V n
DS ð12Þ

where n P 2 indicates operation in the SCLC re-
gime. In the case of Austin and Chou n = 2.4, a
good indicator of SCLC operation. A similar anal-
ysis for our 1 lm channel length device (Fig. 8) also
results in ohmic behavior for applied fields < 10
V/lm (n = 1.00). However, for applied fields be-
tween 10 V/lm and 100 V/lm we find n = 1.38,
suggesting that for our materials in this range of
applied fields, the drain current is not space–charge
limited as described by Eqs. (11) and (12). For
comparison, Fig. 8 also shows plots of the
drain current densities for the devices with 50 lm
and 5 lm channel lengths which show saturation
and channel length modulation behavior, res-
pectively.

Over the entire range of channel lengths studied
the sub-threshold current has also been found to
behave in a manner similar to that of Si MOSFETs.
For the long (50 lm) channel length device we
observe sub-threshold currents that are independent
of the drain voltage bias (Fig. 9a). At the shortest
channel length of 1 lm the sub-threshold currents
are higher than in the long channel device and are
now drain voltage dependent (Fig. 9b). From
Fig. 9c the increase of current and drain voltage
dependence from the device with the longest to the
device with the shortest channel length is readily
apparent.
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The data in Fig. 9 also shows a shift from enhance-
ment mode to depletion mode operation (jIDSj > 0
for positive VGS in hole transport materials). Thresh-
old voltages as a function of channel length (Fig. 10a)
confirm the switch from enhancement mode to deple-
tion mode operation for channel lengths < 3 lm.
A plot of the threshold voltage shift as a function of
both channel length and drain voltage (Fig. 10b)
show the expected 1/L roll-off behavior and drain
voltage dependence observed in Si devices.

As stated previously, elimination of short-
channel effects is realized by making the transverse
electric field much larger than the longitudinal elec-
tric field. For OFETs incorporating a given gate
insulator material this can be accomplished by
reducing the thickness of the insulator. Studies on
vacuum deposited DH4T devices with severe
short-channel effects have shown that long-channel
operation can be regained by reducing the thick-
ness of the gate insulator [24]. Work with ultra-thin
(< 5 nm) gate insulators fabricated from organic
self-assembled mono-layers (SAMs) has shown to
reduce operating voltages for long-channel behavior
to below 5 V [26,27] and holds promise for enabling
the shortest possible channel lengths.

The degree to which the channel length of
OFETs can be miniaturized depends on several fac-
tors such as the resolution of the electrode fabrica-
tion process, the thinnest employable gate
insulator and more importantly, the semiconducting
Table 1
Literature survey of OFETs that exhibit both long channel and short ch
exhibit long channel behavior

Ref. Material/deposition Long channel behavior

Insulator/t
(nm)

L

(lm)
L/t

L > 1 lm
[32] Pentacene/vacuum SiOx/300 250.0 833.3

This work SiOx/200 500.0 250.0
[22] MEH-PPV/spin coat SiOx/100 12.0 120.0
[3] a-6 T/vacuum SiOx/300 25.0 83.3
[24] DH4T/vacuum SiOx/30 2.0 66.7
[21] PT/spin coat SiOx/250 7.0 28.0
[33] a-6 T/vacuum SiOx/300 12.0 40.0

L 6 1 lm
[19] P3HT/spin coat SiOx/5 1.0 200.0
[26] a-6 T/vacuum SAM/3 0.5 166.7
[34] P3HT/spin coat SiOx/30 0.88 29.3
[29] Pentacene/vacuum SiOx/150 1.0 6.7
[31] F16CuPc & a-6 T/vacuum SiOx/20 0.1 5.0
[30] Pentacene/vacuum SiOx/30 0.03 1.0
material and the degree to which the transverse elec-
tric field must exceed the longitudinal field. For Si
MOSFETs an empirical relation exists that will
determine the minimum channel length for long
channel behavior based on oxide thickness and the
junction depth and depletion region width of the
source and drain [28]. Such a relation does not exist
yet for OFETs, neither in general nor for any partic-
ular material/device geometry configuration. In sur-
veying the literature it appears that there is some
degree of variation in the conditions required for
long channel and short channel behavior. Table 1
lists the material/deposition technique, gate insula-
tor material and thickness (t), channel length (L),
ratio of channel length to gate insulator thickness
(L/t), and maximum longitudinal electric field
(EDS = VDS/L) for semiconductor/gate insulator
combinations that have shown previously both long
channel and short channel behavior, as well as
devices with physically short channel lengths
(L 6 1 lm) that exhibit long channel behavior.
The examples are grouped in terms of channel
length (L > 1 lm or L 6 1 lm) for observed long
channel behavior. Short channel behavior is
observed for channel lengths ranging over two
orders of magnitude and is generally characterized
by L/t < 20 and longitudinal electric fields > 10
V/lm. Long channel behavior is somewhat less
straight forward. For channel lengths > 1 lm long
channel behavior is generally observed for devices
annel behavior as well as OFETs with channel lengths 61 lm that

Short channel behavior

Max EDS

(V/lm)
Insulator/t
(nm)

L

(lm)
L/t Max EDS

(V/lm)

0.4 SiNx/26 0.150 5.8 13.3
1.2 SiOx/200 1.0 5.0 60.0
1.3 SiOx/100 0.5 5.0 10.0
4.0 SiOx/300 1.5 5.0 66.7
5.0 SiOx/100 0.05 0.5 200.0
5.7 SiOx/250 1.0 4.0 40.0
8.3 SiOx/300 1.5 5.0 66.7

3.0 SiOx/5 0.07 14.0 42.9
4.0 SAM/3 0.03 10.0 50.0
5.7

20.0
50.0
66.7
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where L/t > 20 and for longitudinal electric fields <
10 V/lm. When channel lengths drop below 1 lm
these conditions apply in some cases but for others,
long channel behavior is exhibited in devices where
L/t and EDS are more indicative of short channel
behavior [29–31]. Zhang et al. [30] demonstrate a
device for which L/t = 1 (transverse and longitudi-
nal electric fields equal when VDS = VGS) where
their output characteristics saturate fairly well
(slight channel-length modulation appears possible),
with no indication of non-destructive punch-
through. While the results in Table 1 suggest general
guidelines for designing OFETs with short physical
channel lengths there is significant variation to war-
rant that for a given organic semiconductor in a
given device geometry, the presence of short channel
effects has to be confirmed experimentally.

6. Conclusion

In an effort to better characterize short channel
effects in OFETs a novel, solution processed, hole
transport semiconductor was used to fabricate
devices with fixed channel width but varying chan-
nel length between 50 lm and 1 lm. Behavior of
the long channel length devices was as expected
and in excellent agreement with the square law rela-
tions. As the channel length was reduced, the
devices exhibited behaviors similar to those
observed in short channel Si MOSFETs; despite
the fact that the physics of charge transport and
device operation are different in the organic case.
A comparison of other reports of short channel
effects in OFETs indicates that in many instances,
certain quantities such as the ratio of the channel
length to the gate insulator thickness and the maxi-
mum longitudinal electric field may be used to pre-
dict the conditions necessary to induce short
channel effects. However, in some instances these
quantities are not accurate indicators and suggest
that further studies will be required to gain a better
understanding of the physical origin of short-
channel effects in OFETs.

Acknowledgements

This material is based upon work supported in
part by the STC Program of the National Science
Foundation under Contract No. DMR-0120967,
by the Office of Naval Research, by an NSF ECS
program, an NSF NIRT program, and by an NSF
CAREER program (B.K.).
References

[1] IEEE Standard Test Methods for the Characterization of
Organic Transistors and Materials, IEEE Std. 1620-2004.

[2] Y. Tsividis, Operation and Modeling of The MOS Transis-
tor, second ed., Oxford University Press, New York, 1999.

[3] L. Torsi, A. Dodabalapur, H.E. Katz, J. Appl. Phys. 78
(1995) 1088.

[4] S.M. Sze, Physics of Semiconductor Devices, second ed.,
John Wiley & Sons, New York, 1981.

[5] R.F. Pierret, Semiconductor Device Fundamentals, Addi-
son-Wesley, Reading, 1996.

[6] A.S. Sedra, K.C. Smith, Microelectronic Circuits, Oxford
University Press, New York, 1998.

[7] L.D. Yau, Solid State Electron. 17 (1974) 1059.
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Abstract

Fluorescent copolymers based on 3,4-diphenylmaleimide-thiophene-fluorene triad were newly synthesized and charac-
terized. The copolymers exhibited orange–red fluorescence (kem

max in the range of 598–620 nm) with fluorescence quantum
yields of 32–37% in solution and of 13–22% in solid film. Polymer light-emitting diodes with simple device structure of
ITO/PDOT:PSS/copolymers/LiF/Al, where PEDOT:PSS is (poly-ethylenedioxythiophene):poly(styrene sulfonate), were
preliminarily fabricated and tested. Similar color to solution photoluminescence, the devices showed orange–red electro-
luminescence with a maximum electroluminance of 2020 cd/m2 and peak efficiency of 1.25 cd/A.
� 2005 Elsevier B.V. All rights reserved.

Keywords: Polymer light-emitting diodes (PLEDs); Orange–red; Maleimide; Thiophene; Fluorene
We have recently reported N-methyl-3,4-bis(4-
(N-(1-naphthyl)phenylamino)phenyl) maleimide as
a novel red emitter in the fabrication of rare non-
doped red organic light-emitting diodes (OLEDs)
[1]. The precursor used in the preparation of
the maleimide is a dibromo-substituted species,
N-methyl derivative of 3,4-bis(4-bromophenyl)-
maleimide, BrML (Scheme 1), which is readily syn-
thesized in two-step from commercially available
4-bromophenylacetonitrile [1,2]. This is an ideal
monomer in synthesizing high molecular weight pol-
yarylenes through various type of polycondensa-
tion. About half a dozen of reports taking a good
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2005.12.003
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utilization of different alkyl derivatives of BrML
in the preparation of 3,4-diphenylmaleimide-based
polyaryl macromolecules have illustrated this point
[3]. However, only yellow to orange fluorescent
polymers derived from maleimides have been
known thus far. Due to the low fluorescence quan-
tum yields (/fs) in the solid state arising from the
formation of aggregation of red light-emitting poly-
meric materials, red polymer light-emitting diodes
(PLEDs) show high efficiency and brightness are
scarce [4]. Therefore, efficient and bright red poly-
meric light-emitting materials remain rather chal-
lenging and highly desired. In the design of long
wavelength emissive copolymers, there are about a
handful number of fluorene copolymers using
‘‘low-band-gap’’ approach [4]. Here we report a
new type of orange–red light-emitting polymeric
.

mailto:cchen@chem.sinica.edu.tw


Scheme 1. Chemical synthesis of the copolymers of PFBTML and PFTML.
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materials, copolymers of fluorene-thiophene-malei-
mide triads, PFTML and PFBTML (Scheme 1).
The structural difference between two copolymers
is just the number of thiophene ring of the triad.
For PFTML and PFBTML, thiophene-maleimide-
thiophene (donor–acceptor–donor) is the key
‘‘low-band-gap’’ moiety that emits orange to red
fluorescence. Both copolymers behave reasonably
well in terms of fluorescence color and intensity in
solid state as well as PLED performance.

PFTML and PFBTML were readily prepared in a
similar fashion via facile Suzuki cross-coupling
between 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-yl)-9,9-dioctylfluorene and bromothiophene or
bromobithiophene-substituted 3,4-diphenylmalei-
mide (Scheme 1). Both maleimide-thiophene bro-
minated derivatives were obtained by the NBS
(N-bromosuccinimide) bromination in high yields.
Bisboron ester-substituted maleimide, BML, served
as the common starting material that was easily con-
verted from BrML by reacting with bis(pinacolato)
diboron catalyzed by home made PdCl2(dppf)
(dppf = 1,10-bis(diphenylphosphino)ferrocene). Both
2-bromo-3-octylthiophene and 5-bromo-3,3 0-dioc-
tylbithiophene were another two key starting
materials, They were synthesized by controlled
monobromination of known 3-octylthiophene and
3,3 0-dioctylbithiophene, respectively, with NBS.
Both copolymers and their monomeric intermediate
compounds were characterized with elemental analy-
sis and 1H/13C NMR (see supporting information).
Their molecular weights were determined by gel per-
meation chromatography using polystyrene in THF
as standard. These copolymers have weight-average
molecular weights (Mw) of 20,500 or 34,000 and
Mw/Mn (PDI) of 1.78 or 1.98, respectively (Table
1). Although copolymers have extended-conjugation
along the rigid polymer backbone, many aliphatic
long alkyl substituents (2-ethylhexyl and n-octyl) ren-
der both copolymers highly soluble in most common
organic solvents, such as toluene, dichloromethane,
and THF. However, the same reason also takes toll
on the rigidity of the copolymer resulting relatively
low glass transition temperatures (Tgs) of 75 and
112 �C.

The redox behaviors of the copolymers were
investigated by cyclic voltammetry. The results are
summarized in Table 1. From the oxidation poten-
tial relative to ferrocene/ferrocenenium one, which
can correspond to 4.8 eV for ferrocene below the
vacuum level), [5] and the onset energy estimated
from UV–visible absorption spectra (Fig. 1), we
can approximately calculate the HOMO and
LUMO energy levels of two copolymers. As antici-
pated, whereas LUMO levels are about the same,
PFBTML has 0.05 eV higher HOMO level than
PFTML. This is logical because the electron-defi-
cient maleimide moiety is the common site most sus-
ceptible to be reduced. The redox potential is also
consistent with the most susceptible to be oxidized
is the electron-rich thiophene rings and two thio-
phene rings of PFBTML pushing HOMO level
higher than the single thiophene ring of PFTML.
Therefore, both copolymers emit orange to red fluo-
rescence in solution and solid state, but PFBTML
has a redder fluorescence than PFTML in both
solution and solid film. Interestingly, only limited
solvatochromically red-shifting (less than 20 nm



Table 1
Physical data of PFTML and PFBTM and their PLEDa characteristics

Mw Mn PDI Tg, Td
b

(�C, �C)
Eox,
Ered

c

(mV, mV)

HOMO,
LUMO
(eV, eV)

Peak L

(cd/m2)
L and Vd

(cd/m2, V)
Peak
efficiencye

(%, lm/W,
cd/A)

kEL
max

(nm)
FWHM
(nm)

CIE
1931f

(x, y)

PFTML 34,000 19,000 1.78 75, 435 +0.92, 5.43, 3.11 2020 215, 7.8 0.74, 0.78, 1.25 614 96 0.61,
�1.16 (5.0, 5.0, 5.0) 0.39

PFBTML 20,500 10,400 1.97 112, 341 +0.87, 5.38, 3.11 1231 170, 8.1 0.70, 0.65,1.03 624 112 0.60,
�1.06 (5.0, 5.0, 5.0) 0.40

a ITO/PEDOT:PSS(90 nm)/PFTML or PFBTM(60 nm)/LiF(0.5 nm)/Al(150 nm).
b By DSC and TGA measurements, respectively.
c Eox and Ered were both measured in dry and deoxygenated CH2Cl2 with 0.1 M tetrabutylammonium perchlorate as the electrolyte in

conjunction with a platinum working electrode and a saturated nonaqueous Ag/AgNO3 referenced electrode. Ferrocene was used for
potential calibration (all reported potentials are referenced against Ag/Ag+) and for reversibility criteria.

d At 20 mA/cm2.
e Numbers shown in parenthesis are the required driving voltage at peak efficiency.
f Commission Internationale de L’Eclairage chromaticity coordinates.
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Fig. 1. Absorption (top) and PL (bottom) spectra of PFTML
and PFBTML in toluene solution (dotted lines) and as solid film
(solid lines). On-set absorption wavelength, emission wavelength
(kmax), fluorescence quantum yield (/f), and full-width-at-half-
maximum (FWHW) are noted.

L.-H. Chan et al. / Organic Electronics 7 (2006) 55–59 57
difference) observed on the copolymer PLs from the
low polarity toluene solution to solid film.

Solid state fluorescence quantum yields were
determined by integrating sphere method [6b] and
it is 22% and 13% for PFTML and PFBTML,
respectively. In toluene solution, PFTML and
PFBTML show even higher /f of 37% and 32%,
respectively. Clearly, thiophene ring is effective in
red-shifting the fluorescence of the triad copolymer
but is detrimental to the fluorescence intensity in
both solution and solid state. Nevertheless, their
solid state /f values, which is essential in electrolu-
minescence (EL) concerns, are comparable with or
better than 10–22% of orange MEH-PPV (2-meth-
oxy-5-(2-ethylhexyl)-polyphenylenevinylene), [6] a
bench mark polymer with long fluorescence wave-
length in PLEDs application.

Two PLED devices with a same configuration
containing thin film layer of PFTML or PFBTML
(Table 1) were fabricated from toluene solution on
PEDOT:PSS pre-coated ITO glass substrate by
spin-casting method. The EL spectra (Fig. 2 top)
of both copolymers are rather similar to their solid
film PL spectra (Fig. 1), in terms of emission wave-
length and FWHM (Table 1, Fig. 1, and Fig. 2 top),
Considering the similarity between photolumines-
cence (PL) spectra of copolymer solution and solid
film, this is a good lead to the origin of the EL
and PL, i.e., they are all from the same singlet
excited state of the pristine copolymers. However,
the aggregation of polymer chains is probably sub-
stantial and considerable fluorescence is quenched
in solid state, which is a common feature observed
for most orange–red light-emitting polymeric
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(L, cd/m2) of PFTML (solid squares) and PFBTML (hollow
squares) PLEDs.
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materials. Both devices show discernable orange–
red EL at low voltage of 5 V. The brightness of
PLEDs increases with higher voltage (or current
density) and peaks at 2020 cd/m2 (Fig. 2 bottom).
This is a respectful intense electroluminance com-
pared with other known orange to red PLEDs, [4]
and can be attributed to the relatively high fluores-
cence quantum yields of two copolymers in solid
state. Although kEL

max of PFBTML is 10 nm longer
than that of PFTML, the estimated 1931 CIE chro-
maticity indicated that both PLEDs exhibited EL
with rather similar red chromaticity. Nearly 1%
external quantum efficiencies (or greater than 1 cd/
A of luminous efficiencies) can be achieved at elec-
troluminance of 1 cd/m2 (Fig. 2 bottom) and driving
voltage of 5 V. The efficiency performance of two
PLEDs is not optimal but reasonably good consid-
ering the simple (single light-emitting layer without
other electron-transporting material) and unpro-
tected (from water and oxygen) device structure in
EL characterization. This can be qualitatively
attributed to the built-in electron-transporting
structural moiety (maleimide) of two copolymers,
which helps the balance of hole and electron in
PLEDs. Maleimide moiety belongs to an electron-
deficient imide family of phthalimide and naphthal-
imide, which are known for n-type organic
filed-effect transistors and facilitates the transporta-
tion of electrons. Respectful performances of
brightness and efficiency have proven that PFTML
and PFBTML are potentially useful for orange–
red PLEDs.

In summary, we have successfully designed and
synthesized a new type of orange–red light-emitting
copolymers, PFTML and PFBTM,with multiple
structural components including 3,4-diphenylmalei-
mide, one or two thiophene rings, and fluorene. Our
preliminary test of PLEDs has verified that these
copolymers are valid for long wavelength (orange
to red) polymeric electroluminescence application.
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Abstract

In this article I report why and how I became engaged in the study of organic semiconductors. My first step in the inves-
tigation of organic semiconductors was the measurement of electrical resistance of powdered carbon materials, which is a
sort of solid colloid. Through the observation of electrical resistance of carbons, I accepted the property that carbon par-
ticles certainly conduct electric current. There, however, still remained a question as to how an electron could leap from
one particle to another.

I noticed that functional groups bound to the edges of polycyclics in graphite do not cause swelling. Then, I hit upon an
idea that polycyclic aromatic compounds with molecular structures similar to fragments of graphite might be electrically
conductive. So I started by measuring the electrical resistance of violanthrone, a molecule containing nine benzene rings,
with laborious experiments and hence found semiconductive behaviour in organic solids (1954).

In this article, I also report my encounter with charge transfer type organic semiconductors.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A single molecule or a group of molecules could
change the world.

I would like to look back to the history of my
research since my student days, and relate how I
came across organic semiconductors. I was fortu-
nate enough to have elder professors, proficient
seniors and colleagues to help and work with me,
and these people should be remembered if the work
is to find some place in the history of science. I
would like to express my gratitude to all of them.

Since 1965, an organization called Chemical
Abstracts Service (CAS) has been registering the
number of chemical substances by accurately pick-
ing up newly obtained compounds from over 8000
scientific journals and patents over the world. The
number, which was 211,934 in the first report of
1965, increased to 37 million in March, 2002. The
number seems to be astronomical for chemists
who are studying substances as their subject of
research. However, it has increased extraordi-
narily in the last few years. The web site of the
CAS (http://www.cas.org/cgi-bin/regreport.pl) now
reveals the change in numbers per hour instead of
per day! The total number reached 80 million on
February 11, 2005. What does this rapid increase
in number designate?

We have to admit that the chemistry of materials
has been making remarkable progress, providing us
with new knowledge, but I cannot be very confident
about the future of this development. Since the reg-
istered number currently 80 million includes every
molecule with different sequence of constituent
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Fig. 1. The number of substances registere
atoms, the current massive increase in biological
substances will accelerate the growth of the number.
Expansion at the rate of about 7–8 million per year
predicts that the figure of 100 million will be reached
in the near future (Fig. 1).

One of the most fascinating aspects of chemistry
is that a discovery of a single molecule or a new
group of molecules might hold the possibility of
changing the world. Chemical substances may be
used in a harmful way, but that is a matter beyond
the scope of this article. Chemists find real pleasure
in a prospect of one substance or a single molecule
transforming the world, and they are willing to
make scientific exploration their lifework. Chemis-
try has three fields of research, that is, syntheses,
properties and structures of substances. In each
field, chemists are striving to advance research and
technical developments, seeking substances, among
the numerous materials on earth that benefit human
life.

Prof. Mizuka Sano, my collleague for 40 years,
translated this article from Japanese to English. I
express my deep acknowledgement for his laborious
work.

2. The encounter with organic semiconductors

Now let me explain how I came to be engaged in
the study of organic semiconductors. All research
works have tradition and succession, and they are
further developed by the successors. My graduate
research was carried out in Jitsusaburo Samejima’s
laboratory, in the Chemistry Department of the
University of Tokyo. The photograph shown in
45,101,196
(2003.1.13)

23,794,148
(2000.5.20)

78,276,453
(2005.1.11)

82,271,995
(2005.6.1)

1990 2000
ear

d by the Chemical Abstracts Service.

http://www.cas.org/cgi-bin/regreport.pl


Fig. 2. H. Kamerlingh Onnes (left) and J. Samejima (right). (a) A
large column of active charcoal.

Fig. 3. H. Akamatu at the Award Ceremony of the Prize of
Japan Academy (1965).
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Fig. 2 was taken in 1920, and displays at the back a
helium-liquefier installed at Leiden University in the
Netherlands. Samejima used to tell that Heike
Kamerlingh Onnes affirmed he was the first
Japanese to see liquid helium during his stay in
Kamerlingh Onnes laboratory. A large amount of
active charcoal was packed in a column, i.e., an
adsorbing tower, located at the central part of the
liquefier in order to remove moisture from gaseous
helium for liquefaction.

Samejima returned to Japan, planning to embark
on research in low-temperature chemistry, but the
purchase of a helium-liquefier became extremely dif-
ficult due to the disastrous aftermath of the earth-
quake that struck the Kanto area of Japan in
1923. Therefore he shifted the object of his study
to the field of colloid chemistry, starting research
on active charcoal.

The measurement of electrical resistance of car-
bon materials, which was a sort of solid colloid,
was the theme of the graduate project given to me
by Samejima and Hideo Akamatu (Fig. 3) in 1947.
I believe this was my first step towards investigating
organic semiconductors and therefore the column of
active charcoal shown in the photograph (Fig. 2)
could be referred to as the origin of my lifelong
study.

The damage from air raids was slight in the
Hongo district, only a few university buildings hav-
ing suffered from fires. Nevertheless, circumstances
of experimental researches were quite inadequate;
the power supply was insufficient, city gas was pro-
vided only for certain hours and chemicals were
scarce. However, I had good friends who encour-
aged me, and we were keen on studying issues in
other scientific fields. For example, someone pro-
posed to read a book on solid state physics, and in
fact we read and studied Seitz’s The Modern Theory

of Solids. The atmosphere of the laboratory was free
and energetic, and besides, we had the benefit of
time, when things were moving on rather slowly.

Subsequently my study of carbon materials
shifted to organic compounds. It was known that
carbons and graphite were composed of hexagonal
networks made of condensed polycyclics. Each car-
bon atom located at the corners of the hexagons in
the networks possessed a p-electron that brought
about electrical conductivity in the entire network.
It was, however, sometime later that I noticed a
big error in a diagram of graphite shown in a text-
book. The error occurred at the edge of a gigantic
molecular plane, which terminated at the edge with
dangling bonds, i.e., so-called free bonds of high
reactivity, so that such a molecular plane of graphite
did not exist as depicted in Fig. 4. In reality, the
edge of graphite is terminated by various kinds of
functional groups as shown in Fig. 5. The bonding
of functional groups was realized through the fol-
lowing two experiments.
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Fig. 5. Structure of graphite (molecular edge).

Fig. 6. An apparatus for compressing powders (for an electrical
conductivity measurement).

Fig. 4. A single gigantic molecular sheet of graphite.
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Carbon materials are classified into carbon
blacks, acetylene blacks, active charcoal, bitumi-
nous coal and graphite, and the subject of my exper-
iment was concerned with measuring their electrical
resistance. The most valuable knowledge I learnt
from my seniors is the philosophy that the essence
of colloid science lies in simplifying complicated
phenomena. Therefore, the first step in studying car-
bon materials was to plan how to simplify them so
as to obtain reproducible values of their electrical
resistance. Reproducible values were hardly
obtained from the initial trials of packing carbon
powder into an ebonite cylinder and measuring
the electrical resistance. However, when the experi-
ments were repeated many times, the values began
to converge at a definite one. Finally, I could accept
the conclusion that carbon particles certainly con-
ducted electric current. There, however, still
remained a question as to how electrons could leap
from particle to particle.

One result obtained from a simple experiment
greatly influenced my speculations about electrical
conduction in carbon powders. The experiment
was carried out with copper powders familiar in
chemistry laboratories. They were the bright shining
red copper powders used as a reducing agent. Since
graphite powders were highly conductive, it could
be assumed that the clean copper powders would
show a high value, but the value of electrical con-
duction was feeble. I noticed that such a phenome-
non as a jump of an electron from a copper particle
to another did not occur, because an oxide film cov-
ering the particle obstructed the jump.

Concerning the edge of polycyclics, I noticed that
functional groups bound to edges of these units in
graphite did not swell. The bonds between func-
tional groups and carbon networks began to break
at the temperature around 400 �C, and therefore,
thick films of oxide, hydrogen or hydroxide were
not formed on a surface of graphite. Here I hit upon
an idea that polycyclic aromatic compounds with
molecular structures similar to pieces of graphite
might likewise be electrically conductive.

Fig. 6 shows an apparatus for a measurement of
electrical conductivity of carbon powders, manufac-
tured by Takeo Ikeda in the machine shop at the
Institute for Physical and Chemical Research
(1947). It can compress a powder sample packed
in a tube from the top up to a pressure of
150 kg cm�2. I have a lot of memories related to this
device, and it is still working for a class of physical
chemistry laboratory in a university. It is mentioned
here because it was the starting point for the study
culminating in an experiment on the electrical con-
ductivity of organic materials under high pressures,
which will be related below. I believe this apparatus
contributed much to establishing the concept of
organic semiconductors.
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The electrical resistance of carbon powders was
measured by changing the applied pressure. It was
supposed that a jump of an electron from one
graphite molecule to an adjacent one occurred
through a functional group similar to one found
on an organic compound, because the edges of
graphite were not covered with thick substitute
films. It was already known that graphite was also
conductive along the c-axis, so that the experiment
was repeated in consideration of that fact, too.

At that time violanthrone was being studied by
Akamatu and Kazuo Nagamatsu in the laboratory
as a structural model of carbon blacks. Their paper
concerning violanthrone had already been submit-
ted to a foreign journal (1947), although at that time
it was still quite difficult to submit papers to over-
seas journals. Thereupon I decided to measure the
electrical resistance of violanthrone, which was a
sort of condensed polycyclic aromatic compound.
It was speculated that p-electrons might be able to
transfer between polycyclic aromatic molecules pos-
sessing a molecular structure similar to graphite,
though organic compounds containing fully satu-
rated bonds had been regarded as electrical insula-
tors. This is an image of organic semiconductors
that has long been entertained in my mind, though
it may seem very simple.

Violanthrone is a molecule with nine benzene
rings, condensed as shown in Fig. 7. Since it had
been used as dyestuff since 1904–1905, it was rather
easily obtained. Organic compounds were naturally
expected to be electrically conductive. However, the
value of the electric current that would pass through
such materials was hard to estimate, and it caused a
serious problem. There was no clue how to choose
and settle the method of measurement. It was extre-
mely difficult to observe a weak current in those
days. In a strenuous search for a breakthrough, I
O

O

Fig. 7. Violanthrone.
happened to think of an electrometer called a
‘‘quadrant electrometer’’ which had long been kept
in our laboratory, and with that apparatus started
to measure the electrical resistance of organic
compounds.

The purity of samples was another crucial prob-
lem. The commercially available dyestuff, violan-
throne, contained various kinds of impurities,
which had to be removed. Thus a very hard task
of purification started. For half a year, the measure-
ments were repeated day by day on samples purified
by dissolution into concentrated sulfuric acid fol-
lowed by sublimation in vacuo. Through repetition,
a real signal came to be distinguished from the
noise, and with an increase in purity, the true signal
could be finally detected by means of the ‘‘lamp and
scale’’ of the electrometer. From these results, it was
confirmed that even organic materials were
undoubtedly electrically conductive, the value of
electric current being 10�12–10�13 A for an applied
voltage of 1 V.

At that point it seemed to me clear that organic
materials would also be able to pass electric current.
The first paper on electrically conductive organic
materials was prepared together with Akamatu,
and submitted to an American journal. Even after
the paper was accepted [1], I could not but feel
uneasy about our conclusion that organic materials
intrinsically conduct electric current. Colleagues in
the laboratory positively supported us, but others
were not always favorable and criticized with such
comments that the current might have passed along
a surface of the cylindrical container, or it might be
something else, not inherent to the materials. Vari-
ous kinds of experiments were performed to meet
these criticisms, which brought conviction for the
most part, but some concern still remained in our
final result.

3. A conversion from anxiety to conviction

Several good results were obtained in the years
1949–1954. One of them was the determination of
the electrical resistivity for violanthrone to be ca.
1012 X cm, and therefore, an electric current of
10�12 A would pass through it for an applied volt-
age of 1 V. It was known that such a feeble current
could be measured by an electrometer capable of
amplification. Fortunately I was able to learn mea-
suring techniques for high resistance under the guid-
ance of Hideya Gamou and Goro Kuwabara of the
Physics Department, Faculty of Science. Saburo



Fig. 8. ‘‘Organic semiconductors’’ (1954) [5], and the spectral
response of photoconductivity for a violanthrone film [4].
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Izawa of Toshiba, who was an acquaintance of my
father’s, presented me with a vacuum tube UX-54
for high-resistance measurements. I remember
how delighted I was when I visited the Matsuda
Research Laboratory of Toshiba in Kawasaki,
which was partially destroyed by aerial bombing,
and brought back the tube, wrapping it with fluffy
silk threads for protection.

Another course of research a chemist should pur-
sue, it seemed to me, was to measure electrical resis-
tance for a number of polycyclic aromatic
compounds, in parallel with the determination of
its value. Various sorts of aromatic compounds
were synthesized or separated from coal tar. This
type of work might be a routine for a chemist, but
it was certainly what should be done. Japanese sci-
entists had maintained a tradition of producing
remarkable results in the field of research on polycy-
clic aromatic compounds. Lots of polycyclic aro-
matic compounds were prepared in cooperation
with Takashi Handa and Junji Aoki in Toshio
Maki’s and Yoshio Nagai’s laboratories of the
Applied Chemistry Department, Faculty of Engi-
neering, the University of Tokyo. Purifying them,
which was exceedingly difficult, was my job and
most of my time for experiment was spent on this
work. The fact that the aim was clear might have
encouraged my concentration and I worked many
hours, exerting my youthful energy on the task.

The elucidation of the electronic band structure
of graphite based on band theory by Coulson [2]
and Wallace [3] further strengthened our confidence
in the results on the electrical conductivity. While
Coulson’s paper was a short report, Wallace dis-
played the electronic band structure of graphite cal-
culated in detail. I once heard a physicist say that
the calculation is a good exercise for understanding
band theory. Takeo Nagamiya has explained the
process of the calculation in detail in his book, Solid

State Physics, published by Kyoritsu. By that time it
had become not too difficult to obtain that kind of
foreign journal. Wallace’s paper concluded that
the energy band calculated for a single carbon net-
work plane of graphite has exactly the same struc-
ture as that of an intrinsic semiconductor. The
theoretical concept that organic compounds could
be semiconductors, even though their band gaps
would be wider with decreasing size of their network
plane, sustained me in my effort to carry out
experiments.

The greatest outcome was the success in measur-
ing photoconductivity in organic materials. It is a
special feature of organic materials that they are
composed of independent molecules that easily form
thin films upon sublimation in vacuo, and indeed
the present article is based on this fact. Nowadays
it is possible to make uncontaminated metallic thin
films, but in the 1950s, it was inconceivable that the
surface of metallic atoms was not influenced by
residual oxygen in a vacuum chamber. The mea-
surement of photoconduction in violanthrone
(Fig. 8) was successful when a thin film was used
[4,5], and the result confirmed the concept that this
kind of organic material was electrically conductive.
I named them ‘‘Organic Semiconductors’’ in 1954 in
the paper that appeared in Bull. Chem. Soc. Jpn. [5].

Seven years passed since I first noticed the possi-
bility of electrical conduction in organic materials.
The long time needed for the confirmation of the
concept, however, had not mattered much, since, I
suppose, other things also progressed slowly.

I thought in those days that organic materials
were stable, their bonds being completely filled, so
that oxygen exerted no influence on the experimen-
tal results. I was therefore quite astonished one day
to hear from Kozo Hirota of Osaka University that
oxygen was dissolved in benzene, just as carbon
oxide was dissolved in water. Although this was a
phenomenon well known to spectroscopists, I had
not realized the relationship between oxygen and
benzene that was the starting point of polycyclics.

In order to determine the absolute values of elec-
trical resistance, I should have used a so-called high-
vacuum technique, but it might be said that I found
organic semiconductors because I did not have



Fig. 10. (a) Isoviolanthrone and (b) a diagram of a compression
apparatus [7].

Fig. 9. Violanthrene.

Table 1
Semiconductivity of isoviolanthrone with compression (P) [7]

P (kg cm�2) q15�C (X cm) DE (eV)a

3 · 102 5 · 109 0.75
4.2 · 103 8.4 · 107 0.74
6.3 · 103 2.6 · 107 0.69
8.4 · 103 1.2 · 107 0.68

a q = q0exp(DE/2kT).
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enough knowledge. I also feel that if I had known
about the effect of oxygen on the electrical resistance
then, I might not have reached my conclusions, for I
would have been engaged all the time in removing
oxygen from organic thin films, and strayed into a
dead end. Fortunately, violanthrone, possessing
two oxygen atoms in itself, was found to be far less
influenced by oxygen compared with violanthrene
(Fig. 9), a polycyclic aromatic hydrocarbon corre-
sponding to violanthrone without two oxygen
atoms.

When carrying out a scientific research, it is
sometimes necessary to distinguish between essen-
tial tasks and matters which can be disregarded
for a while, in order to focus on the subject of the
moment. I did not concern myself much about the
oxygen effect, probably because I happened to lack
the knowledge about it. Later, when I moved to the
Institute for Solid State Physics at the University of
Tokyo, the electrical resistance could be measured
for completely oxygen-free organic solids under
the ultra-high vacuum conditions, which were
obtained by the skillful technique of my colleagues
[6].

Another experimental success was the measure-
ment of the effect of pressure on isoviolanthrone
(Fig. 10). As described already, powders of carbons
or organic material packed in a cylinder under the
pressure of 80 kg cm�2 by means of the apparatus
mentioned above gave a nearly constant value of
electrical resistance, which seemed to imply the situ-
ation that powders were always packed uniformly.
Then, without studying the essential part of a
high-pressure experiment, I tried to perform an
experiment under much higher pressures. Under
such conditions, the electrical resistance was found
to reduce to the easily measurable value of
107 X cm (Table 1), and moreover, the resistance
reversibly returned to the original one when the
applied pressure was removed [7]. These results
brought a conception that intermolecular distances
in organic crystals might shrink under high pres-
sures. I was extremely pleased with this discovery.
The equipment used for applying pressure was made
from a piston for a scooter given by Tatsuhisa
Fukushima of Fuji Heavy Industries (Fig. 10).

My eagerness, however, was soon to be dis-
rupted. I told a distinguished scientist in the Physics
Department that the experiments under high-pres-
sure conditions would be interesting, since intermo-
lecular distances in molecular crystals shrank under
applied pressures. To my disappointment he just
answered, ‘‘I’m afraid you might be mistaken.’’



Fig. 11. (a) Molecular fasteners and (b) the molecular fastening
principle.
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I was not prepared to argue against him and even
thought I might be wrong. The high-pressure exper-
iment was therefore suspended for 10 years until I
resumed the experiment of that type in 1965. The
high-pressure experiment on organic solids was car-
ried out together with Shigeru Minomura and
Shunichi Akimoto in the Institute for Solid State
Physics.

I am not complaining about the comment by the
physicist, but regret the deficiency in my knowledge
of basic science, which might partly be the result of
the confusion during the last war. Since this instance
it has become my custom to advise young people to
learn fundamental sciences extensively. If the high-
pressure experiment should have been performed
without the interruption of 10 years, the study of
organic semiconductors might have developed into
another direction.

In the 1980s, I began to be concerned with
another group of single-component organic semi-
conductors. In order to provide organic solids com-
posed of the same sort of molecules with electrical
conductivity, electrons must easily jump from mole-
cule to molecule. One of the representative ways to
shrink intermolecular distances is by applying high
pressures, as has been mentioned. Another way of
applying pressure was found for a group of sub-
stances, in which the pressure was induced from
the additivity of intermolecular forces. Molecules
attracted mutually so as to shorten intermolecular
distances, and I named this phenomenon ‘‘Molecu-
lar Fastener Effect’’. The effect was discovered with
such compounds wherein a highly electron-donating
tetrathiafulvalene molecule (TTF) was bonded
with four aliphatic hydrocarbon (paraffin) chains,
i.e., alkylchalcogen-substituted TTF (molecular
fastener). Peiji Wu of the Institute of Chemistry,
Academia Sinica, who was staying to study at
the Institute for Molecular Science, said one day
that the compound was soft enough to be easily
Table 2
Electrical resistivities of molecular fastener (TXCn-TTF) single-crystals

n X = S X = Se

q (X cm) mp (�C) q (X cm)

1 2.9 · 1010 96.5 1.0 · 106

3 9.6 · 109 30.4 6.6 · 108

5 6.4 · 107 32.2 3.5 · 109

9 5.0 · 107 56.8 (8.3 · 105)
18 (6.8 · 109) 85.0 (3.0 · 107)

q values in parentheses are for compaction pellet specimens.
bent, but strangely, it still conducted electricity. In
a crystal consisting of this compound, molecules
are arranged favorably to attract each other, i.e.,
it has such a structure that the planes of the central
TTF moiety of the molecules overlap perfectly in
parallel and their four paraffin chains fasten the
planes together (Fig. 11). The strong intermolecular
force acting between the paraffin chains compresses
the TTF moiety planes, which brings about high
conductivity, in the range 105–107 X cm in resistivity
(Table 2), values well beyond expectation for single-
component organic semiconductors [8]. This kind of
work was further developed by Kenichi Imaeda,
and reached the study of single-component organic
conductors with a characteristic metallic conductiv-
ity by Hisashi Tanaka, Hayao Kobayashi and
Akiko Kobayashi. I know well that charge transfer
type organic semiconductors which will be men-
tioned below are formed with components of great
variety, and some of them show superconductivity,
so that they seem to be a favorite among organic
[8]

X = Te

mp (�C) q (X cm) mp (�C)

92.5 8.1 · 104 175.2
38.9 7.5 · 107 62.2
30.8 2.4 · 108 56.9
56.5 2.0 · 106 65.2
93.2 (3.5 · 108) 97.5
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semiconductors at the present situation. However, a
search for materials in the field of simpler single-
component organic semiconductors and conductors
still seems promising to me.

Fifty years have passed since I kept watching day
after day at a fan-shaped light spot of a quadrant
electrometer shifting within 1 mm or so long on a
scale bar. It is a great pleasure for a scientist like
me, who has concentrated on experiment, to have
witnessed the situation that the electrical conductiv-
ity of organic materials has been accepted without
question.

4. Charge transfer type organic semiconductors

There is another significant branch of organic
semiconductors, i.e., a group of charge transfer
type. A semiconductor of this type consists of two
components and has developed from quite a differ-
ent origin. Nowadays binary organic semiconduc-
tors are being studied by a great number of
scientists, since a variety of advances and applica-
tions are expected. The history of an encounter with
charge transfer semiconductors seems to me an
example of how to search for new materials.
Although Yoshio Matsunaga (Fig. 12b), a colleague
of mine, would be the best reporter of the details,
here I will try to describe the circumstances. In
our first paper on a charge transfer type semicon-
ductor, we called it an addition compound, but then
we learned about the concept of charge transfer
established by Saburo Nagakura and Robert
Fig. 12. (a) A specimen cell for a conductivity measurement of
perylene-Br2 [9] and (b) Y. Matsunaga (photo taken in 1960).
Sanderson Mulliken, and decided to call it a charge
transfer organic semiconductor.

The binary organic semiconductors started from
a historical background completely different from
that of single-component ones. In the 1930s, Eric
Clar in Germany and Alois Zinke in Austria were
engaging in synthesizing polycyclic aromatic com-
pounds, and there was a dispute between these
two well-known chemists about the composition
of a very dark blackish brown addition compound
formed by reaction between perylene (C20H12) and
bromine. Clar prepared it by dropping liquid bro-
mine into perylene dissolved in benzene, while Zinke
formed it by allowing bromine vapor to be absorbed
by perylene crystalline powders. Matsunaga was
interested in the compound, and we decided to syn-
thesize it by Zinke’s method. It was the time when
Matsunaga was studying magnetic properties of
organic materials under Akamatu’s guidance, and
it began to be known that radicals showed para-
magnetism, whereas others generally showed dia-
magnetism. The addition compound showed an
extraordinarily large paramagnetism and quite dark
color, so that it was presumed that the solid of the
compound might possess electrons moving freely
in it. The measurement of its electrical conduction
resulted in the recognition of charge transfer com-
plexes as a further type of organic semiconductor.
The research was performed in the years 1952–
1953, and was favored by unexpected good fortune.

When a voltage was applied to a sample in an
attempt to measure its resistance, an electric current
passed for a moment and then diminished at once,
due to an influence of bromine included in the sam-
ple. The electrodes on the sample were destroyed by
reaction with bromine. At that time, graphite
intercalation compounds were being studied in
Akamatu’s laboratory by mixing bromine with
graphite to insert bromine molecules into the inter-
layer spaces of graphite. Then it dawned on me that
an excess amount of bromine in the sample could be
absorbed by graphite, and accordingly graphite
powders were inserted between the electrode and
the sample on both sides (Fig. 12a). The electric cur-
rent was stabilized by this means, and measured suc-
cessfully. In fact, an electric current much larger
than our expectation passed through this system.
After repeating the experiments, we came to the
conclusion that the compound was quite highly
conductive.

The next question was concerned with the type of
charge carrier, whether it was an ion or electron.



Fig. 13. Appearance of TCNQ (Chem. & Eng. News, January 9,
1961).
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Fig. 14. Appearance of TTF [12].
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Since the method of deciding the type of charge car-
rier had already been established in the field of phys-
ics, we repeated the confirmation work by the
method, and proved it to be electronic. All the
results were published as a rapid communication [9].

The electrical resistances of the addition com-
pounds formed by reaction between polycyclics
and halogen ranged in the order of 100 X cm, and
this means they were extraordinarily conductive
for organic semiconductors (Table 3) [10]. We pre-
pared a number of complexes one after another
and measured their electrical resistances. This was,
I suppose, useful in obtaining plenty of results con-
cerning charge transfer organic semiconductors.
This is what is now called halogen-doping and enor-
mous numbers of research results were achieved by
means of halogen-doping.

I regret, however, the fact that we stuck too much
to polycyclics. Later, when I stayed in England in
1955–1957, I prepared semiconductors by reaction
between organic compounds under the guidance of
Daniel D. Eley (Table 4). I think this was the time
when organic semiconductors composed of only
organic components were established [11]. The suc-
ceeding rapid developments in this field have been
reported in numerous papers, so that I do not feel
I need to explain them by myself, but I will mention
two of them briefly. They are the syntheses of two
kinds of substances. One is a synthesis of tetracy-
ano-p-quinodimethane (TCNQ, Fig. 13) by the
chemists of Du Pont in 1961, and the other is that
of tetrathiafulvalene (TTF, Fig. 14) by Wudl et al.
[12]. A complex prepared by mixing these two com-
pounds contributed to the discovery of metallic con-
ductivity in organic materials.
Table 3
Charge transfer organic semiconductors (halogen-doping) [10]

Complex (composition) q (X cm) DE (eV)

Perylene–bromine (1:4.4) 7.8 0.13
Pyranthrene–bromine (1:3.3) 220 0.20
Violanthrene–bromine (1:4.5) 66 0.20
Violanthrene–iodine (1:4.0) 45 0.15

Table 4
Charge transfer organic semiconductors formed by reaction
between organic compounds [11]

Acceptor Donor (N,N-dimethylaniline)

Chloranil Bromanil Iodanil

q (X cm) a.c. 5.0 · 107 9.0 · 107 3.0 · 107

d.c. 8.0 · 108 1.5 · 109 1.7 · 108
The discovery of an organic superconductor made
by Jerome et al. in France in 1980 (Fig. 15) resulted
from a great evolution of a TTF–TCNQ binary sys-
tem through an effective use of high pressure [13]. In
our group, Saito et al. reported that the metallic
conduction of bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF, Fig. 16), synthesized by Mizuno
et al. [14], with perchlorate in 1982 [15], and now
we have about 150 organic superconductors over
Fig. 15. The first report on an organic superconductor,
(TMTSF)2PF6 [13].



Fig. 16. BEDT-TTF and diagram of metallic conduction of
BEDT-TTF–perchlorate complex [14].
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the world, the majority of which were prepared on
the base of BEDT-TTF. Organic superconductivity
has been studied successfully and developed exten-
sively even into the elucidation of its mechanism in
the field of physics.

Ternary organic semiconductors have also been
studied, in order to develop new materials. The ori-
gin of this endeavour is found in the graphite inter-
calation compounds mentioned above. Kenichi
Imaeda and I happened to find a very interesting
phenomenon in a ternary system. When hydrogen
was used as one of three components, the hydrogen
was not only simply accommodated in the system,
but it also contributed to the electrical conductivity.
This phenomenon is very fascinating to one who
studies materials. Hydrogen, being a gaseous mate-
rial, can be easily pumped out from the system,
which changes its properties, and when hydrogen
is absorbed into the system, it returns to the original
one. This system was named a ‘‘Breathing supercon-
ductor’’, because this ternary system was an organic
superconductor [16].

Compared with the early days when I first
selected organic compounds as research objects,
organic materials have been studied in greater
rs and conductors
ternary system
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Fig. 18. Photoelectric cell of violanthrene–Cs complex [17].

Fig. 19. Photoelectron spectroscopic patterns of naphthacene in
the (a) gas and (b) solid phases (for the incident light of 21.2 eV)
[18].
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variety (Fig. 17). The most important feature of
organic materials is that their constituent molecules
are independent of each other, and that fact brings
about various matters of interest. However, when
they are in a form of an assembly, and the interac-
tion between molecules is strong, further interesting
properties appear. I have also dealt with this aspect
of organic materials. My research has been concen-
trated on transferring electrons from one organic
molecule to adjacent ones and the results have given
rise to organic semiconductors.

5. Fundamental characteristics of molecules and

molecular assemblies

It is sometimes necessary to push ahead with the
subject of the moment in order to establish a certain
concept in a field of science. An example is the study
of oxygen effects on organic materials as mentioned
above. This kind of practice provides us with a sense
of satisfaction of having cleverly reached the desti-
nation, but on the other hand it leaves some uneas-
iness about its results. In my case, I was nervous
about the essential mechanism of electrical conduc-
tion in organic solids.

One of the major works done after I moved to
the Institute for Solid State Physics in 1965 was con-
cerned with photoconduction, one of the photoelec-
tric effects, i.e., the enhancement of electric current
in organic solids under light illumination, and elec-
tron emission from organic solids (photoelectron
emission). I read a German paper of the 1930s
about enhancing photoelectron emission from alkali
metals by mixing a small amount of anthracene with
the metal, which was printed in the second volume
of The Progress of Quantum Physics edited by
Ryogo Kubo. Stimulated by the paper I started
the study of photoelectron emission from organic
solids. I am grateful to Hisao Miyazawa of the
Matsuda Research Laboratory of Toshiba for his
valuable instructions concerning the experiment.
Fig. 18 shows a photoelectric cell made for a com-
plex formed by reaction between a violanthrene film
and caesium vapor [17]. The film was formed by
sublimation of violanthrene from a sublimation
gun in the cell. The observation that the violanth-
rene–Cs complex showed a quite high quantum
yield in photoelectron emission pushed us to study
electron emission from organic materials. This
experiment triggered research on electronic proper-
ties of organic solids by means of photoelectron
spectroscopy.
The experiments on photoelectron spectroscopy
exhibited an interesting feature derived from the
fact that organic materials were assemblies of inde-
pendent molecules. Fig. 19 shows photoelectron
spectroscopic patterns of naphthacene (C18H12)
[18]. It demonstrated very clear patterns for organic
materials, though it was still the early days of pho-
toelectron spectroscopy when the sample chamber
could not be highly evacuated. I have mentioned
that oxygen is dissolved in benzene, but the dissolu-
tion is quite different from the normal oxidation, for
the bonding force acting between oxygen and



Table 5
Photo-ionization energies for molecules (Ig) and solids (Is)
determined by photoelectron spectroscopy, and polarization
energies (P+)

Ig (eV) Is (eV) P+ (eV)

Naphthalene 8.12 6.4 1.7
Anthracene 7.42 5.75 1.67
Naphthacene 6.89 5.10 1.8
Pentacene 6.58 4.85 1.7
Perylene 6.90 5.2 1.7
Coronene 7.25 5.52 1.7
Violanthrone 6.42 4.9 1.6
Tetrabenzopentacene 6.13 4.98 1.15
Tetrathionaphthacene 6.07 4.4 1.7
TTF 6.4 5.0 1.4
TCNQ 9.5 7.4 2.1
I2 9.26 6.34 2.92

74 H. Inokuchi / Organic Electronics 7 (2006) 62–76
benzene is extremely weak. Due to the weak interac-
tion, the photoelectron spectroscopy of a thin film
of an organic solid displayed the energy level from
which an electron emitted without being influenced
by oxygen. This experiment was performed 30 years
ago in the early 1970s, and the chamber was evacu-
ated just high enough to evaporate some of naph-
thacene from the surface, thus forming a clean
naphthacene film, which exhibited a spectroscopic
pattern sharp enough at that time.

If we try to perform this kind of experiment for
inorganic materials, we need to evacuate the cham-
ber to a quite high degree of vacuum to make the
surface of a sample clean. With respect to organic
materials, however, the spectrum obtained for a
sample in the solid state demonstrates a one-to-
one correspondence with that obtained for a sample
in the molecular state, as shown in Fig. 19. Plainly
speaking, this is a basis for molecular electronics,
and the fact that molecules form a molecular assem-
bly, preserving their individual character is a very
attractive feature found in organic materials. In
the case of a strong intermolecular interaction, the
assembly is a substance of high electrical conductiv-
ity, while in the case of a weak interaction, it keeps
properties as a single molecule. The pattern of naph-
thacene shown in Fig. 19 demonstrates that the mol-
ecules condensed into an assembly still preserve the
character of an individual molecule.

The way electrons are emitted from polycyclic
aromatic compounds was confirmed by this experi-
ment, and it became possible to determine accu-
rately the forces necessary for emission, namely,
their ionization potentials, from the threshold val-
ues of photoelectron spectra. The photoelectron
spectra were observed for almost 100 organic mate-
rials, and the polarization energies were determined
from the accurate values of the ionization potentials
for materials in the solid state and those in the
molecular state (Table 5) [19]. Consequently their
electron-accepting abilities as well as electron-
donating abilities were diagrammed. Electrically
conductive charge transfer complexes have come
to be designed on the basis of the diagram, and
the electric action that induces electrical conduction
has come to be discussed from a quantitative view-
point. The scientists belonging to the group that
studied organic materials by photoelectron spectros-
copy are making great progress in carrying out the
detailed research on organic solid surfaces and in
solving problems concerning the interface between
an organic material and a metal.
I am grateful to the senior scientists and col-
leagues in the Institute for Solid State Physics for
having helped me advance the study of electrical
conduction onto the stage where it could be dis-
cussed quantitatively.

Fig. 20 shows electronic energy diagrams of an
atom, a molecule, a molecular solid and an in-
organic solid, drawn by Kazuhiko Seki. A molecu-
lar solid is an assembly of molecules, each of which
is made of constituent atoms. On the other hand, an
inorganic solid is constructed directly with atoms.
The difference between an inorganic solid and an
organic solid is the difference in assembling of com-
ponents. A single atom of sodium is, as a matter of
course, should be very reactive and hardly exist. In
the case of organic materials, even a single molecule
possesses its own property. Therefore, making the
best use of the inherent property of a single mole-
cule embues the development of molecular
electronics.

Here let me refer to an example of molecular
electronics connected with a polycyclic aromatic
hydrocarbon. Compounds made of polycyclics
are interesting substances. Tetrabenzopentacene
(Fig. 21), one of the seven compounds containing
nine benzene rings synthesized by a condensation
reaction of benzanthrone followed by reduction, is
especially interesting. It has a skeletal structure of
the linear pentacyclic hydrocarbon pentacene
at the center of the molecule. The color derived
from the pentacene is clear blue, but it turns color-
less when irradiated in air, and moreover, it returns
to blue when heated, which means it has the prop-
erty of photochromism. Photochromism is the char-
acteristic that a substance changes color upon light
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Fig. 21. Tetrabenzopentacene.

Fig. 22. Application of chemical reaction of polycyclic aromatics
for a step to molecular devices [20,21].
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illumination, and in this case, the color disappears.
The color changes are caused by bond formation
of oxygen in the air with the compound under illu-
mination, and removal of the oxygen upon heating
(Fig. 22) [20,21].

I think this is a first step towards molecular
devices. The characteristic of a single molecule gov-
erns that of a molecular assembly as a whole. That
is, the characteristic of a molecular assembly comes
from a single molecule, so that an exhaustive study
of molecular properties would lead to an under-
standing of the properties of an assembly. We have
now come to the time when we can handle a single
molecule. But some procedures such as wiring a sin-
gle molecule are related to a fundamental principle
in science. If we are too easy-going, we would be
unsuccessful. After all, it is necessary for us to
repeat steady experiments for further development.
Smallness is not always useful for molecular devices.
I think it is important to utilize effectively the prop-
erty inherent in a molecule, and we have to proceed
cautiously. I feel a little worried whenever I read
some recent articles assuming that molecular devices
would be realized soon.

The conditions necessary for molecular devices
are the functions of transport, storage and control.
In other words, molecular devices need to supply
molecules or molecular assemblies with these three
capabilities.
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The function of transport corresponds to a trans-
fer of an electron between molecules, and it has been
extensively studied. The function of storage might
be resolved with intercalation compounds. The
most difficult part would be the problem of control.
Discussions about its probability have recently
appeared in newspapers and other media. But I sup-
pose truly reliable results could be obtained only by
furthering elaborate and thoughtful study of molec-
ular properties. Although various sorts of difficul-
ties are to be anticipated on the way, I believe we
will be able to reach our goal of producing molecu-
lar devices.
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Abstract

Fabrication of n-type organic thin-film transistors (OTFTs) based on organic semiconductor and organic gate insulator
is essential for the achievement of organic complementary logic circuit. This article deals with n-type OTFTs with copper
hexadecafluorophthalocyanine (F16CuPc) and polymeric blend as an active semiconductor and a gate insulator, respec-
tively. The gate insulator was prepared by blending poly(amic acid) and soluble polyimide with long alkyl side chains
(C18 group), which make the surface of the gate insulator more hydrophobic. In order to reduce properties mismatch
at interface between F16CuPc and the gate insulator, surface tension of the gate insulator was controlled to 39.1
dyn/cm, which is similar to that of F16CuPc (36.9 dyn/cm). AFM and X-ray diffraction measurements indicated that
F16CuPc deposited on the gate insulator showed worm-like flat lying crystal and was highly ordered with a peak of
6.12�. The F16CuPc OTFTs with the gate insulator function as n-channel accumulation mode and their performance
was better than that of F16CuPc OTFTs with SiO2, demonstrating its potential applications for flexible organic display.
Charge carrier field-effect mobility, ION/IOFF, and subthreshold slope of the OTFT were 6 · 10�3 cm2/V s, 5.4 · 103, and
7.3 V/dec, respectively.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Organic semiconductors for electronic devices,
such as thin-film transistors (OTFTs), light-emitting
diodes, and photovoltaic cells have been widely
investigated due to their low fabrication cost and
flexibility. For organic complementary logic cir-
cuits, combination of n-type and p-type OTFTs is
required, indicating the simultaneous development
.
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of n-type and p-type organic semiconductors. Most
organic semiconductors show mainly p-type behav-
ior with field-effect mobilities (l) ranging from 0.01
to 3 cm2 V�1 s�1 [1–3]. On the other hand, only sev-
eral organic semiconductors show n-type behavior.
Among them, C60 [4,5], C70 [6] and their derivatives
[7], 3,4,9,10-perylene tetracarboxylic dianhydride
[8], 3,4,9,10-perylene tetracarboxylic diimide [9]
and intentionally-doped tetracyanoquinodimethane
(TCNQ) [10] have been reported previously as
n-type semiconductors. However, it is found that
they are very air-sensitive which makes them unsuit-
able for practical applications. Recently, Chua et al.
reported interesting results that n-type OTFTs
with conjugated polymers can be obtained by the
use of an appropriate hydroxyl-free gate insulator
[11].

Metallophthalocyanines have been considered as
potential candidates for organic electronics due to
their excellent opto-electrical properties and film-
growth properties, and good chemical stability
[12–14]. However, most of them show p-type behav-
ior. Modified metallophthalocyanines prepared by
adding strong electron-withdrawing groups such as
–CN, –F, and –Cl to their outer rings are also exten-
sively studied due to their remarkable electronic
Fig. 1. Chemical structure of (a) copper hexadecafluorophthalocyanin
prepared by blending two polymers, polyimide (P-1) and poly(amic ac
2:98 (described as 2/98 in the text). (c) Schematic device structure of F
properties and high chemical stability [15–17]. More
recently, OTFTs using metallophthalocyanine com-
posite have been reported to improve l [18] and to
obtain ambipolar characteristics [19]. Among them,
copper hexadecafluorophthalocyanine (F16CuPc) is
found to function as an n-channel semiconductor
[15,20–24]. However, most of the OTFTs with
F16CuPc are mainly fabricated with inorganic gate
insulators such as SiO2 and Ta2O5 [15,21,23–26].
For flexible display applications OTFTs should be
fabricated on flexible substrates, and the material
components of OTFTs should be flexible. It indi-
cates that inorganic gate insulators should be
replaced with organic ones.

Regarding organic and polymeric semiconduc-
tors, tremendous studies have been conducted to
replace inorganic-based semiconductors [1,27].
However, there has been a lack of research on other
material components, in particular, organic gate
insulators. In this article, we report n-type F16CuPc
OTFTs with chemically and mechanically stable
polyimide blend gate insulator with non-polar long
alkyl side chain (C18, octadecyl group). In addition,
we compare the performance of F16CuPc OTFT
with the blended gate insulator with that of the
device with SiO2.
e (F16CuPc) and (b) the polymeric blend gate insulator, which is
id) (P-2). The blending ratio of polyimide to poly(amic acid) was
16CuPC OTFT used for this study.
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2. Experimental

F16CuPc and hexamethyldisilazane (HMDS)
were purchased from Aldrich Chemical Co. and
used as received. Polyimide blend gate insulator
was prepared by blending a soluble polyimide (P-
1) and a poly(amic acid) (P-2) in our laboratory
for this study. The blending ratio of P-1 to P-2
was 2:98 in wt.% (described as 2/98). The chemical
structures of F16CuPc and the gate insulator are
shown in Fig. 1a and b, respectively. P-1 was pre-
pared from 5-(2,5-dioxotetrahydrofuryl)-3-methyl-
3-cyclohexene-1,2-dicarboxylic anhydride (DOCDA)
and 1-(3,5-diaminophenyl)-3-(1-octadecyl)-succinic-
imide (DA18IM). P-2 was prepared from 1,2,3,
4-cyclobutane-tetracarboxylic dianhydride (CBDA)
and 4,4-diaminodiphenylmethane (MDA).

The geometry of OTFTs for all electrical charac-
terizations was a top-contact as shown in Fig. 1c.
Indium tin oxide (ITO) coated glass was used for
a substrate and the ITO was patterned (2 mm wide
stripes) for the formation of gate electrode by a con-
ventional photolithographic method: photoresist
coating, ultraviolet light exposure, developing and
etching. The patterned ITO substrate was cleaned
using the general cleaning process for electronic
applications; sonication in detergent, deionized
water, acetone and isopropanol in that order for
20 min at room temperature. The blend gate insula-
tor solution in N-methylpyrrolidone was spin-
coated on top of the gate electrodes, and soft-baked
at 90 �C for 10 min on a hot plate in air. Subse-
quently, the soft-baked film was converted to the
corresponding polyimide blend film by baking at
230 �C for 30 min on a hot plate in air. We under-
stand that the baking temperature (230 �C) is rela-
tively high for the fabrication of OTFTs on
flexible substrates. So, we are currently working
on the preparation of low-temperature processable
hybrid gate insulator for n-type OTFTs by blending
two soluble polyimide instead of using poly(amic
acid). The final thickness of the fully-baked gate
insulator was determined using alpha-step (KLA-
Tencor a-step DC 50) surface profiler and was
about 300 nm. A 60 nm-thick layer of F16CuPc
was deposited on top of the gate insulator through
a shadow mask by a thermal evaporation at a pres-
sure of 3 · 10�6 Torr. The evaporation rate of the
F16CuPc was 1 Å/s and substrate temperature was
90 �C. The fabrication of OTFTs was completed
by thermally evaporating 100 nm-thick source and
drain electrodes on top of F16CuPc through a sha-
dow mask with a channel lengths (L) of 50 lm
and width (W) of 500 lm. We also have fabricated
F16CuPc OTFTs with an bare and HMDS-treated
SiO2 (60 nm) according to the fabrication condi-
tions described above in order to compare the per-
formance with that of F16CuPc OTFTs with the
blend gate insulator. The HMDS-treated SiO2 was
obtained by spin-coating HMDS solution with a
spin speed of 4k rpm, followed by baking at
120 �C for 5 min. Atomic force microscope (AFM)
images were taken with a Digital Instrument Nano-
scope IV operating in tapping mode in air based on
a low-force imaging technique to get a high-resolu-
tion image. Scanning emission microscope (SEM)
was obtained with a Jeol Model JSM-6700F. Wide
angle X-ray diffraction (XRD) measurements
were performed at room temperature using a
Rigaku diffractometer (Model D/MAX-2200V).
The CuKa radiation source was operated at 40 kV
and 60 mA. Output (Ids vs Vds) and transfer (Ids vs
Vgs) characteristic curves of OTFTs were obtained
with an Agilent E5272 semiconductor parameter
analyzer. Capacitance of the gate insulator was
measured with an HP 4294A LCR meter. All electri-
cal measurements were carried out in air without
any encapsulation.

3. Results and discussion

3.1. Polyimide blend gate insulator and F16CuPc

It is well known that the hydrophobic surface of
a gate insulator treated by primer, such as octade-
cyltrichlorosilane (OTS) and 1,1,1,3,3,3-hexameth-
yldisilazane (HMDS) gives positive effect on the
performance of pentacene OTFTs. The treatment
reduces interfacial properties mismatch between
SiO2 and organic semiconductor and leads to the
improvement of the performance of OTFTs [28].
In order to confirm this we first have fabricated
F16CuPc OTFTs with bare SiO2 and HMDS-trea-
ted SiO2 (more hydrophobic). The F16CuPc OTFTs
with bare SiO2 showed poorer performance than
that of OTFTs with HMDS-treated SiO2. Details
about the device performance are summarized in
Table 1. We found that more hydrophobic surface
of HMDS-treated SiO2 is more favorable in fabri-
cating high performance F16CuPc OTFTs. Then,
we tried to apply directly the result to the fabrica-
tion of OTFTs with polymeric gate insulators. How-
ever, in case of the polymeric gate insulators, unlike
SiO2, it was not possible to treat the surface with the



Table 1
The performance parameters of F16CuPc OTFTs with bare SiO2 and HMDS-treated SiO2

Device Mobility
(l, cm2/V s)

Threshold voltage
(VT, V)

Subthreshold slope
(ss, V/dec)

ION (A) ION/IOFF

Bare SiO2 Right after fabricationa 0.0010 9.1 2.97 7.9 · 10�11 4.2 · 102

HMDS-treated SiO2 Right after fabrication 0.0018 7.7 2.76 9.6 · 10�11 8.1 · 102

3 days laterb 0.0015 7.1 2.56 1.0 · 10�10 7.5 · 102

5 days laterc 0.0014 7.6 2.77 8.5 · 10�11 7.3 · 102

a Measured right after fabrication in air.
b Devices are stored in air for 3 days and measured in air.
c Devices are stored in air for 5 days and measured in air.

Fig. 2. Leakage current density as a function of the applied
electric field for the MIM structure (gold/blended gate insulator
(2/98)/gold). Inset: capacitance (C) as a function of frequency (f).

Fig. 3. AFM image of the blended gate insulator. The surface
rms roughness is around 3 Å.
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primer because the polymeric gate insulators usually
do not contain reaction sites, which is necessary for
the surface treatment. So, new methods to control
surface properties need to be developed.

In order to obtain polymeric gate insulator with
more hydrophobic surface without any surface
treatments such as primer treatment and buffer layer
insertion, we have blended two polymers, polyimide
(P-1) and poly(amic acid) (P-2). The P-1 has a long
alkyl side chain (C18 group, see Fig. 1b), which is
expected to contribute to make surface of the blend
gate insulator hydrophobic. The effect of the C18

group on surface properties was investigated by sur-
face tension measurements for both pure P-2 and
the blended gate insulator (2/98). We found that
the surface of 2/98 (39.1 dyn/cm) was much more
hydrophobic than that of P-2 (51.1 dyn/cm). We
believe that the non-polar C18 group of DA18IM
protrudes to the surface and makes the surface more
hydrophobic. This was confirmed by a pre-tilt angle
measurement of liquid crystal molecules on the
blend gate insulator [29]. The surface tension of the
blended gate insulator (39.1 dyn/cm) was controlled
to match with that (36.9 dyn/cm) of F16CuPc by
controlling blending ratio.

One of the important concerns regarding any
gate insulators, particularly for polymeric gate insu-
lators, is gate leakage. To determine the electrical
properties, such as gate leakage and capacitance,
of the blend gate insulator, we have prepared
metal–insulator–metal (MIM) capacitor structures
on pre-cleaned glass. Leakage current as a function
of applied electric field for the gate insulator is
shown in Fig. 2. The leakage current was around
3.5 · 10�8 A/cm2 at an electric field of 2.5 MV/cm.
The electrical breakdown of the insulator was not
detected up to 3.3 MV/cm. Inset of Fig. 2 shows
capacitance–frequency (C–f) characteristic. Capaci-
tance of the blended gate insulator was 97.5
pF/mm2 at 10 kHz. It is well known that the surface
roughness of a gate insulator is one of the most impor-
tant factors affecting the performance of OTFTs, and
a smooth gate dielectric surface improves the molec-
ular ordering of organic semiconductor, leading to
improved l [30]. The surface morphology of the gate
insulator was investigated with AFM and the image
is shown in Fig. 3. Its surface was smooth enough
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(rms roughness 3 Å) for the application of gate
insulator.

F16CuPc on top of the gate insulator was charac-
terized with AFM, SEM and XRD measurements.
Fig. 4a shows AFM and SEM (inset) images of
60 nm-thick F16CuPc on the blended gate insulator.
F16CuPc was composed of worm-like flat lying
crystals ranging from a few tens of nm to a few hun-
dred of nm in size. Orientation of F16CuPc mole-
cules on the gate insulator and HMDS-treated
SiO2 was investigated with XRD measurements.
The diffractograms are shown in Fig. 4c and indi-
cates that the film is highly ordered with a peak
of 6.12� corresponding to a d-spacing of 14.4 Å,
which is very similar to that of the refraction peak
at 6.9� (d-spacing = 12.6Å) of copper phthalocya-
nine (CuPc) [26–28]. The slight difference in the posi-
tion of diffraction peak is due to the larger Van der
Waals radius of F over H. AFM and XRD results
for F16CuPc deposited on HMDS-treated SiO2
Fig. 4. AFM image of an F16CuPc deposited on (a) the blend gate ins
diffractogram of an F16CuPc deposited on the blend gate insulator an
are shown in Fig. 4b and c, and shows a highly
ordered crystalline morphology, but it is slightly dif-
ferent in size and shape from the case on the blend
gate insulator. Although more detail studies need
to be done, we believe that the F16CuPc molecules
on the blend gate insulator are standing and ori-
ented perpendicular to the surface of the blended
gate insulator based on simple calculation of tilt
angel of F16CuPc molecules using the d-spacing
and the length of one F16CuPc molecule and other
reports [15,31–34].

3.2. Device characteristics

Before further discussion on the performance of
F16CuPc OTFTs with the blended gate insulator,
it is necessary to check the stability of F16CuPC
in air since all electrical measurements of OTFTs
were carried out in air. To do so, we have fabricated
F16CuPc OTFTs with HMDS-treated SiO2 and
ulator (inset: SEM image) and (b) HMDS-treated SiO2. (c) X-ray
d HMDS-treated SiO2.
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checked their performance stability by measuring
the OTFTs in air right after fabrication, 3 days
and 5 days, respectively. The output characteristic
curves (for drain current vs drain voltage, Ids vs
Vds) at various positive gate voltages are shown in
Fig. 5. Performance parameters of F16CuPC
OTFTs with HMDS-treated SiO2 were extracted
from transfer characteristic curves (for drain current
vs gate voltage, Ids vs Vgs) and summarized in Table
1. The extraction of parameters will be discussed
later. We found that the device showed a typical
n-type behavior without any significant degradation
even after 5 days in air indicating that the F16CuPc
OTFTs are very stable in air.
Fig. 5. The output characteristic curves (for drain current vs
drain voltage, Ids vs Vds) of F16CuPc OTFTs with HMDS-
treated SiO2 at various positive gate voltages. Measured in air (a)
right after fabrication, (b) 3 days later, (c) 5 days later. The
devices showed a typical n-type behavior without any significant
degradation even after 5 days after fabrication.
When F16CuPC was deposited on top of the
blended gate insulator, the substrate temperature,
which affects device performance significantly, was
90 �C. The substrate temperature was chosen based
on studies about the effect of the substrate tempera-
ture on the performance of OTFTs. We have fabri-
cated several F16CuPc OTFTs with HMDS-treated
SiO2 at different substrate temperatures, 30 �C,
60 �C, 90 �C and 120 �C, while fixing all the fabrica-
tion parameters. The best performance was
extracted from OTFTs fabricated at 90 �C. Device
fabricated at 30 �C showed the worst performance
and the field-effect mobility was six times lower than
that of OTFTs fabricated at 90 �C. So, we adopted
90 �C in fabricating F16CuPc OTFTs with the
blended gate insulator in order to compare the per-
formance directly with that of F16CuPc OTFTs
with HMDS-treated SiO2.

The output characteristic curves of the F16CuPc
OTFTs with the blended gate insulator at various
positive gate voltages are shown in Fig. 6. They
shows typical n-type characteristics with a clear
transition from linear to saturation behavior (due
to a pinch off of the accumulation layer). Fig. 7
shows the transfer characteristic curves for the
F16CuPc OTFTs with the blended gate insulator,
therein the performance parameters were extracted
in a saturation regime. The saturated Ids is given
by the following equation:

Ids ¼
WCi

2L
lðV gs � V TÞ2

where Ids is the drain current, W and L are, respec-
tively, the channel width and length, Ci is the capac-
itance per unit area of the gate insulator layer,
and Vgs and VT are the gate voltage and the thresh-
old voltage, respectively. VT of the device in the
saturation regime was determined from the plot of
Fig. 6. Output characteristic curves of the F16CuPc OTFT with
the blend gate insulator. Inset: out characteristic curves of the
F16CuPc OTFT with HMDS-treated SiO2.



Fig. 7. Transfer characteristic curves of the F16CuPc OTFT with
the polyimide hybrid gate insulator. The Y-axis is in log(�Id).
Inset: transfer characteristic curves of the F16CuPc OTFT with
HMDS-treated SiO2.
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the square root of the drain current ð
ffiffiffiffiffiffi
Ids

p
Þ and the

gate voltage (Vgs) by extrapolating the measured
data to Ids = 0. l was calculated from the plot offfiffiffiffiffiffi

Ids

p
vs Vgs. The inverse subthreshold swing (ss),

which is a measure of how sharply the device tran-
sits from the off to the on state, is given by ss ¼

d logðIdsÞ
dV gs

h i�1

. Vg was swept from �20 to +40 V while

the drain voltage Vds was set at +40 V. l and thresh-
old voltage were found to be 6 · 10�3 cm2/V s and
+14.8 V, respectively, for F16CuPc OTFTs with
the blended gate insulator with a channel length
(L) of 50 lm and width (W) of 500 lm. The current
modulation ratio (ION/IOFF) and OFF current
(IOFF) were around 5.4 · 103 and 3.5 · 10�11,
respectively, when Vgs was scanned from �20 to
+40 V. The subthreshold swing (ss) was 7.3 V/dec.
The threshold voltage was relatively large because
of the use of a thick gate insulator. The voltage
can be reduced by using a thinner gate insulator
or a higher K insulator [21].

F16CuPc OTFTs with inorganic gate insulator
have been previously reported by other groups
[15,21,23–26]. Bao et al. has reported an F16CuPc
OTFT with the mobility of 0.03 cm2/V s, which is
the highest so far [15]. Hoshino et al. has reported
an OTFT with the mobility of 1.4 · 10�3 cm2/V s
using double layer (LiF/Al) source and drain elec-
trode in order to improve the charge injection [26].
In addition, we have fabricated F16CuPc OTFTs
with HMDS-treated SiO2 gate insulator on n-type
Si wafer. The output and transfer characteristic
curves were shown in the inset of Figs. 6 and 7,
respectively, and its performance parameters are
summarized in Table 1. For transfer characteristic
curve, Vg was swept from �20 to +20 V while the
drain voltage Vds was set at +20 V. l and threshold
voltage were found to be 1.8 · 10�3 cm2/V s and
+7.7 V, respectively. The current modulation ratio
(ION/IOFF) and IOFF current were around 8 · 102

and 9.6 · 10�11, respectively. Performance of the
reported F16CuPc OTFTs cannot be compared
directly with ours due to the difference of fabrica-
tion conditions, device geometry and material com-
ponents. However, it should be mentioned that our
F16CuPc OTFTs with the blended gate insulator
showed comparable or even better device perfor-
mance, although we used the polymeric blend gate
insulator without any surface treatments and modi-
fication of source and drain electrodes for improv-
ing charge injection. This result indicates that the
blended gate insulator could be an alternative gate
insulator for the fabrication of n-type OTFTs for
the achievement of organic complementary logic
circuit.

4. Concluding remarks

We have prepared a polyimide blend gate insula-
tor by blending two polymers (P-1 and P-2). Surface
properties of the blended gate insulator were con-
trolled without any primer treatments through a
blending method. We have demonstrated n-type
OTFTs with F16CuPc and the blended as an active
semiconductor and gate insulator, respectively. The
electrical properties of the F16CuPc OTFTs were
investigated along with the structural characteristics
of F16CuPc deposited on the blended gate insula-
tor, whose surface r.m.s. roughness was around
3 Å. The F16CuPc on the blended gate insulator
formed very uniform film, and showed a highly
ordered crystalline morphology with a d-spacing
of 14.4 Å. The field-effect mobility (l) of F16CuPc
OTFTs with the blended gate insulator was found
to be 6 · 10�3 cm2/V s. The performance was com-
parable to or even better than that of F16CuPc
OTFTs with an inorganic gate insulator. By using
the blended gate insulator, which is chemically, ther-
mally, and mechanically stable, and F16CuPc,
which is highly ordered, thermally and chemically
stable semiconductor, our n-type F16CuPc OTFTs
attracts more attention for the fabrication of com-
plementary logic circuit for flexible organic display.
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Abstract

A convergent procedure has been developed for the preparation of fac-tris(2-phenylpyridyl)iridium(III) cored dendrimers
with first- and second-generation dendrons that each contain one and two carbazole units, respectively. The carbazole moi-
eties are both an electroactive moiety and a branching unit in the dendron. The photoluminescence quantum yields of neat
films of the first- and second-generation dendrimers were 48 ± 5% and 39 ± 4%, respectively. These values are substantially
higher than for equivalent first- and second-generation dendrimers with phenyl moieties at the branching points of the den-
drons instead of the carbazole units. The improved solid state luminescent properties can be attributed to the increased steric
demand of the carbazole unit relative to the phenyl ring, which reduces more effectively the intermolecular interactions that
cause the cores to be less emissive. Electrochemical experiments showed that both the core of the dendrimers and the dendrons
were electroactive. Thin film hole mobilities of the first-generation dendrimer with the carbazolyl branching units in the den-
drons were found to be higher than the equivalent dendrimer with biphenyl branching units across a range of fields.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Highly efficient phosphorescent materials are
likely to play an important role in the commerciali-
sation of organic light-emitting diodes (OLEDs).
The most developed family of phosphorescent mate-
rials are small molecules based on iridium com-
plexes [1–7]. For these molecular complexes to
.
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work well in OLEDs it is normally necessary to
deposit them as a guest in a host matrix. The perfor-
mance of devices based on iridium(III) complexes
blended into carbazole containing hosts is sensitive
to the guest concentration or number of carbazole
units. By having a low concentration of phosphores-
cent guest in the matrix the intermolecular interac-
tions that lead to quenching of the luminescence
can be avoided. However, this requires the guest
to be evenly distributed throughout the film without
phase separation and this is difficult to achieve reli-
ably by techniques used to form blended films. We
have been approaching controlling intermolecu-
lar interactions in light-emitting materials from a
different direction by the development of solution
processible light-emitting dendrimers for use in den-
drimer light-emitting diodes (DLEDs) [8]. The light-
emitting dendrimers have been comprised of surface
groups to aid solubility and processing, and conju-
gated dendrons to control the intermolecular inter-
actions of the emissive cores. For both fluorescent
and phosphorescent dendrimers we have found
that the efficiency of a device can be improved by
simply changing the generation [8,9]. Generally,
with emissive layers comprised of neat dendrimer
films the efficiency increases in going from the first
N
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N

N

Ir

3
11

Fig. 1. Structures of first (9) and second-generation (10) dendrimers with
11 and 12 with pendant carbazole and phenyl groups, respectively.
to the second generation. For example, with dendri-
mers comprised of 2-ethylhexyloxy surface groups,
three biphenyl based dendrons, and phosphorescent
fac-tris(2-phenylpyridyl)iridium(III) (Irppy3) cores
we have found that the efficiency of single layer
devices increases by around a factor of 10 in moving
from the first to the second generation [9]. However,
in these simple phosphorescent dendrimers the sin-
gle dendron per ligand was not sufficient to control
the intermolecular interactions of the emissive cores,
and the efficiencies of the single layer devices con-
taining the neat dendrimer films were still below
those reported for the highly tuned evaporated
devices. For DLEDs a step change in efficiency
was observed when the light-emitting layer was
comprised of a blend of the phosphorescent dendri-
mer with a carbazole containing host and in moving
from single layer to bilayer devices containing an
electron transport layer [10–12]. The efficiencies of
the bilayer devices were remarkably high at useable
brightnesses and were similar to those reported for
the more complex evaporated device architectures.
One reason for the excellent blended DLED efficien-
cies is that the blended films have high photolumi-
nescence quantum yields (PLQYs) [13]. A high
PLQY suggests that the dendrimer guest is evenly
N

Ir

3
10

OR

RO

ORRO

N

Ir

3
12

R = 2-ethylhexyl and biphenyl dendrons, and model compounds
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distributed throughout the emissive film. Neverthe-
less, guest/host films are not ideal for manufactur-
ing and hence the introduction of the host moiety
into the structure may lead to enhanced properties.
Copolymers containing carbazole units and irid-
ium(III) complexes have been reported, although
devices containing these materials have shown only
modest performance [14,15]. The reason for this is
difficult to ascertain due to the (often) complex poly-
mer morphology. Dendrimers are ideal structures to
investigate the relationship between the number of
carbazole units and properties of the emissive core,
as simply changing the generation can control the
number of carbazole units. There have been only a
few reports on carbazole containing dendrons [16–
21] and the concept of using carbazole dendrons in
conjunction with organometallic complexes was dis-
closed by us a few years ago [22]. More recently the
synthesis and properties of several ruthenium com-
plexes to which carbazole dendrons were attached
has been described [23]. However, the ruthenium
complex cored dendrimers are not useful in the con-
text of DLEDs as they are charged macromolecules
and have low photoluminescence quantum yields at
room temperature.

In this paper we explore the effect of incorporat-
ing carbazole moieties into the structure of phos-
phorescent dendrimers. We report the synthesis of
solution processable phosphorescent green-emissive
dendrimers comprised of Irppy3 cores and cova-
lently attached dendrons. The dendrons contain car-
bazole units and 2-ethylhexyloxy groups are at the
distal ends of the dendrons to give solubility. We
report the physical, photophysical, and electro-
chemical properties of the first- and second-genera-
tion dendrimers that have three and six carbazole
units, respectively. By comparing the photolumines-
cence quantum yield of solutions and neat films, we
infer the extent to which intermolecular interactions
are controlled by the dendrons. We also compare
the properties of the dendrimers with the first- and
second-generation dendrimers (Fig. 1: 9 and 10,
respectively) [24] containing the same emissive core
and surface groups but biphenyl based dendrons.

2. Results and discussion

2.1. Synthesis

A convergent synthetic strategy (Scheme 1) was
used for the preparation of the green emitting den-
drimers with 2-ethylhexyloxy surface groups, three
carbazole containing dendrons, and Irppy3 cores.
The first step in the synthesis was the palladium
catalysed coupling of the pinacolylboronate ester 1

[24] with commercially available 3,6-dibromocar-
bazole. The correct choice of catalyst enabled the
desired coupling to proceed without the need to pro-
tect the carbazole nitrogen. Tetrakis(triphenylphos-
phine)palladium(0) was a suitable catalyst and the
first-generation dendron 3 was formed in a 43% yield
from the reaction of the ‘‘zeroeth’’-generation boro-
nate ester [G0-B(OCMe2)2] 1 with 3,6-dibromocar-
bazole. Compound 3 was then simply coupled with
2-(3-bromophenyl)pyridine using tris(dibenzylide-
neactone)di-palladium(0) as catalyst to form the
first-generation dendronised ligand 4 with one car-
bazole unit in a 96% yield. The second-generation
dendronised ligand containing two carbazole units
was formed by coupling 3 to 2-[3-(3,5-dibromophe-
nyl)phenyl]pyridine 5 [24] under similar conditions
used for the formation of 4, giving 6 in a 91% yield.
To form the first-generation dendrimer 7 from 4 a
two-step procedure was used [25–27]. The dendron-
ised ligand 4 was heated with iridium(III) chloride
trihydrate in 2-ethoxyethanol to form the corre-
sponding bis-iridium bis-chloro-bridged dimer in a
75% yield. The dimer was collected and in the second
step reacted with an excess of ligand 4 in the melt
using silver trifluoromethylsulfonate to drive the
reaction forward. Under these conditions the first-
generation dendrimer 7 was formed in a 49% yield.
Although the second-generation dendrimer 8 could
be formed under similar conditions it was found that
a better yield of the desired material could be
achieved by reacting 6 in a single step with irid-
ium(III) acetylacetate in ethylene glycol heated at
reflux. Under these conditions 8 was formed and iso-
lated in a 32% yield. The characterisation data were
all consistent with the structures of the dendrimers
although the analysis of the 1H NMR spectra was
not always straightforward. The 1H NMR of 7 was
easily interpretable and from the relative simplicity
of the 1H NMR we concluded that the dendrimer
was the facial isomer [26,27]. However, the 1H
NMR spectrum of 8 was found to be concentration
dependent (Fig. 2). At concentrations normally used
for 1H NMR the proton signals of the dendrimer
were broad and in addition more than one environ-
ment was observed for some protons (Fig. 2a). It is
important to note that in spite of the multiplicity
of some signals for a particular proton the integra-
tion ratios were consistent with the structure of 8.
When the concentration was reduced significantly
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(�0.4 mg/mL) the number of signals decreased and
the peaks became more defined (Fig. 2b). This con-
centration dependence strongly suggests that 8
aggregates at higher concentrations in solution,
which has important ramifications for films that
are formed by solution processing.
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Fig. 2. 1H NMR of 8 at (a) normal and (b) dilute concentrations
in CD2Cl2. The concentrated spectrum is more complicated
suggesting aggregation in solution.
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2.2. Physical properties

The first and second-generation carbazole con-
taining dendrimers differ in two distinct ways; first,
the first-generation dendrimer 7 has the carbazole
branching unit with the nitrogen of the carbazole
unit directly attached to the phenyl ring that is com-
plexed to the iridium(III). In contrast, the second-
generation dendrimer 8 has two different branching
points, the first branching point being a phenyl ring
and the second being the carbazole unit. That is, in
8 the carbazole unit is not directly attached to the
phenyl that is directly attached to the iridium(III).
In fact because of the meta arrangement of the car-
bazole branching units around the first branching
phenyl in 8 the nitrogen lone pair of the carbazole
units cannot be delocalised into the ligand phenyl
ring. Both dendrimers were soluble in solvents such
as tetrahydrofuran, toluene, chloroform and dichlo-
romethane. They could be spin-coated from solu-
tion to give thin films although it proved
somewhat difficult to get good films reproducibly.
This is in contrast to 9 and 10 (Fig. 1), which gave
good quality thin films as neat layers and as blends
with hosts such as 4,4 0-bis(N-carbazolyl)biphenyl
(CBP) [13]. In analysing the structure–property rela-
tionships of dendrimers it is useful to determine the
hydrodynamic radii of the dendrimers. The hydro-
dynamic radii were determined by gel permeation
chromatography (GPC) from the Mv in combina-
tion with the Hester-Mitchell equation and the
Mark-Houwink relationship [28]. GPC analysis
showed that the dendrimers were mono-disperse
with the first (7) and second (8) generation dendri-
mers having Mvs of 2508 and 4059, which corre-
spond to hydrodynamic radii of 10.8 and 14.3 Å,
respectively. The hydrodynamic radii of 9 and 10

(Fig. 1) that only contain phenyl units, were 10.2
and 13.3 Å, which are around 5% smaller than 7
and 8 with the larger carbazole units in the den-
drons accounting for the increased radii.

Thermal gravimetric analysis was carried out at a
heating rate of 10 �C/min under nitrogen. Both 7

and 8 were thermally stable with 5% weight loss
being observed at 412 �C and 309 �C, respectively.
Differential scanning calorimetry at a scan rate of
150 �C/min showed that 7 had a glass transition
temperature (Tg) at 193 �C. The Tg of 7 is signifi-
cantly higher than that observed for the first-gener-
ation dendrimer 9 (132 �C) [24] reflecting its higher
molecular mass and the rigidity imparted by the car-
bazole units. No Tg was observed for 8 within the
limits of the experiment. This is not surprising given
the increased molecular weight and number of car-
bazole units in the dendrimer when compared to 7.

2.3. Calculation of molecular orbitals

Density functional theory calculations for carba-
zole and phenyl substituted Irppy3 analogues (11

and 12, respectively in Fig. 1) were carried out
to determine the distribution and relative energies
of the highest occupied (HOMO) and lowest



Table 1
Molecular orbital distribution (%) and energies for 11 and 12

Iridium d Pyridine Ligand Ph Residuala Energy (eV)

11 Carbazole
HOMO 24.8 4.2 30.1 40.4 0.5 �5.06
LUMO 1.5 89.8 8.0 0.3 0.3 �1.99

12 Phenyl
HOMO 52.1 7.5 33.4 6.2 0.8 �5.03
LUMO 1.6 91.4 6.3 0.3 0.3 �1.69

a Residual: The remaining orbital density not attributed to the main components.
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unoccupied molecular orbitals (LUMO), and the
results are summarised in Table 1. For 11 and 12

the LUMO distribution was similar with around
90% of the orbital density on the pyridyl ring and
small but similar amounts on the iridium(III),
ligand phenyls, and pendant aromatic moieties. In
contrast there were significant differences in the
HOMO distribution between 11 and 12. For 12 with
the pendant phenyl group the HOMO density was
highest on the iridium(III) (52%) with the ligand
phenyl ring also having substantial orbital density
(33%). There was very little orbital density on the
pyridyl or pendant phenyl rings. For 11 the calcula-
tions showed that the HOMO density was highest
on the carbazole ring (40%) (with the largest pro-
portion of this on the carbazole nitrogen) and the
density on the iridium(III) was much lower than
in 12.

2.4. Photophysical properties

The UV–vis spectrum of Irppy3, which is at the
core of the dendrimers, can be divided into two main
regions. The first region at around 280 nm corre-
sponds to absorptions due to the p to p* transitions
of the ligands with the longer wavelength overlap-
ping absorptions between 325 and 475 nm arising
from the metal complex [29]. For 9, where the biphe-
nyl dendrons are attached to the ligand phenyl meta

to the pyridyl ring of Irppy3, there is little change in
either the strength or position of the absorptions of
the core metal complex at longer wavelength [24].
However, at shorter wavelengths, around 280 nm,
the molar absorptivity of 9 is much larger than
Irppy3 due to the biphenyl units in the dendron
(Fig. 3). In addition, it is important to note that the
absorption of the dendrons also partially overlaps
the short wavelength absorptions of the core irid-
ium(III) complex [24]. In moving from the biphenyl
dendrons of 9 to the carbazole dendrons of 7 and 8
little difference is seen in the long wavelength absorp-
tions (above 390 nm) implying that the carbazole
dendrons are not substantially changing the energies
of the ‘metal-to-ligand charge transfer’ (MLCT)
states associated with the iridium(III) complex
(Fig. 3). At shorter wavelengths both 7 and 8 have
two absorption maxima at approximately 263 nm
and 296 nm. Compound 8 is more strongly absorb-
ing in this wavelength region due to the greater num-
ber of carbazole units in each of the dendrons. As in
the case of 9 the longer wavelength absorptions of the
dendrons in 7 and 8 overlap with the higher energy
MLCT transitions of the Irppy3 core.

The next step in the analysis of photophysical
properties was to determine the emissive properties
of 7 and 8. Solutions of the dendrimers were excited
at 360 nm, a wavelength where both the core and



S.-C. Lo et al. / Organic Electronics 7 (2006) 85–98 91
the dendrons absorb light, and the photolumines-
cence (PL) spectra of dendrimers 7, 8, and 9 are
shown in Fig. 3. It should be noted that the solution
PL spectrum of 10 was identical to 9. The first point
to note is that the emission maxima and the general
shape of the spectra of 7, 8, and 9 are similar imply-
ing that the emission arises from iridium(III) com-
plexes with similar excited states and energies. As
with other light-emitting dendrimers no emission
was seen from the dendrons [24,31] indicating effi-
cient energy transfer from the dendrons to the core.
The emission maxima of 7, 8, and 9 were 523 nm,
510 nm and 515 nm, respectively. A reason for the
PL spectra being so similar is that the connectivity
around the aromatic rings means although the den-
drons are fully conjugated the p-system is not fully
delocalised. For example, the carbazole moiety of
7 and the first branching phenyl groups in 8, 9,
and 10 are not in conjugation with the pyridyl ring
of the ligand. It is interesting that although the dis-
tribution of the HOMO density of 7 is significantly
different to 9 (based on model compounds 11 and
12), the PL spectrum does not change dramatically.

We probed the effect of the carbazole dendrons
on the photophysical properties of the dendrimers
further by measuring the PL quantum yields
(PLQYs). The PLQY of 7 in degassed tetrahydrofu-
ran was 65 ± 6%, which within the error of the
experiment, is the same as the solution PLQYs of
70 ± 7% and 69 ± 7%, respectively for first-genera-
tion 9 and second-generation 10 biphenyl dendr-
oned dendrimers in degassed toluene [24]. This
indicates that even though there is a substantial
component of the HOMO on the carbazole rings
of 7 it does not lead to new non-radiative pathways
that can quench the luminescence. The PLQY of 8
at 48 ± 5% was a little lower than those of 7, 9,
and 10. A possible reason for the lower PLQY of
8 is that even at the low concentrations (�10�6 M)
used for the measurement there may be some inter-
molecular interactions that lead to quenching of the
luminescence. Although the concentration used for
the PLQY measurement is significantly less than
that used for the NMR experiment, both indicate
that 8 has a propensity to interact in solution.

In moving from solution to the solid state signif-
icant differences in the PLQYs were observed. For 9

and 10 the solid state PLQY yields were 22 ± 2%
and 31 ± 3%, respectively. The higher solid state
PLQY for 10 is at least in part due to the larger den-
drons keeping the emissive cores further apart and
thus reducing the core–core interactions that give
rise to luminescence quenching. For the second-gen-
eration carbazole dendrimer 8 the solid state PLQY
measured under similar conditions was found to be
39 ± 4%. The decrease in PLQY in going from solu-
tion to the solid state for 8 (from 48% to 39%) is
smaller than that of 10, which decreases from 69%
in solution to 31% in a neat film. The solid state
PLQY of the first-generation carbazole dendrimer
7 was 48 ± 5%, which is high for a neat film of an
iridium(III) complex. It is also closer to the value
in solution than is the case for its counterpart 9 with
biphenyl dendrons (solution 70%, neat film 22%).
These results show that the carbazole dendrons
are more effective than biphenyl dendrons in pro-
tecting the emissive cores from quenching interac-
tions, that is, they are more sterically demanding.
The higher solid state PLQY observed for 7 when
compared to 8 may be due to the larger carbazole
branching group being closer to the emissive core,
thus providing better protection of the core. Time-
resolved luminescence measurements on films of 7

and 8 were performed. The decays are biexponen-
tial, with an average lifetime of 0.99 ls for 7 and
0.78 ls for 8. The faster decay of 8 is consistent with
its lower PLQY.

2.5. Electrochemical and charge transporting

properties

In addition to controlling intermolecular interac-
tions, the carbazole dendrons can also participate in
the electrochemistry and charge transport of the
dendrimers. Irppy3 undergoes three chemically
reversible one-electron reductions at �2.77, �2.95,
and �3.19 V and one chemically reversible oxida-
tion at 0.26 V [30]. The attachment of the first-gen-
eration biphenyl based dendrons to the Irppy3 core
did not significantly change the redox processes.
Compound 9 also has three chemically reversible
reductions with E1/2s of �2.91, �3.10, and
�3.28 V and a chemically reversible oxidation at
0.24 V [24]. The first-generation carbazole dendri-
mer 7 has significantly different electrochemical
properties when compared to 9. Compound 7
undergoes four chemically reversible oxidations
(Fig. 4a) with E1/2s of 0.31, 0.56, 0.72, and 0.87 V.
The first oxidation of 7 is of the iridium(III) con-
taining chromophore, and the fact that its potential
is similar to 9 is consistent with the similarity of the
calculated HOMO energies of 11 and 12 (Table 1).
To determine the origin of the oxidations at more
positive potentials in 7 the oxidative processes of
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the first-generation dendronised ligand 4 were mea-
sured. The dendronised ligand 4 was found to
undergo two chemically reversible oxidations with
E1/2s of 0.60 and 0.89 V (Fig. 5a). The oxidation
of 4 at 0.60 V is close to the E1/2 of the second oxi-
dation of 7 indicating that the latter oxidations are
due to the bis(phenyl)carbazole units in the den-
drons. Four electrochemical reductions were also
observed for 7 with half potentials of �2.81,
�3.05, �3.23, and �3.55 V (Fig. 4b). The first three
reductions are at similar potentials to those
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observed for 9 and are normally assigned to the core
iridium(III) complex. To understand the reductions
of 7 more fully we studied the reduction processes of
4. The reductions of 4 were difficult to measure due
to the sensitivity of the reduced states to moisture
and oxygen, and the observed cyclic voltammogram
was strongly dependent on the switching potential
used. When the switching potential was �3.17 V a
single redox process, which was essentially chemi-
cally reversible, was observed (Fig. 5b). The E1/2

of the reduction was �2.94 V, which is at a similar
potential to the first reduction of the Irppy3 complex
and hence showing that the first reduction of 4 is of
the ‘‘ligand’’ and not the dendron. If the switching
potential was moved to �3.92 V then a second
reduction process with Epc of �3.88 V was observed
(Fig. 5b). This second reduction is due to the
bis(phenyl)carbazole unit of the dendron. However,
the corresponding oxidation process was not seen
although an oxidative wave at more positive poten-
tial (�1.63 V) was observed. Similar effects of high
negative switching potentials have been reported
for conjugated dendrimers and attributed to aggre-
gation of the reduced species rather than chemical
degradation [31,32]. Indeed for 4 the cyclic voltam-
mogram does not change substantially over a num-
ber of cycles indicating that chemical degradation is
not occurring. The second-generation carbazole
dendrimer 8 was also more redox active than the
second-generation biphenyl based dendrimer 10.
Compound 8 had two well-defined oxidation pro-
cesses with E1/2s of 0.36 and 0.63 V (Fig. 6). The
potential of the first of these is similar to the E1/2

of the first oxidation of 7 and can be assigned to
the oxidation of the iridium(III) complex at the den-
drimer core whilst the second corresponds to den-
dron-based oxidations. The latter was confirmed
by determining the oxidation processes for the sec-
ond-generation ligand 6, which had chemically
reversible oxidations with E1/2s of 0.62 and 0.91 V
(Fig. 7a). Two more oxidation processes could be
observed for 8 on the anodic sweep but we could
not differentiate the corresponding reduction waves
due to the resolution of the experiment. Neverthe-
less, all the oxidative processes were chemically
reversible. The reduction processes of the second-
generation ligand 6 are shown in Fig. 6b and are
similar to that observed for the first-generation
ligand 4. The reduction processes of the second-gen-
eration dendrimer 8 were difficult to elucidate and
interpret. We believe the difficulty may arise from
the fact that the concentrations used for the electro-
chemical experiment are above those at which the
1H NMR indicates that the dendrimers are interact-
ing or aggregating in solution.

We have measured the hole mobilities of 7 and 9

using the time of flight technique with a charge gen-
eration layer (see Ref. [33] for further details). The
results are shown in Fig. 8, and we find that over
the entire range of fields measured, the hole mobility
of 7 is much higher than that of 9. We also find that
the photocurrent transients of 7 are non-dispersive
at room temperature, in contrast to 9 (data not
shown). The difference in hole mobility can be
understood from the molecular orbital calculations.
For dendrimer 9, which has the biphenyl dendrons,
the HOMO is localised in the fac-tris(2-phenylpyr-
idyl)iridium(III) core as in model compound 12.
Hence the mobility of the holes is dependent on
the core-to-core distance in the film. However, for
7 the molecular orbital calculations on model com-
pound 11 show that the HOMO has substantial
character on the carbazole rings. Therefore, the hole
mobility is not just reliant on the distance between
the fac-tris(2-phenylpyridyl)iridium(III) cores in
the solid state but also includes the interactions
of the carbazole moieties on adjacent dendrimers.
Given there are more hole transporting moieties in
7 than 9, that is, in 7 the hole transporting moiety
is not localised to the iridium(III) complex, and that
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they can pack more closely it is not surprising the
hole mobility of 7 is greater than 9. In addition,
the non-dispersive photocurrent transients at room
temperature indicate that films of 7 may be more
ordered, and this would also give rise to improved
hole mobility.

3. Conclusion

It has been shown that carbazole units, which
are commonly used in host materials for phospho-
rescent LEDs, can be incorporated into phosphores-
cent dendrimers by a simple convergent synthetic
route. The dendrimers, which have carbazole con-
taining dendrons and iridium(III) complex cores,
were found to be more electrochemically active,
and had improved film PLQYs and charge
transport.

4. Experimental

4.1. Measurements

NMR spectra were recorded on a Bruker
DPX400, DQX400 or AMX500 spectrometers: sp
H = surface phenyl H; bp H = branch phenyl H;
CarbH = carbazole H, L-H = ligand phenyl H and
pyridyl H. All J values are in Hertz and are rounded
to the nearest 0.5 Hz. UV–vis spectra were recorded
on a Perkin–Elmer UV–vis Lambda 14P spectrom-
eter and were recorded as solutions in spectroscopic
grade dichloromethane. Infrared spectra were
recorded on a Perkin–Elmer Spectrum 1000 FT-IR
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spectrometer. Mass spectra were recorded on a
Fisons Platform for ESI, or a Micromass TofSpec
2E for matrix-assisted laser desorption/ionisation
time-of-flight (MALDI-TOF) from dithranol
(DITH) in reflectron mode, or a VG Platform for
APCI. Melting points were recorded on a Gallenk-
amp melting point apparatus and are uncorrected.
Microanalyses were carried out in the Inorganic
Chemistry Laboratory, Oxford, UK. Gel perme-
ation chromatography was carried out using PLgel
Mixed-A columns (600 mm + 300 mm lengths,
7.5 mm diameter) from Polymer Laboratories cali-
brated with polystyrene narrow standards
ðMp ¼ 580–3:2� 106Þ in tetrahydrofuran with tolu-
ene as flow marker. The tetrahydrofuran was
degassed with helium and pumped with a rate of
1 mL/min at 30.0 �C. Thermal Gravimetric Analy-
sis was performed on a Perkin–Elmer Thermo-
gravimetric Analyzer TGA 7. Glass transition
temperatures were measured on a Perkin–Elmer
Differential Scanning Calorimeter Pyris 1. Light
petroleum refers to the fraction of boiling point
40–60 �C. When solvent mixtures are used for chro-
matography over silica the proportions are given by
volume.

Electrochemistry was performed using an EG&G
Princeton Applied Research potentiostat/galvano-
stat model 263A. All measurements were made at
room temperature on samples dissolved in dichloro-
methane or tetrahydrofuran, with 0.1 M tetra-n-
butylammonium tetrafluoroborate as the electrolyte.
The tetrahydrofuran was passed through a column
of alumina, or distilled from sodium or potassium,
and then distilled from lithium aluminium hydride
under argon. HPLC grade dichloromethane was
used for the oxidation studies. The electrolyte was
purified by recrystallisation from ethylacetate. The
solutions were deoxygenated with argon. The fer-
ricenium/ferrocene couple was used as standard
[34], and the ferrocene was purified by sublima-
tion. In all cases several scans were carried out to
confirm the chemical reversibility of the redox
processes.

Solution PLQYs were measured by a relative
method using quinine sulfate in 0.5 M sulfuric acid
which has a PLQY of 0.546, as the standard [35].
The dendrimers were dissolved in tetrahydrofuran
and freeze–thaw degassed. Photoluminescence spec-
tra were recorded in a JY Horiba Fluoromax 2 fluo-
rimeter, with the dendrimer solutions excited at
360 nm. The optical densities of the standard and
sample were similar and small (less than/equal to
0.1). The accuracy of these measurements is esti-
mated to be ±10% of the stated value.

Neat films were spin-coated from chloroform
solutions with a dendrimer concentration of
10 mg/mL at 800–1200 rpm for 1 min to give a
thickness of about 100 nm. The PLQY of the films
was measured using an integrating sphere with a
Helium Cadmium laser (Kimmon) as the excitation
source [36]. The excitation power was 0.2 mW at
325 nm and the sphere was purged with nitrogen
during the measurement. The time-resolved lumi-
nescence measurements were performed using the
time-correlated single photon counting technique,
with excitation at 390 nm from a pulsed gallium
nitride laser.

Density Functional Theory Calculations were
performed for partially optimised structures with
the pendant phenyl and carbazole units held at 30�
to the ligand phenyl using the Gaussian 03 suite of
programs [37] with a LanL2DZ basis set [38–41]
and B3LYP level of theory [42] as employed therein.
Compositions of molecular orbitals were calculated
using the AOMix Program [43,44].

4.2. 3,6-Di[4 0-(200-ethylhexyloxy)phenyl]carbazole 3

A mixture of 3,6-dibromocarbazole 2 (97 mg,
0.298 mmol), [G0-B(OCMe2)2] 1 [24] (238 mg,
0.716 mmol), tetrakis(triphenylphosphine)palla-
dium(0) (24 mg, 0.021 mmol), aqueous sodium car-
bonate solution (2 M, 0.2 mL), ethanol (0.2 mL)
and toluene (0.6 mL) was degassed using a vacuum,
placed under argon and then heated at reflux for
62 h. The mixture was allowed to cool to room tem-
perature and water (8 mL) and ether (12 mL) were
added. The organic layer was separated and the
aqueous layer was extracted with ether (3 · 5 mL).
The organic layer and the ether extracts were com-
bined, washed with brine (15 mL), dried over anhy-
drous sodium sulfate and filtered. The filtrate was
collected and the solvent completely removed. The
residue was purified by column chromatography
over silica using a dichloromethane–light petroleum
mixture (1:40 to 1:3) as eluent to give 3 (73.8 mg,
43%) as a white solid; mp 121–122 �C; (Found: C
83.35, N 2.4, H 8.5. C40H49NO2 requires C 83.4,
N 2.4, H 8.6%); mmax (KBr) 3399 (NH); kmax

(CH2Cl2)/nm 256 [log(e/dm3 mol�1 cm�1) 4.72],
263 (4.72), 294 (4.72), and 339 (3.61); dH

(400 MHz; CDCl3) 0.97–1.08 (12H, m, Me), 1.36–
1.68 (16H, m, CH2), 1.77–1.89 (2H, m, CH), 3.96
(4H, m, ArOCH2), 7.08 (4H, 1/2AA 0BB 0, sp H),
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7.41 (2H, br d, J = 7.5 CarbH), 7.64–7.73 (6H, m,
CarbH and sp H), 7.94 (1H, br s, NH), and 8.33
(2H, s, CarbH); dC (101 MHz; CDCl3) 11.2, 14.2,
23.1, 23.9, 30.6, 39.45, 70.6, 110.9, 118.35, 124.0,
125.3, 128.2, 132.9, 134.4, 139.0, and 158.5; m/z
[APCI+] 576.4 (MH+).

4.3. 2-(3 0-{300,600-Di[4000-(20000-ethylhexyloxy)

phenyl]carbazolyl}phenyl)pyridine 4

Tris(dibenzylideneacetone)di-palladium(0) (175 mg,
0.191 mmol) and tri-t-butylphosphine (10% in
hexane, 1.6 mL) were added to a mixture of 3

(3.50 g, 6.08 mmol), 2-(3 0-bromophenyl)pyridine
[45] (2.85 g, 12.2 mmol), sodium t-butoxide (1.75 g,
18.2 mmol), and freshly distilled toluene (from
sodium) (6.0 mL) which had been degassed with a
vacuum and placed under argon using a Schlenk
Line. The mixture was degassed and placed under
argon a second time. The reaction mixture was then
heated at reflux (with a bath temperature of 130–
135 �C) under argon for 68 h. The mixture was
allowed to cool to room temperature and then
washed with water (15 mL), dried over anhydrous
magnesium sulfate, and filtered. The solvent was
completely removed and the residue was purified
by column chromatography over silica using a
dichloromethane–light petroleum mixture (1:4) as
eluent to give 4 (4.27 g, 96%); (Found: C 83.8,
N 4.2, H 7.5. C51H56N2O2 requires C 84.0, N 3.8,
H 7.7%); kmax (CH2Cl2)/nm 260sh [log
(e/dm3 mol�1 cm�1) 4.67], 265 (4.68), and 297
(4.66); dH (400 MHz; CDCl3) 0.90–1.03 (12H, m,
Me), 1.30–1.63 (16H, m, CH2), 1.75–1.86 (2H, m,
CH), 3.94 (4H, m, ArOCH2), 7.05 (4H, 1/2AA 0BB 0,
sp H), 7.30 (1H, m, L-H), 7.52 (2H, d, J = 8,
CarbH), 7.62–7.70 (7H, m, CarbH, sp H, and L-
H), 7.74 (1H, dd, J = 8, J = 8, L-H), 7.80 (2H, m,
L-H), 8.16 (1H, m, L-H), 8.28 (1H, m, L-H), 8.38
(2H, d, J = 1.5, CarbH), and 8.75 (1H, m, L-H);
dC (101 MHz; CDCl3) 11.2, 14.2, 23.1, 23.9, 29.1,
30.6, 39.4, 70.6, 110.1, 114.9, 118.35, 120.7, 122.7,
124.1, 125.4, 125.5, 125.9, 127.4, 128.2, 130.4,
133.4, 134.3, 137.05, 138.3, 140.4, 141.3, 149.8,
156.3, and 158.5; m/z [ES] 729.3 (MH+).

4.4. fac-Tris[2-(3 0-{300,600-di[4000-(20000-ethylhexyloxy)

phenyl]carbazolyl}phenyl)pyridinyl] iridium(III) 7

A mixture of 4 (3.25 g, 4.46 mmol), iridium(III)
chloride trihydrate (314 mg, 0.892 mmol), water
(7.0 mL) and 2-ethoxyethanol (23 mL) was heated
in an oil bath at 127 �C under argon for 40 h. The
reaction mixture was allowed to cool to room tem-
perature and the solvent was removed from the pre-
cipitate. The precipitate was dried under high
vacuum and then purified in two steps by column
chromatography over silica gel using; first, a dichlo-
romethane–light petroleum mixture (1:30 to 1:0) as
eluent to give 4 (244 mg). Second, the remaining
bis-iridium chloro-bridged dimer and 4 were
separated using a dichloromethane–light petro-
leum mixture (0:1 to 1:0) as eluent to give dimer
(1.13 g, 75%); (Found: C 72.5, N 3.3, H 6.4.
C204H220Cl2Ir2N8O8 requires C 72.8, N 3.3, H
6.6%); dH (400 MHz; CDCl3) 0.92–1.04 (48H, m,
Me), 1.30–1.63 (64H, m, CH2), 1.72–1.87 (8H, m,
CH), 3.92 (16H, m, ArOCH2), 6.37 (4H, d, J = 8,
L-H), 6.90–7.07 (24H, m, sp H and L-H), 7.37
(8H, br d, J = 7.5, CarbH), 7.54 (8H, br d,
J = 7.5, CarbH), 7.63 (16H, 1/2AA 0BB 0, sp H),
7.78–7.87 (8H, m, L-H), 7.91 (4H, d, J = 8, L-H),
8.35 (8H, m, CarbH), and 9.48 (4H, d, J = 5.5, L-
H); m/z [MALDI] [M+H] C102H111ClIrN4O4

requires 1681.8 (34%), 1682.8 (43%), 1683.8
(100%), 1684.8 (96%), 1685.8 (73%), 1686.8 (44%),
1687.8 (20%), and 1688.8 (8%), found 1681.9
(32%), 1682.8 (41%), 1683.8 (89%), 1684.8 (91%),
1685.9 (64%), 1686.8 (50%), 1687.8 (19%), and
1688.8 (12%); and 4 (1.42 g). A sample of the
recovered 4 co-chromatographed with and had an
identical 1H NMR to and authentic sample. A mix-
ture of the dimer (910 mg, 0.27 mmol), 4 (1.66 g,
2.28 mmol) and silver trifluoromethanesulfonate
(277 mg, 1.08 mmol) was heated in an oil bath at
145 �C for 6.5 days under argon. The reaction was
then allowed to cool to room temperature and the
residue was purified by column chromatography
over silica using a dichloromethane–light petroleum
mixture (0:1 to 1:4) as eluent to give 7 (631 mg,
49%); mp 204–205 �C; Tg (150 �C/min) 193 �C,
TGA(5%) 412 �C; (Found: C 77.1, N 3.65, H 7.1.
C153H165IrN6O6 requires C 77.3, N 3.5, H 7.0%);
kmax (CH2Cl2)/nm 258sh [log(e/dm3 mol�1 cm�1)
5.22], 265 (5.26), 295 (5.32), 369sh (4.24), 410sh
(3.99), 459sh (3.51), and 495sh (2.99); dH

(400 MHz; CD2Cl2) 0.92–1.03 (36H, m, Me), 1.34–
1.63 (48H, m, CH2), 1.75–1.84 (6H, m, CH), 3.94
(12H, m, ArOCH2), 7.03 and 7.66 (24H, AA 0BB 0,
sp H), 7.13 (3H, m, L-H), 7.26 (3H, dd, J = 2,
J = 8, L-H) 7.40 (3H, br m, L-H), 7.55 (6H, br m,
CarbH) 7.60 (6H, br m, CarbH), 7.73 (3H, m, L-
H), 7.82 (3H, d, J = 5.5, L-H), 7.96 (3H, d, J = 8,
L-H), 7.98 (3H, d, J = 2, L-H), and 8.40 (6H, d,
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J = 1, CarbH); m/z [MALDI] C153H165IrN6O6

requires 2373.2 (27%), 2374.2 (46%), 2375.2 (84%),
2376.3 (100%), 2377.3 (78%), 2378.3 (43%), 2379.3
(19%), and 2380.3 (6%), found 2373.6 (37%),
2374.6 (62%), 2375.6 (100%), 2376.7 (100%),
2377.7 (88%), 2378.8 (45%), and 2379.8 (20%).
Excess 4 (1.45 g), a sample of which co-chromato-
graphed with and had an identical 1H NMR to
and authentic sample was also recovered.

4.5. 2-[3 0-(300-500-Di{3000,6000-di[40000-(2000 00-ethyl-

hexyloxy)phenyl]carbazolyl}phenyl)-phenyl]
pyridine 6

Tris(dibenzylideneacetone)di-palladium(0) (60 mg,
0.07 mmol) and tri-t-butylphosphine (10% in hex-
ane, 1.0 mL) were added to a mixture of 3 (3.55 g,
6.17 mmol), 2-[3 0-(300,500-dibromophenyl)phenyl]pyr-
idine 5 [24] (1.00 g, 2.57 mmol), sodium t-butoxide
(988 mg, 10.3 mmol), and fleshly distilled toluene
(from sodium) (15 mL) that had been degassed with
a vacuum and placed under argon using a Schlenk
Line. The reaction mixture was degassed and placed
under argon again before being heated for 17 h with
an oil bath temperature of 70 �C and then at reflux
with a bath temperature of 130–135 �C under argon
for 5 days. The reaction was allowed to cool to
room temperature and water (5 mL) was added.
The organic portion was collected and purified by
column chromatography over silica using a dichlo-
romethane–light petroleum mixture (0:1 to 1:40) as
eluent to give 6 (3.22 g, 91%); mp 208–209 �C;
(Found: C 84.4, H 7.8, N 3.05. C97H107N3O4

requires C 84.5, H 7.8, N 3.05%); kmax (CH2Cl2)/
nm 258sh [log(e/dm3 mol�1 cm�1) 5.16], 264 (5.16),
295 (5.07), and 360sh (3.83); dH (400 MHz; CDCl3)
0.94–1.07 (24H, m, Me), 1.34–1.68 (32H, m, CH2),
1.77–1.89 (4H, m, CH), 3.96 (8H, m, ArOCH2),
7.07 (8H, 1/2AA 0BB 0, sp H), 7.27 (1H, m, L-H),
7.61–7.74 (17H, m, spH, L-H, and CarbH), 7.76–
7.86 (3H, m, L-H), 7.91 (1H, s, G1-bp H), 8.07–
8.13 (3H, m, G1-bp H and L-H), 8.40 (4H, s,
CarbH), 8.46 (1H, s, L-H), and 8.74 (1H, m, L-
H); dC (101 MHz; CDCl3) 11.2, 14.2, 23.1, 23.9,
29.1, 30.6, 39.4, 70.6, 110.1, 114.9, 118.5, 120.65,
122.5, 123.5, 124.2, 124.4, 125.6, 126.0, 127.0,
127.7, 128.2, 129.65, 133.8, 134.1, 136.9, 139.8,
139.9, 140.1, 140.4, 144.7, 149.8, 156.8, and 158.6;
m/z [MALDI] C97H107N3O4 requires 1377.8 (91%),
1378.8 (100%), 1379.8 (56%), 1380.8 (21%), and
1381.8 (6%), found 1377.7 (48%), 1378.8 (100%),
1379.7 (87%), 1380.7 (44%), and 1381.7 (20%).
4.6. fac-Tris{2-[3 0-(300,500-di{3000,6000-di[40000-(200 000-

ethylhexyloxy)phenyl]carbazolyl}phenyl)phenyl]

pyridine} iridium(III) 8

A mixture of 6 (1.00 g, 0.725 mmol), iridium(III)
acetylacetonate (35 mg, 0.715 mmol) and anhydrous
ethylene glycol (distilled from sodium) (0.7 mL) was
deoxygenated before being heated at reflux under
argon for 4.8 days. The reaction mixture was cooled
to room temperature. The mixture was purified by
column chromatography over silica in two stages.
First, a dichloromethane–light petroleum mixture
(0:1 to 2:1) as eluent was used and excess 6 (890 mg,
89%) was isolated, a sample of which co-chromato-
graphed with and had an identical 1H NMR to an
authentic sample. The impure 8 was further purified
using a dichloromethane–light petroleum mixture
(0:1 to 1:10) as eluent to give 8 (100 mg, 32%);
mp > 280 �C; (Found: C 80.65, H 7.5, N 2.8.
C291H318IrN9O12 requires C 80.8, H 7.4, N 2.9%);
kmax (CH2Cl2)/nm 260sh [log(e/dm3 mol�1 cm�1)
5.60], 265 (5.61), 297 (5.63), 369sh (4.65), 404sh
(4.13), 458sh (3.55), and 491sh (3.07); dH (500 MHz;
CDCl3) 0.89–1.00 (72H, m, Me), 1.29–1.59 (96H,
m, CH2), 1.73–1.81 (12H, m, CH), 3.89 (24H, m,
ArOCH2), 6.99 (24H, 1/2AA 0BB 0, sp H), 7.18 (3H,
br d, L-H), 7.37 (3H, br d, L-H), 7.58 (51H, m,
CarbH, sp H, L-H), 7.76 (3H, s, G1-bp H or L-H),
8.00–8.08 (12H, m, G1-bp H, L-H), and 8.44 (12H,
s, CarbH); m/z [MALDI] C291H318IrN9O12 requires
4322.4 (7%), 4323.4 (23%), 4324.4 (50%), 4325.4
(82%), 4326.4 (100%), 4327.4 (95%), 4328.4 (73%),
4329.4 (47%), 4330.4 (25%), and 4331.4 (12%), found
4326.7 (broad).
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Abstract

Field evaporation of polythiophene as studied in the scanning atom probe, yields as the dominant fragment SC4H2þ
n ,

n = 0,1,2,3, with a host of other singly and doubly charged fragments. Using density functional theory we show how this
fragmentation is achieved in high electrostatic fields (larger than 1 V/Å) which are strong enough to close the HOMO–
LUMO gap. The resulting charge transfer to the metal substrate weakens intramolecular bonds. The effect of boron sub-
stitution originating from the BF4-dopant in the electrolyte used for the polymerization of polythiophene is also addressed.
� 2005 Elsevier B.V. All rights reserved.

PACS: 61.46.+w; 68.37.Vj; 68.47.Mn; 72.80.Le

Keywords: Field evaporation; Field fragmentation; Polymer conduction
1. Introduction

Oligomers of thiophene and polythiophene have
attracted considerable interest in recent years for
direct-writing of polymer nanostructures such as
nanowires on semiconducting and insulating sur-
faces. They have appeared as active components in
heterojunctions, photovoltaic cells, light-emitting
diodes and field-effect transistors, mainly because
of the ease with which the optical and electronic
properties of oligothiophenes can be tuned by chem-
ical modification [1]. More recently, the scanning
atom probe has been used to mass analyze chemi-
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2005.11.006
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cally modified polythiophene by field evaporation
[2]. The dominant fragments observed were
SC4H2þ

n , n = 0,1,2,3, with a host of other singly
and doubly charged fragments, summarized in the
mass spectrum, Fig. 1. A number of these also
contained boron atoms which originated from the
BF4-dopant in the electrolyte used for the polymeri-
zation of polythiophene. Related field emission stud-
ies confirm that polythiophene is semiconductive.

Field evaporation or field desorption is the
removal of atoms, molecules or molecular frag-
ments as singly or doubly charged positive ions
from a metal or semiconductor surface in strong
electrostatic fields, typically several V/Å, as they
occur at field emission tips in the field ion micro-
scope [3,4]. Field evaporation can be viewed as a
chemical reaction in which the field induces the
.
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Fig. 1. Mass spectrum of poly(thiophene) obtained with the scanning atom probe [2].
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transfer of electrons to the substrate leading to the
rupture of a surface bond, after which a charged
atom or molecular fragment is pulled away from
the surface. The field-induced fragmentation of a
polymer molecule adsorbed on a surface is a ther-
mally activated process with a rate constant that
can be parametrized according to Frenkel–Arrhe-
nius as

rdðT ; F Þ ¼ mðT ; F Þ exp½�QðF Þ=kBT � ð1Þ
in terms of a field-dependent prefactor, m, and a
field-dependent activation barrier, Q [5–7]. Thus
the fragmentation can be aided by heating the sur-
face, for instance with laser pulses as it was done
in this experiment.

In this paper we will present first principles calcu-
lations based on density functional theory to shed
some light on the field-induced fragmentation and
the evaporation of polythiophene. This approach
has proven successful in recent studies on the inter-
molecular interactions in bithiophene [8] and for
calculating excitation energies of terthiophene and
its dioxide derivatives [9,10].

2. Theory

Our density functional calculations are done for
short chains of polythiophene with up to eight units
in electrostatic fields of the order of V/Å. We have
used the GAUSSIAN’03 package with the B3LYP
exchange/correlation potential and the 6-31G(d, p)
basis set [11].

For fields below 1.6 V/Å the structure of neutral
polythiophene does not change appreciably except
that there is an intramolecular transfer of electrons
down the electric field. In addition there is a sub-
stantial reduction in the HOMO–LUMO gap. The
reason is that the field forces a concentration of
the HOMO towards the end of the molecule in the
field direction whereas the LUMO gets shifted
towards the other end of the molecule. As a result
the HOMO and LUMO energies are raised and low-
ered, respectively, by ±1/2eFL with respect to the
center of the molecule (of length L) This shift in
the orbitals is clearly seen in the electron density
plots of Fig. 2. For a neutral five-ring polythiophene
the gap is 2.78 eV in zero field and only 0.07 eV for a
field strength of 1.6 V/Å, see Table 1.

Whereas for zero field the electron density for the
HOMO and the lowest two LUMOs are uniformly
and symmetrically distributed along the molecule,
the redistribution is already evident at 1.4 V/Å, par-
ticularly in the LUMO, and is completed at 1.6 V/Å.
We note that as the HOMO–LUMO gap closes
in the highest field there is still substantial overlap
of the HOMO and LUMO p orbital wavefunctions
suggesting that the molecule has become conduc-
tive. Although the overlap is larger at a field of
1.4 V/Å the gap is still too high, at 1.39 eV, for elec-
tron transfer along the molecule to occur at room



Fig. 2. p orbital charge density for the HOMO and two lowest LUMOs in various fields. Also noted are the energy differences between
them and the induced dipole moments.

Table 1
HOMO–LUMO gap D as a function of field strength for a neutral five-ring of polythiophene

F (V/Å) 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
D (eV) 2.78 2.23 1.40 1.36 1.15 1.28 1.39 1.39 0.07

Fig. 3. Field-induced charge transfer in isolated poly(thiophene).
Charges per ring, obtained by a Mullikan analysis.
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temperature. Table 1 also shows that the closure of
the HOMO–LUMO gap is not monotonic as a func-
tion of field strength. The reason is that these orbi-
tals are affected differently by the field as Fig. 2
clearly demonstrates.

Because for longer polymers the HOMO–LUMO
gap is reduced, e.g. for an eight-ring polythiophene
the gap is only 2.46 eV in zero field as compared to
2.76 eV for a five-ring, one expects that the HOMO–
LUMO gap vanishes in longer molecules at smaller
fields. As long as the molecule is isolated, an external
field will lead to charge separation: for very low fields
the induced dipole is linear in the field but becomes
progressively nonlinear as the field increases. In
Fig. 3 we show the accumulated charges on the
various rings, obtained from a Mulliken analysis.

We briefly comment on the advantage of density
functional theory over Hartree–Fock calculations
in situations where an external field leads to a van-
ishing HOMO–LUMO gap. In the HF calculations,
the self-consistent-field convergence is determined
by the total energy minimization, while the electron
occupation on the calculated orbitals is obtained
simply by filling with electrons from the lowest
energy level up, regardless of whether this leads to
the lowest energy configuration or not. In most
cases, there is no conflict between these two rules.
However, in cases when the HOMO–LUMO gap
becomes very small, it is possible that the state of
total energy minimum does not correspond to the
state where all unoccupied orbitals are energetically
above all occupied orbitals, rather it may have an
unoccupied orbital with an energy lower than the
HOMO energy. As a result one finds in some sys-
tems a critical field above which self-consistent-field
convergence cannot be reached if one insists on the
standard Hartree–Fock rule of filling orbitals. On
the other hand, density functional theory provides
an equation relating the total energy, E, the occupa-
tion, ni, and the orbital energy, ei, namely
oE/oni = ei. This guarantees that filling electrons
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with all unoccupied orbitals staying above all occu-
pied orbitals always leads to a configuration that
has the total energy at a minimum [12].

It is of interest to see what happens when the
molecule is adsorbed at a metal surface, i.e. to a
metallic contact. As with other adsorbates high elec-
tric fields will effect the chemisorption bond signifi-
cantly. In particular there is a charge transfer from
the adsorbate to the metal which ultimately leads to
field desorption as a positively charged ion. To see
what happens with polythiophene we have attached
a molecule to a small Al cluster. The amount of
charge transfer from the oligomer to the metal, as
measured rather arbitrarily by a Mulliken analysis,
depends on the field strength and the number of
monomers and is a continuous function of the field
up to the point of field-induced dissociation or
desorption of the oligomer. For longer oligomers
significant charge transfer starts at smaller fields.
It is worth recalling in this context that charges on
atoms or subunits of a molecule are, strictly speak-
ing, not quantum mechanically observable quanti-
ties. Thus any assignment of charges is qualitative
and depends on the procedure chosen. For our
example we have chosen a five-ring oligomer and
adjusted the field so that the charge on the lowest
unit of the oligomer, adsorbed on the metal, is more
or less equals to zero which leads to a net transfer of
about three electrons to the metal cluster. The
resulting geometry in a field of 1 V/Å is shown in
Fig. 4.
Fig. 4. Poly(thiophene) attached on a cluster of nine aluminum
atoms in an external field of 1 V/Å.
This net transfer of about three electrons to the
metal, obtained from a quantum mechanical calcu-
lation, has a simple analogue in classical electrostat-
ics as shown previously for the adsorption of a
single metal atom on a flat metal surface in an
external electric field [13,14]. Approximating the
adsorbed atom by a spherical (metallic) boss of
radius R one finds that the total charge accumula-
tion on the surface of the boss is Q = 3pR2r0 where
r0 = F/4p is the surface charge density far from the
boss given in terms of the applied electric field, r
[e/A2] � 0.0055F [V/Å]. Thus for R = 1 Å and
F = 2 V/Å we get Q � 0.1e with an accompanying
field enhancement above the atom of 3F. To model
polythiophene on a metal we take the boss to be half
a prolate spheroid for which field and charge distri-
butions have been calculated in Appendix A.
Choosing R � 2 � 3 Å and a height of five rings
we get Q � 1 � 3e in qualitative agreement with
the quantum mechanical calculations. Although
rather qualitative, the agreement with a classical
model in which the molecule is approximated by a
metallic boss may be taken as confirmation that at
this field strength polythiophene is conducting.

To account for the fact that the topmost units of
a long polythiophene molecule will be highly
charged we attach a molecule of five units to an
Al cluster and remove three electrons, for reasons
just discussed; on a metal surface these charges
would spread laterally away. In a field of 1.4 V/Å
the polymer is no longer stable as evidenced by
the lack of convergence of the optimization algo-
rithm towards selfconsistency. We used the Berny
optimization in internal coordinates. In a field at
which dissociation occurs, the total energy gets
lower and lower with each iteration without reach-
ing a minimum. As a result, the optimum geometry
is mostly determined by the linear term, i.e. the
forces acting on the bond lengths, bond angles
and dihedral angles. For this reason the geometry
optimization reflects the actual character of the dis-
sociation dynamics. In Fig. 5 the various fragments
are identified as single atoms and disconnected
atomic groups. Criteria for a broken bond would
be that the bond length is longer than the equilib-
rium value by a prescribed amount or that the
field-reduced activation barrier for bond breakage
is so low that thermal desorption is possible. For
the latter, we should keep in mind that in the exper-
iment field evaporation was assisted by intense
YAG laser pulses that heated the sample consider-
ably. Because neither criterion can be quantified



Fig. 5. Poly(thiophene) attached to an Al cluster total charge
Q=3e. The field is so high that the molecule disintegrates as
iterations progress.

Fig. 6. The top two units of an eight-ring molecule in the absence
of a field. Removing (Q) electrons leads to the break-up of the
ring structure.

Fig. 7. Disintegration of an eight-ring poly(thiophene) molecule
in a field.
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sufficiently we use the criterion of GAUSSIAN’03
namely that a bond is about to break if it has
stretched by more than 10% of its equilibrium value,
e.g. for the S–C bond stretching from 1.73 Å to 1.9 Å
with an accompanying reduction in bond energy of
0.4 eV. After five iterations these fragments are,
from top to bottom in Fig. 5: H+, SCþ2 , C2H+,
C3Hþ2 , SC+, and several SC4H2þ

2 . The interpretation
that the laser pulses simply heat the sample thus
enhancing desorption and fragmentation may well
be only part of the effect: because these strong fields
reduce the HOMO–LUMO gap considerably it
might well be that optical absorption itself, i.e.
promoting electrons to excited states, weakens the
intramolecular bonds thus stimulating fragmenta-
tion and deterioration of the polythiophene film.

For longer polymer chains we expect more charg-
ing at their upper ends. The effect of removing elec-
trons is shown in Fig. 6 for the top two units of an
eight-ring molecule. Once three electrons have been
removed the first S–C bond starts to break; removal
of a further electron breaks the rings and stretches
the units. Adding a field will then lead to the com-
plete breakup of the chain. This is illustrated in
Fig. 7 for a chain of eight units with a total of four
electrons removed. The fragments that occur are
H+, SCþ2 , C2H+, SC4H2þ

n with n = 0,1,2.
As the charged fragments are accelerated away
from the tip the external electric field they experi-
ence decreases rapidly. This will lead, in a qualita-
tive way, to reconstruction of some of the rings
for which the bonds have not been completely bro-
ken, and thus to a further abundance of SC4H2þ

n .



Fig. 8. Poly(thiophene) with some H atoms substituted by B
without (left) and with (right) a field.
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The quantification of this point needs not only a
complete picture of the local field distribution but
also a detailed kinetic picture of charge transfer
and bond breaking. Although this has been done
for simple molecules [15–17], the extension to poly-
mer chains will not be attempted here.

Our last point addresses the issue of boron con-
tamination of polythiophene. As mentioned in the
introduction, the presence of BF�4 dopant in the
electrolyte used for the polymerization results in
the replacement of some of the H atoms by B. An
example is shown on the left of Fig. 8. Charging this
molecule by removing four electrons and applying a
field of 1.4 V/Å leads to the fragmentation of the
molecule with charged fragments such as H+,
SCþ2 , BCþ2 , SC2H+, SC4Hþ2 , etc. as also seen in the
mass spectrum of Fig. 1.

3. Discussion

Fragmentation or dissociative field desorption of
polythiophene is caused foremost by the fact that in
a strong electrostatic field this polymer becomes
conducting so that charge transfer can occur easily
along the molecule with the result that the end of
the molecule in the field direction carries a substan-
tial positive charge. This leads to the separation of
the individual rings and also to their dissociation.
However, as the fragments leave the high field
region re-assembly of partially deformed rings
may occur as this will minimize their energy sub-
stantially. This explains why mostly charged rings
are observed in the mass spectrometer with much
fewer small fragments.

The response of polythiophene to a strong elec-
trostatic field is very different to that of poly(ethyl-
ene glycol) [18,19]. The latter retains its large
HOMO–LUMO gap, severely limiting electron
transfer down the molecule. All that happens is
the creation of local dipole moments, more or less
equal on each monomer. The result of this rather
limited response is also very dramatic in that, for
the helical conformer, a severe electrostriction of
some 20% is observed in a field of 1.5 V/Å. Also,
poly(ethylene glycol) field-desorbs gradually with
fragments such as H+, OCH+, CHþ2 leaving the
end of the molecule in the field direction.

In discussions of the structure of organic layers
sandwiched between metallic contacts the point
has been raised that their performance in a device
might be enhanced due to tunneling across the inter-
face layer at ‘‘microtip’’ structures arising from
rough interface morphology [20,21]. We recall that
organic layers are typically 103 lm thick and volt-
ages across them are of the order of 10 V. This gives
rise to fields across the polymer film of the order of
10 mV/Å. At such strengths we do not expect signif-
icant field effects. However, if at weak spots the film
thickness were reduced by an order of magnitude or
more, field effects may become important. As men-
tioned in the previous paragraph different organic
materials behave differently under high field condi-
tions and detailed calculations have to be made
for the particular material to see what constitutes
a ‘‘high’’ field. All we can say in general is that high
fields can be beneficial to reduce the band gap and
may be detrimental, when they are strong enough,
to lead to field-induced fragmentation.
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Appendix A. Prolate spheroidal boss in an

electrostatic field

To understand charging effects on a conduct-
ing polymer in an electrostatic field we model the
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polymer as half of a conducting prolate spheroid
attached as a boss on a flat metal surface. We
recall from electrostatics that for a spherical boss
of radius R on a flat surface the field potential is
given by

V ðr; zÞ ¼ �4pr0z½1� ðR=rÞ3� ðA:1Þ

where r0 is the surface charge density far from the
boss, and the charge distribution is

r ¼ r0½1� ðR=rÞ3� ðA:2Þ

on the flat surface and

r ¼ 3r0

z
R

ðA:3Þ

on the boss with a total charge accumulation
R = 3pr0R2.

For a prolate spheroidal boss we use coordinates
appropriate for a ‘‘two-center’’ problem

n1 ¼ cosh n

n2 ¼ cos g

n3 ¼ /

ðA:4Þ

in terms of standard prolate spheroidal coordinates.
Note that the z coordinate along the major axis of
the spheroid is z = an1n2. The large and small axes
of a spheroid are given by c = 2acosh h(n0) and
b = 2a sinh(n0), respectively, with the ellipticity
given by e = [1 � tanh2(n0)]1/2. Its surface area is
S ¼ 2pa2fsinh2n0 þ sinh n0 cosh n0 sin�1ð1=n0Þg.

Solving Laplace’s equation in these coordinates
gives

V ¼ �4pr0z 1� ðn10=n1Þ3fellðn1Þ=fellðn10Þ
h i

ðA:5Þ

where

fellðn1Þ ¼ 1þ 3n3
1 coth�1ðn1Þ � 1=ð3n3

1Þ � 1=n1

� �
.

ðA:6Þ
Note that the first ‘‘correction’’ in fell is of order n�5

1 .
Also observe that we can express n1 = (r1 + r2)/2a in
terms of the distances from the two foci of the
spheroid. Thus, far from the surface of the spheroid
we recover the results for a spherical boss. The
charge distribution on the flat surface is given by

r ¼ � 1

4p
oV
oz

����
n1

¼ r0 1� ðn10=n1Þ3fellðn1Þ=fellðn10Þ
h i

ðA:7Þ
and on the spheroid boss by

r ¼ � 1

4p
oV
on1

����
z

¼ 3r0 cos g
n2

10

ðn2
10 � 1Þ

1

fellðn10Þ

so that the total charge accumulated on the boss is

Q ¼ 3pr0a2 n2
10 �

1

2

� �
n2

10

ðn2
10 � 1Þ

1

fellðn10Þ
ðA:8Þ

These formulae have been used in the text to esti-
mate the accumulated charge on a polythiophene
molecule in contact with a metal.
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Abstract

The electronic properties of aminothiophene/gold interfaces have been investigated by photoemission spectroscopy in
dependence of the amonithiophene conjugation length. The valence band onset as a measure for the charge injection bar-
rier at these interfaces as well as the ionization potential depend on the length of the conjugated thiophene chain while the
value of the interface dipole hardly varies. These results are discussed on the basis of recent theoretical approaches that aim
to explain the interface dipoles.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Charge transport in organic opto-electronic
devices, such as organic light emitting diodes,
organic field effect transistors or organic solar cells,
depends not only on the chemical nature of the
materials used but also on the interfaces between
them and the metal or metal oxide electrodes.
Therefore, the morphological and electronic proper-
ties of interfaces between organic semiconductors
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2005.11.005
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and metals or metal oxides have been studied exten-
sively during the last years [1–7]. Often, these inter-
faces are characterized by the presence of a rather
large interface dipole. The previous investigations
have provided us with substantial insight into the
interface dipoles and have identified several contri-
butions to these dipoles.

In order to differentiate between universal prop-
erties of metal–organic interfaces, which are deter-
mined by the bulk properties of the two materials
in contact only, and effects that arise from the par-
ticular interface structure, morphology, and chemis-
try, studies of general, material independent and
fundamental changes of the interface dipoles as a
.
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function of the electronic properties of the materials
have been very instructive and successful [1,2,8–14].

Previously, a large variety of organic monomeric,
oligomeric as well as polymeric materials useful for
manufacturing different types of opto-electronic
devices have been developed [15–17]. Most of these
materials are required for the transport of charged
species generated, e.g., by anodic oxidation, catho-
dic reduction, or optical excitation. As a very prom-
ising class of such materials different types of
N-peraryl-substituted aromatic or heteroaraomtic
amines, such as of the N,N 0-tetraphenylbenzidine
(TPB) and the so-called starburst (SB) compounds,
were proposed. Due to their electron-donating
amino moieties these compounds can be easily
transformed into mono- or higher cationic species
(polarons or bipolarons) which act as essential
hole-transport materials [18].

Very recently, a,a 0-bis(diarylamino)-functional-
ised oligothiophenes of the general structure A-nT
(Fig. 1) as heterocyclic analogues of the TPB series
have received a strong interest. They have been pre-
pared, e.g. by means of a heavy-metal catalysed
C,N-coupling reaction of halo-substituted oligothi-
ophenes with diphenylamine [17] and were inten-
sively studied in respect to the formation of
amorphous glasses and charged species. Thus, it
was found that depending on the number of thio-
phene moieties mono-, bis-, tris- and tetra-charged
cationic species can be oxidatively generated in this
series [18].

In this paper, we will report on photoemission
spectroscopy studies of the interface formation
between the first four representatives of the A-nT
series (n = 1,2,3,4) and polycrystalline gold. The
results indicate the formation of interface dipoles
of about 1.2–1.3 eV which are hardly dependent
on the thiophene chain length n. With increasing n

the corresponding valence band onset and the ioni-
zation potential decrease. These trends are helpful
N
S N

n

Fig. 1. The molecular structure of aminothiophenes, n = 1–4.
for the design of materials able to influence the elec-
tronic properties of interfaces by modification of
their molecular structure and for fundamental stud-
ies of metal–organic interfaces.

2. Experimental

The photoemission measurement were performed
in a commercial PHI 5600 spectrometer which was
equipped with a He-discharge lamp and a mono-
chromatic Al-Ka X-ray source providing photons
with 21.22 eV for UPS (ultraviolet photoemission
spectroscopy) and 1486.6 eV for XPS (X-ray photo-
emission spectroscopy), respectively. The total
energy resolution of the spectrometer, determined
by analyzing the width of a Au Fermi edge, is about
0.1 eV (UPS) and 0.35 eV (XPS). The UPS spectra
have been corrected for the contributions from He
satellite radiation. Thin films of aminothiophenes
with different thicknesses were prepared on a sput-
ter-cleaned polycrystalline Au foil by in situ vacuum
evaporation in a preparation chamber (base pres-
sure 2 · 10�10 mbar). Subsequently, the films were
transferred to the measurement chamber (base pres-
sure 10�10 mbar). The films were characterized tak-
ing a full range XPS spectrum and the number of
impurities in the deposited films is below the detec-
tion limit of XPS. There was no signature of decom-
position of the amonithiophenes during evaporation
or deposition onto the gold substrate. The thickness
of the respective layer was estimated by monitoring
the attenuation of the intensity of the Au 4f7/2 sub-
strate peak by the organic overlayer [19,20]. This
procedure to determine the film thickness is only
correct for a layer by layer growth of the organic
film. If the organic film is not uniform, this method
underestimates the real film thickness. The work
function U of the films was extracted from the high
binding energy cut-off of the UPS spectra by apply-
ing a bias of 5 V to the sample, which enables the
determination of the secondary cut-off at appropri-
ate electron kinetic energies (see for instance Ref.
[21]).

3. Results and discussion

3.1. The Au/A-3T interface

The photoemission valence band spectra of the
Au substrate and A-3T films are presented in the left
panel of Fig. 2 as a typical example of A-nT struc-
tures. With increasing A-3T coverage, new features
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due to photoemission from the molecular orbitals of
A-3T appear. Simultaneously, the characteristic Au
structures at binding energies between 2 and 5 eV
are suppressed but do not completely disappear
until the valence band photoemission features of
A-3T are fully developed above a nominal thickness
of about 20 Å. Four clear peaks are observed at
about 1.4, 1.9, 2.6, and 4 eV as indicated by the
dashed lines in Fig. 2. The energy position of these
peaks is independent of film thickness for thick-
nesses larger than 20 Å, indicating that the forma-
tion of the interface is complete at this value.

The relative changes of the work function and the
energy position of the A-3T photoemission core-
level spectra as a function of the film thickness are
shown in the right panel of Fig. 2. The work function
changes abruptly by about 1.2 eV at initial A-3T
deposition and remains essentially constant thereaf-
ter. This abrupt shift of the work function points to
the formation of an interface dipole confined to a
very narrow region around the interface. Moreover,
the thickness range in which the work function satu-
rates indicates that A-3T deposition onto gold
results in the formation of a rather closed organic
layer of the order of 1–2 ML. Similar observations
have been reported for other organic semiconduc-
tors deposited on gold [22–26]. Furthermore, the
binding energy of all core levels of A-3T layers
behaves similar to the work function with only a
slight broadening as a function of A-3T layer thick-
ness as seen in Fig. 2. This demonstrates that the ion-
ization potential of the core levels is rather
independent of the A-3T film thickness which essen-
tially rules out a chemical interaction at the inter-
face. We therefore conclude that the A-3T
molecules are physisorbed on gold. This is fully con-
sistent with the absence of valence band photoemis-
sion features in the energy region of the gap of A-3T
for low coverages, which are often observed in case
of chemisorption of organic molecules on metal sur-
faces [27–29]. The fact that the core level binding
energies do not change as rapidly as the work func-
tion is a consequence of final state screening in the
core level photoemission process which near a metal
surface is considerably enhanced due to image
charge screening [30].

It is well accepted that there are several possible
reasons for the interface dipole at organic–metal
interfaces [1–7,14]. Since we can rule out a chemical
interaction at the A-3T/Au interface we attribute
the large interface dipole to a combination of (i) a
reduction of the gold work function upon adsorp-
tion of the organic molecules, (ii) unconventional
band bending as a consequence of a broadening of
the valence and conduction levels in A-3T films
and/or (iii) an induced density of interface states
with a charge neutrality level that is able to pin
the Fermi level (for further details see discussion
below) [1,7,14].

3.2. A-nT, n = 1–4

The data shown in Fig. 2 are representative of the
other A-nT materials under consideration in this
study (n = 1–4). In particular, there is no binding
energy shift of the valence band photoemission fea-
tures with increasing film thickness after the inter-
face has been completed abruptly. Fig. 3 depicts a
comparison of the UPS valence band spectra of all
A-nT films at a thickness of about 5.5 nm. The main
features are quite similar in all A-nT UPS spectra,
where an intense maximum appears at about 4 eV,
and features at lower binding energy are located
between 1 and 3 eV.

Firstly, we consider the valence band onset of the
A-nTs which measures the hole injection barrier for
the corresponding junction to gold. The valence band
onset position was determined from the low binding
energy emission edge by linear extrapolation, and
this valence band onset in the UPS spectra of the
A-nT films shifts towards lower binding energies as
the number of thiophene rings (n) increases from
one to four. However, this increase is not smooth.

Instead, there is a low binding energy shoulder
appearing for A-3T and A-4T which is absent for
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the two shorter aminothiophenes, and the spectral
onset consequently rather jumps to lower energy
for the larger molecules. Recently, cyclic voltamme-
try studies have demonstrated that the first and sec-
ond electron transfer of aminothiophenes coincide
for n P 3 [18], i.e. when the low binding energy
shoulder in our photoemission spectra appear. It is
tempting to infer that both spectroscopic results
have a common microscopic origin.

Interestingly, the spectrum for A-1T with its
features at 1.9, 2.6 and 4.0 eV very much resembles
that of A-2T (the only significant difference being
the slight upshift of the 4 eV maximum) but also
that of TPD (N,N 0-diphenyl-N,N 0-bis(3-methylphe-
nyl)(1,1)biphenyl-4,4 0diamine) with a similar chemi-
cal structure [20], while a similarity to corresponding
spectra of bithiophene [31] is not observed. For
TPD, calculations have shown that the highest occu-
pied molecular orbital (HOMO) is delocalized over
the entire p conjugated molecular system with a sub-
stantial wave function probability on the nitrogen
sites [32]. From the close similarity of the valence
band photoemission spectra of A-1T and A-2T to
that of TPD, we assume that the same wave function
distribution is true for the two shorter aminothioph-
enes where the HOMO is represented by the feature
at about 1.9 eV. The peak at 2.6 eV then is due to
emission from the HOMO-1 molecular orbital, and
that at around 4 eV can be attributed to the emission
from non-bonding p states [31,32], i.e. electronic
molecular states that do not contribute to the forma-
tion energy of the molecule.
Extending the thiophene chain of the molecule
will hardly affect the HOMO distribution over the
entire molecule, but will result in a gain of kinetic
energy due to delocalization. Simultaneously, the
number of molecular orbitals is increasing as a con-
sequence of the larger number of structural units.
The energy shift of the spectral onset in Fig. 3 is
related to the growing delocalization which
decreases the ionization potential of the respective
molecules. It can also be expected that the HOMO
wave function has an increasing relative weight at
thiophene units of the aminothiophenes with
increasing molecule length. Possibly, this larger thi-
ophene weight of the HOMO stabilizes the dications
in larger aminothiophenes as indicated by cyclic vol-
tammetry [18]. In addition, the growing number of
molecular orbitals is also in correspondence to what
is seen in Fig. 3 as a function of the length of the A-
nT molecules. The fact that the changes of ioniza-
tion potential and injection barrier as a function
of chain length are not smooth but appear quite
abruptly going from A-2T to A-3T is reminiscent
to what is predicted and observed for unsubstituted
oligithiophenes where the evolution of ionization
potential and spectral onset in photoemission data
is also not smooth as a function of the molecule
length [31,33]. A detailed microscopic understand-
ing will require calculations of the electronic proper-
ties of aminothiophene molecules which are beyond
the scope of this work.

3.3. Energy levels at Au/A-nT interfaces

The energy level alignment at the metal–organic
gold/aminothiophene interfaces is summarized in
Fig. 4. The size of the interface dipole has been
determined from the change of the work function
upon A-nT deposition. The ionization potential of
the A-nT films is given by the difference between
the photon energy (UPS, hm = 21.2 eV) and the
energy width of the UPS spectrum. The latter is
the difference of the spectral thresholds at lowest
and highest binding energies, i.e. the onset of the
HOMO and the secondary cut-off, respectively.

Fig. 4 reveals that the interface dipole (�eD) of
all studied Au/A-nT interfaces hardly changes,
although the ionization potential significantly
decreases with the A-nT chain length. Therefore,
the ionization potential of the organic semiconduc-
tor cannot be a parameter that determines the size
of the interface dipole. The work function of the
A-nT films also does not show a significant varia-
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tion within the aminothiophenes under consider-
ation. This is supplementary and well consistent to
previous studies that came to the conclusion that
the short range interface dipole often found for
metal/organic interfaces is a function of the work
function difference of the two materials in contact
[1,10–13]. Interestingly, while the work function
and not the ionization potential or the electron
affinity is decisive for the interface dipole, there is
evidence that the electron affinity plays a major role
concerning the type of interaction which is present
at a particular metal/organic interface—physisorp-
tion or chemisorption [34].

Recently, a number of studies have shown that
the interface dipoles can in part be explained by
the alteration of the metal surface dipole as a conse-
quence of adsorption of organic molecules [7,12,35–
39]. Thereby, the electron wave function of the
metal that spills out into vacuum is repelled by the
physisorbed molecules. This effect can cause work
function changes at metal/organic interfaces up to
0.5 eV. We note that the actual size of this contribu-
tion to the interface dipole might depend on the ori-
entation of the deposited organic molecules with
respect to the metal surface, an issue which can be
influenced by growth parameters and the molecular
structure [40,41]. However, this mechanism cannot
be fully responsible for the interface dipoles of more
than 1 eV as reported here, and thus other contribu-
tions have to be considered.
A successful microscopic description of the inter-
face dipoles at many organic/metal interfaces in
addition must reproduce its dependence on the
work function of the organic semiconductor.
Recently, there have been two proposals for mecha-
nisms that could lead to relatively large contribu-
tions to the interface dipoles at metal/organic
interfaces and which also could reflect the work
function dependence. One of them argued that as
a consequence of an energetic broadening of the
valence and conduction levels due to disorder in
the films, as concluded from transport studies [42–
45], there is unconventional band bending at these
interfaces caused by the tails of the valence and con-
duction level distributions into the energy gap [13].
As indicated by the decreasing ionization energy
with increasing aminothiophene chain length and
a red shift of the optical absorption of aminothioph-
enes in toluene solution [18], the energy gap also
decreases. This is well known in p conjugated sys-
tems and has also been calculated for unsubstituted
thiophene molecules [33]. In order to obtain an
essentially constant interface dipole via the uncon-
ventional band bending due to an energy broaden-
ing of the transport levels, this broadening also
has to decrease with increasing number of thiophene
rings. As there are no data available yet on the
energy broadening of the transport levels in amino-
thiophenes, the clarification of this point requires
further experiments.

Another theoretical consideration gave rise to the
argument that there is an induced density of inter-
face states at metal/organic interfaces which defines
the charge neutrality level of the organic semicon-
ductor and is large enough to essentially pin the
Fermi level close to the charge neutrality level
[46,47]. Indeed, recent calculations of some particu-
lar metal/organic interfaces within the density-func-
tional theory provided evidence for a interface
induced density of states around the Fermi level
[48,49]. Our experimental results now require for
this scenario to be applicable to rationalize the
interface dipoles summarized in Fig. 4, that the
charge neutrality level of all A-nT materials is
located near the mid point of the energy gap inde-
pendent of the size of the gap. Again, this needs
to be verified experimentally. Interestingly, the
induced density of interface states model would pre-
dict a negligible interface dipole for organic hetero-
interfaces made out of two different A-nT materials.

The injection barrier for holes at the Au/A-nT
interfaces is decreasing with increasing A-nT length
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which demonstrates that it is in principle possible to
a adjust the injection barrier by extending the thio-
phene chain. This confirms similar trends which
have been observed for other organic semiconduc-
tors recently [8,9].
4. Summary

Our photoemission study of four different amino-
thiophenes, A-1T, A-2T, A-3T and A-4T and their
interfaces to gold exhibits well defined molecular
orbitals for all of these materials and allowed the
determination of the corresponding energy level
alignment at the interfaces. We have shown that
the interface dipole hardly changes with increasing
chain length of the aminothiophene. This behavior
has been discussed in consideration of previous
models which microscopically describe the presence
of interface dipoles at metal/organic interfaces. We
have demonstrated that studies as reported here
can help to finally identify the mechanism of inter-
face dipole formation at these interfaces. Moreover,
the hole injection barrier and the ionization poten-
tials change in a non-monotonous manner with
increasing aminothiophene length which might be
related to a relative transfer of the HOMO wave
function probability to thiophene structural units.
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Abstract

An optical touch and proximity sensor based on polymer light-emitting diodes and polymer photodiodes is presented.
The sensor’s thin-film light sources and detectors are monolithically integrated in the same plane of a common substrate
and are processed from the liquid phase at room-temperature. These key features make the sensor potentially attractive for
applications where low cost, small device thickness, tight space requirements or mechanical flexibility matter, such as sim-
ple information displays with touch switch functionality, for example. A static light-emitting sign with integrated touch
switch is demonstrated here.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The monolithic integration of all components of
an optoelectronic device on a single substrate—as
opposed to the assembly or packaging from a num-
ber of discrete components—offers benefits in terms
of cost, reliability, size, short signal paths and/or
reduced complexity of the fabrication process,
which are useful or even necessary attributes for
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved
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many applications ranging from routing in telecom-
munications to disposable optical bio-sensors.

Organic semiconductor technology offers com-
pletely new and attractive routes for monolithic
integration, due to comparatively simple thin-film
device architectures and fabrication processes that
differ radically from the ones of silicon industry.
With this respect, a major strength of organic opto-
electronics, particularly polymer optoelectronics
based on solution processing, is the possibility to
deposit the materials by additive processes in only
those areas, where their specific functionality is
required, as exemplified by ink-jet printed red,
.
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Fig. 1. Schematic diagram of device architecture and device
operation. Also shown is the ITO pattern—consisting of one
circular PLED and eight square PPD pixels, contact strips and
pads—for one example layout in the lower left of the figure. The
thin lines drawn in this layout indicate the outline of the
cathodes.
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green, and blue emitting pixels in polymer LED dis-
plays [1].

Although organic optoelectronic devices are gen-
erally perceived to have a large potential for mono-
lithic integration, only a limited number of classes
of functional devices comprising monolithically
integrated organic components have been reported
so far. Most prominently, organic light-emitting
diode (OLED) displays with more than 1 million
OLED pixels have been demonstrated [2], with
smaller sized OLED displays being already on
the market. Integrated circuits consisting of more
than 1000 organic field-effect transistors have
been shown, e.g., in the form of shift registers [3].
Relatively early on, the possibility to use organic
field-effect transistors to drive single OLEDs mono-
lithically integrated on the same substrate was dem-
onstrated by the Cambridge and Bell Lab groups
simultaneously [4,5]. Meanwhile, thousands of
organic transistors have been integrated in display
backplanes, however, not to drive OLEDs—the
drive currents of organic transistors do currently
not meet the needs of OLED displays—but capaci-
tive media such as electrophoretic displays [3,6].
Organic photodiodes have also been integrated in
arrays and matrices for image sensing and position
detector applications [7–9]. Only since recently,
however, monolithically integrated organic LEDs
and photodiodes are being explored in promising
new application areas such as chemical sensing
[10,11], bio-sensing [12], or optical integrated sys-
tems [13].

Here, we present an optical touch and proximity
sensor based on the monolithic integration of poly-
mer light-emitting diodes (PLEDs) and polymer
photodiodes (PPDs) [14]. Although similar devices
have been proposed in patents [15], none has been
demonstrated so far. Furthermore, small molecule
organic photodiodes have been integrated on top
of OLEDs to form an optical bistable switch in For-
rest’s group before [16]. However, to the best of our
knowledge, our work demonstrates the first func-
tional device combining solution-processed polymer

LEDs and photodiodes.
For the optical thin-film sensor discussed in this

paper, PLED and PPD pixels have been integrated
on the same side of a common substrate. Fig. 1
sketches the device architecture and illustrates the
principle of operation. The sensor can be operated
either in proximity mode or as touch sensor. For
the former, light emitted by the PLED is reflected
from nearby objects and falls back onto the photo-
diode pixels, leading to a signal enhancement (left
PPD in Fig. 1). On the other hand, the functioning
of the touch sensor relies on the fact that the slight-
est touch of the device leads to a change of the effec-
tive refractive index, which in turn influences the
angle of total reflection and therefore the guided
modes in the substrate. This results in a change
(generally a decrease) of the photodiode signals
(right PPD in Fig. 1). Apart from serving as thin-
film illuminators, which act as the light source for
touch and proximity detection, the PLEDs can also
function as information display at the same time,
e.g., in the form of a passive matrix display or a sta-
tic light emitting logo. An example for the latter is
presented in this paper.

2. Experimental details

The devices were fabricated on 1 inch square
Corning 1737F glass substrates of 1.1 mm thickness
with an indium tin oxide (ITO) layer of 150 nm
(12 X/h) on its top surface. LED pixel and photodi-
ode pixels were defined by patterning the ITO layer
using conventional photolithography in combina-
tion with wet etching. Anode contact strips as well
as contact pads were directly patterned into the
ITO layer, too as illustrated in Fig. 1. Prior to the
deposition of the organic layers, the substrates were
carefully cleaned by sonication in water, acetone,
and isopropanol, followed by an oxygen plasma
treatment.

A 50 nm thick layer of PEDOT:PSS [17] was then
applied by spin coating and subsequently baked at
180 �C for 10 min. Next, the active polymer layers
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Fig. 2. Electroluminescence spectrum of a polyfluorene LED
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were deposited. First, a continuous polyfluorene-
based film was applied, serving as light-emitting
layer in the LED pixel. This 70 nm thick film was
spin coated from a 1.1 wt.% solution of a 1:2:2
blend (by weight) of F8BT:F8:TFB [18] in toluene.
Second, the light-emitting layer was removed again
from those areas of the substrate, which do not
require its functionality, i.e. the photodiode pixels.
To achieve this, droplets of pure toluene were pipet-
ted to the areas outside the periphery of the LED
pixel and immediately after this the substrate was
rotated around the centre of the LED pixel at
1300 rpm. This procedure first dissolves and then
carries away the surplus polyfluorene material with-
out affecting the polyfluorene layer of the LED
pixel. Third, the 70–150 nm thick photoactive layers
were deposited on the photodiode pixels by spin
coating a 2:1 blend (by weight) of PCBM:P3HT
[19] from 0.6–1.4 wt.% solutions in chloroform. To
avoid cross-contamination as well as partial dissolu-
tion of the active material on the LED pixel, the
PCBM:P3HT blend was pipetted to the areas out-
side the periphery of the LED pixel only. This
method of sequential spin coating was chosen here
due to the fact that in our laboratories we do not
currently have access to more appropriate tools
for additive thin-film deposition from solution of
different functional materials onto different areas
of one substrate, such as e.g., ink-jet printing
[20,21]. Clearly, by using an adequate additive print-
ing method one could overcome the main shortcom-
ings of the sequential spin coating method, which
are the very limited resolution of about 1 mm as
well as the restrictions in pixel layout [22]. However,
the deposition technique used here is fully adequate
for the demonstration of functionality and feasibil-
ity of the monolithic sensors.

To finish the device, the cathode—consisting of a
20 nm thick layer of calcium capped by 70 nm of
aluminium—was deposited through a shadow mask
by vacuum evaporation. The mask design was such
that all photodiodes on one substrate were con-
tacted by a common cathode, whereas a separate
cathode contacted the LED (Fig. 1). Prior to taking
the finished devices into ambient atmosphere they
were encapsulated with a <10 lm thick epoxy layer
and a microscope cover glass.

The PLEDs show green electroluminescence with
peak emission at 530 nm, as seen in Fig. 2. A low
turn-on voltage of 2.5 V [23] allows one to operate
the PLEDs at voltages lower than 8 V. The initial
efficacy of the PLEDs is 0.6 cd/A.
At 0 V applied bias, the bulk heterojunction
polymer photodiodes show responsivities larger
than 0.02 A/W at wavelengths ranging from the
blue to 600 nm (Fig. 2) [24]. The overlap between
the PLED emission spectrum and the PPD respon-
sivity is reasonably good and fully sufficient for
the purpose of this work. In fact, the spectral match
of PLED and PPD allows the photodiodes in our
devices to collect 35–50% of the maximal photocur-
rent they could collect if the PLED would emit its
total radiant power at the wavelength of maximal
PPD sensitivity [25].

Our PLED and PPD efficiencies are a factor of
about 50 and 3 inferior to literature values for com-
parable spectral response, respectively [24,26]. In the
case of the PLED, this is partly due to the different
material class used in this study—polyfluorene emit-
ter as compared to iridium complex [26]—and
partly to the quality of the commercial materials.
Although our efficiencies are fully sufficient for the
purpose of this work, it is clear that the overall effi-
ciency of the sensor as well as the signal to noise
ratio would benefit from improvements in PLED
and PPD efficiency.

3. Results and discussion

PLED and PPD performance of a sensor placed
at a safe distance from any light scattering or reflect-
ing surfaces is shown in Fig. 3. The curves were
measured in the dark on a device with an eight pho-
todiode pixel layout as depicted in Fig. 1. The
guided modes of the substrate, which are schemati-
cally illustrated in Fig. 1, couple part of the light
emitted by the PLED into the photodiode pixels
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and give rise to the photocurrent of Fig. 3(b). Evi-
dently, coupling through the substrate decreases
with increasing distance between PLED and PPD.
Pixel 4, being at double the distance from the PLED
than pixel 1, shows less than half of the latter’s pho-
tocurrent. In fact, the decay of the substrate cou-
pling Isub is well described by

I subðrÞ /
1

r
expð�r=LÞ; ð1Þ

where r is the distance between PLED and PPD
pixel (Fig. 4, upper right inset). The term inversely
Fig. 4. Response of a sensor operated in proximity mode. The
layout of the seven pixel sensor is shown in the lower right. The
signal of the photodiode pixels as a function of distance between
sensor and object—a coplanar flat surface covered with white
paper—is shown in the main graph. The full lines depict the
model of Eq. (2) (a identical for all curves, Isub fitted individu-
ally). Inset: Signal of the individual PPD pixels as a function of
their distance from the PLED for large sensor-object distances
(d = 40 mm). The full line depicts a fit with Eq. (1) with
L = 4.0 mm.
proportional to r is typical for a wave spreading in
two dimensions, and the exponential attenuation re-
sults from absorption of the guided modes at the
substrate/polymer interface giving rise to decay con-
stants L of a few mm in our devices [27].

The photodiode response is close to linear over
the range of intensities of interest in this study, as
seen in Fig. 3 (c). The quantum efficiency of the sub-
strate coupling was measured to be of the order of
10�6 in our devices, i.e. a few charge carriers are
photogenerated in a PPD pixel per 106 carriers pass-
ing through the PLED. For example, pixel 1 in
Fig. 3 shows an efficiency of 4 · 10�6, as determined
from the ratio of PPD photocurrent and PLED
driving current.

Operation of a sensor in proximity modus is
demonstrated in Fig. 4. It shows the response of
the PPD pixels upon positioning an object, which
in case of Fig. 4 is a coplanar white surface, at a dis-
tance d in front of the sensor. The signal on the
PPDs increases as the distance between object and
sensor decreases. It becomes distinguishable from
the substrate-coupled background at distances
below about 15 mm.

The basic features of the proximity sensor’s
response can be well understood in a simple model,
for which the PLED is assumed to be a Lambertian
emitter and the object a coplanar mirror [28]. The
angle # under which the PLED ‘‘sees’’ the PPD in
the object mirror is given by tg# = r/2d, where d is
the distance between object and sensor and r is the
separation between PLED and PPD (Fig. 1). For
a Lambertian emitter, the intensity that is reflected
back onto the PPD is proportional to cos# · X,
where X = APPDcos#/(r2 + 4d2) is the solid angle
spanned by the PPD and APPD is the area of the
photodiode pixel. Putting all together, one obtains
the following expression for the photodiode current
in proximity mode:

Iproxðr; dÞ ¼ a
d2

ð4d2 þ r2Þ2
þ I subðrÞ. ð2Þ

Here, a is a proportionality factor and Isub(r) is
the contribution due to substrate coupling (Eq. (1)).

As seen in the main panel of Fig. 4, there is a sat-
isfactory agreement between the simple model (full
lines) and the measured data. In particular, the
model reproduces the maxima observed in the sen-
sor response at distances around 5 mm. These max-
ima result from the competition between the angle
of incidence, which becomes more grazing with
decreasing object–sensor distance and thus results



Clock Sine
Generator

I/V
Converter

PPD

PLED

s/h

Low
pass

Gain &
Buffer

Out

s/h
GND

Fig. 5. Schematic diagram of the PLED driving circuit and one of the eight channels of the PPD readout electronics.

Fig. 6. Polymer light-emitting sign with touch-switch function-
ality. The three monolithically integrated PPD sensor pixels are
indicated by the white squares in (a). Touching the sensor with a
finger (b) leads to a clear drop in the PPD signals, as seen for the
middle pixel in (c).
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in a signal decrease, and the decrease in optical path
length with decreasing object–sensor distance,
which results in a signal increase. In the simple
model of Eq. 2 the maxima in the PPD response
occur at d = r/2, i.e. at an object–sensor distance
that corresponds to half the PLED–PPD separa-
tion. The maximum in the response shifts to very
low distances if the PLED–PPD separation is mini-
mized (r! 0). In practice, one can achieve a mono-
tonically increasing response by placing small
PLED and PPD pixels very close to each other,
resulting in an inverse square law dependence on
the object–sensor distance, and thus a high sensitiv-
ity in the short range.

For any practical application of the sensor pre-
sented here one needs to deal with unwanted light
from the surrounding. We developed the sample
and hold (s/h) circuit shown in Fig. 5 to operate
our demonstrators under normal indoors lighting
conditions. Signal detection and background sub-
traction is achieved by modulation of the PLED
driving current and a corresponding pixel-wise
demodulation of the photodiode signals by virtue
of a sample and hold stage followed by a low pass
filter.

An example of such a demonstrator is presented
in Fig. 6. The demonstrator combines a simple static
information display with a touch sensor. In this
case, the PLED serves both as a light emitting sign
and as the light source for the touch sensor. The pat-
terning of the light-emitting sign was achieved by
inserting a thin (300 nm) insulating polyimide layer
between the ITO, which itself was coarsely pat-
terned into a sign-enclosing rectangle, and the PED-
OT:PSS in those areas where the PLED should not
light up. The polyimide was patterned using conven-
tional photolithography combined with dry etching.

Fig. 6(c) illustrates the functioning of the touch
sensor. The sensor signal shows a clear drop of
about 0.7 V when a finger is brought into contact
with the sensor surface (left arrow in Fig. 6). Upon
removing the finger again (right arrow), the signal
recovers to its initial value of about 1.3 V. Note that
this value is non-zero due to the through-substrate
coupling discussed above. The presence of human
skin (or other soft material) on the sensor surface
leads to a damping of the substrate modes and thus
results in a decrease of the PPD photocurrent. In
touch modus, the drop of the sensor signal to below
a given threshold value could be used to trigger any
desired event, such as e.g., switching a light on or
calling an elevator.

Furthermore, the demonstrator of Fig. 6 can also
be run in proximity mode. Fig. 7 shows the response
of the sensor to the presence of either a coplanar
white paper surface (a) or the palm of a hand (b)
in close proximity. Light reflected from the nearby
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surfaces results in a clear increase of the current gen-
erated in the PPDs. White paper having a higher
reflectivity than human skin explains the stronger
response of the sensor to the former.

4. Summary and outlook

Polymer LEDs and polymer photodetectors have
been monolithically integrated in the same plane of
a common substrate in order to demonstrate a
sensor with touch-switch and proximity detection
functionality. The proximity sensing range of these
devices extends to a few centimetres and large
sensitivities are achieved for small object–sensor
distances (1/d2 dependence).

The all-polymer thin-film sensor is compatible
with ultra-thin, light-weight, flexible and/or large-
area substrates. On the other hand, due to fact that
light source and detector are fully integrated, it
could also be miniaturized to a great degree in order
to be fitted into applications with tightest space
requirements. Furthermore, processing from solu-
tion together with the simplicity of the sensor design
should make its production accessible for low cost,
high-volume fabrication methods such as e.g., roll-
to-roll print processes. For all these attractive fea-
tures, this new type of sensor might be useful for
many applications. For example, simple static
light-emitting signs with touch-switch functionality
are a possible low-end application, which would
benefit from the potentially low cost. More
advanced possible applications include matrix dis-
plays with integrated touch-screen, (large area) posi-
tion sensitive proximity detectors or even flexible
sheets with artificial haptics [29].
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Abstract

The field-effect transistor (FET) performances of two thiophene-based semiconducting materials (T2TT and T2FL)
were examined. Through studies of the thin-film morphology using X-ray diffraction (XRD) and atomic force microscopy
(AFM), we could access the behavior and structure of the thin-film devices at the nanoscale level in single molecular layers
and determine the correlation between molecular alignment and device performance. Due to the extended p-conjugation,
efficient hole injection, and good molecular alignment, the T2TT and T2FL FET devices exhibited hole mobilities of up to
0.03 cm2 V�1 s�1, when the films were deposited at Tsub = RT and 80 �C, respectively. In spite of the large number of small
grains in the film deposited at room temperature, the T2TT molecules were aligned perpendicular to the substrate when
deposited at this low substrate temperature, which favored p–p overlap between adjacent molecules, resulting in high
OFET performance.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, interest in organic semiconduc-
tors has increased due to their applications in
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved
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optoelectronic devices such as light-emitting diodes
(OLEDs) [1–3], field-effect transistors (FETs) [4–7],
and photovoltaic devices [8,9]. These organic elec-
tronics have several advantages over conventional
inorganic electronics, including facile processability,
chemical tunability, compatibility with plastic sub-
strates, and low cost. Applications of OFETs
include low-cost memories, smart cards, and driving
circuits for large-area display devices [10–12].
Many studies have demonstrated the potential of
.
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pentacene, pentacene derivatives, oligothiophenes,
and poly(3-alkyl-thiophene) (P3HT) as candidate
materials for use in OFETs. In particular OFETs
based on these materials have been found to be
characterized by excellent performance and environ-
mental stability. Improvements in fabrication tech-
niques have enhanced OFETs to the point where
their performance is now approaching that of FETs
based on inorganic amorphous silicon [13].

To obtain high carrier mobility, it is crucial that
the organic molecules be arranged in particular
molecular architectures. Specifically, a high degree
of molecular alignment and a molecular orientation
that is favorable for intermolecular charge migra-
tion are needed for efficient charge transport and
thus for good device performance. In the develop-
ment of semiconducting materials, molecules with
fused rings in their backbone [14–16] and/or with
alkyl chains at their ends [17] have been used to
obtain highly crystalline films via enhanced inter-
molecular ordering and p–p stacking. With the
development of OFET semiconducting materials,
the charge transport mechanism and structural
organization in conjugated oligomers have also
been studied in terms of the link between these char-
acteristics and the experimental conditions (e.g. film
deposition and treatment conditions) [17–20]. Previ-
ous studies have established that the thin-film mor-
phology of the oligomers depends on the processing
conditions, and interestingly, that the FET device
performance strongly depends on the thin-film mor-
phology. Many attempts have been made to eluci-
date the correlation between morphology and
device performance in the fields of solar cells and
light-emitting diodes as well as FETs [21,22]. In
organic semiconductor materials, charge carrier
transport between adjacent molecules is affected
not only by the electronic properties of the material,
but also by its morphology. Here we report on the
OFET characteristics of two oligothiophene deriva-
tives, with a focus on their charge carrier transport
behavior. In particular, we demonstrate that varia-
tion of the deposition temperature causes changes
in the molecular orientation and film morphology,
which in turn result in large changes in the carrier
transport behavior and OFET performance.

2. Experimental

The syntheses of the 2,5-bis-(5 0-hexyl-[2,2 0]bithi-
ophenyl-5-yl)-thieno[3,2-b]thiophene (T2TT) and
2,5-bis-(5 0-hexyl-[2,2 0]bithiophenyl-5-yl)-fluorene
(T2FL) were carried out using the well-known palla-
dium-catalyzed Suzuki coupling between dibro-
moaryl and diborolanylaryl compounds [23–25]. A
well-known thiophene-based semiconducting mate-
rial, dihexylquarterthiophene (DH4T) and two
semiconducting materials containing thieno[3,2-
b]thiophene (2,5-bis-(5-hexyl-thiophen-2-yl)-thi-
eno[3, 2-b]thiophene, T1TT) or fluorene (2,5-bis-
(5-hexyl-thiophen-2-yl)-fluorene, T1FL) were also
prepared for comparison. These molecules were syn-
thesized with alkyl chains at both ends and a fused
ring system at the core in order to increase the p–p
stacking of the oligomer molecules. The chemical
structures of the oligomers, which were verified by
1H and 13C NMR spectroscopy as well as elemental
analysis, are shown in Fig. 1.

UV–Vis spectra were obtained using a Jasco
V-530 UV/Vis. spectrometer, and PL spectra were
obtained using a Spex Fluorolog-3 spectrofluorome-
ter. The films used in the UV–Vis and PL measure-
ments were prepared by solution-casting of the
oligomers (1.0 wt% in dichlorobenzene). Cyclic vol-
tammograms were recorded at a scan rate of
100 mV/s at room temperature in a solution of tetra-
butylammonium hexafluorophosphate (Bu4NPF6)
dissolved in benzonitrile. A Pt wire was used as the
counter electrode and an Ag/AgCl electrode was
used as the reference electrode. The oxidation poten-
tials were calibrated using the ferrocene (Fc) value of
�4.8 eV as the standard [26]. HOMO values are cal-
culated using the empirical equation: Ip(HOMO) =
�(Eonset + 4.39), where Eonset is the onset potential
of oxidation [27,28]. Film thicknesses were measured
using a Dektak 3ST surface profiler.

FETs were fabricated using the bottom contact
geometry (channel length L = 50 lm, width
W = 250 lm). This geometry was chosen over the
top contact geometry with the practical consider-
ation that OFETs will ultimately be manufactured
in the bottom contact configuration [29]. In our
devices, source and drain contacts were made of
gold and the dielectric was silicon oxide (SiO2;
thickness 300 nm). Onto a cleaned SiO2 surface,
the organic semiconductors were vacuum-deposited
under a pressure of �2.0 · 10�6 Torr to a final
thickness of 200 nm. The substrate temperature dur-
ing deposition was controlled by heating the plat-
form on which the substrate was mounted. The
electrical characteristics of the OFET devices were
measured in air using a Keithley 4200 Semiconduc-
tor Characterization System. For morphological
characterizations, the semiconducting materials
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Fig. 2. UV–Vis absorption (dotted line) and PL emission (solid
line) spectra of the oligomers (a) in chloroform solution and (b)
as films.
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were deposited onto SiO2/Si substrates simulta-
neously with the FET devices. XRD patterns were
recorded using an X’Pert-MPD System (Philips) in
reflection mode at 40 kV and 30 mA with a scanning
rate of 0.08� per second and Cu Ka radiation (with
wavelength k = 1.5406 Å) with a h–2h scans config-
uration. Contact-mode AFM images were recorded
using a Seiko Instruments SPA-300/SPI3800 probe
system, equipped with a SiN cantilever (Olympus,
OMCL-TR400PSA-1, force constant 0.09 N/m, tip
curvature radius �15 nm).

3. Results and discussion

3.1. Optical properties

The intermolecular interactions between adjacent
molecules of the oligomers in the solid state were
confirmed by UV–Vis absorption and photolumi-
nescence (PL) emission spectroscopy (Fig. 2). The
PL emission peaks of the T2FL and T2TT films
are clearly red-shifted with respect to those in solu-
tion, indicating increased interactions between
neighboring molecules in the film state. In addition,
compared to the corresponding solution spectra, the
PL emission of the T2TT film is considerably
weaker and the spectrum of the T2TT film exhibits
a blue-shifted absorption maximum at 349 nm. Sim-
ilar behavior has been reported for oligothiophenes,
which were found to have low PL yields and blue-
shifted absorption maxima when prepared as thin
films [30]. It has been reported that in oligothio-
phene films, the closed-packed arrangement of the
molecules leads to a splitting of the excited state into
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two exciton states (Davydov splitting) [31,32]. The
optical properties of the two oligomers considered
in the present work confirm the existence of strong
interactions among their p-conjugated systems in
the solid state.

3.2. FET characteristics

FETs were fabricated using the bottom contact
geometry (channel length L = 50 lm, width
W = 250 lm). A schematic cross-section of the bot-
tom contact device is shown in Fig. 3. The device
performance was measured in air and the results
are shown in Table 1. The thin-film transistors of
T2TT and T2FL showed characteristics typical of
a p-channel field-effect transistor, i.e. when a nega-
tive bias was applied, the drain–source current
scaled with the negative gate voltage due to the
increased number of charge carriers (holes). The
output curves [i.e., ID = f(VD)] at different gate
biases and the transfer curves [i.e., ID = f(VG)] at
constant VD for the T2TT and T2FL films are
shown in Figs. 4 and 5, respectively. The output
curves show very good saturation behavior. The
field-effect mobilities (lFET) were calculated in the
saturation regime at a drain voltage of VD = �80 V
using the equation ID = (WCi/2L) lFET(VG � VT)2,
where Ci is the capacitance of the SiO2 insulator
Fig. 3. A schematic cross-section of the bottom contact FET
device.

Table 1
Field-effect mobility (lFET) and threshold voltage (Vth) for
oligomer transistors prepared at different substrate temperatures
(Tsub)

Material Tsub [�C] lFET [cm2 V�1 s�1] Vth [V]

T2TT 25 (RT) 0.030–0.023 �2 to �5
80 0.012–0.011 �5 to �12

100 0.002–0.001 �8 to �28

T2FL 25 (RT) 0.008–0.006 �38 to �44
80 0.031–0.020 �2 to �14

100 0.022–0.016 �16 to �25
120 0.0007 �28 to �40
(Ci = 12.3 · 10�9 F cm�2) and VG and VT are the
gate and threshold voltages, respectively.

The T2TT and T2FL devices showed hole mobil-
ities of ca. 0.03 cm2 V�1 s�1 and threshold voltages
of �4 V and �14 V when deposited at Tsub = RT
and 80 �C respectively; this mobility was compara-
ble to that of DH4T (0.02 cm2 V�1 s�1) under the
same conditions. Considering that FETs were fabri-
cated using the bottom contact geometry with the
SiO2 gate dielectric, this FET performance is one
of the best among thin-film organic semiconductors.
In addition, the OFET devices made from these two
oligomers showed good stability in air. Only slight
changes of the device performances have been
observed after the transistors have been exposed
to ambient air for 10 days. (e.g., Ioff, fresh = 2 nA,
Ioff, 10 days = 6.8 nA, Ion, fresh = 3.3 lA, and
Ion, 10 days = 5.2 lA for T2FL at Tsub=80 �C).

For comparison, we have also prepared two
semiconducting materials containing thieno[3, 2-b]
thiophene (T1TT) or fluorene (T1FL). Although
the chemical structures of T1TT and T1FL are anal-
ogous to T2TT and T2FL respectively, other than
that the number of thiophene rings is reduced to
half, the films of T1TT and T1FL showed relatively
low FET hole mobility of an order of 10�3–
10�4 cm2 V�1 s�1 at all substrate temperatures (RT
and 80 �C). The extension of p-conjugation from
thiophene to bithiophenyl substitution effectively
improves the FET performance, indicating that
the extended p-conjugation length results in
increased p–p stacking between the oligomer mole-
cules for efficient carrier transport.

The good performances of the T2TT and T2FL
devices can be attributed to the good match between
the ionization potential of each oligomer and the
work function of the gold electrodes. The HOMO
levels of the materials were determined using the
onset potential of the oxidation process of each oli-
gomer [33]. The onset of oxidation of T2TT and
T2FL occurs at 0.66 V and 0.76 V (vs SCE), which
correspond to EHOMO values of �5.10 eV and
�5.20 eV, respectively. Thus the HOMO levels of
T2TT and T2FL match well with the work function
of gold metal, resulting in efficient hole injection in
OFETs.

The FET characteristics of OFETs depend pri-
marily on the molecular alignment in the film and
on the injection of holes from the electrodes. Gener-
ally, oligomeric semiconducting materials such as
pentacene show a vertical alignment in which the
molecular long axes are oriented perpendicular to



Fig. 4. Output characteristics of the T2TT FET devices at different gate biases (left) and plots of the transfer at constant VD = �80 V
(right) (semilogarithmic plot of �ID versus VG (left axis) and plot of (�ID)1/2 versus VG (right axis)), when deposited at Tsub = (a) RT, (b)
80 �C, and (c) 100 �C, respectively.
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the substrate surface [34,35]. The degree of align-
ment is an important determinant of the degree of
carrier transport between adjacent molecules. In
the present work, we additionally performed AFM
and X-ray diffraction (XRD) studies to further
investigate the relationship between molecular
alignment and device performance. The AFM
micrographs of the oligomer films showed 3- or 2-
dimensional morphologies that varied with sub-
strate temperature. For all of the oligomer films,
the XRD h–2h scans were highly textured and
showed well-resolved multiple (h00) reflections with
a strong (100) reflection corresponding to the calcu-
lated molecular length. This indicates that, similar
to other organic semiconducting materials, the
oligomers are oriented perpendicular to the sub-
strate. The characteristics of T2TT and T2FL—
most notably their extended p-conjugation length,
appropriate ionization potentials, and good molecu-
lar alignment—thus result in reasonable perfor-
mance characteristics for FETs based on these
oligomers.

3.3. Relationship between thin-film morphology

and FET performance

As shown in Table 1, the FET performances of
the oligomers depended on the substrate tempera-
ture (Tsub), with optimum performances being
achieved when T2TT and T2FL were deposited at



Fig. 5. Output characteristics of the T2FL FET devices at different gate biases (left) and plots of the transfer at constant VD = �80 V
(right) (semilogarithmic plot of �ID versus VG (left axis) and plot of (�ID)1/2 versus VG (right axis)), when deposited at Tsub = (a) RT,
(b) 80 �C, (c) 100 �C, and (d) 120 �C, respectively.
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substrate temperatures of RT and 80 �C respectively
(0.03 cm2 V�1 s�1). The FET characteristics of
T2TT and T2FL at different substrate temperatures
are summarized in Table 1. To determine the source
of this dependence of FET performance on Tsub, we
studied the thin-film morphologies and FET perfor-
mances of devices fabricated at various substrate
temperatures. AFM images and XRD patterns of
T2TT are shown in Fig. 6. In terms of OFET perfor-
mance, T2TT had the highest hole mobility (0.03



Fig. 6. XRD patterns and AFM images (with profiles) of T2TT films deposited at Tsub = (a) RT, (b) 80 �C, and (c) 100 �C, respectively.
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cm2 V�1 s�1) when deposited at RT, and maintained
a hole mobility of 0.01 cm2 V�1 s�1up to 80 �C;
above 100 �C, however, the hole mobility of the
T2TT device decreased to values on the order of
10�3 cm2 V�1 s�1’. Generally, oligomeric semicon-
ducting materials have higher mobilities at higher
substrate temperatures because the grain size tends
to increase and the number of grain boundaries
tends to decrease with increasing temperature
[20,36]. Consistent with this, the grain size of
T2TT increases with increasing substrate tempera-
ture, as shown in Fig. 6. In T2TT, the domain size
is 0.5–1 lm at Tsub = RT and more than 3 lm at
Tsub = 100 �C. The grain size of the T2TT film at
Tsub = RT is greater than the grain sizes in thin
films of other semiconductors [20,33,37–39], sup-
porting the good FET performance of T2TT films
at Tsub = RT. In spite of the increase in grain size,
however, the FET hole mobility of the T2TT device
decreases with increasing Tsub. This finding indi-
cates that the molecular alignment and FET charac-
teristics are affected by factors other than the grain
size and grain boundaries. Information on the
molecular arrangement in the crystal grains can be
obtained by XRD analyses of thin films of the olig-
omers. As mentioned above, a series of multiple
(h00) reflections with a strong (100) reflection is
observed in the XRD patterns of T2TT at all sub-
strate temperatures, Tsub = RT, 80 �C, and 100 �C.
The calculated interlayer spacings (d) and the esti-
mated molecular lengths (l) are summarized in
Table 2. Interestingly, the interlayer spacing, which
was determined from the (100) reflection, was
36.1 Å at Tsub = RT but 29.7 Å at both Tsub =
80 �C and 100 �C. While the T2TT films at Tsub =
80 �C and 100 �C showed their first reflection peak
at 2h = 2.98�, indicative of a d spacing of 29.7 Å,
the T2TT film deposited at Tsub = RT showed the
first strong reflection peak at 2h = 2.45�, indica-
tive of a d spacing 36.1 Å, and only a very small



Table 2
Estimated molecular lengths (l),a calculated interlayer spacing (d)b and calculated tilt angles (htilt)

c of the oligomer films prepared at
different substrate temperatures (Tsub)

l [Å] Tsub = RT (25 �C) Tsub = 80 �C Tsub = 100 �C Tsub = 120 �C

d [Å] htilt [deg] d [Å] htilt [deg] d [Å] htilt [deg] d [Å] htilt [deg]

T2TT 36.6 36.1 9.5 29.7 35.8 29.7 35.8
T2FL 39.1 32.5 33.8 33.3 31.6 32.9 32.7 31.8 35.6

a Estimated by MOPAC-PM3 calculation.
b Determined on the basis of the first-layer line in the h–2h scan of the thin films.
c Calculated by htilt = cos�1(d/l).
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reflection peak corresponding to a d spacing of
29.7 Å. Surprisingly, the calculated d spacings from
the first reflection peaks of the XRD patterns match
exactly with the step heights of the films in the AFM
images (�3 nm). The d spacing for the film at
Tsub = RT (36.1 Å) is very close to the molecular
length calculated using MOPAC-PM3 (36.6 Å),
indicating that the molecules have an edge-on orien-
tation relative to the substrate. When the molecules
are aligned perpendicular to the substrate, the p–p
overlap between adjacent molecules is maximized
and carrier transport can occur effectively. The pla-
narity and rigidity of thieno[3,2-b]thiophene result
in high crystallinity of the oligomer and vertical
alignment into the favorable molecular orientation.
On the other hand, when the T2TT films were
deposited at the higher substrate temperatures of
Tsub = 80 �C and 100 �C, the observed d spacings
were smaller than the corresponding extended chain
lengths, indicating that the molecules may be
inclined away from the direction normal to the sub-
strate, resulting in a lower mobility. Taken together,
the above results thus suggest that when deposited
at higher substrate temperatures, the T2TT film is
comprised of large domains and small grain bound-
aries, but the molecules in each domain are inclined
with a tilt angle of about 36�, which diminishes the
p–p overlap between adjacent molecules and hence
degrades the OFET performance. In addition, it
has been reported that the dependence of OFET
performance on deposition temperature can be
understood in terms of the existence of crystal
grains with different phases, such as the ‘‘thin-film
phase’’ and ‘‘single-crystal phase’’ [20]. In that
work, an oligomer film in the ‘‘single-crystal phase’’
showed a lower hole mobility than a film of the
same material in the ‘‘thin-film phase’’, due to the
smaller degree of intermolecular overlap in the for-
mer film. In the present work, the decrease of the
layer spacing and the increase of the tilt angle of
molecules in films fabricated at higher Tsub can also
be understood as originating from a morphological
change into a different phase. Further research into
the crystal structures of our derivatives is currently
underway.

The T2FL films showed features similar to those
described above for the T2TT films. As shown in
Fig. 7, the grain size of the T2FL films increased with
increasing deposition temperature, which is not con-
sistent with the temperature dependence of the
device performance. It is worth noting that the
T2FL film deposited at 120 �C exhibits a well-
defined 2-dimensional morphology with a domain
size of more than 10 lm. The multistep structures
of T2TT and T2FL (shown in Fig. 6c and 7d respec-
tively) indicate that these films consist of regularly
stacked molecular layers similar to a self-assembled
monolayer (SAM). Thus, our XRD and AFM stud-
ies allow us to access the behavior and structure of
the thin-film devices at the nanoscale level in single
molecular layers. The T2FL films exhibited more
complicated XRD patterns than those observed for
the T2TT films. Films grown at all four substrate
temperatures showed strong (10 0) reflections with
multiple (h00) reflections; however, the d spacings
obtained from the (100) reflections varied with the
substrate temperature, as summarized in Table 2.
The interlayer d spacings of the T2FL films were
32.5, 33.3, 32.9, and 31.8 Å when deposited at RT,
80 �C, 100 �C, and 120 �C, respectively. Inspection
of the data reveals that the hole mobilities of the
T2FL films increase as the difference between the d

spacing of the film and the estimated molecular
length (39.1 Å) decreases. The d spacings indicate
that the molecules in the T2FL films deposited at
Tsub = RT and 120 �C are more inclined with respect
to the substrate than those in the films deposited at
Tsub = 80 �C and 100 �C, suggesting that the T2FL
films deposited at these temperatures show higher
hole mobilities because their molecular orientation
is more favorable for carrier transport. In addition,
the large decrease in hole mobility at Tsub = 120 �C



Fig. 7. XRD patterns and AFM images (with profiles) of T2FL films deposited at Tsub = (a) RT, (b) 80 �C, (c) 100 �C, and (d) 120 �C,
respectively.
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may also be caused by the poor wetting of an organic
semiconductor to the electrode [29] and cracking of
the film which was observed by AFM [37]. A
crack-induced reduction in mobility has been
observed for films of other oligothiophene deriva-
tives deposited at Tsub > 130 �C [37]. The cracking
of oligomer films has been attributed to mechanical
stresses originating from the different thermal expan-
sion coefficients of the film and the Si wafer.
Fig. 8 shows the hole mobilities and d-spacings
for T2FL and T2TT films deposited at various sub-
strate temperatures, from which we can determine
the effect of molecular orientation on FET perfor-
mance. Collectively, our analyses of the FET char-
acteristics and thin-film morphologies indicate that
the best mobility of the semiconducting materials
is obtained when the material is deposited at a sub-
strate temperature that gives films that have not
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only a large grain size but also a molecular orienta-
tion favoring intermolecular charge migration.

4. Conclusions

In summary, we have synthesized two new thio-
phene-based semiconducting materials containing
thieno[3, 2-b]thiophene or fluorene groups, T2TT
and T2FL, and fabricated OFETs using these oligo-
mers as the active layer. Due to the (1) extended p-
conjugation, (2) efficient hole injection, and (3) good
alignment of the molecules, the T2TT and T2FL
FET devices exhibited hole mobilities of up to
0.03 cm2 V�1 s�1, when the films were deposited at
Tsub = RT and 80 �C respectively. In oligomer films,
the carriers (holes) move effectively, and thus the
FET characteristics are better, when the molecular
orientation favors p–p overlap and the grains are
large in size and separated by small grain bound-
aries. For T2TT, the molecules tended to align
almost perpendicular to the substrate at a low sub-
strate temperature (RT), which favors p–p overlap
between adjacent molecules. In spite of the large
number of small grains in the film deposited at this
low substrate temperature, the T2TT device showed
high hole mobility due to the efficient transport of
the carriers. Further improvements in FET perfor-
mance should be possible by optimizing the fabrica-
tion conditions and the surface treatment.
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Abstract

Organic field-effect transistors (OFETs) typically exhibit either a high charge transport mobility or a high charge den-
sity. Here we demonstrate an OFET in which both the mobility and the charge density have high values of 0.1 cm2/V s and
28 mC/m2, respectively. The high charge density is induced by the ferroelectric polarization of the gate dielectric
poly(vinylidene fluoride/trifluoroethylene). The high mobility is achieved in a regioregular poly(3-hexylthiophene) semi-
conductor using a transistor with a top-gate layout that inherently exhibits a smooth semiconductor–dielectric interface.
The combination of high mobility and charge density yields a record conductance value for polymer-based FETs of 0.3 lS.
� 2005 Elsevier B.V. All rights reserved.

PACS: 72.80.Le; 77.84.Jd; 85.30.Tv

Keywords: Poly(3-hexylthiophene); Ferroelectric polymer; Field-effect transistor
1. Introduction

Organic field-effect transistors (OFETs) have
reached a technological level where they might be
applied in a number of products, ranging from
RFID tags to active-matrix (AM) driven displays.
Active-matrix electronic-paper displays driven by
OFETs have recently been demonstrated [1], and
application of OFETs for AM liquid crystal dis-
plays is also considered. An inherent disadvantage
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved
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of organic FETs is that the current driving capabil-
ity is limited by the relatively low mobility, as
compared to their inorganic counterparts. A high
current response/conductance is advantageous for
driving organic light-emitting diodes (OLEDs) and
it reduces the charging time of gate capacitors in
integrated circuits. The conductance is determined
by the product of charge carrier density in the chan-
nel, governed by the capacitance of the gate dielec-
tric, and the charge carrier mobility. In a recent
demonstration of an AM driven OLED display
pentacene-based drive transistors were used, exhibi-
ting a conductance of typically 0.2 lS [2]. These
pentacene FETs make use of the high carrier
mobility of 0.6 cm2/V s that can be achieved in
.
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Fig. 1. (a) The top-gate transistor layout. (b) The topography of
an annealed rr-P3HT layer, as measured with an AFM. The area
is 3 · 3 lm2.
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vacuum-deposited small molecules. An important
question is whether such a large conductance can
also be achieved in solution-processed polymer
transistors, of which the mobility is at least an order
of magnitude lower as compared to their small-
molecule based counterparts. For this a large carrier
density and carrier mobility needs to be combined in
one single polymer transistor.

One way to increase the maximum charge carrier
density is by increasing the capacitance of the gate
dielectric. It has been shown that the high capaci-
tance of a polymer electrolyte can induce a charge
density of 3 C/m2 [3], but only in combination with
a strongly limited carrier mobility of 4 · 10�4 cm2/
V s in pentacene, which results in a low conductance
value of 0.07 lS. Another approach is to use a thin
polymer film with a high dielectric constant k [4].
One promising candidate material is polyvinylidene
fluoride (PVDF) and its co- and terpolymers
because it has a high dielectric constant and dielec-
tric strength [5]. A pentacene-based transistor using
a PVDF terpolymer gate dielectric with a mobility
of 1 cm2/V s has been demonstrated [6]. However,
the transistor was made with a low-k buffer layer
on top of the dielectric which lowered the effective
k-value by 50%. The buffer layer was necessary
because of the high surface roughness of the dielec-
tric layer, which would have lowered the mobility
due to charge trapping effects inside roughness val-
leys at the dielectric–semiconductor interface [7].
Field-effect transistors based on pentacene and reg-
ioregular poly(3-hexylthiophene) (rr-P3HT) with a
PVDF gate dielectric without a buffer layer have
also been demonstrated [8,9]. The highest mobility
was 8 · 10�3 cm2/V s in rr-P3HT, which was
obtained using a PVDF gate dielectric with a sur-
face roughness of 5 nm [9]. In recent literature the
reported mobility of rr-P3HT is most often higher
than 1 · 10�2 cm2/V s [10]. The fact that the mobil-
ity of rr-P3HT is generally higher confirms that the
mobility on PVDF without a buffer layer is limited
by the surface roughness of PVDF. In this manu-
script we demonstrate that a top-gate transistor lay-
out enables a smooth interface between rr-P3HT
and PVDF copolymer poly(vinylidene fluoride/trif-
uoroethylene) (P(VDF-TrFE)). The change from a
bottom-gate to a top-gate layout is a more expedi-
ent solution to the roughness problem than using
a buffer layer, because it does not lower the effective
k-value of the gate dielectric. With the top-gate
transistor layout a semiconductor mobility of
0.1 cm2/V s is obtained in rr-P3HT, which is an
increase of about one order of magnitude. Further-
more, we demonstrate that a charge density of
28 mC/m2 is induced by the ferroelectric and dielec-
tric polarization of P(VDF-TrFE). The combina-
tion of high mobility and charge density induces a
large conductance of 0.3 lS. It is this large conduc-
tance value that makes the transistors applicable as
drive transistors in active-matrix OLED displays
[2,11].

2. Experimental

The top-gate field-effect transistor layout is
shown in Fig. 1(a), with silver source, drain and gate
electrodes and a P(VDF-TrFE) gate dielectric film
on top of the rr-P3HT semiconductor film. The
transistors were prepared upon clean glass sub-
strates onto which silver source–drain electrodes
were deposited with shadow mask evaporation,
using a wire to create the channel. The substrates
were subsequently annealed at 140 �C in air to
increase the adhesion. The workfunction of the
annealed silver measured with a Kelvin probe was
4.4 eV. Regioregular poly(3-hexylthiophene) (elec-
tronic grade; 98.5% regioregular; Rieke Metals,
Inc.) was purified as described in a previous report
[9]. Chloroform solutions were spin coated in a N2

filled glovebox. A rotation speed of 4000 rpm was
used to minimize the surface roughness. The layer
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thickness was typically 60 nm. The samples were
subsequently annealed in a vacuum oven at 140 �C
to enhance the crystallinity of the rr-P3HT. The
topography of an annealed rr-P3HT layer as mea-
sured with an AFM is presented in Fig. 1(b). The
root-mean-square roughness derived is about
0.7 nm. On top of this layer, the gate dielectric
was applied by spin coating filtered 2-butanone
solutions of either polytrifluoroethylene (PTrFE)
or poly(vinylidene fluoride-trifluoroethylene) 65–
35 mol% random copolymer (Solvay, Belgium). It
is crucial in this step that the semiconductor layer
does not dissolve in the solvent 2-butanone. A
solubility test showed no coloration of this colorless
solvent after prolonged stirring, indicating that
2-butanone is a non-solvent to rr-P3HT. The
samples were annealed again in a vacuum oven at
138 �C to enhance the crystallinity of the gate dielec-
tric. The transistors were finalized by evaporation of
silver gate electrodes. Current transport measure-
ments were performed in dark and vacuum using
a Keithley 4200 semiconductor analyzer. Polymer
layer thicknesses were determined using a Dektak
profilometer.

3. Results and discussion

Fig. 2 shows a typical transfer curve measure-
ment of a top-gate ferroelectric FET (FeFET) as
depicted in Fig. 1(a). The drain current has a
bistability at zero gate bias due to the ferroelectric
Fig. 2. Hysteretic transfer curve measurement on a top-gate
FeFET with P(VDF-TrFE) as the gate dielectric and rr-P3HT as
the semiconductor. The gate insulator layer thickness and
dielectric capacitance are 1.8 lm and 5.5 nF/cm2, respectively.
The drain voltage VD, channel length L and width W are �5 V,
30 lm and 6 mm, respectively.
polarization of the gate dielectric, similar to the
results obtained for FeFETs with a bottom-gate
layout and a poly(p-phenylene vinylene) derivative
as the semiconductor [12]. The charge transport
mobility value derived from the drain current slope
in the on-state at zero gate bias is 0.12 cm2/V s. We
can compare this mobility value to the results
obtained by us with rr-P3HT bottom-gate FeFETs
because all the active materials used were identical
[9]. The mobility for the bottom-gate FeFETs was
8 · 10�3 cm2/V s which shows that changing the
transistor layout from a bottom-gate to a top-gate
geometry increases the mobility by more than one
order of magnitude. The mobility increase can be
explained by the semiconductor interface roughness
of the transistors. For the bottom-gate transistors,
this roughness is determined by the surface rough-
ness of 5 nm of P(VDF-TrFE), but for the top-gate
transistors it is determined by the roughness of
0.7 nm of rr-P3HT. The surface roughness of the
bottom layers determine the semiconductor inter-
face roughness, because the bottom layers are
insoluble in the solvents used for depositing the
second layer (see Section 2).

In Fig. 3, the induced charge density in the
FeFET is estimated by comparing the current
response of non-ferroelectric with ferroelectric
FETs. The non-ferroelectric FETs were prepared
Fig. 3. Estimation of the remanent charge density q in a FeFET,
using data from Fig. 2 (squares) and transfer curve measurements
on a similar transistor but with a non-ferroelectric PTrFE gate
dielectric (circles). By extrapolating the current response of the
non-ferroelectric FET, we obtain a model curve. A surface charge
of 20 mC/m2 is added to the FeFET data to match the model
curve. Semiconductor channel conductance G is defined by (LID)/
(WVD). The charge density q is equal to the product of gate
voltage VG and dielectric capacitance per unit area Ci.



Fig. 4. Current–voltage characteristic of a FeFET (circles)
identical to the FeFET in Fig. 2 at a gate voltage of �100 V
and the fit obtained with Eq. (2), a charge density value of 25 mC/
m2 and a mobility value of 0.15 cm2/V s.
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in an identical way to the FeFETs, but with polytri-
fluoroethylene (PTrFE) as the gate dielectric.
PTrFE is a highly polar fluoropolymer with the
same dielectric constant as P(VDF-TrFE), but it
has a negligible ferroelectric polarization [12]. In
this way, an estimate of 20 mC/m2 is obtained for
the induced charge in the FeFET at zero gate bias.
This value is consistent with a previous value of
18 mC/m2 found for FeFETs with a poly(p-pheny-
lene vinylene) derivative as the semiconductor [12].
At a gate voltage of �150 V the induced charge
increases to 28 mC/m2. This induced surface charge
density is a high value compared to what can be
obtained with conventional Si++/SiO2 transistors,
because these transistors are limited by the dielectric
breakdown of SiO2 at high applied fields [12]. The
maximum conductance in Fig. 3 is 0.3 lS which to
our knowledge is the largest value ever reported
for a semiconducting polymer. The large conduc-
tance is a consequence of the high semiconductor
mobility and induced charge density because it is
the product of these two.

Having determined the charge density in the
FeFET, we can confirm the linear mobility value
using the current–voltage characteristics of the
FeFET and

ID ¼
W
L

lCiðV G � V TÞV D; ð1Þ

which is the standard equation for a FET operating
in the linear regime [13]. We can neglect the thresh-
old voltage in Eq. (1) because the effective gate volt-
age, that consists of an applied gate voltage and the
ferroelectric polarization, is high. If we also replace
the product of VG and Ci by the induced charge
density q we obtain

ID ¼
W
L

lqV D. ð2Þ

Fig. 4 presents the current–voltage characteristic
of the FeFETs at a gate voltage of �100 V, operat-
ing in the linear regime. Using a q value of 25 mC/
m2, extracted from Fig. 3 for a gate voltage of
�100 V, we obtain a good fit with Eq. (2) for a
mobility value of 0.15 cm2/V s. This value confirms
the mobility value derived from Fig. 2. Fig. 4 also
demonstrates the high current response of the tran-
sistor in the milliamp regime that enables it to drive
organic light-emitting diodes. For practical applica-
tions the gate voltage of �100 V would need to be
reduced by using a thinner gate dielectric. FeFETs
with a gate dielectric thickness of 200 nm have been
demonstrated [9], which would reduce the gate volt-
age from �100 V to �11 V.

An increase of the k-value of the gate dielectric
generally leads to a sharp decrease of the mobility
of organic semiconductors [14]. This decrease is
due to the dipolar disorder inside polar dielectrics
which broadens the density of states and ultimately
increases the energy barrier for hopping transport.
The highest mobility reported for rr-P3HT is
0.3 cm2/V s [15]. Considering the k-value of
P(VDF-TrFE) of 11 and the dependence of the
mobility on the k-value of the gate dielectric, a max-
imum semiconductor mobility of 0.03 cm2/V s is
expected for a FeFET. This is about one order of
magnitude lower than the observed mobility of
0.1 cm2/V s in the FeFET. However, the charge
density in the FeFET has a high value and the
mobility of most organic semiconductors increases
with the charge density [16]. The high charge density
can therefore explain the high mobility in the
FeFET.

We note that a recent report demonstrated a
transistor that is similar to the one presented here
[17]. However, the measurement results are dissimi-
lar to the present results: the rr-P3HT charge trans-
port mobility and the maximum conductance had
low values of 3.4 · 10�3 cm2/V s and 9 nS, respec-
tively; the gate bias attenuates the drain current by
a factor of 2.5, while the on/off ratio in Fig. 2 is
104; the gate insulator leakage current was
200 mA/m2 (=2 · 10�5 A/cm2) at an applied field
of 25 MV/m (=250 kV/cm), which is 100 times
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higher than our result of 2 mA/m2 at an applied
field of 90 MV/m [9]. The lower performance sug-
gests an adverse effect caused by a suboptimal
device processing.

4. Conclusions

We have shown that the mobility of a transistor
with rr-P3HT as the semiconductor and P(VDF-
TrFE) as the gate dielectric was increased by an
order of magnitude to 0.1 cm2/V s by using a top-
gate transistor layout, because this reduces the semi-
conductor–dielectric interface roughness from 5 to
0.7 nm. A high charge density of 28 mC/m2 was
induced by the polarizable gate dielectric which
led to a record conductance value for polymer FETs
of 0.3 lS.
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Abstract

All non-dopant white organic light-emitting diodes (WOLEDs) have been realized by using solid state highly fluores-
cent red bis(4-(N-(1-naphthyl)phenylamino)phenyl)fumaronitrile (NPAFN) and amorphous bipolar blue light-emitting
2-(4-diphenylamino)phenyl-5-(4-triphenylsilyl)phenyl-1,3,4-oxadiazole (TPAOXD), together with well known green fluo-
rophore tris(8-hydroxyquinolinato)aluminum (Alq3). The fabrication of multilayer WOLEDs did not involve the hard-
to-control doping process. Two WOLEDs, Device B and C, different in layer thickness of Alq3, 30 and 15 nm, respectively,
emitted strong electroluminescence (EL) as intense as 25,000 cd/m2. For practical solid state lighting application, EL inten-
sity exceeding 1000 cd/m2 was achieved at current density of 18–19 mA/cm2 or driving voltage of 6.5–8 V and the devices
exhibited external quantum efficiency (gext) of 2.6–2.9% corresponding to power efficiency (gP) of 2.1–2.3 lm/W at the
required brightness. The thickness of Alq3 layer is decisive in color quality of non-dopant WOLEDs. The Commission
Internationale de l’Eclairage (CIE) coordinates of fairly white EL of Device B varied only little from (0.34,0.39) to
(0.34,0.38) at driving voltage between 6 and 14 V. Device B exhibited relatively high color rendering indexes (CRIs) in
the range of 74–81, which were essentially voltage-independent. The other WOLED, Device C, showed even better color
purity of white EL (CIEx,y = 0.34,0.31) along with higher CRI of 83 at 8 V, although higher voltage deteriorated the color
quality of WOLED.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Organic light-emitting diodes (OLEDs) have
rapidly developed over the last decade and have
become the highly competitive alternative of full
color flat panel display [1–5], which is currently
.
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dominated by the liquid-crystal display (LCD) [6].
Besides glamorous displays, an intriguing and
potentially energy-saving application for OLEDs
are decorative or domestic solid-state lighting
(SSL) and the flat panel display backlight [6–10],
OLEDs for SSL or back light for flat panel display
have not been considered to be realistic until recent
discovery of highly efficient organometallic phosp-
horophores [11,12]. The introduction of electroph-
osphorescence moves the upper limit of the power
efficiency (gP) from �20 lm/W for electrofluorescent
materials to �80 lm/W, which surpasses 15 lm/W
for incandescent light bulb and is comparable with
that of a fluorescent lamp. With exceptions of low
efficient singlet exciplexes or triplet excimers emit-
ting broad-band (white) emission, satisfactory white
organic light-emitting diodes (WOLEDs) are always
constructed on a multilayer device structure with
two (green blue/orange red or blue/yellow) to three
(red, green, and blue) light-emitting components
that can be fluorophores and/or phosphorophores
[12–31]. Among these color components of WOL-
EDs, many blue, most of yellow, and nearly all
orange to red fluorophores suffer from a common
problem, namely the concentration quenching of
fluorescence in solid state. Consequently, the dop-
ant light-emitter of guest–host system becomes a
universal method for solving the quenching problem
of these long-wavelength, orange to red fluoro-
phores [32]. Emission quenching due to the long life-
time of the triplet state (phosphorescence) causes
severe triplet–triplet annihilation of electrolumines-
cence (EL) which is significant even at medium cur-
rent density greater than 50 mA/cm2 for most cases.
Doping is also an inevitable solution to all colors of
phosphorophores. Therefore, the doping process
seems to be a must in the fabrication of WOLEDs
based on small molecular materials, either fluoro-
phores or phosphorophores. However, in practical
OLED manufacture, the doping process is not a
trivial task to handle, considering the reproducibil-
ity of the optimum doping level, which is normally
low and less than 1–2% and let along that it should
be carefully controlled in a narrow effective range of
±0.5% for a consistent performance of the devices.

Recently, we have successfully developed a few
bright (electroluminance (L) of 8000–12,400 cd/m2)
and efficient (external quantum efficiency, gext, of
2.4–3.6% or gP of 0.9–1.8 lm/W) non-doped red
OLEDs based on extraordinary red light-emitting
materials [33–36]. NPAFN (Scheme 1) is one of
those rare materials that have an unusual property
of aggregation-induced emission (AIE) and it was
adopt here as non-dopant red light-emitting mate-
rial for WOLEDs [37]. In addition to NPAFN, we
have also explored a new type of blue fluorophore,
TPAOXD (Scheme 1), which is bipolar in nature
but is an authentic amorphous molecular material
[38]. High-performance (maximum brightness
�20,000 cd/m2 and maximum external quantum
efficiency �2.4%) blue (1931 Commission Interna-
tionale de L’Eclairage, CIEx,y of x = 0.16 and
y = 0.18) OLEDs containing TPAOXD as the
non-dopant blue emitter was found to be relatively
stable with little decay of external quantum effi-
ciency at �2.3% from low to high current density
(10–500 mA/cm2) [39]. In this work, three devices
A, B, and C, were fabricated to test the idea of
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bright and efficient all non-dopant WOLEDs using
NPAFN, Alq3, and TPAOXD for red, green, and
blue emitters, respectively (see photoluminescence,
PL, spectra in Fig. 1).

There was one preceding report about
‘‘nondoped-type’’ WOLED by Tsuji et al. [40].
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Fig. 1. Normalized photoluminescence spectra of vacuum ther-
mal deposited thin films of TPAOXD, Alq3, and NPAFN; EL
spectra (center) and 1931 CIE coordinates (bottom) of Device
A–C at driving voltage of 8 V. CRT (cathode ray tube)
coordinates mean the standard red–green–blue color coordinates
of CRT screen (traditional color television screen).
However, they were utilizing complementary two-
color system, blue emission (445 and 480 nm) from
NPB and orange emission (558 nm) from DCM
(4-(dicyanomethylene)-2-methyl-6-(p-dimethylami-
nostyryl)-4H-pyran), in composing white emission.
Furthermore, their WOLEDs adopt an ultrathin
layer (only 1 nm thickness) of DCM as one of the
complementary colors. Such a thin layer is unlikely
to make DCM to be a ‘‘nondoped type’’ emitter
(more likely to be a blending of DCM and NPB)
and hence unlikely the ‘‘nondoped type’’ WOLED.
This is because the authentic ‘‘nondoped type’’
DCM (neat DCM) emitter should have a deep red
emission at wavelength greater than 620 nm instead
of orange 558 nm [32,41]. Furthermore, their
WOLED is weakly electroluminescent (maximum
luminance �1000 cd/m2) due to the dim blue NPB

and concentration quenching orange DCM. The
EL efficiency of such WOLED is expected to be
low, which in fact is not available from the report.

2. Experimental

Device A–E were fabricated by sequential ther-
mal vacuum deposition of thin layer of organic
materials and LiF–Al as the final cathode electrode
on ITO (indium-thin-oxide)-coated glass substrate.
The configuration of these devices is depicted in
Scheme 1. The current, voltage, and light intensity
measurements have been described before [39]. All
measurements, including the recording of EL spec-
tra, were carried out at room temperature under
ambient condition without the encapsulation of
the devices. Whereas literature known figures were
adopt for Alq3, BCP, and TPBI, HOMO energy lev-
els of NPB, NPAFN, and TPAOXD were measured
with a low-energy photo-electron spectrometer
(Riken-Keiki AC-2). The addition of the absorption
on-set energy to the HOMO energy levels led to
LUMO energy levels of these materials. The absorp-
tion on-set energy was estimated from the solution
UV–visible absorption spectra. In CRI calculation,
eight test-color samples were chosen followed the
definition of DIN 6169 standards. CIE 1976
(L*u*v*) color-difference formula was used to deter-
mine the resultant color shift [42]. In order to dem-
onstrate the easy control of the white color EL from
these all non-dopant devices, we fixed the thickness
of NPB, NPAFN, TPAOXD, and TPBI layers at 10,
40, 30 and 30 nm, respectively, in Device A, B, and
C, although these can be the adjustable parameters
in optimizing performance of the devices. By just
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varying the thickness of Alq3 and BCP layers we
were able to tune the color of the devices showing
CIE coordinates as close as to (0.33,0.33), a stan-
dard figure for color-balanced WOLED.

3. Results and discussion

Device A is our testing model and is not a color-
balanced WOLED since the 5 nm layer of hole-
blocking BCP (2,6-dimethyl-4,7-diphenyl-1,10-phe-
nanthroline) is simply too much for WOLED. In
current case, 5 nm layer of BCP effectively blocks
the hole from entering TPAOXD and hence limits
the charge recombination and/or exciton diffusion
on it. This greatly prevents the blue emission
(kmax � 460 nm) from TPAOXD in EL spectra
(Device A in Fig. 1). Reducing the thickness of
BCP layer to half as in Device B turned out to be
just fine for white EL of Device B. CIE coordinates
of it is (0.35, 0.39), which is a respectful improve-
ment of white EL from (0.41,0.48) of CIE coordi-
nates of yellow–orange Device A (Fig. 1). Even
higher color purity of white EL has been achieved
by adjusting the thickness of Alq3 layer. In Device
C, the thickness of Alq3 layer was further reduced
to half (15 nm) from 30 nm of Device B. Having
both thin layers of green light-emitting Alq3 and
hole-blocking BCP, Device C showed significant
increase of the blue emission from TPAOXD as well
as the decrease of green emission from Alq3 (Fig. 1).
Such changes of relative contribution of emission
color rendered virtually white EL of Device C as
indicated by the CIE coordinates (0.34, 0.31)
(Fig. 1). In principle, all non-dopant WOLED with
any CIE coordinates as close as to (0.33,0.33) can
be achieved with the variation of the thickness of
Alq3 and BCP layers.

WOLEDs reached 1000 cd/m2 of EL intensity,
the general requirement for SSL application, at a
reasonable current density range of 18–19 mA/cm2

(Fig. 2), which corresponded to 6.5–8 V for Devices
B and C. The maximum EL intensity of 25,000
cd/m2 was observed for Device B at 790 mA/cm2

and 15 V. At low current density near 0.1 mA/
cm2, high gPs over 5 lm/W were observed for Device
C and slightly lower 4.0–4.5 lm/W were found for
Device B, although both devices display a roll-off
of gP at elevated current density (Fig. 2). However,
high gexts of 2.9–3.3% remained relatively stable
with only slight decay to 2.6–2.9% (corresponding
to 2.1–2.3 lm/W) when the current density up to
20 mA/cm2 (or 1000 cd/m2 lighting intensity). Even
at relatively high current density of 100 mA/cm2

(where WOLED showed EL intensity of
�5000 cd/m2, Fig. 2), gexts stayed reasonably high
around 2.4–2.6%. The rather current-stable external
quantum efficiency can be partially attributed to the
relatively stable blue emitter TPAOXD. Similar sta-
bility of gext was previously known for blue OLEDs
based on amorphous TPAOXD [39]. Containing
both electron-poor oxadiazole and electron-rich tri-
phenylamine moieties, bipolar TPAOXD possesses
electro-transporting characteristic, which is crucial
for a good performance WOLEDs here. We have
fabricated the same WOLED by using XTPS
(trans-4-(bis(2,4-dimethylphenyl)amino)-2 0,3 0,4 0,5 0-
tetraphenylstilbene), another highly efficient (maxi-
mum external quantum efficiency up to 4.1%)
non-dopant blue light ðkEL

max � 462 nmÞ emitter
[43]. However, the XTPS-containing WOLEDs per-
formed poorly. Unlike bipolar TPAOXD, XTPS is
stilbene-type triarylamine and preferentially trans-
ports hole instead of electron. This is not appropri-
ate for using XTPS as blue light-emitting material
that is insufficient for electron-transporting in cur-
rent devices.
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Fig. 3. The voltage dependency of EL spectra and CIE coordi-
nates (x,y), and CRIs of Device B and C under different voltage
of 6, 8, 10, 12, and 14 V.

S.-J. Yeh et al. / Organic Electronics 7 (2006) 137–143 141
Device B was unusually stable regarding CIE
coordinates and CRIs. The CIE coordinates of
Device B were virtually unchanged with CIE coordi-
nates x = 0.34–0.35 and y = 0.38–0.39 at the driving
voltage range of 6–14 V (Fig. 3). CRIs of Device B
were rather high in the range of 74–81 and they also
remained reasonably steady in the driving voltage
between 6 and 14 V (Fig. 3). However, we noted
that Device C was less stable considering either
CIE coordinates or CRIs. With increasing driving
voltage, CIE coordinates of Device C shifted to
smaller figures and CRIs dropped to smaller num-
bers from 83 to less than 50 (Fig. 3). This is in sharp
contrast to Device B. Furthermore, Device C exhib-
ited complicate up and down of CIE coordinates
and CRIs when driving voltage varied from 6 to
14 V. Usually, such nonlinear changes imply that
there are at least two different processes that are
responsible for the color changes of devices. For
Device C, blue EL first increased in intensity relative
to the red EL (CIE coordinates changed to smaller
figures) when the driving voltage was raised from
6 to 12 V (Fig. 3). Significant decrease of blue EL
was then observed when driving voltage was further
up to 14 V (Device C in Fig. 3). It is not so clear at
the moment that why Device B is more stable in
general than Device C. We can surmise that it is
probably due to the instability of blue TPAOXD
because the device having thinner Alq3 tends to have
more portion of blue EL from TPAOXD (see
below).

Among several possible causes for color changes,
we can assume that the shifting of the charge recom-
bination zone and/or exciton diffusion toward cath-
ode side of the device under higher driving voltage
as one of the possibilities. Such zone shifting and/
or exciton diffusing takes place in both Device B
and C but the thick Alq3 layer (30 nm) in between
NPAFN and TPAODX layers taking up large por-
tion of it that alleviate most of the color changes
in Device B. The second possible process that
changes the color of the device is the potential deg-
radation of blue emitter TPAODX, particularly,
under high voltage of 14 V (corresponding to very
high current density �1000 mA/cm2), which has
been identified before [39]. The lowering CRIs of
Device C with rising voltage is mainly due to the
diminished relative contribution of green EL from
Alq3 as the charge recombination zone shifting or
exciton diffusing toward blue emitter TPAODX.
At high voltage of 14 V, the relative intensity of
the blue emission from TPAODX became weaken-
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ing and the profile of white EL spectrum became
less dented, which turned the CRI to a larger figure.

Among several vital issues mentioned above, the
success of such WOLED depends on the appropri-
ate adjustment of the relative EL intensity of red–
green–blue three components via the thickness con-
trol of individual light-emitting layer. Through the
organ–red dye-doped spacial sensing layer in Alq3,
it has been demonstrated before by Tang et al. that
charge-recombination is confined about 5 nm near
the hole-transport interface in the bilayer OLED
[40]. At a glance, observing the blue EL from
TPAOXD from our devices, particularly Device B
and C, was rather unbelievable because of the thick-
ness of Alq3 layer is way beyond 5 nm and it is 30
and 15 nm, respectively. However, we have recog-
nized that Tang et al. also had reported that EL
emission zone in the undoped Alq3 system was con-
siderably larger than the charge-recombination zone
due to the exciton diffusion. The migration of the
exciton was carefully estimated by Tang et al. to
be more than 20 nm in undoped Alq3 [42]. In order
to get a clear picture of the thickness-dependent EL
of all non-dopant devices here, we have fabricated
two more devices, Device D and E. These devices
are similar to Device A–C but Alq3 layer is thicker
(40 nm) and we remove BCP hole-blocking layer
to simplify the issue (Scheme 1). Particularly, Device
E contains no red NPAFN and we see only strong
EL from Alq3 accompanying with weak emission
side band around 440 nm, which strongly resembles
the blue EL from TPAOXD (Fig. 4). The result of
Device E indicates that the charge-recombination
zone and/or exciton diffusion is beyond the whole
40 nm thick Alq3 layer and entering blue TPAOXD

layer. The result is somewhat reconfirmed what
Tang et al. found earlier, although 40 nm was a
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Fig. 4. EL spectra of Device D and E under voltage of 8 V.
bit beyond the estimated exciton diffusion length
(P20 nm) for Alq3. Here, according to the current
results, we have a new proposal that the zone of
charge-recombination and/or the range of exciton
diffusion of non-doped Alq3 depend on the HOMO
energy level of hole-transport layer adjacent to the
Alq3. This is based on the result of Device D, which
has a similar structure to Device E except a thin
layer (10 nm) of red NPAFN inserted in between
NPB and Alq3. In addition to the strong EL from
red NPAFN around 615 nm, when compared with
Device D, a significant increase of blue EL from
TPAOXD relative to the green EL from Alq3 was
observed (Fig. 4). NPAFN has HOMO energy level
of 5.8 eV, which is 0.4 eV lower than NPB HOMO
energy level (Scheme 1). NPAFN has been proven
to be an efficient non-dopant red-light emitter and
hole-transport material as well in the non-dopant
red OLEDs [34]. We assume that the closer of the
HOMO energy level of hole-transport material to
that of Alq3 is, the deeper of the charge recombina-
tion zone is inside Alq3. Assuming the same range of
exciton diffusion (a function of diffusion coefficient
and the lifetime) [40], the closer charge recombina-
tion zone to the interface of Alq3 and TPAOXD lay-
ers will presumably facilitates the exciton taking
place in the blue light-emitting TPAOXD layer.

4. Conclusion

In summary, we have studied the EL properties
of a series of multilayer OLEDs containing all
non-dopant emitters. Devices with the structure
configuration of ITO/NPB/NPAFN/Alq3/BCP/
TPAOXD/TPBI/LiF/Al emit color-balanced white
EL. The success of the all non-dopant WOLEDs
here hinges on the unusual AIE red emitter of
NPAFN as well as the amorphous bipolar blue emit-
ter TPAOXD. Green light-emitting Alq3 also plays a
crucial role of white color purity and stability of
non-dopant WOLEDs. Under the condition of
sufficient amount of blue EL contributed to the
color-balanced WOLED, such as Device B and C,
we propose that a thick Alq3-containing device can
cover most of the charge-recombination zone and
reduce the number of exciton migrating into blue
TPAOXD. The relatively unstable blue EL from
TPAOXD is limited and CIE- or CRI-stability can
thus be enhanced. WOLEDs, particularly the thick
(30 nm) Alq3-containing Device B, has been demon-
strated to show satisfactory performances, including
EL intensity, efficiency, CRIs, and voltage-stable
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white EL, which are comparable with or better than
conventional electrofluorescence-based WOLEDs
that are exclusively based on hard-to-control doping
process.
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Abstract

We have theoretically investigated the stacking of promising arenes-based molecules into a highly organized columnar
structure in which hydrogen bonding plays a major role. The nature of the functional groups attached to benzene creates a
strong net dipole moment which initiates and favors a symmetric p-stacking of the molecules. The formation of multiple
hydrogen bonds between molecular units enforces the stacking of arenes, dramatically improves the overall stability of the
assemblies, and leads to relatively large intermolecular distances. In contrast, the variation of electronic properties, such as
a decreasing band gap, during the formation of the molecular wire indicates the presence of a significant delocalization of
p-electron over the entire assembly. The asymptotic variation of cohesion energy and other calculated properties over a
relatively small molecular assembly indicates a rapid convergence of the electronic structure of the system toward its
extended 1D limit.
� 2006 Elsevier B.V. All rights reserved.

PACS: 31.15.Ar; 31.15.Ew; 31.70.�f; 73.61.Ph; 73.20.At

Keywords: p-stacking; Low dimensional systems; Ab initio calculations; Hydrogen bonding; Organic materials; Electronic properties
1. Introduction

The integration of organic materials into high per-
formance electronic devices such as transistors [1]
and other molecular components [2] constitutes a
major scientific challenge of the last few decades [3].
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2005.12.005
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Molecules and polymers with conjugated p-orbitals
are of primary interest, especially when they stack
into supramolecular low dimensional structures.
Although organic materials are generally character-
ized by relatively low mobilities [4] (10�5–10�4

cm2/V s), recent theoretical and experimental works
on such organized systems suggest much larger
values [5]. For example, it has been demonstrated
on several occasions that electrical transport strongly
depends on the molecular configuration, which
defines the magnitude of p-overlapping along
the propagation direction [6,7]. The control of the
.
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molecular packing should allow one to improve the
magnitude of p-overlap between molecular units,
and to displace the transport regime from the slow
polaronic to the fast band-transport limit [6].

An efficient route to improve the conduction of
carriers into organic materials is to increase the
packing densities within specific molecular confor-
mations. For example, high pressure on a biphenyl
crystal decreases the distance between molecules,
and hence improves its intrinsic mobility through
improved p-interaction [8]. Similarly, impressive
electrical properties such as large conductance mod-
ulation are predicted for perfectly aligned and
tightly stacked 4,4 0-biphenyldithiol molecules when
intermolecular distances are below 4 Å [9]. An
interesting possibility to create p-stacking is the
self-directed growth of aromatic molecules such as
styrene on a hydrogen-terminated Si(0 01)[2 · 1]
surface [10]. This chain reaction growth leads to
the formation of a tightly packed molecular line in
which molecules are separated by 3.8 Å, and where
significant p-coupling is expected along the dimer
row direction. Another well-ordered grafting pro-
cess on Si(1 00) surface was also proposed by theo-
retical DFT/LSD calculations in which strong
covalent Si–C bonds and stabilizing intermolecular
interactions are predicted [11]. Finally, a recent
experimental achievement regarding the self-align-
ment of substituted benzene ring into a columnar
structure has been demonstrated [12]. The forma-
tion and cohesion of these molecular wires is based
on the alignment of strong dipole moments and the
formation of multiple hydrogen bonds [13]. X-ray
diffraction experiments and force field (AMBER)
molecular mechanics simulations have predicted a
tightly packed structure where molecules are sepa-
rated by around 3.8 Å [12,13]. Except for these
structural predictions, our understanding of the
electronic and structural properties for isolated
and assembled molecules are practically nonexis-
tent. The aim of the present study is to give a more
quantitative description of the structural and elec-
tronic properties of such strongly packed organic
wires.

In this study, we present results obtained from
first principles calculations of the electronic and
structural properties of a columnar structure made
of substituted benzene rings. Our main focus is on
the variation of properties upon the wire formation
where the molecules form a rigid stacking through
hydrogen bonding. The presence of low energy
p-electrons facilitates the orbital coupling between
molecules for the creation of a well-delocalized p-
wavefunction at an energy around the Fermi level.
Although hydrogen bonding favors the relatively
strong cohesion of molecules into the columnar
structure, the molecule studied here does not appear
the most appropriate building unit for creating
tightly packed supramolecular structures.

2. Computational details

The electronic structure calculations on the dif-
ferent molecular systems were performed at the
ab initio Hartree–Fock (HF) level with the
GAMESS [14] software package, and at the density
functional theory (DFT) level with the help of the
NWChem [15,16] package. Most of the calculations
were carried out at HF level with double-f quality
basis sets for carbon, nitrogen, oxygen and hydro-
gen atoms. In addition, more extended basis set
(6-311G) was also used in conjunction with HF
and more accurate DFT/B3LYP [17] computational
methods. The use of the B3LYP functional was
originally motivated by its relatively good perfor-
mance in describing weak hydrogen bonding that
occurs in organic systems [18,19], and for the possi-
bility to reasonably evaluate band gap [20]. It was
also observed that the B3LYP functional allows a
reasonable description of both intra- and intermo-
lecular hydrogen bonds [24]. The molecular struc-
tures were fully optimized with the quasi-Newton
method until a gradient convergence factor better
than 10�5 Hartree/Bohr was reached. Since we are
focusing on the relative stability of the oligomers,
we have not calculated the basis set superposition
error (BSSE) for correcting the cohesion energies.
Most of the graphics presented here were produced
with the help of the molekel software [21].

3. Results and discussion

3.1. The monomer

The original molecule used in the synthesis of 1D
molecular wires is shown in Fig. 1 where most of the
long hydrocarbon side chains are represented by a R
group. With first-principles methods, a single mole-
cule (a monomer) that may contain up to about 254
atoms cannot easily be treated explicitly in a large
assembly. When the use of highly accurate compu-
tational technique is crucial, e.g. when the structure
is driven by weak interaction such as hydrogen
bonding, a small molecular model has to be
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considered. The first obvious approximation we
may consider in our model is to replace the long
hydrocarbon chains that are bonded to oxygen
atoms by a methyl (Me) group. Since this OR frag-
ment is not dominating the intermolecular hydrogen
bonding, this does not appear to be a drastic
approximation.

For the other R chain bonded to the nitrogen
atom in CONHR, we have considered the following
three groups H, CH3 and CH2CH3. Since this
CONHR group directly participates in the forma-
tion of hydrogen bonds between molecules, we need
a more accurate description of the polar nature of
this fragment. We will use the value of the dipole
moment as well as the net Mulliken charge on the
nitrogen atom as criteria for the accuracy of the
approximation to the R chain (Table 1). We find
that the results obtained for R@H are drastically
Table 1
Variation of physical properties of functional groups following
different approximations

Model Net charge
on Na (e)

Net dipole momentb

lD (Debye)

H 0.75 1.89 (2.86)
CH3 0.63 2.60 (3.77)
CH2CH3 0.63 2.56 (3.71)

a N refers to the atom directly bonded to H, CH3 or CH2CH3,
and the net charge is obtained from a Mulliken population
analysis.

b Modulus of net dipole moment calculated with DFT(HF)
methods. The different CONHR groups are pointing in opposite
direction, then the component of the dipole moment that are
parallel to the benzene ring cancel. The direction of the net dipole
is clearly is along the C3 symmetry axis for the monomer.
different than with CH3 or CH2CH3 groups; the
dipole moment is much lower and is also related
to a higher charge transfer on the nitrogen atom.
Hence, this approximation has been discarded. As
the smaller CH3 group leads to similar results than
CH2CH3, it was used to investigate larger assembly
models (see inset of Fig. 1).

The more difficult task in the structural optimiza-
tion of the monomer is to clearly identify the global
minimum of the potential energy surface. For exam-
ple, the presence of polar groups attached to the ben-
zene ring increases the number of possible internal
interactions that contribute to stabilize the molecule
into a local or global minimum. Hence, the stability
of the monomer has been carefully investigated by
considering several configurations of the functional
groups around the benzene ring prior to the optimi-
zation process. Most of the conformations consid-
ered have lead to a similar energy minimum in
which the monomer shows a C3 symmetry. In addi-
tion, the structure obtained with the DFT/B3LYP
method shows the presence of multiple intramolecu-
lar hydrogen bonds involving CONHCH3 and
OCH3 groups (see Fig. 2) which suggests that the
B3LYP hybrid functional tends to favor the forma-
tion of internal hydrogen bonds. The presence of
intramolecular hydrogen bonds reduces the helical
twist angle between the CO group and the benzene
ring, making the molecule flatter, and hence reduc-
ing the dipole moment of the molecule (see Table 1).
Fig. 2. DFT optimized structure that clearly indicates the
presence of multiple intramolecular hydrogen bonds identified
by the dashed lines.
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The strong net dipole moment reported in Table
1 is well aligned along the main molecular C3 axis.
The difference in dipole moments from DFT to
HF can be easily explained by a variation in the
geometry of the polar CONHR groups. As men-
tioned, DFT/B3LYP gives a final molecular geome-
try in which the CO group in the CONHR fragment
is around 10� closer to the benzene plane (normal to
the C3 axis) compared to HF results. Since the DFT
geometry is flatter due to internal hydrogen bonds,
it gives smaller contributions from the polar groups
to the net dipole moment. This difference could
induce two important but related consequences;
the formation of weaker intermolecular hydrogen
bonds but an improvement of p-stacking upon the
creation of such hydrogen bonds. Finally, Fig. 3
shows frontier orbitals (HOMO and LUMO) for
Fig. 3. Composition of frontier orbitals (
the monomer, and reveals well-localized wavefunc-
tions, mostly over the benzene ring region. The
overall shape of frontier orbitals are similar to those
of a single benzene molecule where the HOMO is a
bonding p-orbital and the LUMO is an anti-bond-
ing p*-orbital. The calculated HOMO–LUMO gap
(HLG) is 5.34 eV and 12.2 eV with DFT/B3LYP
and HF respectively. The larger HLG with HF rel-
ative to DFT is a well-known characteristic between
the two theoretical approaches and is related to the
weakness of HF in evaluating exchange-correlation
energy [22].

3.2. The molecular assembly

In this section, we focus the discussion on the
progressive formation of an assembly of up to five
HOMO, LUMO) in the monomer.
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molecular units. We describe the different confor-
mations obtained on small assemblies along with
their electronic and energetic properties. One of
the most interesting characteristics for the existence
of a molecular assembly remains the cohesion
energy which translates into the stability of the
assembly. The cohesion energy per molecular units
is evaluated using

DE ¼ ðEwire � nEmolÞ
ðn� 1Þ

where Ewire is the total energy of the wire consid-
ered, Emol is the total energy for a monomer, and
n is the number of molecular units in the assembly.
The variation of this cohesion energy as a function
of the assembly length is shown in Fig. 4. We note
that the substantial cohesion energy found for a
two units assembly (0.66 eV) essentially involves
hydrogen bonds. A slightly larger energy value is
found (0.75 eV) when a more extended 6-311G basis
set is used for both the DFT and the HF methods,
but the obtained conformations are very similar.
In addition, the cohesion energy increases with the
number of units but rapidly saturates for wires con-
taining more than four units. Although the cohesion
energy is mostly related to the presence of hydrogen
bonds between molecules, the slight increase during
the formation of the assembly suggests an addi-
tional stabilization energy that may be related to
the existence of other energy contribution such a
cooperative hydrogen bond effect [23] or simply a
model size effect. The calculated energy related to
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Fig. 4. Variation of the cohesion energy with the number of
molecular units within the assembly obtained at HF/6-31G level.
Values obtained with higher level of theory (HF/6-311G and
DFT/B3LYP/6-311G) are also reported.
the formation of hydrogen bonds between the units,
i.e. 5–6 kcal mol�1 per hydrogen bond formed, is in
very good agreement with the usual energy
(2–10 kcal mol�1) ascribed to this type of weak
bonding. More importantly, the cohesion energy
for extended systems can be estimated from Fig. 4
to around 1.0 eV (�23 kcal mol�1) per molecule,
which represents a substantial stabilization energy
for a H-bonded system.

In this type of p-stacked system, it is also impor-
tant to consider the existence of p–p interaction
which could contribute to the stability of the assem-
bly. In fact, it was found that such weak dispersive
interactions are absent within HF, and are found to
be slightly repulsive with B3LYP for several van der
Waals complexes [24,25]. In contrast, hydrogen
bonding is generally underestimated with HF while
it is slightly overestimated with B3LYP. For the
benzene dimer where the stability is mainly related
to the dispersive p–p interaction, a binding energy
of approximately 2.4 kcal mol�1 was measured
[26]. This weak energy value is supported by Har-
tree–Fock dispersion (HFD) and MP2 calculations
[27] in which T-shaped and parallel displaced com-
plexes were proposed. Hence, we can expect a lower
stabilizing energy related to dispersion for our sys-
tems where benzene rings are perfectly organized
into a columnar shape. From this, we can assume
that dispersion will play a minor role (<10%) in
the interaction energy between molecular units in
the wire, and that the cohesion of the molecules is
essentially due to H-bonding. Consequently, we
anticipate to observe few variations in terms of
energy between HF and DFT/B3LYP methods
due to a weak contribution of dispersion, and also
by its potential compensation through the specific
treatment of H-bonding discussed above.

3.2.1. Molecular conformation

Since we observed that the monomer is charac-
terized by a relatively smooth potential energy sur-
face with several local minima, we can expect a
similar and even flatter energy surface for the assem-
blies due to the presence of several weak hydrogen
bonds. First, we need to emphasize that the forma-
tion and the cohesion of the molecular units are
clearly driven by the strong molecular dipole
moment. This driving force favors the molecules
to assemble into a specific face-to-face p-stacking
configuration, where the formation of hydrogen
bonds reinsures the strength and cohesion of the
molecular assembly. The helical twist angle and
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the distance between molecular units will be shown
to be intimately related. The assemblies we have
considered are characterized by an overall helical
shape in which the molecular planes are separated
by a relatively long distance of around 4.8–5.0 Å.
Fig. 5 gives a schematic representation of the five
molecules assembly, including the general helical
structure of the backbone. Considering our approx-
imation for the monomer, the calculated geometries
differ but are consistent with previous experimental
data [12,13].

For the formation of the assembly, Fig. 6 reveals
structural features for which we can establish a clear
relation between the interplanar distance and the
helical twist angle between functional groups.
Briefly, an increasing intermolecular distance can
be simultaneously translated into a smaller helical
twist angle between functional groups of the molec-
ular units. To understand the different variations
observed, we have to realize that the formation of
the assembly is a compromise between various but
weak energy contributions. Hence, a typical assem-
bling process successively involves (1) the breaking
of intramolecular hydrogen bonds, followed by (2)
the rotation of functional groups to establish inter-
molecular hydrogen bonds, and (3) the displace-
ment of molecules toward each other which, in
order to occur, (4) have to overcome possible p–p
repulsion. Our calculations indicate that intermolec-
Fig. 5. Molecular structure obtained for an assembly made of five mon
helical representation of the general backbone structure is also represe
ular hydrogen bond lengths are practically constant
for the different interplanar distances and helical
twist angles considered. This means that the forma-
tion of hydrogen bond is at the source of the rela-
tion between the interplanar distances and helical
twist angles: as the helical twist angle decreases, in
other words as the CONHR groups become well-
aligned in the assembly, molecules need to be
slightly repelled in order to maintain a constant
hydrogen bond length.

The balance between intra and intermolecular
hydrogen bonds remains the major factor that
directs the helical geometry of the assembly. Intra-
molecular hydrogen bonds make the molecule
flatter, and favors larger helical twist angle
between functional groups and shorter interplanar
distances between benzene rings in the assembly.
For example, calculations with a 6-311G basis set
give an interplanar distance of 4.53 Å and 4.86 Å
when calculated with DFT and HF respectively.
The shortest value obtained with DFT is mainly
due to the use of the B3LYP functional because
it allows a better description of hydrogen bonding
over HF. As expected, the molecular units do not
perfectly align within a low dimensional wire struc-
ture but show a significant torsion between molec-
ular units; the 6-311G calculated helical twist angle
is 40� and 30�, with DFT/B3LYP and HF res-
pectively.
omers that should in principle constitute a complete unit cell. The
nted.



Fig. 6. Influence of the number of molecules in the assembly and the relation existing between the intermolecular distance (upper panels)
and the helical twist angle (lower panels).
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We now focus on the variation of structural
properties observed in Fig. 6 for small assemblies.
The distances and helical twist angles represented
in this figure are average values. Thus, more scat-
tered data near the asymptote is mainly related to
the presence of molecules near the ends of the
assembly that have different structural properties
compared to those in the middle of the wire. The
dispersion of these structural parameters should
rapidly converge for larger assemblies. We have esti-
mated the asymptotic behavior from the values
obtained on the more central molecules of the
assembly. X-ray diffraction on similar systems
shows sharp (100) reflection at 18.4 Å that suggests
an unit cell containing four molecules separated by
4.6 Å or five molecules separated by 3.7 Å [12].
Our theoretical results support an intermolecular

separation of around 4.6 Å with four molecules in
the unit cell. In fact, we obtained very consistent
interplanar distances with different approaches
(DFT vs HF, 6-31G vs 6-311G), and this distance
does not drastically change with respect to the var-
iation of the helical twist angle. Therefore, we can

confidently exclude the 3.7 Å interplanar distance
value that was previously proposed [12]. More
recent STM works [28] on similar systems also sup-
port our evaluation of 4.6 Å for intermolecular sep-
aration. Nevertheless, the calculated average helical
twist angle between two adjacent molecules in the
five units assembly shown in Fig. 5 is much lower
(18�) than the expected value (30�) from XRD data
[12,29].

This important difference between experimental
and theoretical helical twist angle could probably
be ascribed to the model used in which the absence
of the long side carbon chains could underestimate
the steric interactions between side chains. Never-
theless, preliminary results on systems that include
long side chains do no support this possibility.
The presence of solvant in the vicinity of these long
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hydrocarbon chains could also influence the electro-
static interaction between molecular units. As we
observed for a small assembly of two units using
both HF and DFT, our limited 6-31G/HF compu-
tational approach also contributes to give lower
helical twist angle by underestimating the hydrogen
bonding. Nevertheless, our theoretical results are in
agreement with previous experimental works [12,29]
including recent STM results [28] predicting a gen-
eral a-helix structure for this type of molecular
assembly. Finally, as we will see in the next section,
the nature of the bands near EF originating from the
p-stacking is strongly influenced by the overall
molecular conformation.

3.2.2. Electronic properties

In this last section, we want to emphasize the
effect of intermolecular interactions on the resulting
electronic properties, and more specifically on the
variation of the net dipole moment, the band gap
(HLG), the charge distribution and the wavefunc-
tion during the formation of the assembly. The var-
iation of the net dipole moment with the addition of
a molecular unit in the assembly strongly depends
on the fluctuation of charge among the CONHR
groups where the hydrogen bonds are formed. As
revealed in Fig. 7, the linear variation of the net
dipole moment with the progressive formation of
a five units assembly confirms a very weak charge
transfer between the molecular units. Although
the numerical determination of an accurate dipole
moment value generally remains a difficult task,
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the net dipole moment is along the stack axis for every oligomer,
and along the C3 symmetry axis for the monomer.
we calculate very small variations with the computa-
tional techniques used. This points to a weak pertur-
bation of the electronic properties of individual
molecules within the wire, and consequently, a rela-
tively weak electron perturbation of weakly bonded
p-electrons.

Fig. 8 shows the change in the HOMO–LUMO
gap evaluated with different computational
approaches as a function of the number of mole-
cules in the assembly. In contrast to the results
obtained for the dipole moment, we observe an
important HLG decrease by more than 2.0 eV when
growing the assembly from a single molecule to five
units. This significant HLG variation suggests the
existence of electronic coupling between molecules
within the wire, and is consistent with fluorescence
results obtained on similar systems [30]. An extrap-
olation of the HLG values following a predicted
asymptotic decrease for conjugated polymers [31]
gives stable values from approximately 8–10 molec-
ular units. For the geometrically optimized struc-
ture, we estimate the HLG values at around
3.0 eV for DFT and 10.0 eV for HF. Given the rel-
atively large distance (4.8–5.0 Å) separating the
molecules in the assembly, this important modula-
tion of the HLG strongly contrasts with previous
prediction on thiolarene where weak variations were
observed for such large separations [9]. This differ-
ence can be explained by the large net dipole
moment of the present molecule which influences
the ability of the p-electron cloud to be polarized
in order to create significant overlaps between low
energy p-orbital of the individual molecular units.
The helical geometry of the assemblies should also
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contribute to reduce the band gap because of the
symmetry breaking of both p and p*-bands near EF.

From the results obtained on these relatively
small assemblies, we can conclude than the two
Fig. 9. Composition of the frontier orbital shown here for a short two u
packing where the HOMO is formed from p + p = p combination whi
more important parameters for the characterization
of electron transport in this type of assembly which
are the band gap value, and the magnitude of
p-electron overlap (i.e. the intermolecular distance)
nits assembly for clarity. We can clearly observe the nature of the
le the LUMO is originating from p* � p* = p* mixing.
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between molecules rapidly converge to stable values
of extended systems. Based on our previous works
[9] where both finite and periodic approaches were
used, even five to six members oligomer would qual-
itatively reproduce the main electronic properties of
periodic systems. In addition, although an apparent
p-electron coupling occurs in small and more
extended systems, preliminary transport calcula-
tions within Landauer–Buttiker formalism [9] on a
10 nm long assembly suggest a polaronic rather
than a band transport regime. This result is sup-
ported with the relatively large intermolecular dis-
tances calculated in these assemblies.

In order to characterize the variation of the HLG
along the formation of large assemblies, and more
importantly to estimate the fluctuations of the band-
gap upon the creation of similar but more tightly
packed systems, we have carefully analyzed the nat-
ure of the frontier orbitals. For example, Fig. 9
shows the wavefunction composition of the top-
HOMO and bottom-LUMO bands [32] for a short
assembly of two units. As we showed for a single
molecule, HOMO and LUMO on the small assem-
bly are p-bonding and p*-antibonding, respectively.
Once the molecules are packed into an unidimen-
sional structure, the nature of the HOMO (top-
band) which is made of p-stacked states remains
p-bonding (p + p = p) while the LUMO (bottom-
band) is p*-antibonding (p* � p* = p*). This des-
cription drastically contrasts with our previous
results on well organized systems where the top of
the HOMO-band was found anti-bonding (p �
p = p*) and the bottom of the LUMO-band was
found to be bonding (p* + p* = p) [9]. This is an
interesting result which suggests that a compression
of the wire, i.e. a decreasing interplanar distance,
should contribute to open the HLG of the wire, as
the HOMO would stabilize and the LUMO
destabilize.

Finally, the shape of individual frontier orbitals
and their combination within the assembly are con-
sistent with the helical wire structure found. Fig. 9
suggests that a perfect alignment (twisting angle =
0) of the molecules could stabilize the HOMO
(p + p = p) but destabilize the LUMO (p* �
p* = p*). In contrast, introducing a p/2 rotation
between molecules within this 1D wire would desta-
bilize the HOMO (p � p = p*) and stabilize the
LUMO (p* + p* = p). Thus, the helical conforma-
tion obtained for our assemblies appears a compro-
mise between these two cases. This change in
electronic structure properties when introducing a
helical symmetry has already been described for
hypothetical one-dimensional band structured
materials [33]. Our results on finite assemblies sup-
port this theoretical band structure description of
helical materials. This wavefunction feature in addi-
tion to the balance between intra and intermolecular
hydrogen bondings, characterize the overall helical
conformation of the molecular assembly.

4. Conclusions

We studied the structural and electronic proper-
ties of an organic assembly in which the cohesion
between the molecular units is directed by hydrogen
bonding. The cohesion energy of the assembly
increases linearly for small wires then saturates for
molecular wires containing more than four mole-
cules. Although the variation of the dipole moment
as a function of assembly size does not show an
apparent electronic interaction between molecules,
the variation of the HOMO–LUMO gap clearly
shows a significant but moderate p-coupling between
molecular units. This moderate p-electron coupling,
in conjunction to the relatively long distances sepa-
rating the molecules in the assembly do not suggest
very promising transport properties for such molec-
ular assembly.
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Abstract

Two highly efficient blue light-emitting materials, 9-phenyl-9-pyrenylfluorene substituted pyrenes (P1,P2), were
designed and synthesized. The two compounds demonstrated highly thermal stability and bright blue emission both in
solution and in the solid state. Even after being annealed at 150 �C under nitrogen for 24 h, the solid emission spectra
showed no obvious changes. The high energy levels of the HOMO (about �5.2 eV) exhibit that they have improved
hole-injection/transporting ability. A three layer blue OLED of ITO/TCTA (8 nm)/P2 (30 nm)/BCP (40 nm)/Mg:Ag
was obtained with high efficiency (3.08 cd/A, 1.17 lm/W), low turn-on voltage (3.5 V) and high brightness (19885
cd/m2) in ambient air, which is competitive with the best of the doped and nondoped blue OLEDs. These results revealed
that these materials are promising as blue emitters for high efficiency OLEDs with a much simpler architecture. We thus
exemplified that introducing 9-phenyl-9-pyrenylfluorene onto large aromatic rings is a new method to employ fluorescent
dyes with large planar aromatic rings as the blue emitters in nondoped OLEDs without a hole-injection layer.
� 2006 Elsevier B.V. All rights reserved.

Keywords: 9-Phenyl-9-pyrenylfluorene substituted pyrenes; Hole-injection; Organic electroluminescence
1. Introduction

Since the breakthrough discovery by Tang and
van Slyke in organic light emitting diodes (OLEDs),
[1] research into OLEDs has been pursued inten-
sively because of their potential use in information
displays such as TVs, computer monitors and cellu-
lar phones [2–6]. Developing blue light emitters is
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essential for the development of full color displays
[7,8]. It is much more difficult to produce blue emis-
sion due to the intrinsic characteristic of having a
wide bandgap irrespective of the type of materials.
Because of their high solution and solid-state photo-
luminescence (PL) quantum yields, recently much
research into blue-emitting materials has centered
on fluorene conjugated derivatives [9]. In order to
block the interchain interaction and improve the
thermal stability, two bulky aryl groups are intro-
duced at C9 position of fluorene moiety [10]. How-
ever, the difference between ionization potential (IP)
of conjugated fluorene derivatives (5.6–5.8 eV) and
.
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Scheme 1. Reagents and conditions: (i) pyrene (5 equiv), CHCl3,
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work-function of the indium tin oxide (ITO) (/
� 4.7 eV) requires the use of hole-injection layers to
obtain efficient hole-injection, [11] and the
poly(3,4-ethylenedioxythiophene):poly(styrenesulf-
onate) (PEDOT:PSS) is commonly used as the hole-
injection materials. But it is not ideal because of its
absorption in the visible region and the unstable
interface between ITO and PEDOT:PSS [12]. In
order to avoid above disadvantages and simplify
the OLEDs device, triarylamines was incorporated
into the fluorene moiety to improve the hole-injection
ability [13].

Due to the large planar conjugated aromatic
characteristic, pyrene has strong p electron delocal-
ization energy and efficient fluorescence property,
which makes its derivatives widely used as probes
in recognized DNA labels [14]. More recently, some
pyrene derivatives have been used in OLEDs in
order to improve hole transporting ability because
of its electron-rich property [15], yet the perfor-
mance of those OLEDs is not satisfactory in bright-
ness and efficiency. On the other hand, due to the
high carrier mobility of large planar conjugated aro-
matic rings, blue doped OLEDs using these com-
pounds as dopants, such as perylene, always have
high brightness and high efficiency [16]. Although
such doping procedure is easy to be done and
enables one to take advantage of the commercially
available dyes, recent work has shown that the
blends of the host materials and the dopant dyes
have a tendency to show phase separation over time,
which leads to instability in the performance of
devices [17]. In addition to the high PL efficiency
and high carrier mobility, large planar aromatic
rings such as pyrene and perylene also have better
hole-injection ability than conjugated fluorene deriv-
atives because of its electron-rich characteristic.

In the present work, we report the synthesis and
characterization of two novel 9-phenyl-9-pyrenylflu-
orene subsitituted pyrenes (P1,P2) (Scheme 1),
which is noncoplanar in structure because of the
steric tortional hindrance of 9-phenyl-9-pyrenyl-
fluorenes. Our motivation for the design of the mate-
rials is to combine the thermal stability of the
9-phenyl-9-pyrenylfluorene Section [10] with the
high efficiency, high carrier mobility and hole-injec-
tion advantage of large planar aromatic rings. This
report provides clear evidence that we have not only
significantly improved the thermal stability of large
planar pyrene rings, but also improved the hole-
injection ability compared with the conjugated fluo-
rene derivatives. The device ITO/TCTA (8 nm)/P2
(30 nm)/BCP (40 nm)/Mg:Ag, without the need for
hole-injection layer, shows very bright blue electro-
luminescence (EL) (19885 cd/m2), with the low
turn-on voltage of 3.5 V, the current efficiency of
3.08 cd/A and power efficiency of 1.17 lm/W. The
high performance and simple device structure are
competitive with the best of the doped [16,18] and
nondoped [19] blue OLEDs. We thus have exempli-
fied that introducing 9-phenyl-9-pyrenylfluorene
onto large aromatic rings is a new method to
employ the fluorescene dyes with large planar aro-
matic rings as the blue emitters in nondoped
OLEDs without the needs for hole-injection layers,
which is essential for simplifying device fabrication
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processes so as to cut the cost of full color displays.
It is noted that a similar work was reported [20]
after this paper was submitted for publication.

2. Results and discussion

2.1. Preparation and characterization

The detailed synthesis of the two pyrenes, P1 and
P2, is sketched in Scheme 1. Compounds 1a and 1b,
prepared according to our previous procedure, [9a]
underwent Friedel–Crafts reaction with an excess
amount of pyrene in chloroform promoted by
methanesulfonic acid to achieve the compound 2a

and 2b (>78% yield), respectively. Pyrene was
brominated with N-bromosuccinimide (NBS) in
N,N-dimethylformamide (DMF), then the crude
bromopyrene was subjected to halogen-lithium
exchange with n-BuLi at �78 �C in THF and subse-
quent reaction of the anion with B(OMe)3 gave the
corresponding pyrene boronic acid, whose esterifi-
cation with pinacol obtained the desired boronic
ester 3 (55% yield). Suzuki coupling reaction was
employed between the monobromide 2a, dibromide
2b and pyrene boronic ester 3 to obtain the target
compounds P1 and P2 (>70% yield) [21]. Both the
two fluorene substituted pyrenes in this report were
purified by flash column chromatography. They
were fully characterized by 1H and 13C NMR, laser
desorption/ionization time-of-flight mass spectrom-
eter (LDI-TOF-MASS) and elemental analysis. The
results were consistent with the proposed structures.

2.2. Thermal properties

Thermal properties of the two materials were
evaluated using thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). TGA
(10 �C /min) showed that the two materials were
highly stable in nitrogen, with the thermal decom-
position temperature (Td) at 459 and 478 �C, for
Table 1
Physical properties of P1 and P2

Pyrenes U (%) Abs. kmax (nm) PL kmax (nm)

Solutiona F

P1 71 351 408 4
P2 75 352 424 4

a In CH2Cl2 solution, the excitation light wavelength is the absorptio
b Prepared by vacuum vapor deposition (100 nm), the excitation ligh
c LUMO = HOMO � DE (band gap).
P1 and P2, respectively, which means the materials
are stable enough to endure the temperature of the
vacuum vapor deposition. In the first DSC trace
of heating (10 �C /min), the two materials have the
melting transition at 274 �C and 359 �C for P1

and P2, respectively. P2 is more thermally stable
than P1 because P2 has a more symmetric structure
and a higher molecular weight resulting from an
additional pyrene group at the C7 of the fluorene
moiety (Scheme 1). After the samples were cooled
to room temperature, during the second DSC trace
of heating (10 �C /min), P2 has a high glass transi-
tion temperature of 217 �C, and P1 has no obvious
glass transition. No crystallization procedure was
observed during the DSC trace. These results show
that P1 and P2 have good thermal stability even
though they are low molecular weight organic com-
pounds. In contrast, pyrene has a melting point of
150 �C, so the thermal stability was enhanced signif-
icantly by incorporating the more rigid 9-phenyl-9-
pyrenylfluorene group, which may in turn improve
the stability and operating lifetime of the EL device.

2.3. Optical and electrochemical properties

The spectroscopic properties of the two materials
were measured in dichloromethane (CH2Cl2) solu-
tion and the corresponding data were summarized
in Table 1. They showed absorption with the kmax

at 351 and 352 nm, respectively, due to p–p* transi-
tion derived from the conjugated substituted pyrene
backbone (Fig. 1(a)). Additional absorption bands
around 336 nm might be originated from the
absorption of pyrene at the C9 of the fluorene core,
which is not conjugated to the fluorene–pyrene con-
jugation chain, because the pyrene, in CH2Cl2, has
an absorption with kmax at 336 nm. From the P1

to P2, the absorption shows red-shift due to the
increasing of conjugation length, resulting from
the pyrene group at the C7 of fluorene moiety.
Upon excitation of the pyrene–fluorene conjugation
HOMO (eV) LUMOc (eV) DE

ilmb

62 �5.24 �2.23 3.05
50 �5.22 �2.51 2.88

n maxima (kmax).
t wavelength is the absorption maxima (kmax).
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at 351 nm and 352 nm, the emission spectra display
maxima at 408 and 424 nm, for P1 and P2, respec-
tively. From the unsubstituted pyrene to substituted
P1 to P2, the PL spectra also show a gradual
red-shift, concomitant with the increasing conjuga-
tion length (Fig. 1(b)). The PL quantum yield
of the materials in dichloromethane solution was
estimated to be 0.71 and 0.75 by using 9,10-dipheny-
lanthrancene as the reference standard (cyclohexane
solution, U = 0.9) [22].

Both the film PL of P1 and P2, prepared by vac-
uum vapor deposition (100 nm), show obvious red-
shift than the PL in CH2Cl2 (Fig. 1(c)). The solid
state PL quantum yields were measured to be 0.50
and 0.61 for P1 and P2, respectively. No obvious
change in the emission film was observed even after
annealing at 150 �C for 24 h under nitrogen, which
indicates that we have successfully improved the
thermal and luminescent stability of pyrene by in-
corporating the bulky 9-phenyl-9-pyrenylfluorene
group onto the pyrene ring.

The electrochemical behavior of P1 and P2 was
investigated by cyclic voltammetry (CV) with a stan-
dard three electrodes electrochemical cell in a 0.1 M
tetrabutylammonium tetrafluoroborate (Bu4NBF4)
in dichloromethane at room temperature under
nitrogen with a scanning rate of 200 mV/s. A plati-
num working electrode, a platinum counter electrode
and an Ag/AgNO3 (0.1 M) reference electrode were
used. The oxidation onset potentials were measured
to be 0.54 and 0.52 V, respectively. The correspond-
ing HOMO energy levels were thus estimated to be
�5.24 and �5.22 eV, [23] indicating that the elec-
tron-rich pyrene derivatives do have an increase in
hole affinity and an improvement in hole-injection
ability than conjugated fluorene derivatives [9].
From the UV–visible absorption spectra, the onset
absorption of P1 and P2 were measured to be
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407 nm and 431 nm, and the band gap (DE) were
thus calculated to be 3.05 and 2.88 eV for P1 and
P2, respectively. Then the LUMO can be estimated
to be �2.23 and �2.88 eV, respectively. The corre-
sponding data were also summarized in Table 1.

2.4. Electroluminescence properties

Because the HOMO of two fluorene substituted
pyrenes (Table 1) were close to that of PEDOT:PSS
(��5.2 eV), the hole-injection layers were not nec-
essary in the light-emitting devices. So we fabricated
devices of ITO/TCTA (8 nm)/P1 or P2 (30 nm)/
BCP (40 nm)/Mg:Ag (Device 1 or 2), where the
TCTA (4,40,400-tri(N-carbazolyl)triphenylamine) was
used as both the buffer layer and hole-transporting
layer, and BCP (2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline) as both the buffer layer and elec-
tron-transporting layer. The three-layer devices
exhibit blue EL (Fig. 2) from P1 and P2. High
brightness of 16664 cd/m2 (15 V) and 19885 cd/m2

(13 V) were obtained for Devices 1 and 2, respec-
tively (Fig. 3(a)). The devices have low turn-on volt-
ages of 4 and 3.5 V, with high current efficiency of
2.56 (9.5 V) and 3.08 cd/A (9 V), high power effi-
ciency of 0.85 lm/W (7.5 V) and 1.17 lm/W (7.5 V)
for Devices 1 and 2, respectively (Fig. 3(b)). The
peaks of the blue EL spectra were all at 454 nm,
with 1931 CIE coordinate of (x = 0.17,y = 0.17)
and (x = 0.17, y = 0.19) for Devices 1 and 2, respec-
tively. Long wavelength emission was not observed
in our devices, which could be attributed to the non-
planar molecular structure of the materials. It is
noteworthy that the EL efficiency of the devices
do not drop obviously when current density in-
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creased (Fig. 3(b)), and when the current density
reaches its maximum, the devices have still maintain
a efficiency of 2.53 cd/m2 and 2.84 cd/m2 for Devices

1 and 2, respectively, which indicates that the
devices are still stable under extreme operating con-
ditions. The low turn-on voltage, high brightness,
high efficiency and simple architecture make the
devices competitive with the best of the doped
[16,18] and nondoped [19] blue OLEDs. The perfor-
mance of Device 2 is obviously better than that of
Device 1 in turn-on voltage, brightness and effi-
ciency, which might be attributed to the higher PL
efficiency of P2 than that of P1. In contrast, the
device of ITO/TCTA (8 nm)/pyrene (30 nm)/BCP
(40 nm), where the un-substituted pyrene was used
as emitting materials, no EL emission was observed.
So, the high performance of Devices 1 and 2 can be
attributed to intrinsic feature of the pyrene deriva-
tives with high thermal stability, much improved
hole-injection ability, which results from the elabo-
rate combination of the stable 9-phenyl-9-pyrenyl-
fluorene moiety with the large planar aromatic
ring of pyrene.
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3. Conclusions

Two new 9-phenyl-9-pyrenylfluorene substituted
pyrenes, P1 and P2 were designed and synthesized.
The materials have not only shown high thermal sta-
bility, but also shown improved hole-injection and
hole-transporting ability over conjugated fluorene
derivatives. A blue OLED using P2 as emitting mate-
rials, ITO/TCTA (8 nm)/P2 (30 nm)/BCP (40 nm)/
Mg:Ag, was obtained with high efficiency (3.08 cd/
A,1.17 lm/W), low turn-on voltage (3.5 V), high
brightness (19885 cd/m2), which is competitive with
the best of the doped and nondoped blue OLEDs.
High efficiency and high stabi- lity in junction with
easily synthesizing route render the materials a very
promising class of optoelectronic materials. This
method of material design, introducing 9-phenyl-9-
pyrenylfluorene onto large aromatic rings, can also
be applied in the design and synthesis of other effi-
cient blue emitters containing other large planar aro-
matic rings such as perylene, and this is current in
progress in our group. Therefore we, in fact, have
provided a new simple method to make full use of
the efficient fluorescence dyes with large planar
aromatic rings for acting as efficient blue emitters
in nondoped OLEDs, without need for the hole-
injection layers.

4. Experimental

4.1. General information and materials

Commercial grade reagents were used without
further purification unless otherwise stated. All the
solvents for characterization were used after redistil-
lation. THF was refluxed with sodium filament in
the presence of benzophenone until a persistent vio-
let–blue color appears and then distilled. All reac-
tions 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). Compounds were visualized with
UV light at 254 nm. Column chromatography was
carried out using flash silica gel from Qingdao Haiy-
ang Chemical Co., Ltd. (200–300 mesh). 1H and 13C
NMR were recorded using a Varian spectrometer at
400 MHz. Molecular masses were determined by a
SHIMADZU laser desorption/ionization time-
of-flight mass spectrometer (LDI-TOF-MASS).
Elemental analyses were performed on a Vario
III elemental analyzer. Thermogravimetric analy-
sis (TGA) and differential scanning calorimetry
(DSC) were performed under nitrogen atmosphere
at a heating rate of 10 �C/min. Absorption and
photoluminescence (PL) emission spectra of the tar-
get compounds were measured in dichloromethane
using a SHIMADZU UV-3150 spectrophotometer
and a SHIMADZU RF-5301PC spectrophotome-
ter, respectively. Quantum yield was determined in
CH2Cl2 solution and was calculated by comparing
emission with that of the standard solution of
9,10-diphenylanthracene in cyclohexanane (U = 0.9)
at room temperature. The film quantum yield
was measured on a Labsphere’s URS-600 uniform
source systems with an optical power meter of
Model 1830-C. Cyclic voltammetry (CV) was per-
formed on an Eco Chemie’s Autolab.

4.2. Synthesis

2,7-Dibromo-9-phenyl-9-pyrenylfluorene (2b). To
a solution of pyrene (5 g, 24.7 mmol) and CH3SO3H
(0.72 g, 4.8 mmol) in chloroform (100 mL) was
added dropwise 2,7-dibromo-9-phenyl-fluoren-9-ol
(1b) (2.0 g, 4.8 mmol) in chloroform (50 mL). The
mixture was heated to 60 �C, and stirred for another
20 min. Then saturated sodium bicarbonate solu-
tion was added into the mixture to quench the reac-
tion. The organic phase was separated and washed
by saturated sodium bicarbonate (100 mL), and
the water phase was extracted three times with
dichloromethane. The combined organic solution
was dried with anhydrous MgSO4. The solvent
was removed by rotary evaporation, and the resi-
due was purified by column chromatography using
petroleum ether/dichloromethane (5:1) as eluent
to get a white solid (2.3 g, 79%). 1H NMR
(400 MHz, CDCl3) d (ppm): 7.58–8.24 (m, 11H);
7.67 (d, J = 8.0 Hz, 2H); 7.52 (dd, J = 8.0 Hz,
2.0 Hz); 7.23–7.32 (br., 3H), 7.12–7.23 (br., 2H).
LDI-TOF-MS (m/z); calcd. for C35H20

79Br79Br
598.0, found 598.1; calcd. for C35H20

79Br81Br 600.0,
found 600.0; calcd. for C35H20

81Br81Br 602.0, found
602.3. Anal. calcd. C, 70.02; H, 3.36. Found C,
70.08; H, 3.40.

2-Bromo-9-phenyl-9-pyrenylfluorene (2a). 2a was
synthesized according to the procedure described
for 2b using 2-bromo-9-phenyl-fluoren-9-ol (1a)
(2.0 g, 6 mmol) in chloroform (50 mL) and pyrene
(6 g, 30 mmol) in chloroform (120 mL) to get a
white solid (2.5 g) in 80% yield. 1H NMR
(400 MHz, CDCl3) d (ppm): 7.90–8.20 (m, 8H);
7.78–7.86 (br., 2H); 7.64–7.76 (m, 3H); 7.56–7.64
(br., 1H); 7.52 (d, J = 8.0 Hz, 1H); 7.39 (t, 8.0 Hz,
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1H); 7.16–7.26 (br., 5H). LDI-TOF-MS (m/z);
calcd. for C35H21

79Br 520.1, found 520.8; calcd.
for C35H21

81Br 522.1, found 522.2. Anal. calcd. C,
80.62; H. 4.06. Found C, 80.70; H, 4.16.

1-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyr-

ene (3). To a solution of pyrene (8.1 g, 40 mmol) in
DMF (250 mL), NBS (3.6 g, 20 mmol) in DMF
(150 mL) was added dropwise and stirred for another
2 h. The mixture was treated with hydrochloric acid
(2 M, 500 mL) and dicloromethane, and the water
phase was then extracted several times with dichloro-
methane. The solvents were removed under reduced
pressure to yield the crude 1-bromopyrene. Then
the crude 1-brompyrene was reacted successively
with n-butyllithium (1.6 M in hexane) (25 mL,
40 mmol), B(OMe)3 (20 g, 190 mmol), HCl (2 M,
300 mL) and pinacol (23 g, 200 mmol) according to
the literature procedure. At last, the solvent was
removed by rotary evaporation, and the residue
was purified by column chromatography using
petroleum ether/ethyl acetate (10:1) as eluent to
provide 3 (3.6 g, 55%). 1H NMR (400 MHz,
CDCl3) d (ppm): 9.10 (d, J = 9.2 Hz, 1H); 8.56 (d,
J = 7.6 Hz, 1H); 8.25–7.98 (m, 7H); 1.51 (s, 12H).
LDI-TOF-MS (m/z); calcd. for C22H21

10BO2 328.2,
found 328.1; calcd. for C22H21

11BO2 329.2, found
329.1. Anal. calcd. C, 80.51; H, 6.45. Found C,
80.65; H, 6.72.

2-Pyrenyl-9-phenyl-9-pyrenylfluorene (P1): 1-(4,4,5,5-
Tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (3) (0.5 g,
1.5 mmol), 2-bromo-9-phenyl-9-pyrenylfluorene (2a)
(0.78 g, 1.5 mmol), and Pd(PPh3)4 (0.05 mmol) and
aqueous 2.0 M K2CO3 (2 mL) were mixed in a flask
containing with nitrogen saturated toluene (50 mL).
The reaction mixture was stirred at 90 �C for 48 h.
After it was cooled to room temperature, the reaction
mixture was quenched with saturated sodium bicar-
bonate solution and extracted twice with dichloro-
methane. The combined organic extracts were dried
with anhydrous MgSO4. The crude product was
purified by column chromatography using petro-
leum ether/dichloromethane (4:1) as eluent to pro-
vide a pale white powder (0.75 g, 78%). 1H NMR
(400 MHz, CDCl3) d (ppm): 8.15 (t, J = 9.2 Hz,
4H); 8.08–7.90 (m, 15H); 7.90–7.80 (d, J = 8.0 Hz,
2H); 7.76–7.66 (t, J = 9.2 Hz, 3H); 7.46 (t, J =
7.6 Hz); 7.40–7.30 (m, 3H); 7.30–7.18 (m, 2H). 13C
NMR (400 MHz, CDCl3) d (ppm): 152.35, 147.18,
140.81, 140.05, 139.22, 137.77, 131.63, 131.23,
131.05, 130.73, 130.58, 130.39, 129.82, 129.13,
128.55, 128.26, 128.11, 127.79, 127.68, 127.58,
126.90, 126.82, 126.40, 126.17, 125.37, 125.24,
125.18, 124.94, 124.83, 120.82, 120.71, 67.18. LDI-
TOF-MS (m/z); calcd. for C51H30 642.2, found
642.4. Anal. calcd. C, 95.30; H, 4.70. Found C,
95.25; H, 4.62.

2,7-Dipyrenyl-9-phenyl-9-pyrenylfluorene (P2). P2

was synthesized according to the procedure described
for P1 using 3 (0.5 g, 1.5 mmol), 2b (0.40 g,
0.7 mmol), Pd(PPh3)4 (0.02 mmol), 2.0 M K2CO3

(1 mL) and toluene (30 mL). The crude product was
purified by column chromatography using petroleum
ether/dichloromethane (3:1) as eluent to provide
a pale green powder (0.47 g, 70%). 1H NMR
(400 MHz, CDCl3) d (ppm): 8.24–8.12 (m, 8H);
8.10–7.92 (m, 19H); 7.77 (dd, J = 8.4 Hz, 1.6 Hz,
2H); 7.64 (d, 8.4 Hz, 2H); 7.46 (s, 2H); 7.34–7.28 (s,
3H); 7.27–7.22 (m, 2H). 13C NMR (400 MHz,
CDCl3) d (ppm): 152.80, 140.92, 139.04, 137.75,
131.63, 131.06, 130.76, 130.62, 129.27, 128.56,
128.48, 127.85, 127.60, 126.98, 126.57, 126.18,
125.37, 125.28, 125.04, 124.98, 124.88. LDI-TOF-
MS (m/z); calcd. for C67H38 842.3, found 842.2. Anal.
calcd. C, 95.46; H, 4.54. Found C, 95.36; H, 4.58.

4.3. OLED device fabrication

Organic EL device were fabricated by using suc-
cessive vacuum-deposition of the materials on top
of the ITO glass substrate under a pressure of about
1 · 10�4 Pa with the deposition rate of about 0.1
nm/s. ITO glass was etched for the anode electrode
pattern and cleaned in ultrasonic baths of chloro-
form, acetone and alcohol. The overlap area of
Mg:Ag alloy cathode and ITO electrodes is 6 mm2.
A UV zone cleaner was used for further cleaning
before vacuum deposition of the organic materials.
The evaporation rate and the thickness of the film
were measured with a quartz oscillator. Current–
voltage–luminescence (I–V–L) characteristics and
CIE color coordinates were measured with a Keithley
SMU238 and a ST-86LA luminance-meter. EL spec-
tra were measured with a Photo Research’s PR 705.
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Abstract

We demonstrate reduced geminate recombination of excitons in electrophosphorescent organic light emitting devices
using the green phosphor fac-tris(1-(9 0,9 0-dimethyl-2 0-fluorenyl)pyrazolato,N,C2)iridium(III). At low phosphor doping
concentrations (<20 wt.%) in a N,N 0-dicarbazolyl-3,5-benzene host, transient electroluminescence spectra show no bimo-
lecular quenching at the highest excitation densities used. At higher doping concentrations (>60 wt.%), the transient decay
reflects the presence of phosphor molecular aggregates. The roll-off in external quantum efficiency at high current densities
is attributed to the field-assisted dissociation of charge pairs prior to exciton formation.
� 2006 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph; 78.30.Jw; 78.60.Fi

Keywords: Phosphorescence; Organic light emitting devices; Exciton quenching
1. Introduction

Phosphorescent materials consisting of cyclo-
metalated iridium complexes have been used to dem-
onstrate efficient electrophosphorescence with near
unity internal quantum efficiencies [1]. Organic light
emitting devices (OLEDs) employing phosphor light
emitting materials typically experience a pronounced
decrease in the external quantum efficiency (gEXT)
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.03.009
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under intense electrical excitation [2–4]. These bimo-
lecular quenching processes have limited the use of
phosphorescent emitters in high brightness applica-
tions accessed at large current densities. Further, las-
ing from phosphorescent emitters has seldom been
considered as a result of strong exciton–exciton and
exciton–polaron quenching [5]. Hence, the reduction
of non-radiative pathways has the potential to enable
the application of these highly efficient emitters in a
greater variety of optoelectronic devices.

In materials systems that employ host-dopant
energy transfer, including most Pt-based phosphor
.
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OLEDs, the roll-off in gEXT is attributed to triplet–
triplet (T–T) annihilation [2,6]. However, the current
understanding of bimolecular quenching remains
incomplete in Ir-based phosphor OLEDs. For
example, in the archetypical fac-tris(2-phenylpyri-
dine)iridium(III) [Ir(ppy)3], the T–T model does not
fully describe the steady-state and transient lumines-
cent behavior under both optical and electrical exci-
tation [2–4]. To our knowledge, no discussion of the
biexponential transient decay characteristic of
Ir(ppy)3 OLEDs under pulsed electrical excitation
has been offered beyond that of a modified T–T anni-
hilation model [2].

In this work, we examine phosphorescence from
the green emitter fac-tris(1-(9 0,9 0-dimethyl-2 0-fluore-
nyl)pyrazolato,N,C2)iridium(III) [Ir(flz)3] [7] under
both optical and electrical excitation. Transient
photoluminescence (PL) measurements show no
evidence for bimolecular quenching, even at the high-
est excitation densities employed. Transient electro-
luminescence (EL) from the phosphor exhibits
biexponential decay at low excitation densities, with
the short lifetime component of the decay originating
from the quenching of triplet excitons by Ir(flz)3 cat-
ions. Under high excitation, this additional source of
non-radiative loss is reduced, and the resulting decay
is characterized by the natural radiative lifetime of
the phosphor. Under steady-state electrical excita-
tion, the roll-off in gEXT with brightness results from
the electric-field induced quenching of charge pairs
(CPs) prior to exciton formation [4,8]. At high
concentrations of Ir(flz)3 (>60 wt.%) in a N,N 0-dicar-
bazolyl-3,5-benzene (mCP) host [9,10], both the
steady-state and transient behaviors are dominated
by emission from phosphor molecular aggregate
states.
2. Theory

2.1. Exciton quenching by trapped charge

Exciton formation in phosphorescent guest–con-
ductive host systems generally relies on a combina-
tion of host–guest energy transfer [10–12], and
charge trapping directly on the phosphor dopant
[13,14]. Charge trapping is particularly important
for deep-blue phosphorescent OLEDs where exciton
formation on the wide energy gap host becomes
energetically difficult to achieve [13,14]. Depending
on the host and phosphor transport energy levels,
such systems may exhibit poor charge balance at
low current densities due to the preferential injec-
tion and/or transport of one type of carrier in the
device emissive layer (EML). In such unbalanced
systems, preferential build-up of one type of charge
can serve as a quenching site for excitons [15]. In
this discussion, the triplet quenching centers are
holes trapped on the phosphorescent guest. Assum-
ing that the number of trapped holes is much larger
than that of electrons or excitons in the EML, the
injected hole density is approximately voltage inde-
pendent. For excitons located far from a trapped
hole, the transient luminescence decay time is the
natural lifetime of the phosphor, namely 1/kT,
where kT is the sum of the radiative (kR) and non-
radiative (kNR) decay rates. However, in the pres-
ence of a trapped hole, the rate equation governing
the triplet exciton density ([T*(t)]) is [15]

d½T �ðtÞ�
dt

¼ �kT½T �ðtÞ� � khT½h�½T �ðtÞ� ð1Þ

where khT is the rate constant for interactions be-
tween trapped holes of density [h], and triplet exci-
tons. Accounting for both cases leads to the
following biexponential solution:

½T �ðtÞ� ¼ ½T �ð0Þ� 1� ½h�
N

� �
exp �kTtð Þ

�

þ ½h�
N

expð�ðkT þ khT½h�ÞtÞ
�
; ð2Þ

where N is the total number of Ir(flz)3 molecules in
the film. The coefficients containing [h]/N are
branching probabilities for exciton formation on a
neutral Ir(flz)3 molecule versus a quenching site. In
this simplified model we assume that a triplet is
quenched when it occupies the same molecular site
as a trapped hole. This is expected to be valid for
systems where exciton formation occurs directly
on phosphorescent molecules by charge trapping,
a process that ultimately reduces exciton diffusivity.

Exciton quenching by trapped charges is expected
to be strongly dependent on both [T*] and [h]. The
number of trapped holes remains constant over time
since hole injection into the EML is highly efficient.
In contrast, the number of electrons increases steeply
with applied voltage due to injection barrier lower-
ing. The increased electron density in the EML leads
to a reduction in the number of trapped holes since
they pair with injected electrons to form triplets.
As a result, quenching is expected to decrease with
increasing excitation density, reducing the contribu-
tion of the second term in Eq. (1).



R.J. Holmes et al. / Organic Electronics 7 (2006) 163–172 165
2.2. Electric field induced dissociation of charge

pairs

The electric field in an OLED is often sufficient to
separate CPs prior to exciton formation, giving rise
to the roll-off in luminance often observed at high
steady state voltages (and hence correspondingly
high current densities) [4]. In this case, the CP can
be treated as an electron in a positively ionized trap
(molecular cation) whose depth is determined by the
external electric field, F. Using the Poole–Frenkel
model, the rate of dissociation is expressed as [8]

kPFðF Þ ¼ k0 expðb
ffiffiffiffi
F
p

=kBT Þ ð3Þ
where k0 is the zero-field rate of dissociation, kB is
Boltzmann’s constant, T is the temperature. In
one dimension, b = (e3/pee0)1/2 where e is the ele-
mentary charge, e is the material dielectric constant,
and e0 is the permittivity of free space. If a CP ulti-
mately forms an exciton, its recombination rate is
governed by the natural lifetime of the exciton. If,
instead, it dissociates, the carrier pair may reform
a CP, non-radiatively recombine, or contribute to
current. In all cases, field dissociation ultimately re-
duces the radiative efficiency. The probability for
CP dissociation is [4]

gPFðF Þ ¼
1

1þ kEx

k0
expð�b

ffiffiffiffi
F
p

=kBT Þ
ð4Þ

where kEx is the rate at which a CP relaxes to form
an exciton. The quenching efficiency, d, can be ex-
pressed as

d ¼ gEXTðF 0Þ � gEXTðF Þ
gEXTðF 0Þ

¼ gPFðF Þ � gPFðF 0Þ
1� gPFðF 0Þ

ð5Þ

Hence, when field assisted dissociation is dominant,
then

gEXTðF Þ ¼ gEXTðF 0Þð1� dÞ ð6Þ
leading to a roll-off in luminance with F.
3. Experimental methods

The electrophosphorescent properties of Ir(flz)3

were investigated using thin film structures grown by
vacuum thermal sublimation at a base pressure of
�1 · 10�7 Torr, on a pre-cleaned [13], glass substrate
coated with a�150-nm-thick layer of indium-tin-oxide
(ITO) having a sheet resistance of �20 X/h. The
devices consisted of a 30-nm-thick 4-40-bis[N-(1-naph-
thyl)-N-phenyl-amino]biphenyl (NPD) hole transport
layer (HTL), followed by a 10-nm-thick layer of the
electron–exciton blocker (EBL) fac-tris(1-phenylpy-
razolato,N,C20)iridium(III) [Ir(ppz)3] [9]. The 30-nm-
thick EML consisted of Ir(flz)3 co-deposited with
mCP at various doping concentrations. Finally, a
40-nm-thick electron transport layer (ETL) of
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (batho-
cuproine, BCP) was deposited to confine holes and
excitons within the EML. Cathodes consisted of a
0.5-nm-thick layer of LiF followed by a 50-nm-thick
layer of Al deposited through 1 mm diameter openings
in a shadow mask. Literature procedures were used to
prepare NPD [16], Ir(ppz)3 [9], mCP [9], and Ir(flz)3

[7], while BCP was commercially obtained [17]. All
materials were purified prior to use by thermal gradi-
ent vacuum sublimation [18].

Devices were tested under steady-state[19] and
pulsed excitation. Transient EL and PL (excited at
a wavelength of k = 337 nm, with 1 ns pulses and
a 60 Hz repetition rate) were collected using a streak
camera.
4. Results

Fig. 1 shows the molecular structure, and the EL
and PL spectra of Ir(flz)3 doped at 10 wt.% into mCP
[9,10]. The EL originates solely from Ir(flz)3 and has
Commission Internationale de l’Eclairage (CIE)
chromaticity co-ordinates of (x = 0.26, y = 0.56).
The inset of Fig. 1 shows the highest occupied
(HOMO) and lowest unoccupied molecular orbital
(LUMO) energies for the materials used. The
HOMO energies were measured using photoelectron
spectroscopy, while the LUMO levels were estimated
from the optical absorption edge energy for each
material [20,21]. This method tends to underestimate
the HOMO–LUMO transport gap since it includes
the binding energy of the exciton. The low HOMO
energy of Ir(flz)3 relative to mCP allows this dopant
to trap and transport holes to the EML/BCP inter-
face. This is apparent from the data in the inset in
Fig. 2 where the device operating voltage decreases
with increasing doping concentration [13]. Hence,
we infer that the LUMO of Ir(flz)3 is not directly
populated by injected electrons. Peak quantum and
power efficiencies (gP), of gEXT = (6.1 ± 0.6)% and
gP = (11.3 ± 1.1) lm/W (measured through the
anode normal to the substrate plane) are obtained
for mCP:10 wt.% Ir(flz)3 OLEDs, respectively. The
hole mobility of the NPD HTL is significantly larger
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than the electron mobility of the BCP ETL, hence
the external electric field is calculated by dividing
the applied voltage by the combined thicknesses
of the EML and ETL.

Bimolecular quenching was probed under both
transient optical and electrical excitation. Fig. 3a
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Fig. 4. Transient electroluminescent decay for devices in Fig. 2 as a fun
500 ns, with an amplitude of 0–11.5 V.
shows the transient PL decay under an excitation
density of 1013 photons/cm2 for films of 5–20 wt.%
Ir(flz)3 doped into mCP. For reference, Fig. 3b
depicts the PL spectrum and transient decay of a
neat Ir(flz)3 film. The broad spectral feature span-
ning wavelengths from k = 550 to 650 nm is
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emission from aggregates formed between neighbor-
ing molecules.

Fig. 4 shows the dependence of the transient EL
decay on Ir(flz)3 concentration; the drive current
density in all cases is >100 mA/cm2. Under these
high injection levels, the transient decays are linear,
showing little evidence for bimolecular quenching.
Fig. 5a shows the transient EL decay as a function
of drive voltage (with the return-to-zero pulse
amplitude varied from 7.5 V to 12.5 V) for an
EML consisting of 20 wt.% Ir(flz)3 in mCP. Biexpo-
nential decays are observed at small input pulse
amplitudes, with the initial rapid decay reduced at
large pulse amplitudes. Similar trends are observed
as a function of pulse amplitude for lower doping
concentrations, with the initial rapid decay becom-
ing less pronounced at reduced doping levels. When
the pulse baseline is moved from 0 V to �3 V, as in
Fig. 5b, the initial rapid decay is also suppressed.
Fig. 6a shows representative transient EL decays
collected for devices doped at 10 wt.% and 20 wt.%
Ir(flz)3 in mCP.

5. Discussion

5.1. Steady state quantum efficiency roll-off

The exponential decays observed in transient PL
and EL (Figs. 3 and 4) provide evidence that bimo-
lecular exciton quenching processes are not respon-
sible for the roll-off in gEXT observed at high electric
fields in Fig. 2, but rather they may be due to field
induced dissociation of CP states, as previously sug-
gested for similar iridium-based phosphors [4].

In Fig. 2, the roll-off in gEXT at room tempera-
ture as a function of applied electric field and dop-
ing concentration is fit using Eq. (6) and the
parameters in Table 1. Here, gEXT(F0) and F0 are



7 8 9 10 11 12 13 14

1E19

1E20

[h
] (

/c
m

3 )

Voltage (V)

1E16

1E17

1E18

 5% Ir(flz)3 in mCP

 10%
 20%

 5% Ir(flz)3 in mCP

 10%
 20%

[T
* (

0)
] (

/c
m

3 )

b

0 20 40 60 80
1E-4

1E-3

0.01

0.1

1

EL
 In

te
ns

ity

Time (μs)

0 20 40 60 80
1E-4

1E-3

0.01

0.1

1

EL
 In

te
ns

ity

10% Ir(flz)3 in mCP

13.5 V

7.5 V

12.5 V

7.5 V

a

20% Ir(flz)3 in mCP

Fig. 6. (a) Transient electroluminescent decays at low and high applied bias for devices containing 10 wt.% (top) and 20 wt.% (bottom)
Ir(flz)3 in mCP. Solid line indicates best fit to Eq. (2) in text. (b) Variation of parameters obtained from fitting transient
electroluminescence decays with Eq. (2) as a function of both voltage and doping concentration.

Table 1
Parameters for the field induced quenching fits of Fig. 2

% Ir(flz)3 b(C2mV)1/2 F0(V/m) kEx/k(F = 0) gEXT(F0)

5 3.99 · 10�24 7.3 · 107 1.9 · 103 2.6%
10 4.75 · 10�24 7.7 · 107 2.0 · 104 6.1%
20 5.44 · 10�24 1.0 · 108 2.2 · 105 2.5%
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taken from the experimental data in Fig. 2 at the
electric field where gEXT is at a maximum. Since
the exciton non-radiative decay rate is nearly con-
stant as a function of doping concentration, the var-
iation of gEXT(F0) reflects changes in charge
trapping efficiency and charge balance in the EML.

The ratio, kEx/k0, increases with doping concen-
tration, suggesting that at F = 0, exciton formation
becomes increasingly favorable relative to dissocia-
tion as the doping concentration is increased. Since
the CPs span multiple molecular sites, kEx will reflect
the ability of the two carriers to migrate to a com-
mon molecular site and undergo exciton formation.
This migration should be strongly influenced by the
conductivity of the EML, which is observed to
increase with doping concentration (Fig. 2, inset).
The values obtained for b are consistent with a mate-
rial dielectric constant of e � 5, 7 and 9 for doping
concentrations of 20 wt.%, 10 wt.% and 5 wt.%
Ir(flz)3, respectively. These values are somewhat lar-
ger than those typically encountered in organic
materials and reflect the limitations of the 1D analy-
sis employed. Improvements to the current analysis
can be made by implementing a 3D model of
Poole–Frenkel barrier lowering to account for disso-
ciation out of the plane [22]. Further adjustments to
the model are needed to account for the significant
number of positive charges trapped in the EML,
and potentially large built-in fields at low applied
voltages.

5.2. Transient photoluminescence

In Fig. 3a, the transient photoluminescence for
films of 5 wt.%, 10 wt.% and 20 wt.% Ir(flz)3 doped
into mCP are fit with single exponential decays
to yield an average phosphorescent lifetime of
(37.1 ± 1.4) ls. These intensity independent fits con-
firm the absence of bimolecular quenching under
optical excitation at low doping concentrations
(620%). Fig. 3b shows the PL spectrum and tran-
sient decay for a neat film of Ir(flz)3. In contrast to
the data in Fig. 3a, the transient decay of the spec-
trally broad feature with a peak at k = 550 nm that
is attributed to phosphorescence from aggregates
shows significant curvature. The decay is fit to a
model of T–T annihilation to give kTT = 1.7 ·
10�11 cm3/s and s = 5.9 ls for the T–T annihilation
rate and natural radiative lifetime of the phosphor,
respectively [2]. Thus, under optical excitation T–T
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annihilation becomes significant only at the highest
doping concentrations (>60 wt.%) explored.

5.3. Exciton quenching by trapped charge

From the energy level diagram in Fig. 1, we infer
that holes are readily injected from the ITO anode
into the Ir(flz)3 HOMO. In contrast, electron injec-
tion from the LiF/Al cathode is less efficient due to
the several large energy barriers interposed between
the contact and the Ir(flz)3 LUMO. Therefore, we
conclude that the short lifetime component of
the biexponential decay observed at low voltage
in Fig. 5a arises from triplet excitons that are
quenched by Ir(flz)3 cations (see Section 2). At low
pulse amplitudes, trapped holes on Ir(flz)3 cations
act as exciton quenching centers. As the voltage is
increased, the barrier to electron injection is low-
ered, resulting in improved charge balance. This in
turn leads to a decrease in the number of Ir(flz)3 cat-
ions, and hence a reduction in the number of exci-
tons quenched by trapped charges. In Fig. 5b, the
transient decay for a device containing 20 wt.%
Ir(flz)3 in mCP is shown for 9.5 V pulses, with either
a 0 V or �3 V reverse bias applied between pulses.
When a �3 V bias is applied, trapped positive
charge is swept out of the EML reducing the num-
ber of Ir(flz)3 cations and, hence, quenching is also
reduced. This results in the initial rapid decay
becoming less pronounced, as observed.

The rapid component of the biexponential decay
at low voltage is more prominent at higher doping
concentrations (P20 wt.%). As the concentration
of Ir(flz)3 is increased, there are more hole trapping
sites, and hence more quenching. At reduced doping
concentrations, the initial rapid decay vanishes at
low voltage since fewer electrons are required to
neutralize the trapped holes.

The fits in Fig. 6a (solid lines) to the transient
data for OLEDs doped with 10 wt.% and 20 wt.%
Ir(flz)3 in mCP are obtained using Eq. (2). The
parameters used for the fits are listed in Table 2,
and are plotted in Fig. 6b. The bimolecular quench-
ing parameter khT is expected to vary only weakly
with doping concentration. In Fig. 6b (top) the
Table 2
Parameters for the biexponential fits of Fig. 6

% Ir(flz)3 kT (ls�1) khT (cm3/ls)

5 0.043 4.8 · 10�20

10 0.043 1.2 · 10�20

20 0.052 3.8 · 10�21
triplet exciton density at t = 0 is estimated from
steady state optical power density (Poptical) measure-
ments using [T*(0)] = PopticalsR/(gOCdrec), where gOC

is the outcoupling efficiency (�0.2) [23,24], drec is the
width of the exciton recombination zone, approxi-
mately equal to the EML thickness (�30 nm), and
sR is the exciton radiative lifetime. In Ref. [7], the
thin film PL efficiency of Ir(flz)3 is estimated to be
�1 from the temperature dependence of the PL
decay rate, such that sR should equal the PL decay
lifetime of (37.1 ± 1.5) ls.

The density of trapped positive charge is
extracted directly from the fits of Fig. 6a, and is
plotted versus voltage in Fig. 6b. The total number
of Ir(flz)3 molecules, N is taken as 2 · 1020 cm�3,
1 · 1020 cm�3 and 5 · 1019 cm�3 for doping levels
of 20 wt.%, 10 wt.% and 5 wt.% Ir(flz)3 in mCP,
respectively. The density of quenching sites remains
constant as a function of voltage for the 5 wt.%
Ir(flz)3 in mCP device. For 10 wt.% Ir(flz)3 in
mCP, the trap density decreases monotonically until
it saturates near the same density obtained for the
5 wt.% device. The 20 wt.% Ir(flz)3 in mCP film is
expected to saturate as well, but at a larger voltage
since more electrons are required to neutralize the
quenching sites than in the more lightly doped films.

The voltage dependence of [h] depends on the
mechanism for electron injection into the EML. If
electron injection increases exponentially with
applied voltage due to Poole–Frenkel field induced
barrier lowering [8], [h] is expected to remain con-
stant until the exponential term becomes significant,
after which point the hole density decreases expo-
nentially as trapped holes are paired with electrons
to form excitons. This dependence is inferred from
Fig. 6b in the dependence of [h] on voltage for both
10 wt.% and 20 wt.% Ir(flz)3 in mCP. The natural
phosphorescent decay rate (kT) in Table 2, is
roughly independent of doping concentration.
Experimentally, the quenching constant khT is ob-
served to decrease with increasing doping concen-
tration (Table 2). For low doping concentrations
(5 wt.%), hole transport may actually occur on both
host and guest molecules. Thus, in treating only
phosphor sites as hole traps, the maximum number
of trapping sites N (Eq. (2)) is underestimated. This
underestimate leads to an overestimation of the
quenching constant and to the dependence of khT

on doping concentration already noted. At
20 wt.% doping, hole transport is expected to occur
exclusively on the phosphor guest, allowing for a
more accurate estimate of khT.
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The triplet energy of BCP is smaller than that of
Ir(flz)3 [11], thus it is important to rule out possible
energy transfer from Ir(flz)3 to BCP as the origin of
the biexponential decays observed under electrical
excitation. This process is expected to occur by Dex-
ter transfer between the triplet levels of Ir(flz)3 and
BCP since Förster transfer from the Ir(flz)3 triplet
to the BCP singlet is not energetically favorable.

To test whether this process is occurring, we
compare the transient EL decays of mCP:Ir(flz)3

(Figs. 5 and 6a) to those reported for a stacked, 2-
cell, white organic light emitting device (WOLED)
that also uses Ir(flz)3 doped into mCP as an active
layer [25,26]. In the device of Ref. [25], the
mCP:Ir(flz)3 layer is spatially separated from the
ETL (consisting of 4,7-diphenyl-1,10-phenanthro-
line or BPhen), and hence, the quenching interface
by a 5 nm thick layer of N,N 0-dicarbazolyl-4-4 0-
biphenyl (CBP) doped with the phosphors fac-
tris(2-phenylpyridinato-N,C2 0)iridium(III) [Ir(ppy)3]
and bis(2-phenyl quinolyl-N,C2 0)acetylacetonate
iridium(III) (PQIr). This interlayer prevents direct
Dexter transfer between Ir(flz)3 and BPhen. Exciton
diffusion to the quenching interface should also be
limited since triplet excitons that diffuse into CBP
should rapidly transfer to lower energy Ir(ppy)3

and PQIr molecules before reaching the interface.
Thus, if interface quenching was responsible for
the biexponential decays observed in Figs. 5 and
6a, no such behavior should be observed in the
WOLED structure under similar conditions. How-
ever, the transient EL from the WOLED structure
is characterized by biexponential decays that are
analogous to those observed for Ir(flz)3-only devices
[26]. This suggests that the interface is not the
source of the quenching observed for the WOLED,
nor for the Ir(flz)3 structure shown in the inset of
Fig. 1. In fact, the dependence of the WOLED tran-
sients on voltage is very similar to that of the Ir(flz)3

devices discussed here [26]. Further, the fact that the
quenching in the stacked WOLED persists at even
larger voltages than those of Fig. 6 is consistent with
the mCP:Ir(flz)3 layer of the WOLED remaining
hole-rich/electron-starved to larger drive voltages
as a result of electron trapping on Ir(ppy)3 and
PQIr.

6. Conclusion

Reduced bimolecular exciton quenching is
observed under high excitation of the green phos-
phor Ir(flz)3. Under low excitation, quenching
results from trapped positive charge on the phos-
phorescent guest. The roll-off in gEXT is attributed
to field-assisted dissociation of CPs prior to exciton
formation. Since the remaining, dominant non-radi-
ative loss mechanism depends exclusively on the
device electric field, additional refinements in device
design should ultimately allow this quenching mech-
anism to be minimized.

Reduced geminate recombination in Ir(flz)3 is of
general importance as it provides insight into the
behavior of phosphors under intense electrical exci-
tation. Specifically, applications that seek to use
phosphorescent OLEDs for solid state lighting
[27,28] can benefit from reduced non-radiative loss
under high device luminance conditions. These
materials may also aid in the design of potential
active media for organic lasers; a phenomenon that
to our knowledge has yet to be reported under
either optical or electrical excitation of phosphors
due to their strong luminance-dependent excited
state quenching properties.

Acknowledgement

This work was partially supported by the Air
Force Office of Scientific Research, the Department
of Energy Solid State Lighting Program, and Uni-
versal Display Corporation.
References

[1] C. Adachi, M.A. Baldo, M.E. Thompson, S.R. Forrest, J.
Appl. Phys. 90 (2001) 5048.

[2] M.A. Baldo, C. Adachi, S.R. Forrest, Phys. Rev. B 62 (2000)
10967.

[3] J. Kalinowski, J. Mezyk, F. Meinardi, R. Tubino,
M. Cocchi, D. Virgili, J. Appl. Phys. 98 (2005) 063532.

[4] J. Kalinowski, W. Stampor, J. Mezyk, M. Cocchi, D. Virgili,
V. Fattori, P. Di Marco, Phys. Rev. B 66 (2002) 235321.

[5] M.A. Baldo, R.J. Holmes, S.R. Forrest, Phys. Rev. B 66
(2002) 035321.

[6] M.A. Baldo, D.F. O’Brien, Y. You, A. Shoustikov, S. Sibley,
M.E. Thompson, S.R. Forrest, Nature (London) 395
(1998) 151.

[7] T. Sajoto, P.I. Djurovich, A. Tamayo, M. Yousufuddin, R.
Bau, M.E. Thompson, R.J. Holmes, S.R. Forrest, Inorg.
Chem. 44 (2005) 7992.

[8] J. Frenkel, Phys. Rev. 54 (1938) 647.
[9] V. Adamovich, J. Brooks, A. Tamayo, A.M. Alexander, P.

Djurovich, B.W. D’Andrade, C. Adachi, S.R. Forrest, M.E.
Thompson, New J. Chem. 26 (2002) 1171.

[10] R.J. Holmes, S.R. Forrest, Y.-J. Tung, R.C. Kwong, J.J.
Brown, S. Garon, M.E. Thompson, Appl. Phys. Lett. 82
(2003) 2422.

[11] M.A. Baldo, S.R. Forrest, Phys. Rev. B 62 (2000)
10958.



172 R.J. Holmes et al. / Organic Electronics 7 (2006) 163–172
[12] M.A. Baldo, S. Lamansky, P.E. Burrows, M.E. Thompson,
S.R. Forrest, Appl. Phys. Lett. 75 (1999) 4.

[13] R.J. Holmes, B.W. D’Andrade, S.R. Forrest, X. Ren, J. Li,
M.E. Thompson, Appl. Phys. Lett. 83 (2003) 3818.

[14] R.J. Holmes, S.R. Forrest, T. Sajoto, A. Tamayo, P.I.
Djurovich, M.E. Thompson, J. Brooks, Y.-J. Tung, B.W.
D’Andrade, M.S. Weaver, R.C. Kowng, J.J. Brown, Appl.
Phys. Lett. 87 (2005) 243507.

[15] M. Pope, C.E. Swenberg, Electronic Processes in Organic
Crystals and Polymers, second ed., Oxford University Press,
New York, 1999.

[16] D.E. Loy, B.E. Koene, M.E. Thompson, P.E. Burrows, S.R.
Forrest, Chem. Mater. 10 (1998) 2235.

[17] Bathocuproine, Cat. 14,091-0, Sigma–Aldrich Corp., St.
Louis, MO.

[18] R.A. Laudise, C. Kloc, P.G. Simpkins, T. Siegrist, J. Cryst.
Growth 187 (1998) 449.

[19] S.R. Forrest, D.D.C. Bradley, M.E. Thompson, Adv. Mater.
15 (2003) 1043.
[20] I.G. Hill, A. Kahn, J. Appl. Phys. 86 (1999) 4515.
[21] B.W. D’Andrade, S. Datta, S.R. Forrest, P. Djurovich

E. Polikarpov, M.E. Thompson, Org. Electron. 6 (2005) 11.
[22] K.C. Kao, W. Hwang, Electrical Transport in Solids,

Pergamon Press, New York, 1981.
[23] V. Bulovic, V.B. Khalfin, G. Gu, P.E. Burrows, D.Z.

Garbuzov, S.R. Forrest, Phys. Rev. B 58 (1998) 3730.
[24] G. Gu, P.E. Burrows, S. Venkatesh, S.R. Forrest, M.E.

Thompson, Opt. Lett. 22 (1997) 396.
[25] H. Kanno, R.J. Holmes, Y. Sun, S. Kena-Cohen, S.R.

Forrest, Adv. Mater. 18 (2006) 339.
[26] H. Kanno, R.J. Holmes, Y. Sun, S. Kena-Cohen, S.R.

Forrest, Presented at the Materials Research Society Fall
Meeting, Boston, MA, 2005 (unpublished).

[27] B.W. D’Andrade, R.J. Holmes, S.R. Forrest, Adv. Mater. 16
(2004) 624.

[28] B.W. D’Andrade, S.R. Forrest, Adv. Mater. 16 (2004)
1585.



Organic Electronics 7 (2006) 173–180

www.elsevier.com/locate/orgel
Letter

Non-volatile WORM memory device based on an
acrylate polymer with electron donating

carbazole pendant groups

E.Y.H. Teo a, Q.D. Ling b, Y. Song a, Y.P. Tan a, W. Wang b,
E.T. Kang b, D.S.H. Chan a, Chunxiang Zhu a,*

a Department of Electrical and Computer Engineering, National University of Singapore, 10 Kent Ridge, 119260, Singapore
b Department of Chemical and Biomolecular Engineering, National University of Singapore, 10 Kent Ridge, 119260, Singapore

Received 28 November 2005; received in revised form 6 March 2006; accepted 7 March 2006
Available online 18 April 2006
Abstract

A write-once read-many-times (WORM) memory device based on an acrylate polymer containing electron donating
carbazole pendant groups, or poly(2-(9H-carbazol-9-yl)ethyl methacrylate) (PCz), was demonstrated. The as-fabricated
device was found to be at its OFF state and could be programmed irreversibly to the ON state. The WORM device exhib-
ited a high ON/OFF current ratio of up to 106, a long retention time in both ON and OFF states, a switching time of 1 ms,
and number of read cycles up to �107. Compared to that of poly(N-vinylcarbazole) (PVK), the well-defined memory prop-
erty of PCz can be attributed to the presence of the spacer between the pendant carbazole group and the polymer back-
bone. The molecular spacer has allowed the transition of the pendant carbazole groups from the disoriented state to the
ordered face-to-face conformation at the threshold voltage.
� 2006 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph

Keywords: Polymer; Carbazole; Donor; Memory; WORM
1. Introduction

In recent years, several types of electronic devices
based on conjugated polymers and molecules have
been demonstrated, including light-emitting diodes
[1], transistors [2], photo-detectors [3], thyristor [4]
and switches [5]. The advantages of using organic
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.03.003
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materials lie in the ease of fabrication and low cost.
Unlike the low molecular weight materials that are
processed normally via evaporation under high vac-
uum, many polymers can be easily deposited by
spin-coating. Recently, several excellent studies on
functional memory devices based on organic materi-
als have been reported [6,9–13]. For an organic
material to function viably as a memory device,
two basic features must be present: (1) it must pos-
sess a high ON/OFF current ratio between the con-
ducting and non-conducting states in order to
.
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minimize any error during the read cycle, and (2) the
retention time in both ON and OFF states must be
sufficiently long. Several studies have devoted to the
understanding of memory effects in organic materi-
als. These studies have included the understanding
of conformation change [7], modification of conju-
gation [8,9] and oxidation–reduction process [11–
13]. It has been shown that in the supramolecular
structure of the Rose Bengal system, the presence
of acceptor groups for the oxidation–reduction pro-
cess is essential for the memory effect to achieve a
reasonable ON/OFF current ratio [13]. Recently, a
write-once read-many times (WORM) memory, uti-
lizing the mechanism of current-controlled and ther-
mally activated un-doping of a two-component
electrochromic conducting polymer, viz., polyethy-
lenedioxythiophene: poly(styrene sulfonic acid)
(PEDOT) [14], has also been demonstrated. Among
the reported non-volatile memory devices fabricated
from polymers, the WORM type memory devices
show the best retention time, which is critical to real
applications. In this study, we show that an acrylate
polymer containing the carbazole donor moiety in
the pendant groups (PCz, structure shown in
Fig. 1) also exhibits bi-stable states for WORM
memory applications. By comparing the electrical
characteristics of this polymer to those of poly(N-
vinylcarbazole) (PVK), whose conductivity has been
found to be related to the presence of carbazole
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Fig. 1. (a) Molecular structure of (i) PCz and (ii) PVK, and (b) schemati
of PCz sandwiched between an indium–tin-oxide (ITO) substrate and a
groups [15–17], the memory effect or bi-stable states
of PCz can be attributed to the susceptibility of car-
bazole groups to form a ‘‘face-to-face conforma-
tion’’. The flexible molecular spacer between the
carbazole groups and the polymer backbone in
PCz play an important role in the conduction mech-
anism of the polymer material.

2. Experimental

2.1. Preparation of the PCz

Poly(2-(9H-carbazol-9-yl)ethyl methacrylate), or
PCz, was prepared in three steps: (1) synthesis of 2-
(9H-carbazol-9-yl)ethanol (A1) from the reaction
of 9H-cabarzole with 2-chloroethanol in the pres-
ence of potassium hydroxide and N,N 0-dimethyl-
formamide (DMF), (2) synthesis of the monomer,
2-(9H-carbazol-9-yl)ethyl methacrylate (M1), from
the reaction of A1 with methacryloyl chloride in
the presence of triethylamine and dry tetrahydrofu-
ran, (3) polymerization of M1 to PCz in the presence
of the 2,2 0-azobisisobutyronitrile (AIBN) initiator
[18]. The polymerization was carried out at 60 �C
in DMF and under an argon atmosphere for 48 h.
The resulting polymer, PCz, has a weight-average
molecular weight of about 15,800 and a polydisper-
sity index of about 2.36, as revealed by gel perme-
ation chromatography (GPC) measurement. The
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c diagram of the memory device consisting of a thin film (�50 nm)
n aluminum top electrode (0.2 · 0.2 mm2, �150 nm in thickness).
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FT-IR spectrum of PCz shows the characteristic
absorption bands at 3050 and 2938 cm�1 (C–H
stretching of aliphatic segments), at 1729 cm�1

(C@O stretching vibration), and at 750 and
723 cm�1 (carbazole ring vibration). PCz exhibited
good thermal stability, with an onset decomposition
temperature of about 300 �C, and a glass transition
temperature (Tg) of about 196 �C, as determined
by thermogravimetric analysis and differential scan-
ning calorimetry, respectively.

2.2. Fabrication and measurement of the memory
device

Film of PCz of �50 nm in thickness was spin-
coated on indium–tin-oxide (ITO) glass substrate.
The latter was cleaned, a prior, with deionized
water, acetone and isopropanol, in an ultrasonic
bath for 20 min. A portion of the polymer was
removed to expose the bottom ITO electrode. A
layer of Al of �150 nm in thickness was deposited
through a shadow mask to form the top electrode
and to define a device structure of 0.2 · 0.2 mm2.
The current–voltage (I–V) measurements were car-
ried out using a HP4155C semiconductor parameter
analyzer. All electrical measurements were con-
ducted under ambient conditions without any
encapsulation of the devices.

3. Results and discussion

The structure of the synthesized poly(2-(9H-car-
bazol-9-yl)ethyl methacrylate) (PCz) is shown in
Fig. 1(a). For comparison purpose, the structure
of poly(N-vinylcarbazole) (PVK) is also shown in
Fig. 1(a). Both polymers contain the electron donat-
ing or hole-transporting carbazole groups. They dif-
fer in the length and structure of the side chain
joining the carbazole pendant group to the polymer
backbone. In PCz, the carbazole group is separated
from the main chain by the O@C–O–C–C spacer,
while in PVK, the carbazole group is linked directly
to the main chain. The flexible molecular spacer
between the carbazole group and the backbone in
PCz reduces initially the interactions among the car-
bazole groups. Fig. 1(b) shows schematically, an
ITO/PCz/Al memory test structure.

The electrical properties of the devices are mea-
sured at room temperature under ambient condi-
tions. Fig. 2(a) shows the current density-voltage
(J–V) characteristics of the ITO/PCz/Al device.
The top Al electrode and bottom ITO electrode
were connected to a varying voltage source. The
bottom ITO was grounded and the current passing
through the electrodes was monitored. For the as-
fabricated device, the conductance was very low.
The as-fabricated device showed the current density
of the low-conductivity state (�10�6 A cm�2, OFF-
state) at a read voltage of �1 V. By sweeping the
voltage from 0 V to �3 V, a switch in the conductiv-
ity state was observed. Upon reaching the threshold
voltage of around �1.8 V, the devices switched from
the low conductivity (OFF) state to a high conduc-
tivity (ON) state with a current density of
�1 A cm�2. The device remained in the ON state
as the voltage was swept from �1.8 V to �3 V. With
subsequent sweeping of the voltage under negative
bias, the current density was characteristic of that
of the ON state current in Fig. 2(a). By using a read
voltage of �1 V, an ON/OFF current ratio larger
than 106 was obtained. This high ON–OFF ratio
is essential for the device to function with minimal
misreading error. Fig. 2(b) shows the J–V character-
istic of an equivalent ITO/PVK/Al device. Using a
similar sweep from 0 V to �3 V, the device exhibits
only a single ON state, without any discernible
transitions.

The transition from the OFF state to the ON
state for the PCz device serves as a ‘write’ operation
in the memory device. It was found that the transi-
tion to the ON state was irreversible. The switching
time of the device was found to be around 1 ms, as
measured by applying a voltage pulse duration to
observe an OFF-to-ON transition at the threshold
voltage. After the device is switched to its ON state,
it remains in the ON state even after the power has
been turned off. It cannot return to its OFF state by
subsequent application of a positive or negative
bias. Furthermore, once the ON state is reached,
the device exhibits the high conductivity state in
both the negative and positive voltage sweep. Thus,
the device based on PCz behaves as a write-once
read-many-times (WORM) electronic memory.
Biasing the device with a higher voltage stress was
attempted. At a negative bias exceeding �6 V, the
device showed a sudden drop in current density,
due to device failure at the high electric field stress
of �1.2 · 106 V cm�1 (not shown).

The thermal stability of the device in the ON-
state was measured in the same J–V set-up, except
that the device was placed on a hot chuck that
was connected to a heating source. The actual tem-
perature was measured using a thermocouple. The
current density of the devices was measured with a
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Fig. 2. (a) Typical J–V characteristics of an Al/PCz/ITO device in the ON and OFF state, showing an OFF–ON transition when voltage
reaches �1.8 V. (b) Typical J–V characteristics of an Al/PVK/ITO device, showing PVK always exhibiting an ON state.

176 E.Y.H. Teo et al. / Organic Electronics 7 (2006) 173–180
read voltage sweep of 1 V, first at room tempera-
ture, and then at several increasing temperature
step. The device was found to be stable in its ON
state from room temperature to around 120 �C
(Fig. 3(a)). The result is expected as PCz has a rela-
tively high glass transition (Tg) of 196 �C. For a sub-
strate temperature of about 300 K, an ON-state
current density of 1 A cm�2 at an applied voltage
of 2 V, and thermal conduction of the PCz film
according to the following equation [14]:

P ¼ �j
oT
ox
� cvqd

oT
ot

ð1Þ

where P = J Æ V is the power density dissipated in
the film, T is the film temperature, and j, q and cv

are the thermal conductivity, density and heat
capacity for a fixed volume of the PCz film, respec-
tively, the maximum temperature in the film is sub-
stantially below 120 �C. Therefore, the PCz device
will remain in its regioregular conducting ON-state,
rather than undergoes a transition back to the reg-
iorandom non-conducting OFF-state. Furthermore,
the regioregular conducting ON-state, produced by
the initial electrostatic ordering, is retained as long
as the polymer remains below its glass transition
temperature.

The retention time of the ON and OFF states of
PCz was tested under ambient conditions. Initially,
the device in the OFF-state was subjected to a con-
stant voltage stress of �1 V, and the OFF-state cur-
rent was recorded every minute, up to a time of
24 h. Then the device was programmed by a voltage
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sweep and the ON-state was measured under the
same stress conditions. Fig. 3(b) shows that the
device has both stable ON and OFF state current
within the 12 h time frame, which can be extrapo-
lated to sustain for 10 years. Also, the ON/OFF cur-
rent ratio of 106 is sustained. The J–V curves of the
PCz device in the ON and OFF state were fitted to
the conduction models. As shown in Fig. 3(c), the J–
V curve in the OFF-state can be fitted by the Scho-
ttky emission model, whereas Fig. 3(d) shows that
the ON-state current can be fitted by the ohmic
model. The ohmic nature of the PCz device in the
ON state is similar to the ohmic characteristic of
conduction in PVK [16].

From the cyclic voltammograms of PCz in the
applied potential range between �2.3 V and 2.3 V
(vs. Ag/AgCl electrode), PCz containing the carba-
zole groups shows only one irreversible oxidation
peak. This suggests that the carbazole group is an
efficient hole transport site with a high tendency to
donate electrons. The HOMO energy level of PCz
can be calculated from the onset oxidation potential
Eonset(ox), based on the reference energy level of fer-
rocene (4.8 eV below the vacuum level) [19,20]:

HOMO ¼ EonsetðoxÞ þ 4:8� EFOC

LUMO ¼ HOMOþ EgðbandgapÞ

wherein EFOC is the potential of Foc(ferrocene)/
Foc+ vs. Ag/AgCl. The value of EFoc is 0.46 V
[21]. The bandgap of PCz calculated from UV
absorption edge is 3.52 eV. According to the above
equation, the HOMO and LUMO energy level of
PCz relative to the vacuum level is estimated to be
about 5.30 eV and 1.78 eV respectively. Fig. 4(a)
shows the schematic energy diagram of the ITO/
PCz/Al sandwich structure. PCz, with the presence
of the hole-transporting carbazole groups, acts as
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a donor. It favors the injection of holes rather than
electrons. As seen in the energy diagram, the barrier
to hole injection from the ITO electrode (0.5 eV) is
smaller, compared to the barrier to hole injection
from the Al electrode (1.1 eV). Thus, the bi-stable
states performance of the device was observed in
the reverse bias, with holes transport as the conduct-
ing mechanism.
It is well known that the high conductivity of
poly(N-vinylcarbazole) (PVK) is due to the charge
carriers (holes) hopping through the neighboring
carbazole groups rather than migrating through
the polymer backbone since it is not a conjugated
polymer [16]. The neighboring carbazole groups in
PVK have a high tendency to form the face-to-face
conformations in the ground state, as seen by the
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simulation results in part (i) of Fig. 4(b) [22]. As a
result, the region of electron delocalization is
extended to several carbazole groups. The charge
carriers (holes) can be shared as such and hop
through the regioregular carbazole groups in the
direction of electric field (E-field). Since PCz has
the similar molecular structure to PVK, its conduc-
tivity mechanism should be similar to that of PVK.
However, at low E-field, the current density of the
device based on PCz is low and the device is in its
OFF state. The J–V characteristic of the OFF state
follows the Schottky emission model (Fig. 3(c)). In
comparison with the molecular structure of PVK,
PCz has a relatively extended side chain. The flexi-
ble molecular spacer between the carbazole group
and the backbone does not favor interaction of
the carbazole groups, but promoting them to form
regiorandom structure at the ground state (part
(ii) of Fig. 4(b)). The charge carriers (holes) will
have difficulty to hop through the neighboring car-
bazole groups due to the absence of face-to-face
conformations and the long distance between the
neighboring carbazole groups.

The X-ray diffraction (XRD) patterns of both
PVK and PCz samples at ground state are shown
in Fig. 4(c). The diffraction peaks at around
38.31�, 44.18�, 64.55� and 77.60� arise from contam-
ination by the aluminum sample holder. Two dif-
fraction peaks centered at 2h = 20.56� (4.32 Å)
and 7.76� (11.38 Å) were observed (the magnitude
in the brackets represents the corresponding d-value
for 2h peak) for PVK [23,24]. The former peak is an
amorphous halo which is broad, diffuse and strong,
while the latter peak has been shown to be a func-
tion of the chain parallelism [25], with the nearest
chain-to-chain distance of about 11.38 Å. The result
indicates that PVK is regioregular. The XRD pat-
tern of PCz consists of only one broad peak at
around 2h = 18.73� (4.73 Å), similar to the one at
2h = 20.56� for PVK. The results indicate that
PCz is amorphous in the ground state. The holes
are still the majority carrier in the amorphous poly-
mer. However, carrier generation and mobility are
substantially reduced compared to those in the
unsubstituted PVK with paracrystalline structure
[24]. XRD results indicate that the spacer between
the carbazole group and the backbone interferes
with chain interaction and ordering in the amor-
phous polymer, hence eliminating the unusual
degree of chain parallelism and destroying the abil-
ity to crystallize. As a result, PCz is in its regioran-
dom non-conductive state at a low field.
As the E-field increases in the reverse bias, hole
injection from the ITO causes the carbazole groups
near the ITO region to be oxidized, forming positive
species. Driven by the applied field, the charged car-
bazole group has the tendency to attract the nearby
neutral carbazole groups to form partial or full face-
to-face conformation. The positive charge will then
be delocalized to neighboring carbazole groups
through the more ordered conformation. As the
delocalization process increases with the increase
in electric field up to the required threshold value,
the carbazole groups in the bulk material re-orga-
nized from a regiorandom to a regioregular struc-
ture, in the general direction of the electric field
towards the Al cathode. As a result, a high conduc-
tivity path among the hole-transporting carbazole
groups is established and the device is switched to
its ON state. The oxidized carbazole groups are
further stabilized by the neighboring electron-
withdrawing –O–C@O groups. The high conductiv-
ity (ON) state of PCz follows the ohmic conduction
model (Fig. 3(c)).

To characterize the influence of electric field on
the conformation changes during measurement,
the Raman scattering technique, in which laser exci-
tation produced the similar effect as an electric field,
was employed. The Raman spectra of PVK and PCz
are shown in Fig. 4(d). Most of the scattering fre-
quencies of PVK are also observed in the Raman
spectrum of PCz. In addition, the frequencies asso-
ciated with the –OCH2- group in PCz are also
observed at around 1350 and 2860 cm�1. The con-
ductivity of PVK has been attributed to the presence
of the 1,2,4-substituted aromatic rings and the
quinonoidal C@C structure, which have Raman
peaks in the range of 750–850 and around
1600 cm�1, respectively [26,27]. The Raman spec-
trum of PCz also shows the presence of 1,2,4-substi-
tuted benzene rings (at 835 cm�1) and the
quinonoidal C@C structure (at 1596 cm�1) under
laser excitation. The results indicate that PCz has
transformed into a conductive conformation, simi-
lar to that of PVK, under laser excitation.

4. Summary

A WORM memory device based on a newly syn-
thesized acylate polymer containing a carbazole
pendant group was demonstrated. The WORM
device exhibited a high ON/OFF current ratio of
106, a long retention time in both ON and OFF
states, and a short switching time of �1 ms. The
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device could be read up to �107 times. All these
characteristics make the device potentially viable.
When the 90 nm technology is used, a high density
of 1 · 104 Mb/cm2 WORM can be expected, and
when it is stacked to a 3D structure, the capacity
of data storage can be significantly enlarged.
Finally, the use of the relatively simple homopoly-
mer of PCz makes the production of memory eco-
nomical, simple, and easily compatible with other
organic or inorganic electronic processes.

Acknowledgements

This work was supported by research grants
R-263-000-327-112 and R-279-000-167-112 (NUS,
Singapore), and IME/04-410004 (IME, Singapore).

References

[1] C.W. Tang, S.A. VanSlyke, Appl. Phys. Lett. 51 (1987) 913.
[2] F. Garnier, R. Hajlaoui, A. Yassar, P. Srivastava, Science

265 (1994) 1684.
[3] G. Yu, K. Parbaz, A.J. Heeger, Appl. Phys. Lett. 64 (1994)

3422.
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Abstract

Poly(3,4-ethylenedioxythiophene) (PEDOT) nano-wires have been electrochemically grown between fixed Au electrodes
on an insulating SiO2 substrate. The local DC electric field between the electrodes was used to control the diffusion of the
3,4-ethylenedioxythiophene (EDOT) monomer which was then polymerised in situ by the same applied field to create a
stable, insoluble wire of width 500–700 nm. Relatively smooth and conducting nano-wires (�10 S cm�1) resulted from
the application of step-wise decreasing DC voltages. The PEDOT wire was characterised using Raman spectroscopy
and atomic force microscopy (AFM). Current-voltage measurements indicate Ohmic and space-charge limited conduction,
depending on applied bias, for Au electrodes.
� 2006 Elsevier B.V. All rights reserved.

PACS: 82.35.Cd; 82.45.Bb; 73.61.Ph

Keywords: Poly(3,4-ethylenedioxythiophene); Nano-wires; Atomic force microscopy; Raman spectroscopy and conductivity
1. Introduction

There is growing interest in the fabrication of
micro- and nano-scale conducting and semiconduct-
ing wires, because of the potential for application in
nano-electronics devices such as solar cells [1], bio-
chemical sensors [2], and other molecular devices
[3]. While there is considerable excitement regarding
potential single molecule devices to complement sil-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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* Corresponding author. Tel.: +44 2920870166; fax: +44
2920874056.

E-mail addresses: spxad@cf.ac.uk, adas_69@yahoo.com
(A. Das).
icon technology, progress on easily processible and
compatible interconnect technology has been slow.
Considerable progress has been made in the growth
of metallic and semiconducting one-dimensional
structures [4,5]. Electrochemical formation of metal-
lic and semiconducting wires between electrodes
selected by simple application of a bias is an attrac-
tive route, which could reduce dependence on litho-
graphic fabrication. Such an approach has been
utilised to produce addressable nano-metal (Pd) [6]
and polymer wires e.g. polyaniline and polypyrrole
[7].

Poly(3,4,-ethylenedioxythiophene) (PEDOT) is
viewed as a promising conducting polymer for
.
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Fig. 1. Optical image of PEDOT arrays between parallel Au
electrodes with an application of +5 V for 3 s to the left electrode.
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making organic based electronic devices due to its
excellent transparency in the visible range, good
electrical conductivity, and environmental stability
[8,9]. However, lack of processability due to its
insolubility and infusibility has been a major imped-
iment to the widespread application of this polymer.
A water dispersion of PEDOT doped with poly(sty-
renesulfonate)(PSS) is widely used as hole injecting
material in OLED devices [10,11]. However, the dis-
persion, being very acidic, causes problems during
application and often needs binders for wetting
organic substrates. Addition of these binders gener-
ally decreases the conductivity of the resulting film.

There have been several attempts at synthesising
PEDOT films [12], nano-rods [13], wires [14,15] and
hollow particles by chemical or electrochemical
routes [16]. These routes sometimes require multi-
step processes or templates and invariably involve
other chemical reagents used during synthesis,
which can act as dopants in the material. The
opto-electronic properties of PEDOT are also
strongly influenced by the preparation conditions
[17]. Nano-epitaxial growth of thiophene based
polymer has been reported on Al(111) surfaces by
stepwise electropolymerisation from an STM tip
using an I2-containing electrolyte [18].

Metallic nano-wires (Pd) [19] and polymer wires
e.g. polyaniline and polypyrrole [7] have also been
realised by an electrochemical route. Predefined
metal micro-electrodes written by e-beam lithogra-
phy were employed for the nano-wire deposition,
and the thickness of the nano-wire was dependent
on the dimensions of the prefabricated electrodes.
However, in these reports the polymer wire is not
free from dopant effects due to the use of a chloride
based reagent in a three-electrode set-up.

Herein we demonstrate a simple but robust
method for fabrication of PEDOT wires between
fixed Au electrodes. The local electric field between
the electrodes is used to direct the flow of the active
monomer species which is then polymerised in situ
by the applied field, creating a stable, insoluble elec-
trode or wire. The formed wire is conducting and
the I–V characteristics demonstrate good Ohmic
contact with the electrodes.

2. Experimental

Liquid EDOT monomer was obtained from
Sigma-Aldrich and used without any further purifi-
cation. EDOT was dissolved in acetonitrile (Fisher
chemicals, HPLC grade) to form a solution of con-
centration of 0.1 M. Au electrodes 15 nm thick were
evaporated onto a SiO2/Si surface by a wire shadow
mask method [20]. The wire shadow mask left a gap
of about 5 lm between the Au films, which act as
micro-electrodes. For growth of triangular tip-like
electrodes, a pair of wires were mounted in a
crossed-configuration to create a gap of 8 lm.

An electrometer (Keithley 617) and a voltage
source (Keithley 230) were used to perform I–V

measurements. Micro-Raman spectra of the
PEDOT wires were taken using a RENISHAW
system (2000 micro-Raman spectrometer) with the
785 nm line of a laser. The AFM measurements were
performed in ambient conditions with an n-type
Si cantilever using a NanoScope IIIa Multimode
(Digital Instruments).

3. Results and discussion

3.1. Multi-wire growth

The choice of solvent is crucial to the stability of
a solution. Acetonitrile (CH3CN) has been used in
the present case as an electrolyte for EDOT to pro-
duce high quality PEDOT, because of its high
dielectric constant (36.6) and poor nucleophilicity,
ensuring good electrochemical resistance against
decomposition at the potential required to oxidize
the EDOT ring (�1.0 V vs. SCE) [21,22].

Fig. 1 shows an optical micrograph of sub-
micron wires fabricated between two electrodes
made of gold with a gap of 4 lm, created by a



Fig. 2. Raman spectra of (a) EDOT layer (b) PEDOT nano-wire
formed between parallel Au electrodes.
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simple wire shadow mask method. To prepare these
wires a drop of 0.1 M EDOT solution (�20 ll) was
placed on the substrate to fill the electrode gap.
Application of a constant electrical potential for
5 s (+5 V, potentiostatic method) resulted in wires
growing from the anode to the cathode across the
gap. These bridges are conductive with a total par-
allel resistance of 47 kX for about 50 wires con-
nected along the length of the electrode (3 mm).
Once PEDOT formation is complete, surplus solu-
tion is blown off the substrate surface with nitrogen
gas. The resulting PEDOT wires are stable and are
not washed away by CH3CN or deionised water,
indicating strong adherence of the wires to the
SiO2 substrate surface. No wire growth is observed
for a potential less than 2 V between the electrodes.
This potential is slightly higher than the ionisation
potential reported for EDOT [21]. It is believed that,
like the electropolymerisation process of thiophene
[22], the EDOT monomer is oxidised to its radical
cation at the anode. This assertion is supported by
the observation of partially-formed wires only at
the anode when the bias is switched off prematurely.
As the electron-transfer reaction is much faster than
the diffusion of the monomer from the bulk solu-
tion, a high concentration of radicals is continu-
ously maintained near the electrode surface. The
ionised EDOT moieties then migrate in solution dri-
ven by the spatially varying electric field in the
region of the electrodes. There is no need to use a
supporting electrolyte, usually required for mobility
of ions in the electrochemical cell, since these
charged species are dispersed by the non-uniform
electric field. Competition between the formation
of a high concentration of ions at the anode and
the migration of the ions away from the electrode
can influence strongly the wire thickness near the
electrode. This has been realised during step wise
growth for a single smooth PEDOT wire, and is dis-
cussed later.

The formation of PEDOT is further confirmed
by the micro-Raman spectroscopy which has been
applied to characterise the wire. Raman shifts are
measured at k = 785 nm with a spot size �1 lm.
Fig. 2 shows Raman shifts for an EDOT layer
(under no bias) and for the conducting wires formed
between two electrodes. The Raman spectrum of the
wire can be well correlated with various vibrational
modes for PEDOT [14,23]. The features at 1498 and
1434 cm�1 match with asymmetric and symmetric
stretching modes of AC@CA bonds, respectively
whereas the weak peaks at 1365 and 1235 cm�1
originate from ACACA bonds. The weaker bands
at 1127 and 1100 cm�1, related to distorted CAC
inter-ring bonds and the strong presence of
AC@CA modes indicate formation of a highly
planar structure with extended conjugation [24].

The polymer chain tends to grow along the local
electric field direction, so a tiny protrusion on the
electrode can initiate fast polymer growth, forming
a growing electrode front, until it reaches the oppo-
site electrode. This idea is supported by the fact that
growth of PEDOT is always seen at the edges of an
electrode. The most striking feature of growth
between two extended electrodes (Fig. 1) is the peri-
odic array of wires formed. The most probable
explanation of this periodic separation is distortion
of the local electric field deviation in the proximity
of a growing conducting wire. The electric field
between ideal parallel Au electrodes is uniform.
Once a conducting wire starts growing from the
anode, it causes a decrease in the local field close
to the sides of the growing wire. This can, in turn
create a local reduction in the concentration of the
active species and therefore inhibit the initiation of
new wires close to the existing growing wire. Quali-
tatively, this can be understood to suppress growth
of a new wire close to the existing wire, giving rise to
quasi-periodic wires. Periodic array has also been
reported in the case of the Pd nano-wire growth,
induced by an AC applied bias from a palladium
acetate solution [19].

Fig. 3 displays an AFM image of the formed
PEDOT wire between extended Au electrodes.
Analysis of the AFM image shows that the PEDOT
wire is �50 nm high with a root mean square rough-
ness value of 20 nm. It is reported [13] that thin film



Fig. 3. AFM images of a fully grown PEDOT bridge between parallel Au electrodes with +5 V to the left electrode.
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of PEDOT formed from CH3CN solvent via a
chemical oxidation route also produces high rough-
ness �60 nm. The poor surface morphology of
PEDOT wire in the present case might have resulted
from multiple deposits of polymer molecules under
applied bias and the width of the PEDOT wires is
in the range 600–700 nm.

3.2. Growth of single wire

Growth of a single PEDOT wire between trian-
gular electrodes, 15 nm thick, is shown in Fig. 4.
The electrodes were produced using a simple
crossed-wire shadow mask on SiO2/Si substrate,
giving four electrodes with gaps of about 8 lm
between opposing electrodes. By applying a bias
to one pair of opposing electrodes with the other
pair floating, growth is induced in the region of high
electric field between the tip-like electrodes. To
deposit the PEDOT wire, 0.1M EDOT solution
was dropped onto the substrate to cover the elec-
trode gap, and a series of continuous step voltages
of 10 V, 8 V, and 6 V applied to the left electrode
each with duration of 100 ms. The bias was then
switched off, and the remaining solution was blown
away with compressed nitrogen. A single PEDOT
wire can be seen between the electrodes in the
AFM image in Fig. 4a. This wire has a smooth sur-
face with a roughness �5 nm, average thickness
50 nm and width �500 nm. In contrast to the single
potential used previously for the flat electrodes, a
series of potentials is preferred with triangular elec-
trodes to form a single wire. The triangular elec-
trodes give a divergent electric field in the
electrode gap with the largest field along the straight
line connecting the two electrodes tips. When a sin-
gle constant bias (10 V for 400 ms) between the elec-
trodes was applied, thick, rough multi-wire growth
with branches was formed (Fig. 4b). However, by
controlling reaction conditions such as the rate of
migration of the reactive species along the electric
field, a smooth and single wire can be produced.
By reducing the bias as the wire grows, multi-wire
growth of PEDOT can also be prevented (Fig. 4a).
Although a series of steps in the potential source
was used in this study, a continuously decreasing
potential source may be preferred, as the profile of
the potential may be finely tuned to the electrode
arrangement, EDOT states and concentration, in
order to grow a uniform wire.

3.3. Electrical measurements

The I–V characteristics of the single nano-wire in
the range of ±4 V are displayed in Fig. 5. In the low
potential regime (0–1.0 V), a linear Ohmic depen-



Fig. 4. AFM image of (a) single PEDOT bridge fabricated with decreasing bias voltages between triangle electrodes (b) branched PEDOT
wires with constant 10 V bias.
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dence of the current on the voltage is observed. This
is followed by a steep rise in current for a bias in
the range of 1.0–3.8 V and then a sudden drop in
current at above 4 V. The steep rise in current at
greater than 1 V is an indication of a space-charge
limited current (SCLC), where the current density
changes depends on V2 [25,26], rather than a therm-
ionic emission mechanism occurring at low voltages.



Fig. 5. I–V measurement of the single PEDOT wire as shown in
Fig. 4. Inset shows a plot of current density vs. V2 for indicating a
SCL mechanism.
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Current density is calculated using AFM data of the
contact area (average thickness 50 nm and width
500 nm) and current density vs. V2 is displayed in
Fig. 5 as an inset. A straight line fit in the region
of 1.5–3.5 V as shown in Fig. 5 supports the SCL
mechanism proposed. It appears that for small volt-
ages (<1 V), SCLC is not observed due to fewer
injected space charges where the conduction is
approximately Ohmic. The conductivity estimated
at 0.2 V for the 8 lm long PEDOT wire is
�10 S cm�1. Ohmic behaviour at low potential (at
0.1 V) has also been reported for very thin nano-
wires of PEDOT/PSS [27]; although in this case the
role of ionic PSS is not fully understood. In the pres-
ent case, as the voltage increases the additional space
charge is also injected and therefore, a transition
from Ohmic to SCL behaviour is observed for the
single PEDOT nano-wire. At a voltage greater than
3.8 V, a sudden drop in current is observed which
can be ascribed to the thermal damage caused by a
strong current flow, this damage is permanent if
the bias is increased to more than 5 V. Therefore,
I–V measurements were recorded for a maximum
voltage of 4 V. Intriguingly, it has been shown [28]
that conducting PEDOT/PSS can be transformed
to a open state at a potential above 10 V and this
process has potential to be exploited in a WORM
(write once read many) memory chip. The nano-
wires described in this report are clearly of interest
for application in these types of devices. The I–V

measurements were performed under ambient condi-
tion and the conductivity of the wires was found to
be stable for a few (2–3) days, in contrast to the
few hours reported for polyaniline wires [6].
4. Conclusion

In summary, a simple electrochemical technique
is described that enables the fabrication of PEDOT
nano-wires between electrodes. The composition
and conducting nature of the PEDOT wires were
confirmed by Raman spectroscopy and I–V mea-
surements. Smooth single PEDOT wires were pro-
duced from EDOT/CH3CN solution with a
stepwise potential source with no additional reagents
or electrolytes, in contrast to electropolymerisation
or chemical synthesis previously reported [12–16].
The growth conditions need to be optimised for
the electrode geometry, the EDOT states and the
EDOT concentration, in order to produce a well-
confined PEDOT wire. I–V measurement shows a
transition from Ohmic behaviour with Au electrodes
to SCL conduction. This non-lithographic approach
might be extended to other polymeric materials in a
fast, single step process, including a way to use this
conducting polymer as components in electronic
nano-devices or even molecular electronics, such as
transistors, diodes, or sensors. Further investigation
is needed to understand the effect of EDOT concen-
tration, electrode geometry and other factors, such
as growth rate, for practical applications.
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Abstract

Results on photoresponsive organic field-effect transistors (photOFETs) based on conjugated polymer/fullerene solid-
state mixtures as active semiconductor layer and poly-vinyl-alcohol (PVA) or divinyltetramethyldisiloxane-bis(benzocyc-
lobutene) (BCB) as gate dielectrics are presented. With LiF/Al top source–drain contacts all devices show dominantly
n-type transistor behaviour. Devices fabricated with PVA as gate insulator reveal gate voltage induced saturation upon
illumination but low photostability. Contrary, devices fabricated with BCB as gate insulator show transistor amplification
in a wide range of illumination intensities. The increase of the drain–source current by more than two orders of magnitudes
upon illumination is explained by the generation of a large carrier concentration due to photoinduced charge transfer at
the conjugated polymer/fullerene bulk heterojunction upon illumination (photodoping). After illumination, a change of
the dark transfer characteristics with respect to the initial transfer characteristics was observed. The initial dark state is
achieved either by applying a large negative gate bias or by annealing.
� 2006 Elsevier B.V. All rights reserved.

PACS: 85.60.Dw; 85.30.Tv

Keywords: Phototransistors; Organic field-effect transistors (OFETs); Organic dielectrics; Conjugated polymer/fullerene bulk hetero-
junction
1. Introduction

Organic field-effect transistors (OFETs) play a
prominent role in organic semiconductor based elec-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.01.002
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tronic devices due to the possibility of switching and
driving thin film transistors (TFT) in flexible dis-
plays, smart cards, radio frequency identification
(RFID) tags and large area sensor arrays [1–3].
An advantage of organic devices is the capability
of being processed from solution allowing low
cost/large scale fabrication techniques, such as
ink-dot printing [4]. Light emitting diodes and
.
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displays based on organic semiconductors are
already entering the market. Organic solar cells
have reached efficiencies exceeding 4% [5a,b].
OFETs with mobilities up to 1 cm2/V s are investi-
gated in academic as well as in industrial laborato-
ries catching up fast with the performance of
amorphous silicon TFT devices [6a,b].

Photoresponsivity of organic field-effect transis-
tors (photOFETs) is interesting since it is the basis
for light sensitive transistors. PhotOFETs can be
used e.g. for light induced switches, light triggered
amplification, detection circuits and, in photOFET
arrays, for highly sensitive image sensors. The
realisation of photoactive organic field-effect transis-
tors has been demonstrated using various organic
and polymeric semiconductors. Responsivity as high
as 0.5–1 A/W has been achieved using pristine
poly(3-octylthiophene) [7], polyfluorene [8], bifunc-
tional spiro compounds [9] and polyphenyleneethyn-
ylene derivative [10]. Among the various concepts
for achieving a highly efficient photoinduced charge
generation, one of the well-known routes is ‘‘the
bulk heterojunction concept’’, which uses acceptor
materials with high electron affinity (such as C60 or
soluble derivatives of C60) mixed with conjugated
polymers as electron donors [11a,b,c]. The behav-
iour of OFETs based on conjugated polymer/fuller-
ene blends as active layers in FET configuration in
the dark (including ambipolar transport) has been
reported [12a,b,13]. However, photOFETs based
on conjugated polymer/fullerene blends, which are
expected to show higher photoresponsivity in com-
parison to devices with single components [7–10],
have not been reported until now.

In this paper, we report on photOFETs based on
conjugated polymer/fullerene blends as the photo-
active semiconductor layer and poly-vinyl-alchocol
(PVA) or divinyltetramethyldisiloxane-bis(benzo-
cyclobutene) (BCB) as a highly transparent poly-
meric gate dielectrics. PhotOFETs fabricated on
PVA show high responsivity but weak photostabil-
ity, whereas photOFETs fabricated on BCB show
transistor behaviour in a broad range of illumina-
tion intensities and good photostability even at high
illumination. For devices with both dielectrics, the
increase in drain–source current under illumination
suggests the generation of carriers in the bulk of
the highly photoactive conjugated polymer/fuller-
ene blend. Interface charging effects, i.e. charge
trapping at the interface between the dielectric and
the bulk, resulting in hysteresis in transfer curves,
is observed.
2. Experimental

A scheme of the device structure is presented in
Fig. 1 together with the chemical structures of the
materials used. PhotOFETs were fabricated on
cleaned and patterned indium tin oxide (ITO) glass
substrates. For PVA based devices, PVA with an
average molecular weight of 127,000 (Sigma–Aldrich
Mowiol� 40–88) was used as received. A pinhole free
film of PVA gate dielectric was cast from a 10 wt.%
aqueous solution by spin coating with 1500 rpm.
From the thickness of the dielectric layer d = 3.8 lm
and the dielectric constant ePVA = 8, a capacitance
of CPVA = 1.8 nF/cm2 is estimated. BCB precursor
solution (used as received from Dow Chemicals)
was spin coated at 1500 rpm resulting in a 2-lm thick
pinhole free film. The cross-linking to BCB was done
as described previously [6b,14,15]. BCB forms an
inert dielectric layer with excellent mechanical prop-
erties and chemical stability, however with a rather
low dielectric constant eBCB = 2.6 (CBCB = 1.2 nF/
cm2). As photoactive material, a blend of MDMO-
PPV (poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-
phenylenevinylene) and (PCBM) methanofullerene
[6,6]-phenyl C61-butyric acid methyl ester (1: 4 wt.
ratio) was spin coated at 1500 rpm from 0.5 wt.%
chlorobenzene solution, yielding films around
170 nm, inside a glove box under argon atmosphere.
The surface morphology and the thickness of the
dielectric and the blend film were determined with a
Digital Instrument 3100 atomic force microscope
(AFM) and a Dektak surface profilometer. As top
source and drain contacts, LiF/Al (0.6/60 nm) was
evaporated under vacuum (5 · 10�6 mbar) through
a shadow mask. The channel length, L, of all devices
was 35 lm and the channel width, W, was 2 mm. All
electrical characterisations were carried out under
inert argon environment inside a glove box system
or under vacuum. For the steady state current–volt-
age measurements, Keithley 2400 and Keithley 236
instruments were used. For the characterisation of
the devices under illumination, a solar simulator
(K.H. Steuernagel Lichttechnik GmbH) with intensi-
ties varying from 0.1 to 100 mW/cm2 by using neutral
density filters was used. The devices were illuminated
through the ITO glass and the transparent dielectric
layer as shown in Fig. 1(c).

3. Results and discussion

Output characteristics of a photOFET based on
MDMO-PPV:PCBM (1:4) blends fabricated on
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Fig. 1. (a) Molecular structure of MDMO-PPV, PCBM, BCB and PVA; (b) scheme of the photoinduced charge transfer between the PPV
donor and the C60 acceptor; (c) photOFET device structure.
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top of the PVA gate-insulator with LiF/Al top
source–drain contacts in dark are shown in
Fig. 2(a). Electron accumulation mode is achieved
with a positively biased gate voltage, Vgs, demon-
strating n-type transistor behaviour, similar to the
behaviour reported in pristine PCBM based devices
[17]. It is assumed that LiF/Al forms ohmic contacts
with the blend layer, especially with respect to
charge injection and collection from the fullerene
phase [16a,b,c]. Fig. 2(b) shows device transfer char-
acteristics in dark (bottom curve). The calculated
electron field-effect mobility, l, was obtained from
the saturation regime by using the following equa-
tion [18]:
Ids ¼
lWCPVA

2L
ðV gs � V thÞ2; ð1Þ

where Vth is the threshold voltage, and found to be
10�2 cm2/V s. In pristine PCBM based OFETs, cal-
culated electron mobilities as high as 0.2 cm2/V s
have been observed [17], at least one order of mag-
nitude higher than in the present blend devices. We
presume that, in the blend, polymer chains signifi-
cantly disturb the inter-molecular hopping trans-
port in the fullerenes. A significant hysteresis in
the dark transfer characteristics curve (Fig. 2(b)),
when changing the sweep direction of the gate volt-
age, is observed. In other systems, the occurrence of
a hysteresis has been attributed to charge trapping



0 20 40 60 80 100
0

1

2

3

4

5

6

7

DARK

20V

30V

40V

50V

60V

Vgs = 

I ds
 / 

µ
A

Vds / V(a)

-60 -40 -20 0 20 40 60
10-9

10-8

10-7

10-6

10-5

10-4

I d
s /

 A

Vgs / V(b)

<10V

Fig. 2. (a) Output characteristics of the MDMO-PPV:PCBM
(1:4) based photOFET fabricated on top of a PVA gate-insulator
with LiF/Al as top source and drain electrodes in dark; (b)
Transfer characteristics of the device in dark (filled square symbol
curves), under AM1.5 (1 mW/cm2) illumination (open square
symbol curves) and in dark after illumination (filled triangular
symbol curves) measured at Vds = +80 V. The arrows show the
sweep directions.
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effects at the semiconductor/dielectric interface or in
the bulk of the dielectric [17,19,20]. Similar effects
are expected to be the reason for the hysteresis in
our devices as well.

The curves with open squares symbols (upper
curve) in Fig. 2(b) show the photoresponse of the
devices. At low white light (AM1.5) intensity of
1 mW/cm2, the transfer characteristics show gate
voltage induced electron enhanced regime. In the
depletion regime, Ids increases more than two orders
of magnitude in comparison to the currents in dark.
The responsivity of the devices calculated (using Eq.
(2)) from the depletion and the accumulation
region, are 1.4 A/W and 5 A/W, respectively. At
higher light intensities the drain–source current, Ids
increases even more, becoming gate voltage inde-
pendent and the device performance changes to a
two terminal photoresistor.

The increase in Ids can be explained by the gener-
ation of a large number of charge carriers due to the
photoinduced charge transfer at the conjugated
polymer/fullerene bulk heterojunction (photodop-
ing). In contrast to expectations, still a high field
is required for reaching the threshold voltage in
the PVA based photOFET devices upon illumina-
tion, presumably due to complex interactions of dif-
ferent effects like charge trapping at the PVA/blend
interface or in bulk of the dielectric or additional
electric field induced charges. After switching off
the light, a significant irreversible shift of the trans-
fer curve in respect to the initial dark transfer char-
acteristic was found (filled triangular symbol curves
in Fig. 2(b)). We attribute that behaviour to pho-
toinstability of the device. The origin and nature
of the processes, which lead to photoinstability,
are still under investigation.

In contrast to PVA, BCB as gate-insulator forms
a much more photostable system. As mentioned
above, cross-linked BCB forms an inert dielectric
layer with excellent mechanical properties and
chemical stability. On top of BCB, bulk heterojunc-
tion MDMO-PPV:PCBM (1:4) based photOFETs
were fabricated. Electron enhanced mode in dark
and under AM1.5 (100 mW/cm2) illumination is
achieved by biasing the devices with positive gate-
source voltages, Vgs (Fig. 3(a)). The light response
of the device is clearly observed by comparing the
values of the drain–source current in dark and under
illumination. Again, the increase of Ids is caused by
the creation of a large number of charge carriers
due to photoinduced charge transfer between the
conjugated polymer and the fullerene in the blend.
A negligible hysteresis in the initial dark transfer
characteristics is observed (filled squares symbol
curves in Fig. 3(b)). A calculated electron mobility,
le of 10�2 cm2/V s is derived from the initial dark
transfer characteristics at Vds = +80 V. The transfer
characteristics of the device upon illumination with
white light (AM1.5) and different illumination inten-
sities (from 0.1 to 100 mW/cm2) are shown in
Fig. 3(b) with open symbol curves. The drain–source
current of the device is significantly increased upon
illumination, especially in the depletion regime. In
the accumulation regime, the increase of the drain–
source current is less pronounced.

The responsivity, R (expressed in A/W) of the
device, can be defined as [8]:
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R ¼ Iph

P opt

¼ ðIds;illum � Ids;darkÞS�1

P inc

; ð2Þ

where Iph is the drain–source photocurrent, Popt is
the incident optical power, Pinc the power of the inci-
dent light per unit area, Ids,illum the drain–source cur-
rent under illumination, Ids,dark the drain–source
current in the dark and S is the effective device area.
The photOFET responsivity calculated from Eq. (2)
in the depletion region was found to be 10 mA/W
and in the accumulation regime 0.15 A/W, respec-
tively. The threshold voltage for reaching the accu-
mulation mode and opening of the transistor shifts
to lower values upon illumination, suggesting that
the trap carrier density in the channel is enhanced
by photodoping. The higher responsivity in the accu-
mulation regime than in the depletion regime is
attributed to the number of photogenerated charge
carriers in the blend, which depends mostly on the
light intensity and not on the applied gate voltage.

Upon illumination two different effects occur
in the active layer of the transistor, i.e. photoconduc-

tivity and photovoltaic effect. When the transistor is
in the ON-state the photocurrent is dominated by
the photovoltaic effect and is given by Eq. (3) [21]:

Iph;pv ¼ GMDV th ¼
AkT

q
ln 1þ gqkP opt

Ipdhc

� �
; ð3Þ

where g is the quantum efficiency (i.e. number of
carriers generated per photon), q is elementary
charge, Popt the incident optical power, Ipd the dark
current for electrons, hc/k the photon energy, GM

the transconductance, DVth the threshold voltage
shift, and A a fit parameter. The photovoltaic effect
together with a shift of the threshold voltage is
caused by the large number of trapped charge carri-
ers under the source [7–10].

When the transistor is in the OFF-state, the pho-
tocurrent, dominated by photoconductivity is given
by Eq. (4) [18]:

Iph;pc ¼ ðqlnEÞWD ¼ BP opt; ð4Þ
where l is the charge carrier mobility, n is the carrier
density, E the electrical field in the channel, W the
gate width, and D the thickness of the active layer.
Iph,pc is therefore directly proportional to Popt with
a proportionality factor B. The experimental result
of photOFETs based on MDMO-PPV:PCBM
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(1:4) blend as active layer and BCB as gate-insulator
(Fig. 4) are in good agreement with the calculations.

After illumination, a shift in the dark transfer
curve with respect to the initial dark transfer charac-
teristics was observed (filled triangular symbol
curves Fig. 3(b)) presumably due to the persistent
interface effects, i.e. charge trapping, bias stressing,
etc. [17,19,20,22]. In contrast to PVA, the initial
dark can be recovered by annealing the device at
130 �C for 3 min (filled circle symbol curves,
Fig. 3(b)). Fig. 5 shows the drain–source current
recorded sequentially at Vgs = 0 V in the dark,
under AM1.5 (100 mW/cm2) illumination, again in
the dark and after annealing, for the first three
cycles. The similar values for the respective dark/
illumination situations show the good reversibility
of the device. The existence of a state in the device
with a larger current after illumination and prior
to annealing may be considered as a memory state,
which can be set by light and erased either by
annealing or by applying a large negative gate volt-
age. It is proposed to exploit the effect of an
increased dark state current after illumination in
applications such as a light activated memory
(‘‘light memory device’’).

4. Summary

In summary, we demonstrate photoresponsive
OFETs (photOFET) based on MDMO-PPV:PCBM
(1:4) blends with transparent insulating PVA or BCB
layers as gate-dielectrics. The devices shown-type
transistor characteristics with LiF/Al as top source
and drain electrodes. Devices fabricated with PVA
as gate insulator show phototransistor behaviour at
low light intensities with a high response. However,
irreversibilities in the device properties after illumina-
tion occurred. PhotOFETs fabricated on top of
cross-linked BCB as dielectric show phototransistor
behaviour in a wide range of illumination intensities
with sufficiently good photo- stability. The observa-
tion of an intermediate state (dark after illumination)
has been proposed for use in ‘‘light memory devices’’.
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Abstract

Charge transport in a near infrared absorbing polyfluorene copolymer (APFO-Green1) and its blends with methano-
fullerene [6,6]-phenyl C61-butyric acid methyl ester (PCBM), and 3 0-(3,5-bis-trifluoromethylphenyl)-1 0-(4-nitro-
phenyl)pyrazolino[70]fullerene (BTPF70) is reported. PCBM and BTPF70 are electron acceptor and transporting
molecules in polymer based solar cells. The BTPF70 has emerged as a new electron acceptor molecule that provides ade-
quate exciton dissociation when blended with the low band gap polyfluorene copolymer APFO-Green1. Electron transport
in both net PCBM and BTPF70 films are subjected to positional and energetic disorder, with the degree of disorder being
more pronounced in BTPF70. On the other hand, mixing PCBM with conjugated polymers usually leads to increased hole
mobility. We have investigated and compared the acceptor concentration dependence of charge transport in APFO-
Green1/PCBM and APFO-Green1/BTPF70 blend films. For better understanding of the charge transport in the hetero-
junction films, the field and temperature dependence of hole transport in pure APFO-Green1 films has also been studied. It
is observed that the behavior of hole mobility in the blend layer is sensitive to the acceptor type. For APFO-Green1/PCBM
hole only devices, the hole mobility attains a local maximum at 67 wt.% of PCBM, while on the contrary mixing any
amount of BTPF70 with APFO-Green1 results into degradation of hole transport. Electron transport in both blends, how-
ever, increases monotonically as a function of acceptor loading.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Conjugated polymers have a potential to be used
in solar cells. However, unlike in inorganic semicon-
ductors, photocurrent generation in polymer solar
cells is a several step process. Shining light on a
polymer solar cell generates electron–hole pairs
(exciton) that have a binding energy of several
tenths of electron volts. Dissociation of the excitons
into free carriers gives rise to output current. Hence
the current of polymer solar cells is influenced by
the exciton dissociation rate and mobility of the free
carriers. Efficient exciton dissociation can be
achieved by mixing electron accepting and trans-
porting (EAT) materials with the exciton generating
polymers, while the free charge collection efficiency
is greatly improved by enhancing both hole and
electron mobility within the polymer/electron accep-
tor matrix. Methanofullerene [6,6]-phenyl C61-buty-
ric acid methyl ester (PCBM) is a well-known EAT
molecule. In pure PCBM layer, the mobility of an
electron was reported to be as high as 2 · 10�7 m2/
V s [1]. PCBM is an efficient EAT material when
mixed with various types of polymers including
Isomer A Isomer B Iso

Isomers of BTPF70

APFO-Green1

N
N

NO2

F3C

F3C

N
N

O2N

CF3

CF3

F3C

F3C

Fig. 1. Chemical structures of the electron acceptor materials and A
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estimated from its LUMO energy and the onset of its optical absorption
polythiophene derivatives [2,3], poly(p-phenylene
vinylene) (PPV) derivatives [4,5], and polyfluorene
derivatives [6,7]. Moreover, charge transport studies
in solar cells with poly(2-methoxy-5(3 0,7 0-dimethy-
loctyloxy)-p-phenylene) vinylene/PCBM active
layer showed that the presence of PCBM enhances
both hole and electron mobility [8,9].

To harvest more energy from the solar spectrum,
it is necessary to have low band gap polymers that
absorb the red and infrared part of the solar light.
Recently, we have demonstrated solar cells that
comprise a low band gap polyfluorene copolymer
(APFO-Green1) blended with electron acceptor
materials [10,11]. APFO-Green1 has a number aver-
age molecular weight (Mn) of 3600 and weight aver-
age molecular weight (MW) of 6200. It has an onset
of absorption at 1 lm, while photoluminescence and
electroluminescence of devices with APFO-Green1
extends into infrared [12]. It was observed that in
solar cells with APFO-Green1/PCBM heterojunc-
tion active film, solar energy conversion to electric-
ity was not efficient, in particular near the infrared
region [10]. This is due to low driving forces for exci-
ton dissociation at APFO-Green1/PCBM interfaces
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(see Fig. 1); this is demonstrated by moderate lumi-
nescence quenching in these blends. In addition,
such solar cells give smaller open circuit voltage
mainly due to the reduced energy difference between
the highest occupied molecular level (HOMO) of
APFO-Green1 and lowest unoccupied molecular
level (LUMO) of PCBM [10]. This indicates that
PCBM is not an efficient acceptor for solar cells that
rely on near infrared absorbing polymers. Conse-
quently, alternative acceptor materials that deliver
efficient driving force should be synthesized. We
have demonstrated two types of new acceptor mol-
ecules, namely, 3 0-(3,5-bis-trifluoromethylphenyl)-
1 0-(4-nitrophenyl)pyrazolino[60]fullerene (BTPF)
[10], and 3 0-(3,5-bis-trifluoromethylphenyl)-1 0-
(4-nitrophenyl)pyrazolino[70]fullerene (BTPF70)
[13]. Compared to solar cells with APFO-Green1/
PCBM, devices with both APFO-Green1/BTPF
and APFO-Green1/BTPF70 gave better conversion
of light to electricity, with devices based on APFO-
Green1/BTPF70 active layer being the best.

In order to develop solar cells with APFO-
Green1/BTPF70 active films, the knowledge of
charge transport in each material is indispensable.
BTPF70 is a mixture of three isomers [13] that have
similar electrochemical behaviors in solution. It has
a LUMO energy level of 4.3 ± 0.1 eV as determined
from electrochemical measurements. Electron trans-
port in BTPF70 was found to be field and tempera-
ture dependent, and at room temperature
6 · 10�9 m2/V s electron mobility was calculated
from current–voltage (I–V) measurements of diodes
with pure BTPF70 active film [14]. Here, we report
the influence of acceptor type on hole and electron
transport in diodes that comprise APFO-Green1/
BTPF70 and APFO-Green1/PCBM active films.
Moreover, detailed studies of field and temperature
dependent hole transport in pure APFO-Green1
films will also be presented and discussed.

2. Trap free space charge limited transport

Charge transport in conjugated polymer films is
dominated by hopping of charge carriers among
localized states as a consequence of the intrinsically
amorphous nature of the polymers. Particularly,
hopping transport of holes in pure polymer films
is field and temperature dependent owing to a posi-
tional and energetic disorder limited charge carrier
mobility [15,16]. As a consequence, the I–V charac-
teristics of polymer diodes are space charge limited
(SCL). In the absence of traps, the SCL I–V charac-
teristics of polymer [15] or molecule [1] based
devices are well-described by field and temperature
dependent empirical relation

l ¼ l0 expðc
ffiffiffiffi
E
p
Þ ð1Þ

where l0 is the zero-field mobility, and c the field
activation factor. It has also been demonstrated that
for carrier concentration exceeding 1022 m�3, charge
mobility scales with carrier concentration as a
power law [17]. Such power law increase is described
by a variable range-hopping model [18].

Charge transport in polymer-based diodes is
often simplified as a one-dimensional process. In
this context, the basic transport equations describ-
ing charge transport behavior are the Poisson’s
and continuity equations for electrons and holes.
In particular, if the effects of traps are negligibly
small, the drift-diffusion current equations and the
Poisson’s equation, respectively, are given by [19]

J n ¼ e �lnðxÞnðxÞ
dw
dx
þ Dn

dn
dx

� �
ð2Þ

J p ¼ e �lpðxÞpðxÞ
dw
dx
� Dp

dp
dx

� �
ð3Þ

dEðxÞ
dx
¼ e

e
ðpðxÞ � nðxÞÞ ð4Þ

where Jn (Jp) is the electron (hole) current density,
n(x)(p(x)) is the electron (hole) density, e is the elec-
tronic charge, Dn (Dp) is electron (hole) diffusion
constant, le (lp) is the electron (hole) mobility,
and e is the static dielectric constant. The electric
field strength E(x) is related to the electrostatic po-
tential w(x) as EðxÞ ¼ � dw

dx. Under the condition of
SCL transport, the drift current dominates the net
current flow and the diffusion part is often ne-
glected. Thus, experimental I–V characteristics
can, in principle, be analyzed by solving the relevant
current equations, and Poisson’s equation together
with the Poole–Frenkel mobility equations. Due to
field dependence of mobility, exact analytic solu-
tions are, however, not possible. This leaves us with
either approximate analytic solutions or numerical
calculations. Under ohmic boundary conditions,
experimental SCL I–V characteristics of holes in
polymer [15], and electrons in PCBM [1] thin films,
in diode configuration, were successfully described
by numerically calculating Eqs. (1)–(4).

The charge transport studies reported in this
paper are based on the measurement and analysis
of SCL current of sandwich structure devices.
Transport parameters were extracted from the fits
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of experimental I–V data, which were generated by
numerically solving Eqs. (1)–(4).

3. Experimental details

3.1. Construction methods of hole only devices

The hole only APFO-Green1 based devices were
constructed by sandwiching the polymer film
between glass/ITO/PEDOT:PSS, and gold (Au)
electrodes. The thickness of the PEDOT:PSS layer
was 45 nm while that of Au was 80 nm. The detailed
device preparation procedures can be found in Ref.
[3]. APFO-Green1 films were formed by spin coat-
ing from chloroform solution. Gold is well-known
for forming dipoles at Au/PCBM interface giving
rise to lowering of injection barrier for electrons
[20]. Thus, to discriminate electron injection, the
second electrode of polymer/acceptor based hole
only devices was constructed from palladium (Pd).
However, direct evaporation of Pd onto the active
layer was found to give short-circuited devices. To
circumvent the later problem, hole only devices that
are based on blends of APFO-Green1 and PCBM or
BTPF70 were constructed by soft contact lamina-
tion technique. Quite recently, non-invasive tech-
niques, termed soft contact lamination, have
emerged as an alternative method for formation of
electrodes [21]. Soft contact lamination technique
exploits the good adhesion property of soft elasto-
meric materials when brought in conformal contact
with smooth surfaces. The adhesion of such elasto-
meric materials are attributed to only van der Waals
forces, but facilitates good electrical contact when
conducting materials are applied on the elastomer.
This technique has been effectively used in organic
light emitting diodes (OLED) [22,23] that generate
uniform and stable light. The hole only APFO-
Green1/acceptor based devices has two parts. The
bottom part comprises the active layer, which was
spin coated on a glass/ITO/PEDOT:PSS substrate.
The construction of the glass/ITO/PEDOT:PSS
was done through the steps described in Ref. [3].
The active layers of APFO-Green1/PCBM were
formed by spin coating from chloroform solution.
However, due to poor solubility of BTPF70 in chlo-
roform, APFO-Green1/BTPF70 films were formed
by spin coating from blends of chloroform and
dichlorobenzene solution. The top component of
the later devices composes an elastometric polymer
Sylgard 184 polydimethylsiloxane (PDMS) as a sup-
porting substrate. The PDMS was initially prepared
and cured on a silicon wafer to achieve a smooth
surface. The cured PDMS was cut into appropriate
pieces onto which thin layer (2–4 nm) of titanium
(Ti), and 30 nm of palladium (Pd) metals were con-
sequently evaporated under shadow mask. The
presence of Ti between PDMS and Pd facilitates
the adhesion of Pd to PDMS, thereby avoiding
the cracking of Pd layer. Putting the two parts in
intimate contact completes the devices. No addi-
tional pressure or heating is applied to construct
the complete devices.

3.2. Construction methods of electron only devices

The electron only devices were also constructed
in a sandwich structure. One of the electrodes was
formed by a highly conductive vapor phase poly-
merised polymer poly(3,4-ethylenedioxy)thiophene
(VPP PEDOT) (�60 nm), which is supported by
glass substrates. The synthesis sequences of VPP
PEDOT is described elsewhere [24,25]. The conduc-
tivity of the VPP PEDOT can reach as high as
1000 S/cm [24] while its work function, as measured
by UV photoemission spectroscopy, is about 4.4 eV.
The active layer of electron only devices were
formed by spin coating respective solutions on the
VPP PEDOT layer. The devices were completed
by evaporating thin layers of LiF (�1 nm) and alu-
minium (80 nm) on to the active layer.

3.3. I–V measurements

The I–V characteristics of all the devices were
measured by a semiconductor parameter analyzer
(HP 4156 A). The I–V characteristic at various tem-
peratures was recorded by mounting the sample
inside a liquid nitrogen cryostat.

4. Results and discussion

4.1. Hole transport in APFO-Green1

According to electrochemical measurements,
APFO-Green1 has a HOMO level of 5.2 eV and a
LUMO level of 4.0 eV [13]; however, when evalu-
ated from the peak of electrochemical cyclic voltam-
mograms the location should be 5.8 eV and 4.1 eV,
respectively [26]. The work function of PEDOT:PSS
is about 5.2 eV, and that of Au is close to 5.1 eV. As
can be inferred from the I–V characteristics, which
is depicted in Fig. 2(a), its non-rectifying, and
almost symmetric behavior is an indication of a
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negligible built-in potential, which results from the
very small difference of the work function of the
two electrodes. Consequently, it can be concluded
that in the ITO/PEDOT:PSS/APFO-Green1/Au
devices studied here, the work functions of the
two electrodes are approximately equal and both
are hole injecting, making the devices hole
dominated.

The average carrier density in the devices can be
approximated by pav = (3/2)(e0erV/qL2) [19] where
e0 is the permittivity of free space, er is the dielectric
constant of the polymer, V is the net potential, L is
the thickness of the active film and q is an elemen-
tary charge. Accordingly, at room temperature,
the estimated carrier density in ITO/PEDOT:PSS/
APFO-Green1/Au devices of thickness 180 nm,
er = 3, is about 1022 m�3 for a bias voltage of
1.3 V and above. Assuming carrier dependent hole
mobility, Tanase et al. [27], described the current
of hole dominated devices as J = 0.8epavlh (pav)Eav,
where Eav = V/L. As discussed earlier, in the field
range of interest, the calculated carrier concentra-
tion in our hole only devices is almost constant, with
a value less than 4 · 1022 m�3. Thus, we describe the
temperature and field dependence of the SCL I–V
curves of ITO/PEDOT:PSS/APFO-Green1/Au
devices by considering field and temperature depen-
dent mobility relation of Eq. (1).

As can be seen from Fig. 2, the very low onset
potential for hole injection and the immediate
occurrence of SCL current can be taken as the sig-
nature of ohmic contacts. We have, therefore, fitted
the I–V curves by solving Eqs. (1), (3) and (4) by
considering ohmic boundary conditions and taking
NV = 2.5 · 1025 m�3 [15]. The numerical fits to the
experimental I–V curves are depicted in Fig. 2(b).
The good agreements between the experimental
and calculated curves enabled us to calculate the
zero-field mobility (l0) and the field activation fac-
tor (c) at various temperatures. Figs. 3 and 4 show
the zero-field mobility (l0) and the field activation
factor (c), respectively, as a function of temperature.
In particular, at room temperature, the hole mobil-
ity was found to be l0 = (8.0 ± 0.4) · 10�10 m2/V s
while the field activation factor amounts to
c = (8.76 ± 0.2) · 10�5 (m/V)1/2. The strong tem-
perature dependence of l0 and c is a typical feature
of hopping transport among localized transport
sites.

Based on the data of temperature dependent
mobility (l0) (Fig. 3) and the field activation factor
(c) (Fig. 4), more quantitative description of hole
transport can be done by elaborating other transport
models. The empirical mobility Eq. (1) is typical for
hopping transport in a Gaussian density of states
(GDS). Under hopping transport conditions, which
are subjected to long-range energy correlations, the
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empirical mobility Eq. (1) was formulated through
Monte Carlo simulation as [28]

l ¼ l1 exp � 3r
5kBT

� �2
"

þ 0:78
r

kBT

� �3=2

� 2

 ! ffiffiffiffiffiffiffiffi
eaE
r

r #
ð5Þ

Here, l1 is the mobility at T!1, r is the width of
the GDS, a is the average intersite distance between
hopping sites, and kB is the Boltzmann’s constant.
This model was found to agree very well with exper-
imental data of hole only devices based on conju-
gated polymers [15], and a SCL electron current in
PCBM [1] thin films. Therefore, we have chosen to
use the correlated Gaussian disorder model (Eq.
(5)) to further relate mobility with intrinsic parame-
ters of the polymer. Using Eq. (5), r can be calcu-
lated from the slope of the plot of l0 versus T�2

(Fig. 3). Once r is known, the value of a can be ob-
tained from the plot of c versus T�3/2 (Fig. 4). The
best fitting parameters are r = 70 ± 1 meV and
a = 1.95 ± 0.02 nm.

4.2. Hole and electron transport in APFO-Green1/

PCBM blend films

Mixing polymers with PCBM usually ends up
with phase-separated domains rich either in PCBM
or polymer. From transport point of view, the most
peculiar feature of polymer/PCBM blend is the
monotonically increasing electron and hole mobility
as the PCBM concentration in the blend is gradually
increased. This has clearly been demonstrated in
time-of-flight (TOF) [29,30] and solar cell measure-
ments [8,9].

For APFO-Green1/PCBM based diodes, both
hole and electron transport parameters were
extracted from the respective I–V curves that were
measured under dark condition at room tempera-
ture. Typical I–V curves are depicted in Fig. 5.
The hole only and electron only devices resulted
into SCL transport as can be seen from Fig. 5.
The I–V curves were fitted using a model of single
carrier SCL current where the carrier mobility is
described by Eq. (1).

Extracted hole and electron mobility are depicted
in Fig. 6 as a function of PCBM concentration. As
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can be observed from Fig. 6, hole mobility varies as
a function of PCBM concentration, where the
monotonic variation includes a local maximum at
around 67 wt.% of PCBM. On the contrary, loading
more and more PCBM seems to enhance electron
mobility.

Spin coated films of polymer/polymer [31,32] or
polymer/molecule [33,34] thin films are usually
accompanied by phase separation processes as a
result of low entropy of mixing. Among others,
the morphology of solar cells based on blends of
MDMO-PPV poly(2-methoxy-5(3 0,7 0-dimethyloc-
tyloxy)-1,4-phenylene vinylene) and PCBM has
been well-studied [33,34]. According to the report
of Hoppe et al. [34], the morphology of MDMO-
PPV:PCBM films is nanoclusters which are exclu-
sively rich with either of the materials. Such big
nanoclusters of PCBM were observed to initiate at
MDMO-PPV:PCBM ratio of 1:2 and grow as a
function of PCBM loading. The transition of mor-
phology from smooth to uneven behavior in
MDMO-PPV:PCBM solid films was further con-
firmed through a detailed study of morphology
[33]. In general, it has been shown that increasing
the concentration of PCBM enhances electron
mobility while inducing more phase separation.
On the other hand, it has been demonstrated that
for solar cells based on MDMO-PPV/PCBM,
increasing PCBM concentration was found to
enhance both electron and hole mobility [8,9,29].
However, the reason for enhancement of hole
mobility as a function of more PCBM loading is
not clear yet.
Contrary to what is observed for other polymers,
hole mobility in APFO-Green1/PCBM films has a
local maximum at a PCBM concentration of
67 wt.% (APFO-Green1/PCBM mixed at 1:2 by
wt.). The local peak is followed by a sharp decrease
in hole mobility. The reason for breaking of hole
percolation path beyond PCBM concentration of
67 wt.% is not clear yet. However, it appears that
more interconnected domains that are rich of either
of the materials coexist at PCBM concentration of
about 67%. While increasing PCBM concentration
obviously enhances connection of the PCBM rich
domains (increasing electron percolation path), the
polymer rich domains might further be separated
from each other thereby suppressing hole percola-
tion paths.

4.3. Hole and electron transport in APFO-Green1/

BTPF70 blend films

As stated earlier, solar cells based on APFO-
Green1 as electron donors are efficient when
BTPF70 is used as an electron acceptor [13]. Hence,
it is quite important to investigate the behavior of
electron and hole transport in APFO-Green1/
BTPF70 heterojunction films. Here, electron and
hole transport in APFO-Green1/BTPF70 thin films
were investigated separately following similar proce-
dures of the previous sections. The I–V characteris-
tics of electron and hole only currents were
measured and depicted in Fig. 7. The I–V curves
were fitted by a single carrier SCL model, which is
governed by the mobility given in Eq. (1).

Fig. 8 shows the calculated electron and hole
mobility as a function of BTPF70 concentration.
As can be observed from the figure, blending
BTPF70 with APFO-Green1 does not favor hole
transport at all. In addition, though electron mobil-
ity seems to increase with increasing concentration
of BTPF70, better electron mobility was measured
in pure BTPF70 film. Similarly, comparing the
results of this section with that of Section 4.1 shows
that hole mobility in pure APFO-Green1 is about
an order of magnitude greater than hole mobility
measured in blend films. In a separate study of elec-
tron transport in pure BTPF70 film [14] we
observed that the electron transport is severely lim-
ited by positional and energetic disorder. Hopping
transport in a disordered media takes place at an
expense of an energy that is supplied to the electron
to increase jumping rates over barriers. Assuming
a Gaussian site energy distribution (GED), we
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estimated the width of the GED for electron hop-
ping in BTPF70 film to be about 150 meV [14].
The reported GED width for electron transport in
PCBM is 73 meV [1]. The later result indicates that
electron hopping transport in BTPF70 is highly sub-
jected to energetic disorder. We attributed the origin
of the disorder to structural inhomogeneity that
must be generated by the three different isomers of
BTPF70. Hence, the suppression of both electron
and hole transport in blends of APFO-Green1 and
BTPF70 is due to severe disorder. However, the
interplay between morphology and charge trans-
port, as a function of varying acceptor concentra-
tion, is not totally reflected in the current
investigation and it is an issue to be explored further
through other methods including microscopy.

In general, the studies reported here shows that
charge transport in polymer/acceptor based solar
cells is highly influenced by the nature of the poly-
mer as well as the EAT molecule. The hole transport
in pure APFO-Green1 film, in general, is enhanced
in the presence of PCBM while addition of BTPF70
reduces hole transport. Structurally, PCBM and
BTPF70 are quite different from each other. At
room temperature, PCBM forms nanocrystals in
solar cells [34], a condition that might favor exciton
dissociation and creates better transport paths.
Quite recently, Yang et al. [35] have shown that
thermal annealing of blends of poly(3-hexylthioph-
ene) (P3HT) and PCBM produces nanoscale inter-
penetrating networks with crystalline order in both
materials. They demonstrated that solar cells with
annealed P3HT/PCBM films are quite stable and
efficient. On the other hand, annealed MDMO-
PPV/PCBM films were found to form large PCBM
single crystals [36]. So far, no ordering has been
observed in BTPF70 films even under elevated tem-
perature conditions. Thus, the different transport
behavior of the blend layers should mainly originate
from the structural difference of the two EAT mate-
rials. Structural tuning can easily induce morpho-
logical changes.

4.4. Ambipolar transport in BTPF70 and PCBM
films

It was demonstrated that PCBM exhibits ambi-
polar transport characteristics in field effect transis-
tors [37,38]. Tuladhar et al., using TOF
measurements, argued that enhancement of hole
mobility of polymer/PCBM blend films might orig-
inate from ambipolar transport behavior of PCBM
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[29]. Electro-luminescence (EL) studies can be con-
sidered as a very direct method of probing ambipolar
transport in a given material. However, so far, no
evidence of light emission has been demonstrated
either from PCBM or from BTPF70 films. In addi-
tion to transport studies, we have also investigated
the EL behavior of both acceptor materials in a
sandwich configuration. These studies were made
on diodes with either ITO or ITO/PEDOT:PSS
anode, and LiF/Al cathode. While devices with
ITO anode have shown no evidence of light even
at high applied potential (10 V), devices with ITO/
PEDOT:PSS anode emits light. To our surprise,
the onset of light emission was quite low (close to
1 V) both for PCBM and BTPF70 based diodes.
From electroluminescence spectra we can identify
the source of light to be the acceptor, as they agree
with the photoluminescence spectra of the films.
Typical EL characteristics are shown in Fig. 9. Opti-
mized EL studies will be reported elsewhere.

This demonstrates that under appropriate elec-
trode configurations, PCBM and BTPF70 can con-
duct both electrons and holes. Comparing the EL
measurement with the studies of hole transport in
polymer/acceptor phase leads to the conclusion that
the enhancement of hole mobility in blends may be
partly due to the ambipolar transport behavior of
the acceptor materials. This is, in particular, plausi-
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ble for polymer/PCBM blends as hole and electron
mobilities in pure PCBM are high and comparable
[37]. The complex interplay of electron and hole
transport in similar blends is further demonstrated
by a recent report, where EL emission from poly-
mer/PCBM blends is substantial at high-bias poten-
tial [39].

5. Conclusions

In summary, charge transport in diodes with
APFO-Green1, APFO-Green1:PCBM and APFO-
Green1:BTPF70 thin films was investigated by ana-
lyzing the SCL I–V characteristics of the respective
devices. The hole transport in APFO-Green1 is
space charge limited, and the hole mobility is
governed by field and temperature. At room
temperature, a hole mobility of l0 = (8.0 ± 0.4) ·
10�10 m2/V s was calculated. On the other hand,
comparative study of hole transport in the various
blends show that the hole mobility has a local max-
imum at 67 wt.% of PCBM concentration while it
falls down as a function of BTPF70 loading. The
electron mobility seems to increase with increasing
level of both acceptors. As compared to PCBM,
BTPF70 provides better driving force for exciton
dissociation when mixed with APFO-Green1. How-
ever, its structural inhomogeneity leads to poor
charge transport in the blend films.
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Abstract

Thin films of poly(methyl methacrylate) (PMMA) and cyanoethyl pullulan (CEP) were prepared by spin coating on
p-Si substrate. Capacitance–voltage (C–V) and current–voltage (I–V) behavior of the aluminum/PMMA/p-Si and
Al/CEP(cyanoethyl pullulan)/p-Si MIS (metal–insulator–semiconductor) structures was studied at various frequencies
ranging from 20 kHz to 1 MHz and for a bias voltage range of �50 V to +20 V. No hysteresis was observed in the
C–V curve for both films as deposited and annealed (70–200 �C). Flat band voltage (VFB) of aluminum/PMMA/p-Si struc-
ture with as deposited films was about �15 V and increased up to �30 V with annealing. This suggested that a large
amount of positive charge was generated in the film. Electronic properties of the annealed PMMA film at above glass tran-
sition temperature were degraded substantially with larger shift in flat band voltage, low dielectric constant and low break-
down voltage. Al/CEP(cyanoethyl pullulan)/p-Si showed VFB about �1 V for both as deposited or annealed film and CEP
is more stable than PMMA. Frequency dependence of the electronic properties was also studied.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Poly(methyl methacrylate); Cyanoethyl pullulan; Polymer gate dielectric; Organic thin film transistor
1. Introduction

Poly(methyl methacrylate) (PMMA) is one of the
promising polymeric materials and there are numer-
ous papers for its application as a gate dielectric in
organic thin film transistors (OTFTs) [1–3]. Also
cyanoethyl pullulan (CEP) draws much attention
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.02.003
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as a high dielectric constant polymeric insulator
[4,5]. As a dielectric layer in OTFT structure, it
should have a small number of charge traps, good
processability, reproducibility and stability against
degradation, small leakage current and high break-
down potential. PMMA’s thermal and mechanical
stability, together with its high resistivity (>2 ·
1015 X cm), suitable dielectric constant and thin film
processability on large areas by spin coating make it
an ideal candidate as a dielectric layer in organic
electronics. Also cyanoethyl pullulan is expected
to improve the OTFT characteristics such as a
.
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Fig. 1. Molecular structure of (a) poly(methyl methacrylate)
(PMMA) and (b) cyanoethyl pullulan (CEP).
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reduction of threshold voltage with its high dielec-
tric constant.

Puigdollers et al. [1,2] fabricated pentacene thin
film transistor using PMMA and SiO2 as gate
dielectrics. They reported that transistors using
PMMA as a gate dielectric showed better electrical
characteristics than SiO2. They also observed that
PMMA surface favors the formation of bigger crys-
talline grains than SiO2 surface, which consequently
leads to improved field effect mobility. Uemura et al.
[3] investigated the effect of surface modification of
PMMA with clay mineral and showed that leakage
current was smaller than unmodified PMMA diode
structure. El-Shahawy [6] studied the dielectric con-
stant (e) of solution cast PMMA film (thickness =
! 1 mm) and PMMA mixed with some organic laser
dyes at different temperatures ranging from 30 �C to
130 �C and for various frequencies ranging from 0.6
to 10 kHz. They observed that the e value increased
from 3.6 to 5.1 with the increase of temperature for
10 kHz. Davis and Pathrick [7] reported the varia-
tion of dielectric constant and dielectric loss of
PMMA (Mw = 136000) with frequency (1 · 102 to
1 · 105 Hz) for different annealing temperatures
(30, 50 and 120 �C) and for various annealing times
(0–64 h).

To our knowledge, there is no report on the elec-
tronic characteristics such as capacitance–voltage
(C–V) and current–voltage (I–V) behavior of the
aluminum/PMMA/p-Si or the aluminum/CEP/
p-Si MIS (metal–insulator–semiconductor) struc-
ture (also called MPS: metal–polymer–semiconduc-
tor). The study of C–V and I–V characteristics of
MIS structure gives useful information about the
properties of the insulator and insulator–semicon-
ductor interface [8]. In this study, electrical proper-
ties of PMMA and CEP were studied by making
MIS structure and measuring C–V and I–V charac-
teristics. The effect of annealing on the PMMA films
and CEP films prepared by spin coating technique
on silicon was studied. These measurements give
information about charges in the insulating films
[9,10]. Our present work also deals with the effect
of the frequency ranging from 20 kHz to 1 MHz.

2. Experimental

PMMA having a molecular weight of 96700 was
obtained from Sigma–Aldrich and CEP having a
molecular weight of 489000 was obtained from Shin
Etsu Chemical Co. Molecular structure of these two
polymers are shown in Fig. 1 and both were used
without further purification to form the insulator
layer. Anisole was used as a solvent to dissolve
PMMA and N,N-dimethyl formamide was used
for CEP. The solution was spun on boron doped
Si (100) substrate (p-type Si) at room temperature
to prepare thin films. Before deposition, the surface
preparations of silicon wafers were done by degreas-
ing it with organic solvents such as trichloroethylene
(TCE), ethanol and then followed by a rinse in
deionized (DI) water. The solution concentration
was between 5.6 and 11.2 wt.% (0.06–0.12 g poly-
mer/cc solvent). 0.25 ml of the solution was intro-
duced at the center of the substrate and spinning
was about a minute. For the electronic characteriza-
tion, 300 nm thick polymer film was made at the
spin speed of 4000 rpm with 9.0% solution. After
spin coating process, the samples were dried in the
vacuum chamber for 3–4 h to evaporate the solvent
remained in the film and then the films were
annealed at 70–200 �C for 60 min in argon (Ar)
ambient. The bottom metal contact was formed by
evaporating aluminum (Al) on the back side of the
Si substrate and the top metal contact was formed
by evaporating Al over the polymer film surface
by using a suitable metal mask (dot size, 5 ·
10�3 cm2). The polymer films coated were identified
by using a FT-IR spectrometer and small angle
X-ray diffractometer was used to examine the
structure of the as grown and annealed films.
Thermo gravimetric analyzer (TGA) was used to
identify the thermal stability of the film. The glass
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transition temperature (Tg) range of the film was
measured by using differential scanning calorimetry
(DSC). Spectroscopic ellipsometry (SE, J.A. Woo-
lam Co., Model WVASE32) was used to measure
the thickness of the films coated on Si substrate.
The surface morphology of the as grown and
annealed films was investigated with SEM and
AFM. The capacitance–voltage (C–V) measure-
ments were performed using HP 4284A. The C–V

measurements were carried out at a voltage range
of �50 V to 20 V for various frequencies from
20 kHz to 1 MHz. The current–voltage (I–V) char-
acteristics were studied by using HP 5270A. Surface
energy of the film was obtained by measuring the
contact angle with water with static contact angle
goniometry.
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Fig. 2. Thickness variation of (A) PMMA films at different spin
speeds and solution concentrations in anisole (a) 5.65 wt.% (b)
7.45 wt.% (c) 9.08 wt.% (d) 10.72 wt.% and (B) cyanoethyl
pullulan films dissolved in N,N-dimethyl formamide solvent (a)
5.98 wt.% (b) 7.77 wt.% (c) 9.50 wt.% (d) 11.18 wt.%.
3. Results and discussion

Fig. 2 shows the thickness of the film as a func-
tion of the spin speed and the concentration. With
thicker solution, the film thickness was larger.
With higher spin speed, film became thinner and
the film thickness was saturated when the spin was
greater than 4000 rpm. For the electronic character-
ization, 300 nm thick film was made at the spin
speed of 4000 rpm with 9% solution.

The glass transition temperature (Tg) range of the
film was measured to be 96–120 �C by using differ-
ential scanning calorimetry (DSC) for both poly-
mers and TG (thermogravimetric) analysis showed
that PMMA was stable up to 270 �C [11] and CEP
up to 250 �C [12]. Annealing is a process related
with stress relief and local structural rearrangement
of polymer chains and it is expected that annealing
effect can be different below or above the glass tran-
sition temperature. To know the annealing effect on
the dielectric and capacitance–voltage behavior of
the film, investigations were carried out for various
annealing temperatures ranging from 70 �C to
200 �C. X-ray diffraction spectrum of as grown
PMMA films and films subjected to various anneal-
ing temperatures ranging from 70 �C to 200 �C are
shown in Fig. 3. Almost similar XRD spectrum
was observed for films subjected to repeated
annealing cycles at 100 �C (figures not included).
The X-ray diffraction pattern indicates the amor-
phous nature with large diffraction maxima that
decreases at large diffraction angles. The shape of
Fig. 3. XRD spectrum of PMMA films, (a) as grown, (b) 70 �C
annealed, (c) 100 �C annealed, (d) 150 �C annealed and (e) 200 �C
annealed samples.
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the first main maximum indicates the ordered pack-
ing of the polymer chains. The intensity and shape
of the second maxima are related to the effect of
ordering inside the main chains. The observed
broad humps in the XRD spectrum indicate the
presence of crystallites of very low dimensions.
The absence of any prominent peaks in the as grown
and annealed PMMA thin films indicates the pre-
dominantly amorphous nature of the films.

Surface morphology of dielectric layer is very
important because it affects the property of the
semiconductor layer deposited over it. Fig. 4 shows
the SEM image of the as grown and annealed
PMMA films. The film surface of as grown and
films annealed at 70 �C, 100 �C, 150 �C and 200 �C
is compact. No pits and pinholes were found on
the surface. Macroscopic granular chains appear
Fig. 4. SEM image of PMMA films, (a) as grown, anneale
at the surface in the stretching direction of PMMA
film. The granular structures (grooves) vary in size
from few nanometers to hundreds of nanometers.
Improved surface smoothness and greater grooves
were found for films annealed at 100 �C. PMMA
films subjected to repeated annealing cycles at
100 �C (figures not included) showed very smooth
surface. The observed change in the morphology
with increase of annealing temperature above
70 �C may be assigned to the reasons such as inten-
sified thermal oscillations of molecules at higher
temperatures leading to the diminished order of
their orientation, the improved stoichiometry,
reduction of defects and faster structural relaxation.
The surface morphology of both as grown and
annealed films is quite homogeneous and amor-
phous nature. The atomic force micrographs of as
d at (b) 70 �C, (c) 100 �C, (d) 150 �C and (e) 200 �C.
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grown and annealed PMMA films are shown in
Fig. 5. The film surface of as grown and films sub-
jected to repeated annealing cycles at 100 �C is com-
pact. Both as grown and annealed films exhibited
random morphologies with smooth surface having
microdomains of less than 100 nm. The RMS
roughness was found to be very low for as grown
and annealed films. The roughness increased a bit
with annealing cycle. No pits and pin holes are
observed in the AFM topographical image of the
samples studied. The only topographic features
observed is the hillock of about 10–100 nm large
and a peak to valley distance of about 0.5–1 nm.

Fig. 6 shows the capacitance–voltage charac-
teristics of the aluminum/PMMA/p-Si and the
aluminum/CEP/p-Si MIS (metal–insulator–semi-
conductor) structure. Accumulation, depletion and
inversion regions [8] are observed for both as grown
and annealed films. C–V measurements were per-
formed with a small superimposed AC signal at a
frequency of 1 MHz on top of a preselected DC
voltage. The voltage was swept forward from nega-
tive to positive. At negative voltage, it showed max-
imum capacitance with accumulation of holes in the
p type silicon at the polymer–silicon interface. The
dielectric constant of the polymer film was obtained
from this capacitance. As the voltage increases,
Fig. 5. AFM image of (a) as grown, (b) 1st cycle of annealing at 100 �C,
at 100 �C.
depletion and inversion region were clearly observed
with the decrease of the capacitance because now
the total capacitance comes from the serial coupling
of the capacitance from the polymer dielectric and
the silicon layer. The flat band voltage was shifted
in the negative direction, which indicates that posi-
tive fixed charges exist in the polymer film [9]. For
PMMA films (Fig. 6(A)), the shift was large with
more than �15 V for films as-deposited and
annealed at 70–100 �C and more than �30 V for
films annealed at 100–200 �C. The ideal MOS
capacitor has zero flat band voltage if we neglect
the work function difference between aluminum
and silicon and assume that there is no mobile or
fixed charge in the dielectric film and interface. In
the present work with the Al/PMMA/p-Si capacitor
structure, the VFB shift observed for both as grown
and annealed films is significant and it is mainly due
to the charges in the PMMA film. It seems that as
we increased the annealing temperature, more
chemical bonds were broken in the film and positive
charges were formed. For CEP films (Fig. 6(B)), the
flat band voltage shift was small at about �1 V for
films as-deposited or annealed at 70–200 �C. CEP is
thermally more stable than PMMA probably due to
the ring structure and accumulation and inversion
occurs at lower voltage. It is expected that threshold
(c) 2nd cycle of annealing at 100 �C and (d) 3rd cycle of annealing



Fig. 6. Capacitance–voltage (C–V) characteristics (A) of the
Al/PMMA/p-type Si structure at 1 MHz (a) as-dep. and annealed
at (b) 70 �C (c) 100 �C (d) 150 �C and (e) 200 �C and (B) of the
Al/CEP/p-type Si structure at 1 MHz (a) as-dep. and annealed at
(b) 70 �C (c) 100 �C (d) 150 �C and (e) 200 �C.
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Fig. 7. Dielectric constant of (A) PMMA films and (B) cyano-
ethyl pullulan films at 1 MHz as a function of the annealing
temperature.
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voltage of the device made with CEP will be much
lower. This result shows that electrical characteriza-
tion of MIS structure is quite effective to identify
the characteristics of the polymer film. Similar
C–V behavior (with a VFB shift value of �8 V
to �12 V) was reported by LEE and Muraka [9]
for Cu/fluorinated polyimide/SiO2/Si capacitor
structure and by Musa and Eccleston [10] for
Al/poly(3-octylthiophene) (P3OT)/p-Si structure.

Fig. 7 shows the dielectric constant of PMMA
and CEP film as deposited and annealed at various
temperatures obtained from C–V measurement at a
frequency of 1 MHz. As grown PMMA films
showed a relative dielectric constant value of 3.15.
Films annealed at 70 �C showed a little increase in
the dielectric constant whereas films subjected to
annealing above 70 �C showed a decrease in dielec-
tric constant with the increase of annealing temper-
ature. As the annealing temperature increases, the
rate of decrease of the dielectric constant increases.
The observed dielectric behavior indicates the weak
polar nature of the PMMA film studied [13,14]. The
increase in the value of the dielectric constant
obtained for temperature up to 70 �C is due to an
increase of total polarization arising from dipoles
and trapped charge carriers. As grown CEP films
showed a relative dielectric constant value of 15.5.
Films annealed at 70–150 �C showed an increase
in the dielectric constant whereas films subjected
to annealing above 150 �C showed a decrease in
dielectric constant with the increase of the annealing
temperature. The dielectric constant is much higher
than PMMA due to the polar nature of CEP arising
from –C„N and C–O–C.

Fig. 8 shows the variation of dielectric constant
(e) with frequency (20 kHz–1 MHz) for as grown
and annealed PMMA and CEP films. The observed
decrease of dielectric constant with increasing
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Fig. 9. Current–voltage (I–V) characteristics of (A) PMMA film
and (B) CEP film (a) as deposited and annealed at (b) 70 �C
(c) 100 �C (d) 150 �C and (e) 200 �C.
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Fig. 10. Surface energy of (a) PMMA and (b) CEP film formed
at different annealing temperatures measured by static contact
angle goniometry.
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frequency may be due to the tendency of induced
dipoles in the film to orient themselves in the direc-
tion of the applied field. In organic molecules,
dipoles cannot orient themselves in a rapidly varying
electric field and charge carriers are released slowly
from relatively deep traps in the amorphous state.

Fig. 9 shows the current–voltage characteristics
of 300 nm thick PMMA and CEP films. For as
deposited PMMA films, the leakage current level
is low at 10�9–10�8 A/cm2 up to 0.3 MV/cm. The
leakage current increased up to the order of 10�5

when the field strength was higher than 0.3 MV/
cm. PMMA films annealed at 150 and 200 �C
showed very poor insulating property and the
annealing above the glass transition temperature
degraded film properties as was already shown in
C–V measurement (Fig. 6). For both polymers,
thermal annealing above the glass transition tem-
perature degraded the electrical properties of the
film and it was more severe for PMMA.
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Fig. 10 shows the surface energy of the two
polymer films obtained by measuring the contact
angle with water using static contact angle gonio-
metry [15]. For PMMA films, surface energy was
43 mJ/m2 while it was 50 mJ/m2 for CEP films.
CEP films contain polar groups like –C„N and
C–O–C– and the surface energy was higher and
the surface was more hydrophilic than PMMA.
PMMA surface is more hydrophobic with higher
contact angle. For both films annealing did not
affect surface energy very much, which indicates
that annealing did change the bulk property due
to the rotation and twisting of the polymer chain
but did not affect the surface state much.

4. Conclusions

Smooth and compact thin films of poly(methyl
methacrylate) (PMMA) and cyanoethyl pullulan
(CEP) were obtained by spin coating. SEM and
AFM studies revealed that there were no pits and
pin holes on the surface. Both as grown and
annealed films showed smooth surface. The XRD
spectrum of as grown and films subjected to various
annealing temperatures indicated the amorphous
nature. C–V characteristics of the Al/PMMA/p-Si
and Al/CEP(cyanoethyl pullulan)/p-Si MIS(metal–
insulator–semiconductor) structures showed good
depletion behavior. Flat band voltage (VFB) of alu-
minum/PMMA/p-Si structure with as deposited
films was about �15 V and increased up to �30 V
with annealing. This suggested that a large amount
of positive charge was generated in the film. Elec-
tronic properties of the annealed PMMA film at
above glass transition temperature were degraded
substantially with larger shift in flat band voltage,
low dielectric constant and low breakdown volt-
age. Al/CEP(cyanoethyl pullulan)/p-Si showed VFB
about �1 V for both as deposited or annealed film
and CEP is more stable than PMMA. The study of
C–V and I–V characteristics of MIS structure gives
useful information about the properties of the insu-
lator and insulator–semiconductor interface.
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Abstract

The influence of a periodically modulated electric field on the concentration of photogenerated charges in bulk-hetero-
junction solar cells of poly[2-methoxy-5-(3 0,7 0-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) and 1-(3-meth-
oxycarbonyl)-propyl-1-phenyl-[6,6]C61 (PCBM) is studied at 80 K by near-steady-state photoinduced absorption (PIA)
spectroscopy. Measurements are complemented with recording the photocurrent. The results show that the lifetime of
extractable charge carriers under conditions where the built-in electrical field is largely compensated, is in the sub-millisec-
ond time domain. PIA is dominated by the contribution from trapped carriers and application of a �4 V bias increases the
number of trap sites available to the carriers in comparison with a +1 V bias voltage. The reverse bias voltage also leads to
an enhancement in the generation rate of carriers that can be trapped and/or the lifetime of the trapped carriers. The exper-
iment indicates that the lifetime of the trapped carriers at �4 V bias voltage remains in the sub-millisecond time domain.
� 2006 Elsevier B.V. All rights reserved.

PACS: 85.65.+h; 73.50.Pz; 72.20.Jv; 72.40+w

Keywords: Photovoltaic devices; Charge generation; Conjugated polymers; Fullerenes; Photoinduced absorption
1. Introduction

Bulk-heterojunction solar cells use a nanoscopic
phase-separated blend of an electron donating and
an electron accepting material as the active layer
[1,2]. When light is absorbed in the active layer by
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.02.001
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either of the two components, a photoinduced
charge transfer across the interface can produce a
geminate electron–hole pair. Provided that percola-
tion pathways exist to the two electrodes, the photo-
generated electrons and holes may be collected in an
external circuit before they recombine.

Near-steady state photoinduced absorption (PIA)
has often been used to probe the formation and
recombination of photoinduced charge carriers in
p-conjugated molecular materials for photovoltaic
.
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applications [3,4]. To approach conditions that are
present in photovoltaic devices under operation,
the influence of an externally applied electric field
on the dynamics of the charge carriers has recently
come under investigation with PIA [5–8].

It is well established that an electric field can sta-
bilize metastable photogenerated charge pairs, facil-
itate their dissociation, and enhance the generation
efficiency of long lived carriers [9–17]. Hence, an
electric field can influence the near-steady state
PIA signal associated with charge carriers changes
by changing their generation efficiency or lifetime.
The latter is important in near-steady state PIA
measurements because the time averaged density
of charge carriers is probed and, hence, the signal
intensity depends on the lifetime of the carriers.

PIA studies on polythiophene:PCBM cells have
revealed an enhanced signal under a reverse bias
voltage [8]. Under the conditions, the lifetime of
the charge carriers did not change and the increase
was attributed to an enhanced probability for
escape of the charge carriers from their mutual Cou-
lombic potential well in the electric field [8]. An
increased PIA signal of charge carriers by applica-
tion of a moderate electric field has also been
observed in MDMO-PPV:PCBM bulk heterojunc-
tion cells [5]. Here the increase was attributed to lib-
eration of persistent charge carriers with lifetimes
much larger than the inverse modulation frequency,
due to a lowering of the trap energy by the high
internal electric field [5]. By detrapping, the lifetime
of persistent carriers is lowered below the inverse
modulation frequency and they become detectable
in the photomodulation experiment. In contrast,
electromodulated photoinduced absorption (EPA)
measurements on MEH-PPV:C60 films showed that
a moderate electric field (104–105 V/cm) can also
reduce the magnitude of the PIA, which was inter-
preted in terms of a reduction of the lifetime of
the charge transfer complex at the donor–acceptor
interface [18].

To discriminate between the various effects of an
electrical field, we use a periodically modulated
external bias having an identical frequency but var-
iable phase relative to the photomodulation. For
our study we use bulk-heterojunction MDMO-
PPV:PCBM solar cells. In this experiment, photo-
induced charges are simultaneously probed optically
and electrically by recording the PIA signal and the
photocurrent collected at the electrodes. By moni-
toring the PIA as a function of the phase
difference between the photomodulation and field
modulation, we experimentally test the notion that
an applied electric field stabilizes photogenerated
charge carriers. If this is indeed the case, the PIA
signal is expected to be higher when the field modu-
lation lags behind in phase because photogenerated
carriers are longer lived in comparison to the situa-
tion where the voltage modulation precedes.

In short, we find that the lifetime of the field-sta-
bilized photogenerated charge carriers is still in the
sub-millisecond time domain. An increase of both
PIA and photocurrent is observed upon applying
an external electric field. As we will discuss, the
increase of both PIA and the photocurrent is due
to an enhancement in the generation rate of long-
lived carriers.

2. Experiment

Photovoltaic devices were prepared using glass
substrates with patterned indium tin oxide (ITO).
After careful scrubbing, cleaning, and UV-ozone
treatment, a 100 nm thin layer of poly(3,4-ethylen-
edioxythipophene):poly(styrene sulfonate) (PED-
OT:PSS) (Baytron P, H.C. Starck) was applied by
spin coating, followed by a 100 nm composite layer
of poly[2-methoxy-5-(3 0,7 0-dimethyloctyloxy)-1,4-
phenylene vinylene] and 1-(3-methoxycarbonyl)-
propyl-1-phenyl-[6,6]C61 (MDMO-PPV:PCBM) in
a 1:4 wt ratio from a chlorobenzene solution. The
back electrode consisting of LiF (1 nm) and Al
(150 nm) was evaporated at 5 · 10�6 mbar through
a shadow mask. Photocurrent densities are calcu-
lated with respect to the illuminated area (0.071 cm2).

PIA experiments were performed in reflection
geometry (Fig. 1a). The laser excitation (458 nm)
was modulated at 70 Hz (14.3 ms) by a mechanical
chopper unless stated otherwise. The resulting
change in transmission DR of a tungsten–halogen
white–light probe beam was monitored at 1.47 eV
after reflection at the back electrode of the device,
dispersion by a grating monochromator, and detec-
tion by a Si detector with a phase-sensitive lock-in
amplifier and normalized for the reflection R of
the probe light in absence of photoexcitation. The
pump power incident on the sample was typically
25 mW with a spot diameter of 3 mm. The devices
were held in vacuum using an Oxford Optistat cryo-
stat at 80 K.

A voltage pulse was applied to the device during
the modulation period of the photoexcitation to
extract the photogenerated charges (Fig. 1b). The
extracted current was measured by recording the
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amplitude of the oscillating voltage over a probe
resistance R (50 X) connected in series with the
device using a lock-in amplifier (Fig. 1a). Positive
bias voltage corresponds to the ITO/PEDOT:PSS
electrode being charged positive. Constant bias
voltages were applied using a Keithley 2400 sour-
cemeter. The voltage pulse over the device was gen-
erated using an Agilent 33120A function generator
triggered by the chopper, creating a pulse with a
width smaller than the period of the trigger signal
(14.3 ms) to ensure synchronization. The phase
difference between the applied voltage pulse and
photoexcitation was changed in steps of 10�, caus-
ing the voltage pulse to be shifted with respect to
the excitation in time and allowing the concentra-
tion of photogenerated charges to be followed as a
function of time td. Going from a positive to a
negative phase difference, however, caused the duty
cycle of the applied voltage pulse to be reversed and
a change in the pulse width (5.6 ms–8.7 ms)
(Fig. 1c).

The photocurrent was measured under the same
conditions as the PIA, thus under both laser and
white light illumination. We corrected for the con-
tribution to the photocurrent measurement of the
white–light probe by subtracting the photocurrent
induced by the probe light only.

3. Results

3.1. PIA and photocurrent in electric field

MDMO-PPV radical cations formed in the photo-
induced charge transfer reaction with PCBM exhibit
two characteristic, broad sub gap absorptions at
0.40 and 1.35 eV [19]. In our experiment we monitor
photogenerated MDMO-PPV radical cations in
photovoltaic devices by measuring the PIA in reflec-
tion (Fig. 1a). In this experiment, the modulated
laser light results in a periodic variation of the
intensity of the reflected probe light (DR). By using
a probe energy of 1.47 eV within the broad
absorption band at 1.35 eV, we ensure that the
contribution of the thermoreflection signal from
the aluminum back electrode to the photoinduced
reflection is negligible [20,21]. The thermoreflection
signal is a change in reflectivity near the spectral
position of the interband transition of the Al due
to a variation of the temperature of the Al layer
between laser-on and laser-off periods.

In the PIA experiments a bias voltage (Vbias) can
be applied over the ITO/PEDOT:PSS front and
LiF/Al back electrodes of the devices and the photo-
current can be measured simultaneously. At 80 K,
the open-circuit voltage (Voc) of the MDMO-
PPV:PCBM cells is +1 V. Fig. 2a shows that at
80 K a static reverse bias voltage (Vbias < Voc) gives
rise to a significant increase of the PIA signal
(�DR/R) at 1.47 eV when compared to open circuit
conditions (Vbias = Voc). At 80 K, the photocurrent
increases approximately linearly with the applied
reverse bias voltage (Fig. 2b). The external quantum
efficiency of the device for 2.71 eV photons at short
circuit equals 0.2 at room temperature and decreases
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to 0.05 upon lowering the temperature to 80 K.
When Vbias is close to Voc, extraction of charge
carriers is strongly suppressed because the internal
electric field arising from the use of two electrodes
with different work function is largely compensated.
Under these conditions the lifetime of the carriers
may be expected to be determined by recombination
processes. At Vbias = �4 V the charges are extracted.
At each bias, the differential reflection (�DR/R) sig-
nal was found to be almost 180� out of phase with
respect to the photomodulation, signifying that the
photoinduced charge carriers detected by PIA have
an average lifetime that is short in comparison with
the modulation period.

To investigate the field-enhanced PIA signal in
more detail, a modulated bias voltage was applied
to the cell with the same frequency as the photo-
modulation. The modulation waveform used is
illustrated in Fig. 1b. In the first half of the cycle,
a bias voltage of Vbias = +1 V close to Voc sup-
presses the extraction of charge carriers, while in
the second half period a reverse bias collection volt-
age Vcoll = �4 V extracts the majority of charge car-
riers present in the device. The modulated voltage is
applied together with the modulated laser light and
the time delay td between the half period where the
excitation light is on and the half period where the
collection voltage is applied can be varied (Fig. 1c).

Fig. 3a shows the PIA signal versus td for one full
period of the modulation (14.3 ms). Data between
td = 4 and td = 8 ms are missing, because of a rever-
sal of the duty cycle of the applied voltage pulse.
Increasing the phase difference between laser light
and voltage pulse results in a jump after td = 4 to
td = 8 ms when the duty cycle reverses (Fig. 1c).
The constant PIA signal for td < 1 ms has the same
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Fig. 4. Amplitude of the photocurrent density (a) and phase (b)
for a MDMO-PPV:PCBM solar cell measured at 80 K with
simultaneous photoexcitation and voltage modulation versus the
delay time td between the two modulation cycles. Symbols
represent experimental data and lines the model calculations. The
measured values are corrected for the background illumination.
Panel (c) gives the photocurrent density due to the background
illumination after subtraction of the laser induced contribution
(solid symbols) and the photocurrent density due to the
background illumination measured with laser beam blocked
and corrected for the dark current (open symbols).
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origin; here the width of the voltage pulse is larger
than half the period of the laser light during several
milliseconds (Fig. 1c).

At td = 0, the applied field and the illumination
overlap in time and a maximum in the PIA signal
is observed. At td = 8.4 ms, where illumination
and the electric field are 180� out of phase, a mini-
mum in the PIA intensity is observed (�DR/R =
0.27 · 10�3). This minimum is in good agreement
with the value of �DR/R = 0.26 · 10�3 obtained
when the electrical circuit was opened. Clearly, the
applied voltage of �4 V enhances the PIA signal
and the concentration of charge carriers probed by
PIA is maximal when the laser light and the electric
field overlap in time.

Similar to the static experiments discussed above,
a phase angle close to 180� is also observed in the
field modulated experiments for td = 0 and 8.4 ms
(Fig. 3b). This indicates that for these two time
delays, the lifetime of the photogenerated charge
carriers detected by PIA is short in comparison to
the modulation period. For the other delay times
we find that the phase angle of the PIA signal varies
slowly between 150� and 210� (Fig. 3b). The maxi-
mum field induced change in the phase lag amounts
to ±30�.

Fig. 4 shows the amplitude and phase angle of the
photocurrent versus td, recorded simultaneously
with the PIA measurements. When td = 0, the
applied field and the illumination overlap in time
and a maximum in the photocurrent is observed
(Fig. 4a). At td = 8.4 ms, i.e. at the smallest temporal
overlap of illumination and field, the photocurrent is
practically zero. This indicates that there are virtu-
ally no carriers with a lifetime comparable to the
modulation period, when Vbias = +1 V. The photo-
current is in phase with respect to the photoexcita-
tion at td = 0 (Fig. 4b) and its phase angle increases
to 120� when td approaches half the modulation per-
iod. For larger delay times, the phase switches sign
and decreases again to zero. The sign difference arises
because in the first half period the excitation precedes
the collection pulse and in the second half the collec-
tion pulse precedes the excitation.

As stated in Section 2, the photocurrent signal
shown in Fig. 4 was corrected for a contribution
of the continuous probe light. We checked the valid-
ity of this correction by blocking the continuous
probe light and measuring the photocurrent due to
the laser illumination only. The values for the pho-
tocurrent thus obtained, which differ little from the
values with probe light, can be subtracted from pho-
tocurrent measurement where the cell is illuminated
with both laser light and continuous probe light.
The result is a practically constant and small contri-
bution to the photocurrent (solid symbols, Fig. 4c).
This contribution is equal in magnitude to the
photocurrent measured with white light only and
corrected for the dark current (open symbols,
Fig. 4c). From the comparison it can be concluded
that the background illumination does not interfere
with the photocurrent resulting from laser illumina-
tion in this experiment and that the contributions
from the laser and probe light are additive.
Thus, the correction for the white probe light
applied to the photocurrent measurements appears
justified.
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Apart from the delay time td, also the intensity of
the illumination is an easily controllable experimen-
tal parameter. The dependence of the amplitude of
the photocurrent and the PIA on the excitation den-
sity is shown for different delay times. For excitation
densities below 1 W/cm2, the photocurrent is almost
linear with excitation density I (Fig. 5a). Above
1 W/cm2 the photocurrent seems to approach satu-
ration and can be fitted according to I0.5. The
dependence of the PIA signal on the illumination
intensity is less strong (Fig. 5b) showing a sublinear
dependence (I0.4) also below 1 W/cm2. In the exper-
iments the phase angle did not changes significantly
with changing excitation density.

3.2. Model

The dependence of the PIA and photocurrent sig-
nal on the delay time td contains information on the
lifetime and dynamics of the charge carriers. In
order to retrieve this information we present a
model to describe the experimental photocurrent
and PIA signals.

In the model, the laser light illumination (L(t)) is
approximated by a square wave B(t) with a fre-
quency of x0/2p = 70 Hz (Fig. 6). B(t) is set to zero
when the chopper blocks the laser beam. We assume
that the experimental photocurrent at td is propor-
tional to the overlap S between the half period of
laser illumination B(t) and the effective collection
voltage pulse Voc � V(t � td) integrated over a full
period (Fig. 6).

SðtdÞ ¼
Z t0þ2p=x0

t0

BðtÞðV oc � V ðt � tdÞÞdt. ð1Þ

This relation assumes that the extraction of
photogenerated charge carriers upon application of
the collection voltage Vcoll = �4 V is quasi-instanta-
neous on the time scale of the experiment (ms). This
assumption is supported by measurements of the
photocurrent under application of a continuous
�4 V bias voltage, showing no significant phase dif-
ference of the photocurrent with respect to the mod-
ulated illumination. No extraction of carriers is
assumed to occur when applying Voc because Voc

compensates the built-in voltage of the device. Thus
the internal electrical field E will be proportional to
Voc � V(t � td). Here, the band bending at the inter-
face of the device is neglected and it is assumed that



T. Offermans et al. / Organic Electronics 7 (2006) 213–221 219
the photocurrent is proportional to the electric field.
Furthermore, Voc � V(t � td) is approximated by a
square wave function.

Another, important, assumption in this model is
that the lifetime of photogenerated carriers under
application at Voc = +1 V is very short in compari-
son to the modulation period. This assumption is
open to question, and its validity will be investigated
here.

The product of the laser illumination profile B(t)
and the effective collection voltage Voc � V(t � td)
used in Eq. (1) can be expressed as a Fourier series
A(t):

BðtÞðV oc � V ðt � tdÞÞ ¼ AðtÞ
¼ A0ðtÞ þ A1ðtÞ þ � � � ð2Þ

The term in this series at the fundamental fre-
quency, A1(t), is of particular interest because it cor-
responds to the output of the lock-in amplifier used
to record the photocurrent. For a square wave, the
Fourier component at the fundamental frequency is
given by

A1ðtÞ ¼ a
2 sin a

p
cosðx0t þ /dÞ

¼ A1X cosðx0tÞ þ A1Y ðtÞ sinðx0tÞ;

A1X ¼ a
2 sin a

p
cosð/dÞ; A1Y ¼ �a

2 sin a
p

sinð/dÞ;

ð3Þ
where 2a is the width of the square wave A(t). This
width depends on the delay time td. /d is the phase
difference between B(t) and A(t) which depends in a
straightforward manner on the delay time td used in
the experiment (Fig. 6). A1X and A1Y are the ampli-
tudes of the in-phase (X or cosine) and 90� out-of-
phase (Y or sine) component of A1(t) respectively.
At this stage we normalize the amplitude of the
overlap function A(t) (i.e. we set a = 1) and describe
the experimental photocurrent (J) by a proportion-
ality constant cJ

J X ¼ cJ A1X ; J Y ¼ cJ A1Y . ð4Þ

The total calculated amplitude J ¼ cJ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2

1X þ A2
1Y

q
is

plotted in Fig. 4a. Eqs. (2)–(4) can also be used to pre-
dict the phase angle of the experimentally recorded
photocurrent (Fig. 4b) via /J = tan�1(A1Y/A1X).
The model calculations agree quite well with the
experimental data (Fig. 4). For points between
td = 8 and 9 ms we notice some discrepancies. For
these delay times, the model predicts zero amplitude
whereas in the experiment a very small current is
measured. The deviation is most likely due to the
approximation of the laser light by a square wave.
Furthermore, upon close inspection it can be seen
that for td = 2–4 ms the measured photocurrent is
lower than predicted, while for td = 9–11 ms the
experimental current is actually higher than ex-
pected. For td = 2–4 ms the extraction pulse is de-
layed with respect to the illumination while for
td = 9–11 ms the extraction pulse precedes the illumi-
nation. Thus, the differences between prediction and
experiment are not compatible with the notion of
long-lived carriers whose extraction is delayed with
respect to their generation because this would result
in a higher photocurrent when the collection pulse
lags behind the illumination. The good agreement be-
tween measured and predicted phase angle also
speaks against long-lived (s > 14.3 ms) carriers. The
discrepancy between experiment and model may
therefore indicate that charge carrier extraction or
generation are more efficient at the beginning of the
illumination pulse than at the end. This may be re-
lated to e.g. trap filling effects or built-up of space
charge during illumination; in the absence of an elec-
tric field at the beginning of the illumination, space
charge may be built up and counteract charge carrier
extraction upon applying the voltage pulse at the end
of the illumination.

It is possible to describe the td dependence of the
PIA signal in a similar way as for the photocurrent.
Here, we assume that when the device is illuminated
by the laser during the half period of the modula-
tion cycle, charge carriers are generated with a life-
time short in comparison to the modulation cycle,
giving rise to a PIA signal proportional to and in
phase with the laser intensity profile B(t) [21].
Application of the collection voltage Vcoll = �4 V
is assumed to result in an additional contribution
to the PIA signal only at those instants where Vcoll

coincides with the laser light. If the laser is off when
Vcoll is on, the PIA signal is zero. This implies that
the lifetime of the charge carriers giving rise to the
PIA signal when applying Vcoll is short in compari-
son with the modulation period. The enhancement
of the PIA signal when applying Vcoll may be due
to an enhanced generation of carriers giving rise
to PIA or in a change of the lifetime of this type
of carrier provided that its modified lifetime is still
short in comparison with 2p/x0. Under these pre-
mises, the additional electric field induced contribu-
tion to the PIA is proportional to the overlap A(t)
between the effective collection voltage and the illu-
mination (Fig. 6). The total experimental PIA signal
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can be expressed as the sum of the field dependent
(A) and field-independent (B) Fourier component
at the fundamental frequencies with appropriate
proportionality factors cP and c0P for the field depen-
dent and field-independent contributions of the PIA
signal respectively

ð�DR=RÞX ¼ cPA1X þ c0PB1X

ð�DR=RÞY ¼ cPA1Y .
ð5Þ

The amplitude and phase angle of total PIA signal
can now be expressed as

ð�DR=RÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcPA1X þ c0PB1X Þ2 þ ðcPA1Y Þ2

q

/P ¼ tan�1 cPA1Y

cPA1X þ c0PB1X

� �
;

ð6Þ

where the quadrant in which �DR/R lies has to be
taken into account.

A good fit between modeled and measured PIA
signal is obtained for a 3:2 ratio between the ampli-
tudes of the field dependent and field-independent
contributions cP:c0P (Fig. 3a). This gives a factor
ðcP þ c0PÞ=c0P ¼ 2:5 for the increase of the PIA signal
when a constant �4 V voltage is applied compared
to the PIA signal at (constant) +1 V. Thus far,
PIA experiments under application of a constant
bias voltage on a similar device have yielded an
increase of the PIA signal with a factor of 3.5 when
changing the bias from +1 to �4 V (Fig. 2a). In
Fig. 3b the predicted phase of the PIA signal, as cal-
culated using Eq. (6), is compared to the measured
phase. The model satisfactorily predicts the phase
behavior of the signal.

4. Discussion

From the close agreement between calculated and
measured photocurrent and PIA signals we can now
draw a number of conclusions. First, from the pro-
portionality of the photocurrent and the overlap S

of the illumination and effective collection voltage
we can conclude that the lifetime of extractable car-
riers when applying a bias voltage of +1 V is short
compared to the modulation period used. Recent
photo-CELIV measurements on similar photovol-
taic cells have shown that, at room temperature, a
major fraction of the photogenerated charge carriers
recombine within 10 ls at a +1 V bias voltage [22].

The proportionality of the excess PIA signal
induced by the electric field with the overlap S of
the illumination and effective collection voltage
indicates that the charge separated state giving rise
to the PIA cannot be stabilized to such an extent
that its lifetime becomes comparable to the modula-
tion period used. The observation of an enhanced
PIA signal upon application of a reverse bias volt-
age shows however that the carriers are affected by
the applied electric field. The PIA is proportional
to the time averaged concentration of charge carri-
ers in the device, provided that all carriers have a
lifetime short compared to the modulation period.
Under these conditions, long lived or trapped carri-
ers make up an important contribution to the signal,
while short lived carriers hardly contribute. There-
fore, the enhancement of the PIA may result from
a more efficient generation of (trapped) carriers or
an extension of their lifetime. The extended lifetime
should be in the sub-ms time range in order to be
compatible with the experimental data. In principle,
application of a voltage may also reduce the lifetime
of carriers because of faster extraction of the
charges. Apparently this latter possibility does not
apply to the carriers responsible for the PIA signal
since this would result in a reduction of the PIA sig-
nal upon application of a �4 V bias.

Additional information on the origin of the
enhancement of the PIA signal by the applied electric
field comes from the study of the excitation density
dependence. In Fig. 6, a monomolecular trap filling
model has been fitted to the experimental data [23,24]

�DR
R
ðIÞ ¼ pI

I þ q�1
; ð7Þ

where q ¼ gs
n0

and p = An0. Here g represents the gen-
eration efficiency of photogenerated charges that can
be trapped, s the lifetime of the trapped carriers, n0

the trap site density, and A is the proportionality fac-
tor between the PIA signal �DR/R and the concen-
tration of photogenerated charges. In this model a
limited number of trap sites is available to photogen-
erated carriers and it is assumed that the PIA signal
results from trapped carriers only. The short lived
‘free’ carriers make a negligible contribution. In the
fitting procedure used here, both p and q are taken
to be dependent on the delay time between laser
and voltage pulses. Keeping either p or q constant,
i.e. independent of the field, did not produce a good
fit for all delay times. From the fits we find for the
ratio of p at time td = 0.3 ms (where the overlap be-
tween illumination and the applied voltage is maxi-
mum) and p at td = 8.1 ms (where the overlap is
minimum) a value of 3.5. For the ratio of the values
of q at time td = 0.3 ms and at td = 8.1 ms, a factor of
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0.5 is obtained. Following Eq. (7) we find the ratio of
the values of gs at the delay times td = 0.3 ms and at
td = 8.1 ms equals 1.7. Thus, upon application of an
external electric field the number of available trap
sites n0 increases by a factor 3.5, which results in a
more efficient generation of trapped, long-lived
charge carriers. This increase in the number of trap
sites could be interpreted in a tentative way in terms
of a stabilization of pairs of oppositely charged car-
riers by the electric field. Application of a moderately
strong electric field would in this view lead to trap-
ping of a larger number of carriers inside the device.

The increase of it gs implies that either s increases
and/or g increases. An increase of s may be inter-
preted in terms of a stabilization of trapped carriers
as mentioned above and a rise in g may result from
suppression of the initial rate of charge carrier
recombination giving the charge carriers more time
to reach a trap site.

5. Conclusions

By applying a periodically modulated voltage and
controlling the phase difference between the applied
voltage modulation and the photoexcitation modu-
lation an additional time dimension can be intro-
duced in near-steady state PIA measurements on
MDMO-PPV:PCBM solar cells. This method pro-
vides information of the dynamical behavior of
charge carriers and offers some insight in the origin
of the enhancement of the PIA by application of a
moderate reverse bias potential. Although no direct
evidence for a change in the lifetime of trapped car-
riers by application of an electric field could be
obtained, it was established that the modified life-
time must still be in the sub-ms time domain. With
this method also the intensity of the excitation light
can be varied and this reveals that the enhancement
of the PIA is at least in part due to a more efficient
generation of trapped charge carriers under influ-
ence of the reverse bias voltage. Thus, we have dem-
onstrated that an electric field is not only necessary
for efficient charge extraction, but also facilitates
the generation of long-lived charge carriers as evi-
denced from the PIA measurements.
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R. Österbacka, M. Westerling, G. Juska, Appl. Phys. Lett.
86 (2005) 112104.

[23] P.A. Lane, X. Wei, Z.V. Vardeny, J. Poplawski, E. Ehren-
freund, M. Ibrahim, A.J. Frank, Synth. Met. 76 (1996) 57.

[24] D. Comoretto, M. Ottonelli, G.F. Musso, G. Dellepiane,
C. Soci, F. Marabelli, Phys. Rev. B 69 (2004) 115215.



Organic Electronics 7 (2006) 222–228

www.elsevier.com/locate/orgel
Improving the light extraction efficiency of polymeric
light emitting diodes using two-dimensional photonic crystals

A.M. Adawi a, R. Kullock a, J.L. Turner a, C. Vasilev a, D.G. Lidzey a,*,
A. Tahraoui b, P.W. Fry b, D. Gibson c, E. Smith d, C. Foden d,

M. Roberts d, F. Qureshi d, N. Athanassopoulou d

a Department of Physics and Astronomy, The University of Sheffield, Hicks Building, Hounsfield Road,

Sheffield S3 7RH, United Kingdom
b Department of Electronic and Electrical Engineering, The University of Sheffield, Mappin Street,

Sheffield S1 3JD, United Kingdom
c Applied Multilayers Ltd., West Stone House, West Stone, Berry Hill Industrial Estate,

Droitwich Worcestershire WR9 9AS, United Kingdom
d Cambridge Display Technology, Greenwich House, Madingley Road, Madingley Rise, Cambridge CB3 0TX, United Kingdom

Received 23 December 2005; received in revised form 17 February 2006; accepted 21 February 2006
Available online 22 March 2006
Abstract

We have fabricated light emitting diodes based on a conjugated polymer, in which a planarized two-dimensional pho-
tonic crystal (PC) was inserted between the glass substrate and the ITO anode. Planarized PCs were fabricated into a high-
index layer via interference lithography, followed by dry-etching and the spin-casting of a low-index glass. We characterize
the electroluminescence (EL) emission from devices containing a PC, and compare this with photoluminescence (PL) gen-
erated from within the same structure. We show that LEDs incorporating the PC have an increased EL external quantum
efficiency of (2.3 ± 1.0) times compared to a standard non-patterned control. This efficiency increase is in excellent agree-
ment with PL measurements on similar structures, which also demonstrate relative increases in external emission intensity
of 2.3 times.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Polymeric light emitting diodes; Photonic crystal
Over the last decade polymeric light emitting
diodes (PLEDs) have received significant attention
from both academic and industrial research groups
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as systems for use in flat panel display technologies
due to their low fabrication cost, low power con-
sumption, wide viewing angle and fast switching
times [1–5]. Improving the external efficiency of
organic LEDs is a critical issue in addressing their
commercial uptake, as this plays a significant role
in determining their useful operational lifetime.
Standard organic LEDs are composed of a glass
.
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substrate coated with a transparent anode layer
such as indium tin oxide (ITO), one or more of
organic layers and a low work-function metallic
cathode. In such a configuration only �20% [6] of
the light generated within the device can usefully
escape to an external observer, with the remainder
of the light being trapped in optical modes in the
substrate, or in the ITO/organic layers [6].

Several methods have been explored to extract
more light from organic LEDs, including the intro-
duction of scattering centres within the device to
overcome the critical angle condition [7,8] the incor-
poration of microcavities [9], the use of microlenses
[10], the insertion of Bragg diffraction gratings [11–
13], or the use photonic crystals (PCs) within the
device [14–22]. There are several positions in which
such a grating or a photonic crystal can be inserted
into an LED; these include placing it between the
metallic cathode and the active organic [22],
between the active region and the ITO layer [14–
17] or between the ITO layer and the glass substrate
[18–21]. The latter approach is probably the most
promising for practical applications, as it does not
result in a modification in the electronic properties
of the device. In this letter, we demonstrate the effect
of inserting a deep photonic crystal (PC) between
the glass substrate and the ITO layer. To create a
flat surface on which the device is deposited, we
use a simple spin-casting technique to planarize
the surface of the grating on which an ITO anode
is deposited. This approach permits us to improve
the external luminous EL efficiency of red-emitting
PLEDs by a factor of (2.3 ± 1.0) times (defined
within an external emission cone angle of 35�). We
show that the electrical properties of the patterned
Fig. 1. A schematic of the conjugated polymer LEDs explored in this w
that shown in part (b) is deposited upon a photonic grating. Part (c) sho

in an LED into propagating modes and therefore improve optical e

waveguide mode, k
*

pc is the reciprocal lattice vector of the photonic crys

light propagates with a wave-vector k
*

, where jk
*

kj ¼ jkj sin h.
PLEDs are identical to un-patterned control
devices, and use photoluminescence (PL) measure-
ments to confirm that the improvement in external
EL efficiency results from purely optical effects. Fur-
thermore, we demonstrate that there are no
unwanted colour shifts associated with utilizing
such a PC structure. We argue that this approach
to improving PLED efficiency could also be applied
over large areas by using low-cost embossing tech-
niques to create suitably patterned substrates.

A PC is a structure in which a periodic variation
in refractive index occurs at the scale of the wave-
length of light in one or more direction [23]. If the
refractive index contrast of the PC is sufficiently
large, it can result in the formation of a photonic
bandgap (a range of frequencies in which the prop-
agation of light is forbidden) [23]. In principle, there
are two methods to use PCs to improve the external
efficiency of organic LEDs. One approach is to
match the trapped waveguide modes within the
LED to the bandgap of the photonic crystal. The
waveguided light thus lies within the bandgap of
the PC, blocking its propagation in lateral direc-
tions within the structure, leaving only the external
emission channel for light to exit the device [24].
Such an approach is however difficult to realize in
practice, as there are significant material processing
problems associated in creating a planarized struc-
ture having a sufficiently large refractive index con-
trast to open a full optical-bandgap. A second
approach (which we use here) is to utilize the refrac-
tive index periodicity of a PC to diffract waveguide
modes above a certain cut-off frequency into exter-
nally propagating modes (as schematically illus-
trated in Fig. 1(c)), which thus improves the
ork. The structure shown in part (a) is a standard device, whilst
ws how a periodic grating can be used to couple waveguide modes

xtraction efficiency. Here, k
*

wg is the wave-vector of a trapped

tal and k
*

k is the wave-vector of the diffracted light. The diffracted
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extraction efficiency of the device [24]. In Fig. 1(c),
k
*

wg is the component of the waveguided light
parallel to the device plane and k

*

pc is the reciprocal
wave-vector of the photonic crystal, given by

k
*

pc ¼ 2p
ax

� �̂
iþ 2p

ay

� �
ĵ, where ax and ay are the period-

icity of the lattice in the x and y directions, respec-
tively. The effect of the photonic crystal on the
waveguided modes is to change their in-plane

wave-vector to k
*

k, where k
*

k ¼ k
*

wg � nk
*

pc, where n

is an integer number. Such diffracted modes will

escape from the device provided that k
*

k, is less than
the wave-vector above which light is totally inter-
nally reflected.

Recently Lee et al. [18] have made an experimen-
tal and theoretical study of the effect of inserting a
PC between the glass substrate and the ITO layer
in an organic LED based on vapor deposited low
molecular-mass materials. Their results indicated
that the extraction efficiency increases with increas-

ing depth of the photonic crystal, and also showed
that the external efficiency of the device is maxi-
mized when the periodicity of the photonic crystal
is larger than the (vacuum) wavelength of the emit-
ted light. This allowed them to demonstrate an
improvement in external efficiency by a factor of
1.5 times using a 200 nm deep grating. Whilst this
is clearly a promising result, we note that it is less
than the enhancement factors that have been dem-
onstrated when PC structures have been incorpo-
rated into inorganic LEDs. In particular, a PC
etched into the surface of an AlGaN LED [25]
improved the power output of the device by a factor
of 2.5 times. Here, the depth of the PC was 190 nm,
with a periodicity approximately 3 times that of the
AlGaN emission wavelength. In this paper, we have
explored the use of a deep optical grating to
enhance the extraction efficiency of a polymer
LED. The grating used had a depth of 450 nm with
a periodicity approximately twice that of the poly-
mer emission wavelength. Using this approach we
demonstrate improvements in external efficiency of
a red-emitting polymer LED by a factor of 2.3
times. This enhancement is close to the largest
enhancement observed in inorganic devices, and
suggests a promising method to gain significant
improvements in the external efficiency of organic
LED.

The devices that were fabricated and evaluated
are shown schematically in Fig. 1(a) and (b).
Fig. 1(a) shows a standard PLED device, composed
of a glass substrate coated with a 150 nm thick layer
of ITO (deposited using closed field magnetron
sputtering), a 150 nm thick layer of the conducting
polymer PEDOT:PSS (poly(3,4-ethylendioxy-
thiophene)/polystyrene-sulfonic acid) (Baytron P
PE FL supplied by H.C. Starck Ltd.) included to
facilitate hole injection, and a 70 nm thick layer of
an active red polymer (supplied by Covion Organic
Semiconductors GmbH). Here, each polymer layer
was deposited by spin coating, with the PEDOT:
PSS being annealed at 150 �C in air for 15 min.
The device was then finished by the thermal evapo-
ration of a cathode, composed of a 20 nm thick film
of calcium used to aid electron injection, capped by
an optically thick (50 nm) film of silver. The cathode
was evaporated through a shadow-mask onto the
surface of the conjugated polymer, with each indi-
vidual LED having an active area of �5 mm2. All
metal depositions were made at a base-pressure of
10�8 mbar in a Kurt J. Leskar Spectros deposition
system.

Fig. 1(b) shows a schematic of an LED whose
structure is identical to that shown in Fig. 1(a),
however, it is fabricated on a planarized PC. The
PC was created by first depositing a 500 nm thick
layer of SixNy (n = 1.95) on a 12 · 12 mm2 glass
substrate using plasma-enhanced chemical vapor
deposition. Interference lithography [26–28] was
then used to write a photonic structure into a
1 lm thick layer of a high sensitivity positive photo-
resist (SPR350 supplied by Chestech Ltd.) spin-cast
onto the SixNy layer. Interference lithography was
achieved using a HeCd laser (k = 442 nm), which
was split into two beams using a beam splitter. Each
beam was expanded using a 10· microscope objec-
tive lens, and then recombined onto the substrate
surface (with the beams having a mutual angular
separation of 20�). The diameter of the expanded
beams was �6 cm, permitting us to micro-pattern
the entire PLED substrate. To do this, the photore-
sist was first exposed to the laser having a power of
5 mW cm�2 for 20 s. The sample was then rotated
by 90� and the exposure repeated. This resulted in
the creation of a square lattice PC having a pitch
of 1.2 lm. The photoresist was then developed for
10 s in a developer (MF26 supplied by Chestech
Ltd.). This pattern was then transferred into the
SixNy layer using a CHF3 coupled plasma-etching
technique.

Fig. 2(a) shows an AFM image of a patterned
SixNy layer following dry-etching. The pattern is
comprised of holes having a diameter of 930 nm,
with a periodicity of 1245 nm and depth of 430 nm.



Fig. 2. Part (a) shows an AFM image of the photonic crystal
(PC) structure after dry-etching. Part (b) shows the same grating
after filling with a spin-on glass material. Part (c) shows a series of
topographic cross-sections of the PC anode surface recorded
(using an AFM) at various steps in its fabrication.
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To planarize the grating, a low refractive index (n =
1.45) spin-on glass (supplied by Allied Signal Inc.)
was coated onto the surface and then thermally
annealed in air at 280 �C for 1 h. As the thickness
of the spin-on glass layer was (after annealing)
150 nm, the coating process was repeated three
times to totally infill the holes in the SixNy and thus
planarize the grating (see the AFM image presented
in Fig. 2(b)). This structure was then coated by a
150 nm thick layer of ITO. The internal structure
of the ITO-covered PC can be visualized by plotting
a series of AFM cross-sections taken at various
stages during its fabrication as shown in Fig. 2(c).
It can be seen that the spin-on glass largely plana-
rized the SixNy grating and created a surface having
a height modulation of ±25 nm. This planarization
process was completed by the ITO deposition,
which reduced the amplitude of the surface corruga-
tions to ±2 nm.

Current–voltage–luminance measurements of the
PC LED and control devices were made in an over-
pressure nitrogen glove-box, having water and O2

background levels less than 0.1 ppm. To measure
luminance, a calibrated photodiode was placed
above the sample, subtending a cone angle of 35�
to the device. The current generated by the photo-
diode was converted to an equivalent brightness (in
units of cd m�2) using a pre-determined correction
factor obtained using a calibrated Topcon luminance
meter. As we show below, there is very little differ-
ence in the EL emission spectra between the control
devices and the PC LEDs (both at normal incidence
and as a function of external viewing angle). Thus the
efficiency of the device in terms of cd A�1 can be
thought of as being a relative measurement of exter-
nal quantum efficiency. Emission spectra were also
measured from both control and patterned devices
using a fibre-coupled CCD-spectrograph. We
emphasise that both PC LEDs and control devices
emitted uniform EL across their active area and were
free from so-called ‘black spots’.

We have complemented the electrical measure-
ments on the devices using optical excitation to gen-
erate photoluminescence (PL) within the structure.
Importantly, this permits us to obtain a second mea-
surement of the effect of the periodic patterning on
the device emission, and – as we show below – it
demonstrates that the external efficiency enhance-
ments observed are purely optical in nature and
do not rely on effects relating to charge injection
and transport. For PL measurements, we studied
structures identical to those shown in Fig. 1(a)
and (b), however, the thin calcium layer was omitted
to avoid any problems due to photo-oxidation (as
all excitation and emission measurements were per-
formed in air). To generate PL, the sample surface
was excited at normal incident using a 4 mW
405 nm diode laser, with emission being measured
as a function of viewing angle.

In Fig. 3(a) we plot the I–V characteristics of
both patterned and control devices. It can be seen
that both types of device have (as expected) similar
I–V characteristics. Fig. 3(b) plots the L–V charac-
teristics of control and patterned devices. It can be
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seen that both patterned and control devices emit
light at voltages greater than 2.5 V. The luminance
of the patterned device is higher than that of the
control device by a factor of �2.7 times at all volt-
ages. Fig. 3(c) compares the luminous efficiency (in
terms of cd A�1) as a function of driving voltage
for both patterned device and the control. Here,
the data presented in Fig. 3(a)–(c) is an average of
measurements made from seven identical patterned
devices and 10 control devices. It can be seen that
there is a clear enhancement by a factor of
(2.3 ± 1.0) times in the external efficiency of the pat-
terned LED, which – as indicated by the I–V data
shown in Fig. 3(a) – is not related to changes in
the electronic properties of the device. Note that
the absolute efficiency of the patterned or control
devices presented in Fig. 3 is significantly lower than
that of state-of-the-art devices. This was due to the
fact that the ITO used here was not optimized for
OLED operation. Despite this, our results indicate
that the observed improvements in the external effi-
ciency in Fig. 3(c) originate from inserting PC
beneath the ITO.

In Fig. 4, we plot the normal incidence EL emis-
sion spectrum recorded from the patterned device
and the control PLED. It can be seen that the EL
emission spectrum of both devices are quite similar,
indicating that the adoption of a PC structure does
not cause an apparent shift in the emission colour of
the LED. We have also characterized the CIE (x,y)
emission colour-coordinates from both control and
patterned devices as a function of external viewing
angle and find them to be largely identical, being
(0.66,0.33) and (0.67,0.33) at normal incident from
the control devices and patterned devices, respec-
tively, and (0.67,0.33), (0.67,0.32) from the control
devices and the patterned devices at a viewing angle
of 40�. Such differences in the CIE coordinates are
clearly very small, permitting us to conclude that
the observed enhancement in the efficiency (in terms
of cd A�1) from the patterned devices come as a
result of increasing the relative external efficiency
rather than tuning the EL emission to a part of
the spectrum where the eye has an improved sensi-
tivity. This also demonstrates that unlike microcav-
ity-based LEDs, the enhancements in external
efficiency observed here do not come at the cost of
a severe angular-dependent colour-shift.

We can gain further confidence in the effect of the
PC on the improved output coupling by comparing
the PL emission from a patterned LED with a con-
trol device. This is shown in Fig. 5(a), where we plot
the PL spectra from a control LED with a patterned
device as a function of viewing angle. It can be seen
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that the emission spectra are very similar to those
generated via electrical excitation, with the PL
intensity from both devices decreasing with increas-
ing viewing angle as expected. As was observed
under electrical excitation, the device emission col-
our is angle-independent. Importantly, the PL emis-
sion intensity from the laterally patterned structure
is higher than from the control at all external view-
ing-angles. This is illustrated in Fig. 5(b), where we
plot the PL enhancement factor as a function of
viewing angle. This enhancement factor was calcu-
lated as the ratio of the PL intensity (integrated over
500–800 nm) from the patterned structure to that of
the control. It can be seen that close to normal inci-
dence, the PL from the patterned structure was
enhanced by approximately 2.3 times – a value in
good agreement with the results of the EL enhance-
ment as presented above. This enhancement in rela-
tive PL emission efficiency also survives to large
off-axis angles, being a factor of 1.6 times at a view-
ing angle of 60�. This observation further confirms
that inserting a photonic crystal between the glass
substrate and the ITO anode improves the fraction
of light that can escape from of the structure.
We have therefore investigated the effect of
inserting a two-dimensional PC having a pitch of
1.2 lm between the glass substrate and the ITO
anode layer of red-emitting polymer LED. Such
periodic patterning can be used to generate a signif-
icant improvement in device external emission effi-
ciency (in this case by a factor of >2 times).
Usefully, the enhancements that we observe are
not accompanied by an angular-dependent colour
shift. The grating used here was not sufficient to
open up a photonic bandgap, however, we argued
that the PC effectively diffracted waveguided modes
trapped in the ITO layer into useful external emis-
sion. It is also possible however, that the close prox-
imity of the PC to the active emissive region of the
LED can modify the optical density of states within
the device, which may also have an effect on the
spontaneous emission process itself. The approach
that we used to pattern the LED substrate was
based on interference lithography. Such a process
would probably not be scalable to a manufacturing
environment, however, we note that many other
techniques can be used to pattern large areas at this
resolution. For example, polymer embossing tech-
niques can be used in a manufacturing environment
to pattern relatively large areas with a resolution of
around 100 nm [29]. Thus the simple approach pro-
totyped here could be used to significantly improve
the efficiency of a number of organic light-emitting
devices, ranging from light emitting displays to
organic flat panel lighting systems.
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A. Fuchsbauer a, N.S. Sariciftci a

a Linz Institute for Organic Solar Cells (LIOS), Johannes Kepler University Linz, Altenbergerstrasse 69, A-4040 Linz, Austria
b Molecular Process Engineering, Graduate School of Engineering, Osaka University, Japan

c Department of Solid State Electronics, Vilnius University, Lithuania
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Abstract

Charge carrier mobility (l), recombination kinetics, and lifetime (s) have been investigated with the photo-induced
charge carrier extraction by linearly increasing voltage technique (photo-CELIV) in blends of poly[2-methoxy-5-(3,7-dime-
thyloctyloxy)-phenylene vinylene] (MDMO-PPV) and 1-(3-methoxycarbonyl)propyl-1-phenyl-(6,6)-C61(PCBM). Different
MDMO-PPV/PCBM ratios have been studied showing that increasing the PCBM content induces an increase of the
photo-CELIV mobility up to two orders of magnitude. Simultaneously, the lifetime of the charge carriers decreases in such
a way that the product l · s appears almost constant independently of the blend composition. Recombination kinetics
close to the Langevin one is observed for all PCBM concentrations studied.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

During the last five years, important research
efforts have been devoted to acquire a better under-
standing of the working principle of conjugated
polymer:fullerene based bulk-heterojunction solar
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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cells [1]. This knowledge sounds mandatory to allow
further optimization and potential increase of the
efficiency of these devices [2]. It appeared quickly
that the ratio donor/acceptor does dictate not only
the number of charge carriers created per incoming
photons [3], but as well the ability of the device to
collect the photo-induced charge carriers, that is,
the transport properties of the active blend [4].

Several previous works focused on the investiga-
tion of solar cells characteristics versus conjugated
.
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polymer/fullerene ratio [4–9]. In the case of poly
[2-methoxy-5-(3,7-dimethyloctyloxy)-phenylenevinyl-
ene] (MDMO-PPV):1-(3-methoxycarbonyl)propyl-
1-phenyl-(6,6)-C61(PCBM) blends, short circuit
current (Isc), fill factor (FF) and overall efficiency
(g) were reported to show optimum values for
PCBM concentration about 80% [7,9]. These results
have been interpreted in terms of competing effects
between charge generation, taking essentially place
in the MDMO-PPV molecules, and hole and elec-
tron respective mobilities. These latter have both
been reported to increase up to two orders of mag-
nitude upon increasing the PCBM concentration
[9,10]. Among others, ordering effects have been
invoked to explain this unexpected phenomenon.
This hypothesis has been substantiated by the
numerous morphology studies performed on
MDMO-PPV:PCBM, which show that PCBM
tends to form nano-clusters due to its quite high dif-
fusion coefficient in amorphous MDMO-PPV [7,8].
This nano-clusters have been proposed to enhance
the organization of the long MDMO-PPV chains,
and hence the hole mobility [11].

In several models proposed to describe the work-
ing principle of conjugated polymer:fullerene solar
cells, the charge collection is considered to be mostly
ensured by field driven drift, yet diffusion might play
a non-negligible role, especially close to the elec-
trodes [9,12,13]. In this perspective, the distance per-
formed by the charge carriers is given by

l ¼ l � s � E; ð1Þ

where l is the mobility of the charge carriers, s their
lifetime, and E the electric field in the device. Thus,
the mobility indeed plays a major role in the collec-
tion of charge carriers. But so does as well the
charge carrier lifetime. To the best of our knowl-
edge, no one did yet report the evolution of s versus
the concentration of the MDMO-PPV:PCBM
blend. Mihailetchi et al. expressed the necessity of
their model to suppose increasing s with decreasing
PCBM to fit properly the experiment data, espe-
cially in the range below 50% of PCBM [9]. But
no direct evaluation of s was performed. Neverthe-
less, it has to be mentioned that Montanari et al.
studied the recombination kinetic of charge carriers
by transient absorption spectroscopy (TAS) [14].
However, the authors reported a PCBM concentra-
tion independent recombination kinetics as detected
with this optical method.

Thus, we have used photo-induced charge carrier
extraction by linearly increasing voltage technique
(photo-CELIV) to investigate the charge carrier
mobility, recombination kinetic and lifetime.

2. Experimental

As described in details elsewhere [15–17], photo-
CELIV is a powerful method that allows the deter-
mination of charge carrier transport properties in
the ls to ms range: a short laser pulse (3 ns,
532 nm, 0.5 mJ/pulse, Nd-YAG laser in our case)
is absorbed by the device to be characterized; the
charge carriers created are forced to recombine in
the device thanks to an offset bias applied to com-
pensate the Voc of the solar cell, what ensures
flat-band condition; after a certain delay time sdel,
the remaining charges are extracted by a linearly
increasing voltage A = dU/dt applied in the reverse,
non-injecting polarization of the photodiode. The
devices studied in this work are MDMO-
PPV:PCBM bulk-heterojunctions solar cells with
PCBM concentrations varying from 0% to 80% (in
weight, in the entire text). The chlorobenzene based
solutions have been spin-cast on indium tin oxide
(ITO), and coated with evaporated aluminum (Al,
70 nm) after drying in vacuum. The thickness of
the device is comprised between 150 and 250 nm
and the active surface area between 4 and 6 mm2.
All the photo-CELIV measurements have been car-
ried out under high vacuum (10�6 mbar) at room
temperature.

3. Results and discussion

Fig. 1a shows the photo-CELIV curves collected
in the case of a 30% MDMO-PPV:70% PCBM
active layer for various sdel. One can observe a
capacitance induced displacement current to which
is superimposed an extraction current [15–17]. This
latter disappears after 8 ls, indicating a complete
extraction of the charge carrier photogenerated.
The mobility of the carriers can be calculated
according to Eq. (2):

l ¼ 2:d2

3 � A � t2
max 1þ 0:36 Dj

jð0Þ

h i if Dj 6 jð0Þ ð2Þ

where d is the thickness of the device, A is the volt-
age rise speed, tmax is the time at the maximum Dj of
the extraction peak, and j(0) is the displacement cur-
rent of the capacitance. Using Eq. (2), we find a
mobility l = 1.9 · 10�4 cm2 V�1 s�1. Moreover, it
can be noted that the number of extracted charge



Fig. 1. Photo-CELIV curves for various delay times between the
light pulse and the extraction voltage ramp in the case of (a) a
30% MDMO-PPV:70% PCBM blend (A = 5 V/10 ls,
d = 155 nm) and (b) a 70% MDMO-PPV:30% PCBM blend
(A = 5 V/300 ls, d = 200 nm).
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carriers, that is the area under the extraction peak,
decreases with increasing delay time between the
light pulse and the beginning of the extraction. This
indicates that a recombination process takes place
during sdel, while flat-band condition is ensured in
the device thanks to the applied offset voltage.

Fig. 1b exhibits the photo-CELIV transients col-
lected in the case of a 70% MDMO-PPV:30%
PCBM active layer for various sdel. Although the
curves show qualitatively the same behavior than
in Fig. 1a, a quantitative analysis suggests major
differences. The application of Eq. (2) reveals that
the mobility of the charge carriers drastically
decreases with decreasing PCBM concentration: l
is found to be about 1 · 10�5 cm2 V�1 s�1. More-
over, long lived charges can still be extracted after
several hundreds of ls after the light pulse, what
suggests that the lifetime of the charges is consider-
ably enhanced compared to the situation displayed
in Fig. 1a, where all the carriers recombine within
less than 100 ls. Finally, a close observation reveals
that the shape of the photo-CELIV peak changes
from Fig. 1a and b. This shape can be numerically
analyzed by calculating the ratio t1/2/tmax, where
tmax is the time at the maximum of the peak, and
t1/2 is the width at half maximum of the extraction
peak [18]. In the case of ideal non-dispersive tran-
sients t1/2/tmax = 1.2, and this ratio increases with
increasing dispersivity. The value extracted for
Fig. 1a and b are 1.2 and 2.4, respectively. This
shows that the dispersive character of the transient
decreases with increasing PCBM concentration, as
observed by Pacios et al. in the case polyfluo-
rene:PCBM blends [19].

A more detailed investigation of the charge car-
rier mobility and decay versus blend composition
has been performed. Fig. 2 exhibits the time depen-
dence of the charge carrier mobility and the number
of charge carriers extracted. As a first observation,
one can note that, as mentioned above and reported
previously by several groups [9,10], the charge car-
rier mobility increases with increasing PCBM con-
centration, from 3 · 10�6 cm2 V�1 s�1 for the pure
MDMO-PPV to about 3 · 10�4 cm2 V�1 s�1 for
the 1:4 ratio (at sdel = 1 ls). Though the sign of
the charge carriers investigated with photo-CELIV
remains under debate, these values are believed to
be related to the slowest carriers [20], namely the
holes. These values are in close accordance to the
hole mobilities reported by Mihailetchi et al. [9].
Moreover, Fig. 2a indicates a slightly time depen-
dent mobility for almost all PCBM concentrations
studied. This phenomenon, already reported else-
where for 20% MDMO-PPV: 80% PCBM solar cell,
has been attributed to energy relaxation of the
charge carriers towards the tail states of the density
of states (DOS) distribution [20].

Fig. 2b shows the number of charge carriers
extracted versus the delay time between light pulse
and extraction. As illustrated in Fig. 1, n(t) drasti-
cally decreases with increasing time since the charge
carriers are forced to recombine in the device. The
saturation of the number of carriers extracted versus
light intensity (not shown here), observed for all
PCBM concentration suggests that the recombina-
tion kinetic is of bimolecular nature in the regime
studied. This bimolecular regime has been proposed



Fig. 3. Photo-CELIV mobility (l) of charge carriers, ‘‘effective’’
bimolecular lifetime (sB) of charge carriers, and (inset) product
l · sB versus MDMO-PPV:PCBM ratio.

Fig. 2. (a) Photo-CELIV mobility and (b) number of extracted
charge carriers versus delay time measured for different MDMO-
PPV:PCBM ratios. In (b), the solid lines are fits realized using Eq.
(5). The inset in (b) shows the evolution of c versus the
composition of the blend.
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to be of primary importance in the recombination
kinetics in solar cells in operation [21], especially
in situations close to the open circuit condition.

Moreover, Fig. 2b shows that for low PCBM
concentrations, the lifetime of the charge carriers
is much longer than for high PCBM concentrations.
In order to extract the value of the charge carriers
bimolecular lifetime, the n(t) data have been fitted
with a dispersive bimolecular recombination
dynamics model [20]: The observation of a time
dependent mobility during thermalization suggests
a time dependent bimolecular recombination rate

dn
dt
¼ dp

dt
¼ �bðtÞ � n � p; ð3Þ

where n and p are the concentration of electrons and
hole, respectively, and b(t) the time dependent
bimolecular recombination coefficient.
Assuming charge neutrality, and using the fol-
lowing functional form of b(t)

bðtÞ ¼ b0 � t�ð1�cÞ; ð4Þ
where b0 and c are time independent parameters,
Eq. (5) can be yielded:

nðtÞ ¼ pðtÞ ¼ nð0Þ
1þ ðt=sBÞc

: ð5Þ

sB, called the ‘‘effective’’ bimolecular lifetime, can be
expressed as follow:

sB ¼
c

nð0Þ � b0

� �1
c

ð6Þ

The fits to the decay data, displayed as solid lines in
Fig. 2b, show good agreement with the experimental
data. The values of c, extracted for each PCBM con-
centrations are found to evolves from 0.75 to 1 with
increasing PCBM concentration, indicating a transi-
tion form a dispersive to a non-dispersive regime, as
already noticed above. Finally l and sB extracted
for each concentration are shown in Fig. 3. While
the mobility clearly increases by two orders of
magnitude upon adding PCBM, the ‘‘effective’’
bimolecular lifetime decreases by the same factor,
evolving from about 100 ls to 2 ls. Interestingly,
these opposite evolutions induce a constant product
l · sB independent of the PCBM concentration, as
revealed in the inset of Fig. 3.

It has been previously reported that the bimolec-
ular recombination kinetics in PPV [22] and 20%
MDMO-PPV:80% PCBM [20] is of Langevin type
[23]. In this case, the Langevin bimolecular recombi-
nation coefficient bL in given by

bLðtÞ ¼ B � lðtÞ where B ¼ e=e � e0; ð7Þ
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e being the elementary charge, e the relative dielec-
tric constant of the semiconductor (3 in our case),
and e0 the permittivity of vacuum. In order to verify
the nature of the bimolecular recombination kinetic
observed in this study, we have fitted the n(t) data of
each PCBM concentration with Eq. (8). It should be
noted here that while Eq. (6) (used to fit the data in
Fig. 2b) supposes a bimolecular recombination
kinetic (Eq. (3)) with a power law decay of the
bimolecular recombination coefficient (Eq. (4)),
Eq. (8) results from the supposition of a purely
Langevin (Eq. (7)) bimolecular recombination ki-
netic (Eq. (3)):

nðtÞ ¼ nð0Þ
1þ nð0Þ � B �

R t
0 lðtÞ � dt

: ð8Þ

The results are exhibited in Fig. 4. It is visible that
accurate fits are achieved for all PCBM concentra-
tions with value of B comprised between 3 and
9 · 10�7 V cm that is very close to the theoretical
value of B = 6 · 10�7 V cm. This allows us to con-
clude that in all cases investigated here, the nature
of the bimolecular recombination kinetic is very
close to being Langevin. This conclusion is consis-
tent with the fact that the product l · sB is constant
for all PCBM concentrations. Indeed, surprisingly
the n(0) obtained by fitting the data in Fig. 2b are
found to be all very close, comprised between 3
and 8 · 1015 cm�3. Thus the variation of sB versus
PCBM concentration appears to be directly related
to the variation of the mobility (Eq. (7)), since n(0)
can be considered as almost constant.
Fig. 4. Number of extracted charge carriers versus delay time
measured for different MDMO-PPV:PCBM ratios and fitted with
Eq. (8). The values of B used in the fits are indicated for each
PCBM concentration. The values of the mobility used in Eq. (8)
have been numerically integrated from Fig. 2a.
Finally, the intriguing point of the constancy
of n(0) versus PCBM concentration has to be
addressed. As mentioned above, it is of common
knowledge that the short circuit current of a
MDMO-PPV:PCBM based solar cell is drastically
dependent on the PCBM content in the blend. Con-
trarily to one’s expectation, Fig. 2b shows that the
number of charge carriers collected during photo-
CELIV experiments does not obviously increase
with PCBM concentration, but rather fluctuates
within a factor 3. A rough estimation of the quan-
tum efficiency yields values by orders of magnitude
lower than that of a device in operation. This low
efficiency might arise from the fact that the device
is investigated in a bimolecular mode and that the
light intensity used is important: according to Eq.
(5), the number of extractable charges does saturate.
Lower light intensities would yield higher quantum
efficiencies. Moreover, Montanari et al. [14] have
shown that charge carrier decay studied by TAS
can be separated into two distinguished phases.
The fist one, 620 ns, is light intensity dependent
while the second one, extending to the ms range
was found to be light intensity independent above
a certain threshold. This second decay regime exhib-
ited a power law type behavior OD � ta, where OD
is the optical density of the device at a certain wave-
length, and a equals 0.4 in the case of MDMO-
PPV:PCBM blends, independently of the PCBM
concentration. This phenomenon was explained by
diffusion controlled recombination kinetic com-
bined with the presence of a mobility edge in the
PPV derivative [24]: when the number of charge car-
riers photo-created exceeds the number of available
localized states evaluated about 1017 cm�3 in
MDMO-PPV phase, charge carrier located above
the MDMO-PPV mobility edge can diffuse faster,
and therefore recombine faster (620 ns). Contrarily
to TAS data, the transient decays measured by
photo-CELIV do not follow a power law, and do
depend on the PCBM concentration. Moreover,
n(0) was found to fluctuate around 5 · 1015 cm�3,
that is abound 20 times less than the number of
localized states available in MDMO-PPV, as pro-
posed by Nelson. These differences might come
from the different nature of the charge carriers
probed by the two techniques: TAS is sensitive to
optically active carriers, while photo-CELIV detects
mobile charges able to contribute to an electrical
current. However, the time scale investigated by
photo-CELIV does correspond to the second decay
phase described by Nelson [24] what might explain
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why n(0) does not vary with PCBM concentration.
This leads us to the conclusion that, though
photo-CELIV transients allow us to investigate the
transport and recombination kinetics of long lived
charges, it does not give access to the very fast (ns
range) phenomena, which might be relevant for
the understanding of the device operation.
4. Conclusion

In conclusion, we have studied the transient
mobility, charge carrier recombination kinetic (in
the ls range) and charge carrier lifetime in
MDMO-PPV:PCBM blends by photo-CELIV. We
have observed that the charge carrier mobility
increases by two orders of magnitude with increas-
ing PCBM concentration, while the ‘‘effective’’
bimolecular lifetime of charge carriers decreases
drastically, as theoretically proposed by Mihailetchi
et al. Hence, the product mobility · lifetime of long
lived charge carriers is found to be independent of
the PCBM concentration. This effect is believed to
be induced by Langevin type bimolecular recombi-
nation, found to control the recombination kinetics
for all PCBM concentrations studied. Moreover,
the dispersive character of the photo-CELIV tran-
sient and of the recombination kinetics is found to
decrease with increasing PCBM concentration.
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Abstract

We investigate charge formation in bulk-heterojunction solar cells based on conjugated polymers in the form of alter-
nating polyfluorene copolymers and the methanofullerene PCBM. Using transient absorption spectroscopy we show that
optimal charge formation is obtained with 20–50 wt% PCBM. This is in contrast to the maximum short circuit current
density obtained at �80 wt% PCBM as determined by steady state current density–voltage characterization. Hence, we
show explicitly that the solar cell performance of these interpenetrating polymer networks containing PCBM is limited
by charge transport rather than by formation of charges.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The conversion of solar energy into electrical
energy using thin films of photovoltaic plastic has
showed great potential as a renewable energy source
[1]. Typical polymeric solar cells are based on inter-
penetrating polymer networks in which a photosen-
sitive hole-conducting polymer is combined with an
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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electron-conducting acceptor moiety [2,3]. The two
co-continuous phases create a bulk-heterojunction
in which photoinduced charge separation is highly
efficient and where charge transport can take place.
A common electron-conducting acceptor is the sol-
uble methanofullerene derivative [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) [4]. The forward
electron transfer from polymer to PCBM is very fast
[5] (�45 fs as measured by Brabec et al. [6]), and
generates a metastable charge separated state with
ls lifetime. The electron mobility of neat PCBM is
reported to be 2 · 10�3 cm2/V s [7], while that of
.
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Fig. 1. Absorption spectrum of neat APFO3 (solid), PCBM
(dot), APFO3:PCBM in the weight ratio 4:1 (dash dot), 1:1 (dash
dot dot) and 1:4 (dash). Inset shows the APFO3 repeat unit
(R = C8H17 indicating ‘octyl’ side-groups) and the PCBM
molecular structure.
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the conjugated polymer is typically an order of mag-
nitude lower. In bulk-heterojunctions these values
have a complex dependency on the relative PCBM
concentration and the morphology of the poly-
mer–fullerene blend, i.e. the degree of phase separa-
tion and percolation (see e.g. Ref [8]). Several
groups have reported power conversion efficiencies
(PCE) exceeding 2.5% under AM 1.5 solar illumina-
tion [9–11]. An interesting common denominator in
these bulk-heterojunction solar cells is a rather high
concentration of PCBM. Typically, the ratio of
polymer to PCBM is 1:4 by weight for optimal
PCE. This is observed in PPV derivatives [9,12] as
well as in polyfluorene [13,14] and polythiophene
[10] derivatives. In general, the highest PCE is a
compromise between charge formation and the elec-
tron and hole transport in the two compounds.
Both charge formation and charge transport are
assumed to be strongly influenced by the morphol-
ogy of the blend. In previous photocurrent experi-
ments [8] and device modelling [15] it has been
suggested that the efficiency is mostly limited by
charge transport.

Recent publications on bulk-heterojunction solar
cells based on P3HT:PCBM have shown that the
PCE can be increased up to 5% by annealing. Some-
what surprisingly the highest PCE was achieved
with relatively low PCBM concentrations of 0.8:1
[16,17] and 1:1 [18]. These results indicate that an
improvement of the transport properties by anneal-
ing in P3HT:PCBM leads to an optimal PCBM con-
centration that is significantly reduced as compared
to those reported in the past.

Here, we address the relative importance of
charge formation and charge transport for the over-
all performance of a polymer–fullerene bulk-hetero-
junction. Using femtosecond time-resolved
spectroscopy and steady state photocurrent mea-
surements, we show explicitly that a high concentra-
tion of PCBM is not favorable in terms of the
number of charges generated, and we give an esti-
mate for the optimal PCBM concentration in
bulk-heterojunctions based on alternating polyfluo-
rene copolymers.

2. Experimental

The experiments are based on the alternating
polyfluorene copolymer poly(2,7-(9-di-octyl-fluo-
rene)-alt-5,5-(4 0,7 0-di-2-thienyl-2 0,1 0,3 0-benzothi-
adiazole)) (APFO3) [19] in combination with
PCBM (see repeat unit of APFO3 and molecular
structure of PCBM in the inset of Fig. 1). The
APFO3 copolymer belongs to a new generation of
low-bandgap conjugated polymers with improved
overlap between the absorption spectrum and the
solar radiation spectrum [14,20]. For a detailed study
of APFO3, see Ref. [21]. Samples for optical charac-
terization, with APFO3:PCBM weight ratios 1:0,
4:1, 1:1 and 1:4 were fabricated by spin coating on
glass substrates from chloroform solutions. The sam-
ples were subsequently sealed to prevent photo deg-
radation. After the experiments, the samples were
opened and the film thickness was determined using
a standard profilometer. For electrical characteriza-
tion, the samples were spin-coated onto ITO sub-
strates and an Al electrode was evaporated (for
details see Ref. [20]). For transport measurements,
hole-only diodes were constructed by sandwiching
the active layer between ITO/PEDOT:PSS and pal-
ladium (Pd) electrodes. Transport parameters are
extracted from space charge limited current–voltage
characteristics of the hole only diodes, which is mea-
sured under dark condition. Measurement and trans-
port description details can be found in Ref. [22]. In
Fig. 1 the absorption spectra of neat APFO3, PCBM
and the APFO3:PCBM weight ratio 4:1, 1:1 and 1:4
are plotted. The absorbance is linearly scaled to a
film thickness of 100 nm for comparison. This simple
scaling approach is observed to be valid for the differ-
ent blend ratios and thickness used in this work. The
strong absorption below 400 nm in the 1:4 sample is
dominated by PCBM absorption, while the region
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above 500 nm is predominant absorption by
APFO3.

Time-resolved absorption experiments were per-
formed using a transient absorption spectrometer
with 120 fs pulses. The experimental setup was
based on a commercial 1 kHz Clark MXR CPA-
2001 femtosecond laser pumping two non-colinear
optical parametric amplifiers (NOPA) for genera-
tion of single color pump pulses and a broad probe
continuum. The excitation wavelength was 570 nm
corresponding to the red tail of the lowest absorp-
tion band of APFO3. The probe continuum covered
the spectral region from 550 nm to 750 nm. The
pump pulse was polarized at magic angle to the
probe polarization. To have approximately linear
optical excitation and thereby minimize the influ-
ence of bimolecular annihilation we limited the
pump intensity to �1014 ph/cm2/pulse.

Steady state photocurrent measurements were
performed under low intensity monochromatic light
illumination from a halogen lamp passing through a
monochromator with the intensity of 0.2 mW/cm2.
The wavelength chosen to illuminate the diodes
was the same as for the excitation pulse in the
time-resolved absorption experiments. The current
density–voltage measurements were carried out by
applying negative potential on the Al electrode
and positive potential on the ITO electrode. Photo-
current was measured using a Keithley 485 picoam-
meter. All fabrications and characterizations were
performed in an ambient environment without pro-
tective atmosphere.

3. Results and discussion

3.1. Charge generation

In Fig. 2 the transient absorption spectra of
APFO3:PCBM are shown for different concentra-
tion ratios. Here the raw data have been scaled to
a 100 nm thick film for direct comparison of the
spectra. The explicit scaling factor is given by the
ratio between the number of absorbed photons in
the measured film and in a corresponding film of
100 nm thickness, and is given by ð1–10�AscaledÞ=
ð1–10�AÞ, where A is the transient absorption of
the film at the excitation wavelength, and Ascaled =
A · 100 nm/d is the transient absorption at the exci-
tation wavelength for a corresponding 100 nm thick
film (d is the thickness of the measured film in nm).
We show the spectra at 0.5 ps and 466 ps pump–
probe delay. The upper panel shows the spectra of
neat APFO3 (1:0). Initially, the spectral features
are due to stimulated emission (SE) (centered at
700 nm) and photobleaching (PB) (centered at
580 nm). The excited state dynamics is found to be
non-exponential by fluorescence lifetime measure-
ments (data not shown), and can be approximated
by three decay components, where the major contri-
bution decays within 100 ps. Hence, at 466 ps the
excited state population is heavily reduced, such
that there is only a negligible SE contribution to



0 20 40 60 80
0.0

0.2

0.4

0.6

0.8

1.0

1.2

0

5

10

15

20

25

30

N
um

be
r 

of
 c

ha
rg

ed
 s

pe
ci

es
 (

au
)

 a
nd

 e
ffi

ci
en

cy
 (

au
)

PCBM concentration (wt.%)

P
ho

to
cu

rr
en

t d
en

si
ty

 (μ
A

/c
m

2 )

Fig. 3. Number of charged species generated (h), charge
formation efficiency (n), and the short circuit current density
JSC (d; dash). The data points are connected via an arbitrary
function.

238 K.G. Jespersen et al. / Organic Electronics 7 (2006) 235–242
the transient spectrum, and what is left is a long-
lived residual signal in the form of photoinduced
absorption (PA) together with a partly recovered
PB. When increasing the PCBM concentration
(the three lower panels), the amplitude of the
long-lived feature increases and a faster quenching
of the excited state is observed, which is correlated
with a faster formation of the long-lived PA feature.
This is seen in the early time spectra, in the 4:1 sam-
ple (second panel), the 0.5 ps spectrum indicates a
contribution from SE decay and PA formation at
700 nm, while for the 1:1 and 1:4 samples (third
and fourth panels), the 0.5 ps spectra are very simi-
lar to the long time spectra indicating that the major
part of the excited state is quenched within 0.5 ps.
The amplitude of the initial bleach for all PCBM
concentrations is approximately proportional to
the number of absorbed photons in the APFO3
compound. At the excitation wavelength used in
the experiments, the total absorbance is primarily
a result of absorption in APFO3 molecules. The
long-lived PA signal is considered to be due to
absorption from the polymer cation in the case of
the bulk-heterojunction, since PCBM is known to
be an effective electron scavenger. In neat copoly-
mer we believe that the long-lived PA signal is due
to charge-separated species. This is corroborated
by the fact that the PA signal is located at the same
spectral position as in the APFO3:PCBM blends.
Moreover, long-lived PA signals in the visible spec-
trum have been assigned to charge separated species
in other conjugated polymers (see e.g. Ref. [23]). In
the following we shall assume a linear correlation
between the long-lived PA amplitude and the num-
ber of generated charges in the case of
APFO3:PCBM and the number of charge-separated
species in the case of neat APFO3. This is valid since
we do not observe any significant spectral shifts that
could result in signal amplitude ‘moving’ out of the
detection window of the spectrometer.

In order to compare charge formation in samples
with different PCBM concentrations, we have
extracted (1) the efficiency of charge formation and
(2) the relative number of generated charges from
the amplitude of the long-lived PA. The charge for-
mation efficiency (1) is defined by the number of gen-
erated charges per absorbed photon in APFO3 and
is calculated from the raw data by dividing the
long-lived PA amplitude at 700 nm by the number
of absorbed photons at the excitation wavelength.
We note that the reflectivity is approximately the
same for samples of blend ratios 1:0, 1:4, and 0:1
at 570 nm, such that we may ignore deviations in
reflection loss for samples with different blend ratios.
The charge formation efficiency is plotted in Fig. 3
(–n–). It indicates that maximum efficiency is
obtained at a PCBM concentration close to
50 wt%. The relative number of generated charges
(2) in films of equal thickness is obtained from the
raw data by scaling the thickness to 100 nm as
described above (see spectra in Fig. 2). Thus, the rel-
ative number of charges formed in films of equal
thickness is given directly by the long-lived PA
amplitude at 700 nm. We note that the relative num-
ber of charges can be considered as an overall effi-
ciency that treats the sample as a whole including
glass substrate and active polymer. From Fig. 2 it
is seen that the low PCBM concentration (4:1) leads
to a final PA amplitude close to that of the 1:1 sam-
ple and clearly larger than the amplitude found in
the 1:4 sample. Hence, the total number of charges
generated is higher for samples 4:1 and 1:1 as com-
pared to the sample with the APFO3:PCBM weight
ratio 1:4. This interesting observation is also shown
in Fig. 3, where the amplitude (at 700 nm) of the
long-lived PA due to charges in samples of 100 nm
thickness is mapped against PCBM concentration
(–h–). The solid line connecting the data points is
chosen arbitrarily, however, the maximum number
of generated charges is expected to lie in the range
20–50 wt%. The reason for this is that a significant
‘loss’ in the form of photoluminescence is observed
at 20 wt% PCBM, while photoluminescence is effec-
tively quenched at 50 wt% PCBM (data not shown).
Furthermore, the charge formation efficiency curve
in Fig. 3 (–n–) indicates that photoinduced charge
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separation is more efficient at 50 wt% than at
20 wt%. Hence, we expect the maximum number of
charges to occur above 20 wt% PCBM.

3.2. Photocurrent collected in the devices

In general, the optimal PCBM concentration for
best solar cell performance should be seen as a com-
promise between the number of charge carriers gen-
erated in the polymer blend and the number of
PCBM molecules required to facilitate efficient
charge transport. Steady state photocurrent mea-
surements show that the best performance of
APFO3:PCBM solar cell devices was achieved in
the ratio of 1:4, which is in sharp contrast to the
results on photogeneration presented above. Photo-
current collected in the devices is mainly determined
by three processes: photon absorption, exciton dis-
sociation or charge generation, and charge carrier
collection.

We measured the photocurrent collected in
devices with different blend ratios as a function of
film thickness. The diodes were characterized under
monochromatic light at 570 nm, which is the same
wavelength as the excitation pulse in the time-
resolved absorption experiments. In Fig. 4 the short
circuit current density (Jsc) of APFO3:PCBM sam-
ples with composition ratios 4:1, 1:1, and 1:4 are dis-
played. The diodes with the ratios 4:1, 1:1, and 1:4
present very different behaviors. It shows that the
Jsc of the diodes with the ratio 4:1 and 1:1 decreases
with increasing thickness, which indicates that the
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transport property of the active-layer limits the
Jsc. Oppositely, it seems that the Jsc of the diodes
with the ratio 1:4 increases with increasing thickness
up to 255 nm, and thereafter decreases with the
thickness. The fact that Jsc has a maximum implies
that absorption limits Jsc at thinner active layers,
and transport becomes a limitation for Jsc at thicker
layers.

In order to make a comparison between the
charge generation results of the previous section
and the photocurrent density measurements pre-
sented above it must be taken into account that
the samples used in the electrical characterization
vary in thickness. That is, we consider the samples
with ratio 4:1, 1:1, and 1:4 having thickness 130–
160 nm, 150–170 nm, and 250–300 nm, respectively.
This could make a comparison with the charge gen-
eration results difficult. However, the absorption
spectra of the films with these varied thicknesses
all present comparable absorption at 570 nm (the
wavelength used in the time-resolved absorption
experiments) as seen in Fig. 5. Thus, a similar num-
ber of photons are absorbed by these specific films
of different PCBM concentrations.

If we compare the Jsc of those diodes (Fig. 4)
with similar absorption in Fig. 5, it is clear that
the diode of blend ratio 4:1 (130 nm) presents much
lower Jsc (�4 lA/cm2) than the diode 1:1 (175 nm)
(�21 lA/cm2), and 1:4 (280 nm) (�29 lA/cm2).
The current density is displayed in Fig. 3 for visual
comparison. It is seen that Jsc increases monotoni-
cally up to 80 wt% PCBM. Moreover, optimization
of the solar cell performance indicates that the high-
est current density is indeed found at a ratio close to
1:4, in good agreement with previous results on
solar cells based on other conjugated polymers
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and PCBM. This is significantly different to the
results on charge generation. A notable point is that
the small deviations in optical density for the spe-
cific films as seen in Fig. 5 are insufficient to account
for this difference.

The photocurrent peaks at higher PCBM concen-
trations as compared to charge generation. There-
fore, the fact that we observe a maximum charge
formation efficiency at �50 wt% and a maximum
number of charged species at 20–50 wt% PCBM,
while the short circuit current density peaks at
�80 wt% argues that the solar cell performance of
APFO3:PCBM is limited by charge transport rather
than by charge formation.

3.3. Transport properties of the devices

To understand the different results between
charge generation and photocurrent of the devices,
we need to take into account charge transport in
the active layer because the photocurrent collected
in the devices not only depends on the charge gener-
ation, but also the charge transport, that is, the
mobility. Charge transport properties in bulk-het-
erojunction solar cells are very sensitive to the mor-
phology of the active layer [17,18]. Björström et al
investigated the morphologies of the films with same
composition, but different stoichiometries (1:0, 1:1,
1:2, 1:3, and 1:4) using atomic force microscopy
[24,25]. AFM images presented little evidence for
phase separation in all blends. There were no pro-
nounced differences among those films with different
PCBM loadings. Fig. 6 presents the fill factors (FFs)
of the same devices with the section above. It is obvi-
ous that the FFs of the diodes show monotonic
increase with increasing PCBM concentration, irre-
spective of thickness. The FF of diodes 4:1 is between
0.23 and 0.27, for diode 1:1 it is 0.34 to 0.44, and for
diode 1:4 it is 0.63 and 0.72. This strongly suggests
that the transport properties are improved when
adding more PCBM. Therefore, the transport prop-
erty in the devices may be responsible for the devia-
tion of photocurrent and charge generation.

It is tempting to assign this limiting process to
electron transport in the PCBM phase since one
could imagine that a high concentration of PCBM
is required to facilitate efficient electron hopping.
However, it has been reported that not only does
electron mobility depend on PCBM concentration
but also hole mobility seems to be increasing with
PCBM concentration [26]. Tuladhar et al. found that
PCBM can support ambipolar transport, which can
explain the relative high PCBM to polymer ratio
needed in previous studies [27]. This is in very good,
keeping with the results on annealed P3HT:PCBM
mentioned in the introduction. Annealing of the
P3HT:PCBM blend results in self-organization
[18,28] creating domains of crystalline polymer
phase with high hole mobility. This reduces the role
of PCBM in hole transport in the annealed blend
and makes it possible to approach a lower and more
favorable PCBM concentration for the solar cell per-
formance. In this study we have measured the opti-
mal PCBM contents to be 20–50 wt% for the
APFO3:PCBM bulk-heterojunction using femtosec-
ond transient absorption spectroscopy, which is in
very good agreement with the optimal ratio of
1:0.8 (44 wt% PCBM) and 1:1 (50 wt% PCBM)
found in the annealed P3HT:PCBM solar cells.

In order to understand the influence of PCBM on
transport, we have investigated hole transport in
blend APFO3:PCBM films with weight ratio of
1:1, 1:3, 1:4, and 1:5, using the space charge limited
current–voltage characteristics of hole only diodes.
The variation of hole mobility with acceptor con-
centration is depicted in Fig. 7. The hole mobility
is enhanced as a consequence of varying PCBM
concentration from 50 to 83 wt.%. This confirms
that the large amount of PCBM content in polymer-
based solar cells results into facilitating charge
transport while charge generation is already com-
plete at a small PCBM concentration. The influence
of PCBM loading on hole mobility was also
observed in field effect transistors (FET) based on
the same blends [29].
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The above discussion suggests more precisely that
hole transport in the polymer phase is the perfor-
mance limiting process. It is well known that the elec-
tron mobility of PCBM is 1–2 orders of magnitude
larger than the hole mobility in most polymers, which
means that the bottleneck for charge transport is hole
mobility in polymer. The hole mobility increase when
adding more PCBM, which also means the better bal-
ance between hole and electron transport. This is
consistent with our observation from solar cells and
also supported by Rappaport et al. [30] who calcu-
lated that in order to obtain an ideal fill factor the
hole mobility in the polymer phase should increase
by two orders of magnitude compared to previous
non-annealed solar cells. In our work we find that
the fill factor is very sensitive to the PCBM concen-
tration; the more PCBM, the larger FF.

The transport limited performance in APFO3:
PCBM blends suggests that the power conversion
efficiency in APFO3:PCBM solar cells could be
increased if proper material processing leads to a
high hole mobility. Polyfluorenes are known to have
liquid crystalline phases with an enhanced hole
mobility [31]. If this phase can be obtained, either
by thermal treatment or by other means of process-
ing, it would result in an increase in the solar cell
performance of APFO3:PCBM. A high PCE solar
cell based on polyfluorene copolymers is attractive
since polyfluorenes are relatively stable against pho-
tochemical degradation, compared to other conju-
gated polymers.

4. Conclusion

In conclusion we have used time-resolved spec-
troscopy to show that charge formation in
APFO3:PCBM bulk-heterojunctions is optimal at
20–50 wt% PCBM concentration. On the other
hand, we found that Jsc is monotonically increasing
up to 80 wt% PCBM. This proves that charge for-
mation is not the performance limiting process.
On the contrary, the results show that a high PCBM
concentration is a requirement for maximum short
circuit current density and that charge transport is
limiting the performance of the investigated bulk-
heterojunction solar cell. The results indicate that
the high PCBM concentration needed in the best
performing APFO3:PCBM solar cells enhances the
effective hole transport in the blend. The solar cell
performance of the APFO3:PCBM blend is likely
to be increased by improving the hole transport in
the polymer phase.
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Abstract

Multilayer heterojunction photovoltaic cells were fabricated using a solution processable pentacene derivative as the
donor layer. Upon annealing of these devices, the open circuit voltage was found to gradually increase with temperature
up to 265 �C. Further improvement in the photovoltaic performance was achieved with the incorporation of mobile ions
into the donor material for concentrations of lithium triflate up to 1.4 mg/ml. Finally, after introducing an exciton block-
ing layer, an optimized white-light (100 mW/cm2) power conversion efficiency of 0.52% was achieved.
� 2006 Elsevier B.V. All rights reserved.

PACS: 85.60.�q; 72.40.+w
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1. Introduction

Pentacene is a thoroughly characterized proto-
typical organic semiconductor [1] and is well suited
for use as the donor material in organic photovoltaic
cells [2,3]. Work has been done to further improve
the already high charge carrier mobility in pentacene
by making changes at the molecular level. One
example is the work of Anthony et al., who function-
alize pentacene with silyl groups attached to the 6,
13 positions [4]. In doing so, the side groups disrupt
face-to-edge interactions of condensed phase penta-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.03.002

* Corresponding author. Tel.: +1 607 255 1956; fax: +1 607 255
2365.

E-mail address: ggm1@cornell.edu (G.G. Malliaras).
cene and decrease intermolecular carbon–carbon
spacing. In theory, an increase in p–p interaction
will improve mobility and give rise to band-like
transport [5]. Functionalization also significantly
improves the solubility in common organic solvents
and opens new routes to processing from solution.
Already, promising results for solution processed
thin film transistors have been obtained utilizing this
class of materials. Bottom-contact transistors of
pentacene derivatives yield mobilities of 0.17 cm2/
Vs, while anthradithiophene derivatives show mobil-
ities as high as 1.0 cm2/Vs [6].

The first reported use of pentacene in a solar cell
was by Yoo et al., with a calculated AM1.5 effi-
ciency of 1.5% in a double heterojunction configura-
tion [2]. Vacuum sublimed bi-layers consisting of an
.
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unsubstituted pentacene/fullerene heterojunction
achieve white-light power conversion efficiencies as
high as 1.07% [3]. Pentacene derivatives, in particu-
lar bis(triisopropylsilylethynyl)pentacenes (TIPS–
pentacene), should be able to replace pentacene in
such solar cells to yield comparable if not higher
efficiencies. Via fine tuning of the molecular struc-
ture, one can tailor the oxidation and reduction
potentials as well as the optical gap of acene deriv-
atives to provide optimal overlap with the solar
spectrum [7,8]. With an absorption onset of
750 nm, TIPS–pentacene absorbs approximately
50 nm further into the red than pentacene [5].
Another advantage of TIPS–pentacene stems from
a highest occupied molecular orbital (HOMO)
which is 280 meV lower than that of pentacene,
leading to a potentially larger open circuit voltage
(VOC). Additionally, TIPS–pentacene is a crystal
forming small molecule that retains a high charge
mobility when deposited from solution.

As a first step towards all-solution processable
organic solar cells from small molecules, we investi-
gate the viability of TIPS–pentacene as the donor
layer in bi- and tri-layer device configurations. We
show that thermal annealing of a bi-layer device
tends to enhance performance by steadily increasing
the VOC. X-ray diffraction scans as a function of
annealing temperature point to significant structural
changes taking place in TIPS–pentacene films; how-
ever, it appears that the behavior of the VOC does
not strongly depend upon the observed microstruc-
tural changes. We also report that mobile ions,
introduced in the solution deposited layer in the
form of lithium triflate (LiTF), significantly affect
the shunt resistance, fill factor, and short circuit cur-
rent (ISC). Lastly, TIPS–pentacene/C60 cells are sub-
ject to thermally induced damage to the acceptor
during the deposition of the cathode. As a conse-
quence, the performance of all cells fabricated here
increased with the addition of a thin bathrocuprine
(BCP) buffer layer.

2. Experimental

The pentacene derivatives were prepared as
reported in an earlier publication [4]. All other
chemicals were purchased from commercial suppli-
ers and used without further purification unless
otherwise noted. For X-ray measurements, thin
films of TIPS–pentacene were spin coated and
annealed for 1 min on a hot-plate in a nitrogen envi-
ronment. X-ray data were collected with both a
Bruker-AXS general area detector diffraction
system (GADDS) as well as a Scintag, Inc. theta–
theta diffractometer with a Cu-Ka2 source. Atomic
force microscopy images were taken in tapping
mode using a DI 3100 Dimension microscope.

Photovoltaic cells were fabricated on pre-pat-
terned indium tin oxide (ITO) coated glass plates
(Thin Film Devices, Anaheim, CA). The substrates
were cleaned in a deionized water bath followed
by a UV/O3 treatment. Poly(3,4-ethylenedioxythi-
ophene):poly(styrene sulfonate) (PEDOT:PSS) was
filtered and spin coated onto the ITO to give a
smooth, 80 nm thick film. To dry the PEDOT layer,
the samples were heated to 125 �C for 1 h and
allowed to cool under low vacuum overnight. Dis-
tilled toluene was added to crystals of TIPS–penta-
cene to form solutions of 20 mg/ml. Solutions were
stirred for a minimum of 1 h and filtered (0.2 lm)
immediately before forming films. When mobile
ions were used, LiTF and 4-tertbutylpyridine
(4TBP) were added to toluene, maintaining a fixed
weight ratio of LiTF to 4TBP at 1:1.83. After spin
coating a �70 nm thick layer of TIPS–pentacene,
30 nm of C60 were thermally deposited at a rate of
�0.2 Å/s in a high vacuum chamber (<10�6 Torr).
Next, 11 nm of BCP were deposited at a rate
(>4.0 Å/s) necessary to inhibit crystallization. A
100 nm silver cathode was deposited onto devices
containing BCP, otherwise the cathode included
�1 nm CsF capped with 40 nm of aluminum. The
testing apparatus consisted of a halogen lamp cali-
brated to 100 mW/cm2 with a Si photodiode cou-
pled to an integrating sphere. Current–voltage
sweeps were taken with a Keithley 237 controlled
with LabVIEW software. All fabrication and testing
was carried out in a nitrogen environment.

3. Results and discussion

In order to better understand microstructural
changes that occur during heating, we subjected
crystals of TIPS–pentacene to thermal gravimetric
analysis and amorphous films of TIPS–pentacene
to a thermal annealing sequence. To obtain amor-
phous films of TIPS–pentacene, standard spin
coated techniques can be used with a solvent of suf-
ficiently low boiling point, such as toluene. During
the spin coating procedure, solvent rapidly escapes
from the thin film to trap molecules in a meta-stable
phase. X-ray diffraction analysis in Fig. 1 confirms
the absence of crystallinity in the film after spin
coating. Room temperature X-ray traces of films
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annealed at higher temperatures show an onset of
crystallization between the temperatures of 100
and 150 �C. The angular position of the X-ray peaks
of the annealed crystalline films indicate a layer sep-
aration of 16.61 Å, in close agreement with 16.83 Å
measured by Anthony et al. [4]. A general area
detection X-ray scan (not shown) of crystallized
films shows no preferential orientation of the crys-
tallites. The intensity of diffracted X-rays increases
with increasing temperature, indicating an enhance-
ment of the crystal structure with each consecutive
annealing temperature. The scan at 300 �C indicates
that melting takes place between 250 and 300 �C.

Thermal annealing has been shown to signifi-
cantly enhance the photovoltaic performance of
organic solar cells [9,10]. Peumans et al., found that
when thin organic layers are physically confined
beneath a metal electrode, annealing-induced mor-
phological changes are particularly beneficial to
device performance [10]. Specifically, a 30% increase
in quantum efficiency was achieved by maintaining
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a smooth surface topography, while permitting the
formation of an interpenetrating bulk heterojunc-
tion. Mayer et al., addressed the increase in perfor-
mance with annealing in pentacene photovoltaics
[3]. An increase in shunt resistance and rectification
ratio was attributed to the elimination of micro-
scopic shorts, and an increase in JSC was explained
by an enhancement of the crystallinity of the
organic films.

In an annealing sequence similar to that carried
out for X-ray diffraction experiments, we measured
the effect of annealing on the performance of TIPS–
pentacene based photovoltaic cells. Fig. 2 shows a
plot of VOC and JSC after annealing for a typical
cell. Under white-light illumination, the VOC gradu-
ally increased with annealing temperature. An
increase was also observed for the JSC, but to a neg-
ligible extent in comparison to the unusually large
change in VOC. TIPS–pentacene has an amor-
phous-to-crystalline and a solid-to-liquid phase
transformation taking place over the temperature
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range for which the VOC was monitored. Transmis-
sion electron microscopy studies of TIPS–pentacene
films reveal mesoscale cracks that appear in uncon-
strained films at approximately 130 �C [11]. Atomic
force microscopy images of annealed films of TIPS–
pentacene show a tendency for micro-crystalline
domains to separate at the grain boundaries and
grow normal to the substrate to reduce their surface
area. Despite these abrupt changes in the micro-
structure of the film, we see a very smooth increase
in the VOC between 65 and 265 �C. One possible
explanation for the smooth increase in VOC is a
result of two-dimensional crystalline growth due
to confinement by the C60 layer and the aluminum
cathode during annealing. This will hinder the
surface roughening observed on unconfined TIPS–
pentacene films, and result in crystalline, yet contin-
uous films. Rough or discontinuous films cause the
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PEDOT:PSS/TIPS–pentacene/C60/BCP/Ag devices.
thermally evaporated electrode to form microscopic
shorts. By smoothing the layers of the device, and
eliminating these shorts, a large open circuit voltage
can be obtained. Indeed, the open circuit voltage is
shown to approach 900 mV, which is very high
value for small molecule-based solar cells [12].

Mobile ions have been shown to facilitate charge
injection at the electrode/organic interface [13,14].
Following previous work on hole transport materi-
als for dye-sensitized solar cells [15,16], LiTF was
dissolved in 4TBP and incorporated into the solu-
tion cast donor layer. By increasing the Li+ concen-
tration, Haque and colleagues found the JSC

increased by a factor of 10, and VOC decreased by
about 25% [17]. For concentrations of LiTF up to
an optimum, we also found the VOC to be relatively
unaffected by the presence of mobile ions. As shown
in Fig. 3c, we saw a slight enhancement (34%) in the
0.1 1 10
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short circuit current (JSC), peaking at a concentra-
tion of 1.42 mg/ml. Likewise, Fig. 3b shows that
the fill factor is increased by 33%. This increase in
performance is consistent with enhanced exciton
dissociation. In analogy to the electrodynamic
model [13], the ionic charge will redistribute to min-
imize an applied electric field within the TIPS–pen-
tacene layer. At short circuit conditions, the Fermi
levels of the metal electrodes align to establish a
built-in field that drives Li+ ions towards the anode
and the triflate ions towards the organic/organic
interface. This will result in a steep electric field at
the interface, which will sweep holes away from
the heterojunction and will increase JSC as well
as the fill factor by reducing recombination [18].
At higher ion concentrations, ion conduction
becomes increasing dominant as evidenced by the
drop in shunt resistance (Fig. 3a).

Many vacuum sublimed solar cells see a signifi-
cant increase in power conversion efficiency with
in inclusion of a large bandgap exciton blocking
layer (EBL). Puemans et al., used BCP to optimize
the internal optical field. It is also thought that
BCP prevents quenching of long lived excitons at
metal interfaces, leading to a decrease in charge
recombination [12]. An additional benefit of BCP
is that it might fill imperfections in the underlying
films and protect the active organic layers from
damage induced by thermally deposited top con-
tacts [19]. Consistent with previous work, an
increase in device performance was measured with
the inclusion of a 110 Å BCP layer between the
C60 and Ag cathode. The application of BCP in
TIPS–pentacene devices increased dark current rec-
tification ratio at ±1 V from 16 to 86, and the fill
factor from 0.30 to 0.42. The JSC increased from
0.02 mA/cm2 to 0.73 mA/cm2, and the VOC

increased from 220 mV to 335 mV.
With an optimized LiTF concentration of
1.4 mg/ml of and a 110 Å thick BCP layer, the best
cell produced a white-light power conversion effi-
ciency of 0.52%. Unfortunately, any attempts to
anneal such cells resulted in rapid degradation in
efficiency due to BCP crystallization and concomi-
tant delamination of the metal cathode. The I–V

characteristics in Fig. 4 show a JSC of 1.9 mA/
cm2, a VOC of 470 mV, a fill factor of 0.52, a recti-
fication ratio >103, and a series resistance under illu-
mination of 16 X cm2.

To continue to increase the efficiency of this sys-
tem we envision an exploration of changes to the
molecular structure of pentacene derivatives. It is
possible to synthesize pentacene derivatives with
ionization potentials greater than TIPS–pentacene
[7] which should further increase VOC. Similarly,
the bandgap of functionalized acenes can be altered
to absorb a larger portion of the solar spectrum [8].
Efforts are also underway to enhance the film-form-
ing characteristics of crystalline films by introducing
inert high molecular weight polymer binders. Addi-
tionally, blending with soluble acceptor molecules
might help optimize exciton dissociation. Despite
multiple attempts to form a bulk heterojunction
by blending TIPS–pentacene with soluble derivates
of C60, such devices did not show an appreciable
photovoltaic response. One possible explanation is
the formation of C60:TIPS–pentacene adducts with
energy levels that prevent exciton separation. By ste-
rically blocking reaction sites on the pentacene
backbone, adduct formation could be eliminated.

4. Conclusions

In conclusion, we have shown that TIPS–penta-
cene is a promising solution processable donor
material in organic heterojunction solar cells.
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Thermal annealing tends to monotonically increases
VOC in these cells without a corresponding loss in
JSC up to 265 �C. With the addition of mobile ions
the performance of the cells increased for LiTF con-
centrations up to 1.4 mg/ml. With the introduction
of an exciton blocking layer, the white-light power
conversion efficiency surpassed 0.5%. Through
molecular level engineering of pentacene deriva-
tives, higher efficiencies are likely in solar cells based
on solution processed small molecules.
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Abstract

The effect of different electrode combinations on conductance switching devices has been studied. A number of base
electrodes were chosen while the top electrode was kept the same. With a suitable electrode combination, we could observe
a large conductance switching (On/Off ratio = 107). Such a high ratio as compared to other electrode combinations has
been discussed in terms of reversible electrochemical changes of charge transfer complexes and change in conduction mech-
anism. The switching devices showed an associated memory effect for data-storage applications. We could ‘‘write’’ or
‘‘erase’’ a state and ‘‘read’’ it for many cycles. The high On/Off ratio was maintained at the ‘‘read’’ pulse of ‘‘write–
read–erase–read’’ sequence and also during long-time retention test. The results showed a novel route to select right elec-
trode combination for efficient conductance-switching devices.
� 2006 Elsevier B.V. All rights reserved.

PACS: 85.65.+h; 85.37.+q; 73.61.Ph; 72.80.Le

Keywords: Electrical bistability; Memory-switching devices; On/Off ratio; Data-storage applications; Molecular electronics
1. Introduction

The drive toward miniaturization of silicon-based
electronics has led scientists to work with organic
molecule based electronic and optoelectronic devices.
Apart from light-emitting diodes, field-effect tran-
sistors, sensors, photovoltaic devices, and complex
lasers [1–4], there are recent in-depth reports on volt-
age-induced switching phenomenon in conjugated
organics [5–10], which was first observed more than
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.03.004
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30 years ago [11,12]. Such switching phenomenon
can also lead to molecular scale memory elements
and logic gates.

In switching devices, two conducting states exist
at the same applied voltage. One can switch a state
to the other by applying a suitable voltage. The elec-
trical bistability has been explained in terms of a
number of possible mechanisms. The conducting
states observed in anthracene thin films [12] and in
structures based on Cr-doped inorganic thin oxide
films [13] were explained to be due to presence of
traps, which were filled under high fields leading to
high carrier mobility and filamentary condition. In
a complicated tri-layer structure, an additional layer
.
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Fig. 1. Typical I–V characteristics of an ITO/DDQ/Al device for
two voltage sweeps. Arrows show the direction of voltage sweep.
Inset shows the molecular structure of DDQ and voltage
dependence of On/Off ratio.

250 B. Mukherjee, A.J. Pal / Organic Electronics 7 (2006) 249–255
of metal nanoclusters was introduced between two
active organic layers to store charges and to provide
large On/Off ratio [10]. In copper– and cyanine–tetra-
cyanoquinodimethanide (Cu–TCNQ) complex based
devices, the proposed mechanism involved forma-
tion of charge transfer complex with metal ions, so
that a field induced solid-state reversible electro-
chemical reaction could take place. Recently, Yang’s
group [14] has shown bistability with Cu electrode
and proposed that switching occurred due to migra-
tion of Cu ions into the active organic material. By
controlling the concentration of Cu ions, it was
possible to switch the device to either of the states.
In these high-performing devices, where switching
mechanism is a bulk property, their miniaturization
to molecular scale is however restricted.

Though the contact of the metallic electrodes
with the organic films can often play a crucial role
in determining the current–voltage (I–V) character-
istics of the devices, a true molecular device can be
fabricated only in single layer switching devices. In
such devices, thickness can be aimed to reduce down
to molecular limit. By ensuring ohmic contact with
the molecule, molecular switching or molecular
memory will be possible and lead to true molecular
electronic devices.

The electrical bistability, which is due to confor-
mational changes and/or electroreduction of the
molecules, should be sensitive to the type of con-
tacts between the molecule and the metals. It is
hence important to know how the electrodes can
control the current levels of the two conducting
states. In this article, we aimed to study the effect
of the metal electrodes on switching mechanism of
a quinone derivative. We report the effect of differ-
ent electrode combinations on the electric field
induced switching and memory phenomenon for
data storage applications.

2. Experimental

The device fabrication procedure involved deposi-
tion of base electrode, e.g., silver (Ag), chromium
(Cr), and aluminum (Al), on thoroughly cleaned
glass substrate by thermal evaporation under vac-
uum (below 10�5 Torr). Width of the electrode strips
was 2 mm. In addition, indium tin oxide (ITO)
coated glass substrates, purchased from Optical Fil-
ters Limited, were used as another base electrode.
Active material chosen for the present work was
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),
whose molecular structure is shown in the inset of
Fig. 1. To avoid any formation of oxide layer over
the metallic electrodes, they are exposed to the
organic solution soon after the deposition process
was over. Chloroform solution of DDQ (2 mg/ml)
was spun on the electrode-coated glass substrates at
2000 rpm for 30 s. The thin films were annealed in
a vacuum oven (10�3 Torr) at 90 �C for 12 h. Thick-
ness of the active layer was around 80–100 nm. On
top of the annealed films, Al was vacuum-evaporated
from a tungsten filament basket. A mechanical shut-
ter protected the films from excess heat before and
after metal evaporation. A shadow mask used during
top electrode evaporation defined the active area of
the devices, which were 4 mm2.

The devices were kept in a shielded vacuum
chamber (10�3 Torr) at room temperature for 10 h
before a set of I–V characteristics was taken. For
each pair of electrodes, we have characterized at
least three devices. The I–Vs showed high degree
of reproducibility. The variation in current values
for a combination of electrodes was at least 10 times
lower than the difference due to change in electrode.
The I–V characteristics were recorded with a
Yokogawa 7651 dc source and a Keithley 486
picoammeter. In all the cases, bias was applied with
respect to the top Al electrode. Voltage was changed
in steps of 0.01 V and device current was measured
after 2 s, resulting in a scan speed of 5 mV/s. The dc
source coupled with fast switching transistors were
used to generate voltage pulse of different widths
and amplitudes, which were used to ‘‘write’’ or
‘‘erase’’ a state and consequently ‘‘read’’ the states
of different devices. Solartron 1260 Impedance Ana-
lyzer recorded the impedance characteristics of the
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devices in a parallel mode. The test voltage of the
analyzer was 100 mV rms. Open- and short-circuit
compensations were performed with standard nor-
malization procedure in order to minimize the effect
of any stray and wire capacitances. The measure-
ments were carried out with SMaRT software. Real
and imaginary parts of impedance, Z 0 and Z00,
respectively, of the devices were measured with
and without dc bias. The instruments were con-
trolled with a personal computer via a general-pur-
pose interface bus (GPIB).

3. Results and discussion

3.1. ITO/DDQ/Al switching devices

I–V characteristics of different devices based on
DDQ films were recorded by scanning applied volt-
age to different voltage amplitudes (VMax). In gen-
eral, voltage sweeps were carried out from 0 to
+VMax followed by +VMax to �VMax and finally
from �VMax to +VMax. A typical I–V for an ITO/
DDQ/Al device for the two sweep directions is
shown in Fig. 1. The plot distinctly displays pres-
ence of two conducting states at any voltage during
the two sweeps. When the voltage was swept from
+VMax to �VMax, the device exhibited its low-con-
ducting neutral state (Off-state). When bias
exceeded a critical amplitude above reduction
potential, the DDQ molecules were reduced and
the device underwent a transition from the low- to
a high-conducting state (On-state). The high-con-
ducting On-state persisted during the sweep from
�VMax to +VMax, showing a bistable nature of the
devices at any voltage. The device finally switched
off to its low-conducting state as the voltage
approached +VMax oxidizing the molecules to their
neutral state. When bias was looped for many times,
the electrochemical reaction processes also cycled
resulting in reproducible I–V characteristics.

The ratio between the On-state current and the
Off-state current at a particular voltage, the On/
Off ratio depended on the measured voltage (inset
of Fig. 1). The ratio ranged up to more than 3000
in devices with ITO and Al. The On/Off ratio also
depended on VMax and increased with increasing
VMax. The ratio increased from 200 to 3000 as VMax

ranged from 2 to 2.8 V. The dependence of On/Off
ratio on VMax suggests that the density of the
reduced species changes with VMax and can have a
role on the overall conductivity of a device. When
Off- and On-state currents for different VMaxs are
compared (Fig. 2) for an ITO/DDQ/Al device, we
find that the I–V characteristics for the Off-state
remained mostly identical. The characteristics for
the On-state show that the device current at a volt-
age was higher with increase in VMax. As VMax

increased, the density of high-conducting reduced
molecules in the device became more. This opened
up a number of percolating conducting channels
through the device and resulted in a higher level
of conductivity [15]. Finally at a sufficiently higher
voltage, the density reached saturation as evidenced
by invariant I–V characteristics with VMax ranging
from 2.5 to 2.8 V.

3.2. Electrode variation

The On/Off ratio can also be modulated by select-
ing different electrode combinations. We have varied
the base electrode and kept Al as the top electrode.
I–V characteristics of devices with four different elec-
trode combinations are shown in Fig. 3. The VMax

chosen for each of the cases was in the voltage range,
where I–V characteristics did not vary with VMax.
The characteristics were for both voltage sweep
directions. All the devices exhibited reproducible
switching behavior. The On/Off ratio varied between
300 in Al/Al case to 107 in Ag/Al combination. The
results in Fig. 3 show that the On-state current in the
device with Al as base electrode was lower by several
orders in magnitude as compared to other electrode
cases. This could be due to formation of alumi-
num oxide layer over Al electrode during DDQ
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deposition. Apart from the system with Ag elec-
trode, which is known to form a complex with
DDQ [16], the On-state current of a device depended
on the base metal’s work-function. This is due to the
fact that injected electrons electroreduce the mole-
cules to their high-conducting state [15]. The On-
state current (in the reverse bias) hence depended
on the work-function of the base electrode. The max-
imum On/Off ratio for ITO/DDQ/Al and Cr/DDQ/
Al devices were 3000 and 104, respectively. The vari-
ation of On/Off ratio with base electrode can be
explained in terms of energy band diagram. Since
the devices switch to a high-state in the reverse bias,
electrons that are injected from the base-electrode
electroreduce the DDQ molecules. The energy differ-
ence between metal Fermi level and lowest unoccu-
pied molecular orbital (LUMO) of DDQ (1.9 eV)
or the barrier height for electrons, which is less for
Cr (work function u = 4.5 eV) electrode than the
ITO (u = 4.7 eV) one, hence determined the On-state
current. This explains higher current with Cr as com-
pared to that with ITO as base electrode.

In devices based on Ag electrode, where switch-
ing to the high state occurred at a positive bias,
the high ratio at room temperature and in single
layer sandwich structures is itself of interest. The
key features for such a high On/Off ratio in Ag/
DDQ/Al devices are their low Off-state current
and high On-state current as compared to the other
devices. For Ag/DDQ/Al devices, the high On/Off
ratio can be attributed to the formation of charge
transfer salts between Ag and DDQ, which may
modify the highest occupied molecular orbital
(HOMO) and LUMO levels of DDQ. The changes
in HOMO and LUMO leading to lowering of band
gap would offer a low barrier height for charge
injection in the On-state and high barrier height in
the Off-state. Additionally, it could also lead to
switching in the forward bias direction.

Apart from barrier height, transport mechanisms
may also dictate On- and Off-state currents. We
have aimed to fit the I–V plots with different existing
models. Transport mechanism in devices based on
ITO, Cr, and Al was found to follow thermionic
emission model. Fig. 4 shows ln(I) versus V0.5 plots
for an ITO/DDQ/Al device in its On- and Off-
states. The plots seem to fit to two straight lines at
low- and high-voltage regimes. Such linearity sug-
gests that the conduction mechanism was domi-
nated by injection process in these devices. At
higher voltages, the plots for the Off- and On-states
fit with same slope, showing no change in dielectric
constant during conductance switching. The inter-
cept is however lower in the Off-state. This shows
that barrier height was higher for the Off-state than
that in the On-state.

For the Ag/DDQ/Al case, where On/Off ratio was
the highest, both of the I–V plots cannot be fitted
through thermionic emission model. The Off-state
current, shown in Fig. 5(a), exhibits an excellent fit
to the model. In the On-state, transport through
the device seems to obey Poole–Frankel model. In
Fig. 5(b), a plot of ln(I/V) versus V0.5 fits to a straight
line in the high voltage regime. Hence the conduction
process in the high-state is dominated by charge
transport through the bulk of the device. Thus the
conduction mechanism is different for the two types
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of devices. For devices with ITO, Cr, or Al as base
electrodes, current conduction is injection-limited in
both Off- and On-states. In Ag/DDQ/Al devices,
conduction is limited by carrier injection only in the
Off-state. After switching, it changed to a transport
dominated mechanism in the On-state for Ag/Al
based devices.

3.3. Impedance characteristics

The complex impedance of the devices at the On-
and Off-states were characterized using dielectric
spectroscopy. The advantages of dielectric measure-
ments are that it is sensitive to any electrical polar-
ization. The devices can also be modeled to an
equivalent circuit. The devices were first switched
to an Off- or On-state by suitable voltage pulse. Fre-
quency scans were made from 12 MHz to 1 Hz at
0 V dc bias. Real and imaginary parts of complex
impedance of the devices in their high- and low-con-
ducting states are plotted in Fig. 6 with frequency of
test voltage as the independent parameter. Such
plots, known as Cole–Cole plots show semicircular
arcs. The devices can hence be modeled to a parallel
combination of a resistor and a capacitor network.
The diameter of the semicircle, which represents
the bulk resistance of a device, shows a large change
in Ag/DDQ/Al device due to switching. For other
devices, however, the change is comparatively small.
The results hence show that the observed high On/
Off ratio in Ag/DDQ/Al devices is also due to large
change in bulk resistance. The dielectric properties
of the Ag/DDQ/Al device also showed a large
increase during the conductance transition. The
dielectric constant of the materials increased during
the switching. The capacitance of the device at low
frequencies increased from a few pF to about
10 nF during the transition. For other devices, the
change in capacitance was however small.

3.4. Memory phenomenon

We also have observed an associated memory
phenomenon in these switching devices. The active
material retained its high-conducting state till a
reverse bias erased it. Such a phenomenon can lead
to data-storage applications in these device struc-
tures. In the two panels of Fig. 7, we represent ran-
dom-access memory (RAM) and read-only memory
(ROM) applications of an Ag/DDQ/Al device. In
the upper panel, the two states were induced repeat-
edly by applying a suitable voltage pulse, and
probed by measuring device current under a small
voltage pulse. In a pristine structure, a 10 s 4 V pulse
was applied to ‘‘write’’ the high-conducting state.
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The state was probed after 10 s by measuring the cur-
rent under 0.8 V pulse (width = 2 s). The state was
‘‘read’’ once in 4 s for 30 times. A �4 V pulse was
then applied to ‘‘erase’’ the high-state and switched
to a low-one, which was again probed or ‘‘read’’ by
the same 0.8 V pulse. The ‘‘write–read–erase–read’’
sequence was repeated for many cycles. The current
under the probe voltage pulse for high- and the
low-conducting states had a ratio greater than 106.
Such a high On/Off ratio under continuous flip-flop
condition (RAM applications) is indeed very novel.
The figure clearly shows that the electrical bistability
of the device between two distinctly different states
could be repeatedly observed without any significant
device degradation.

Moreover, once the device was switched to either
of the states, it remained in the state for a prolonged
period of time. The retention ability of the device was
tested by switching it to either of the states by a suit-
able voltage pulse and probed the state by a series of
small voltage pulses. Lower panel of Fig. 7 demon-
strates the long run plot for an Ag/DDQ/Al device
for ROM applications. The device was switched to
high and low states by applying a voltage pulse of
4 and �4 V, respectively. The state of the device
was ‘‘read’’ by measuring current under 0.8 V pulse
for several hours. The probe current for the high-
conducting state was at least five orders in magnitude
higher as compared to the case when low-state was
probed. Also, there was no significant change in
probe current in each of the states even after 10 h.
The figure also shows the On/Off ratio (ratio between
the probe currents) with time. The two states were
clearly distinguishable after 10 h of continuous prob-
ing. The On/Off ratio also maintained a very high
and stable value of around 106 with no detectable
degradation. These ‘‘write–read–erase–read’’ cycles
and the durability test demonstrate that the devices
have the basic requirement necessary for binary
information storage and present the potential for
operation as non-volatile memory elements.

We have also observed multilevel memory in
these devices. Width of +4 V ‘‘write’’ voltage pulse
was varied from 1 to 20 s. After applying the
‘‘write’’ pulse to switch to different high-conducting
states, current was measured by scanning probe
voltage in the 0 to 1.5 V range (Fig. 8). The current
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under probe voltage depended on the width of
‘‘write’’ voltage pulse. Here, with increase in width
of ‘‘write’’-pulse, the density of high-conducting
molecules increased and resulted in different levels
of conductivity in the devices. When �4 V pulse
was used to ‘‘erase’’ the state, the probe current
remained independent of ‘‘erase’’ voltage pulse
width. The results show that different high conduc-
tivity levels can be introduced by applying ‘‘write’’
pulse of different widths and the states can be
‘‘read’’ for multilevel memory applications.

4. Conclusions

In conclusion, we have fabricated organic bistable
devices based on DDQ with a number of electrode
combinations. We have showed that appropriate
electrode combination could lead to a stable bistabil-
ity in conductance with a very high On/Off ratio. We
have shown that such a high On/Off ratio was due to
(1) lowering of injecting barrier height, (2) change in
conduction mechanism, and (3) decrease in bulk
resistance during conductance-switching. While the
low-state current was restricted by carrier injection,
conduction through the bulk of the device deter-
mined the current in the high-state. The devices
exhibited RAM and ROM applications for several
hours. The currents under probe voltage of ‘‘write–
read–erase–read’’ and retention sequences also
showed a high ratio between high- and low-conduct-
ing states. The results presented here shows that
DDQ molecules can be considered as a potential
candidate for molecular memory and logic elements
and switching ratio can be tuned if sandwiched
between appropriate electrode combination.
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J.L. Brédas, M. Lögdlund, W.R. Salaneck, Nature 397 (1999)
121.

[3] B. Crone, A. Dodabalapur, Y.Y. Lin, R.W. Filas, Z. Bao, A.
Laduca, R. Sarpeskar, H.E. Katz, W. Li, Nature 403 (2001)
521.

[4] F.M. Raymo, Adv. Mater. 14 (2002) 401.
[5] J. Chen, M.A. Reed, A.M. Rawlett, J.M. Tour, Science 286

(1999) 1550.
[6] C.P. Collier, G. Mattersteig, E.W. Wong, Y. Luo, K.

Beverly, J. Sampaio, F.M. Raymo, J.F. Stoddart, J.R.
Heath, Science 285 (1999) 391.

[7] Z.J. Donhauser, B.A. Mantooth, K.F. Kelly, L.A. Bumm,
J.D. Monnell, J.J. Stapleton, D.W. Price Jr., A.M. Rawlett,
D.L. Allara, J.M. Tour, P.S. Weiss, Science 292 (2001) 2303.

[8] J.M. Seminario, A.G. Zacarias, A.P. Derosa, J. Chem. Phys.
116 (2002) 1671.

[9] D.M. Taylor, C.A. Mills, J. Appl. Phys. 90 (2001) 306.
[10] L. Ma, J. Liu, S. Pyo, Y. Yang, Appl. Phys. Lett. 80 (2002) 362.
[11] S.R. Ovshinsky, Phys. Rev. Lett. 21 (1968) 1450.
[12] A.R. Elsharkawi, K.C. Kao, J. Phys. Chem. Solids 38 (1977) 95.
[13] A. Beck, J.G. Bednorz, Ch. Gerber, C. Rossel, D. Widmer,

Appl. Phys. Lett. 77 (2000) 139.
[14] L. Ma, Q. Xu, Y. Yang, Appl. Phys. Lett. 84 (2004) 4908.
[15] B. Mukherjee, A.J. Pal, Appl. Phys. Lett. 85 (2004) 2116.
[16] R.S. Potember, T.O. Poehler Jr., D.O. Cowan, U.S. Patent

4371883, February 1, 1983.



Organic Electronics 7 (2006) 256–260

www.elsevier.com/locate/orgel
High-mobility polymer thin-film transistors fabricated
by solvent-assisted drop-casting

Joonhyung Park, Sangwoon Lee, Hong H. Lee *

School of Chemical and Biological Engineering, Seoul National University, Seoul, 151-744, Republic of Korea

Received 10 January 2006; received in revised form 24 January 2006; accepted 16 March 2006
Available online 18 April 2006
Abstract

A solvent-assisted drop-casting technique is introduced for the active layer formation in fabricating polymer thin-film
transistors (TFTs). This method allows one to lower the rate of film formation (or deposition) of polymer semiconductor
and to use a higher temperature, both factors contributing to better ordering of the semiconducting polymer. A notable
increase in mobility results when the technique is applied to fabricating the polymer TFT. More important is the stability
of the device that the method provides.
� 2006 Elsevier B.V. All rights reserved.

PACS: 85.30.Tv; 73.61.Ph
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There has been a great deal of interest in organic
thin-film transistors (TFTs) recently because they
can be utilized for driving circuits of active matrix
display and flexible displays at low cost [1–4]. Both
small molecule organic semiconductors and conju-
gated polymers can be used for the active layer of
organic TFTs. The best performance has been
achieved with vacuum evaporated pentacene as
active layer and silicon dioxide as gate dielectric.
The carrier mobility is higher than 1 cm2 V�1 s�1,
which is comparable to that obtainable with hydro-
genated amorphous silicon [5,6].
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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Polymers have also been used as a semiconductor
or a gate dielectric [7–10]. Organic TFTs using poly-
mers show relatively poor device performance com-
pared to that of the devices using small molecule
organic semiconductors or inorganic dielectrics.
However, polymers allow solution processability in
the fabrication which is cost effective [11–13]. Vari-
ous processes have been studied, including ink-jet
printing, screen printing, and others [14–16].

In organic TFTs, the device performance is
mainly determined by the structural order of the
molecules in the organic semiconductor film. The
molecular structure can be controlled by synthesiz-
ing molecules that show optimal characteristics or
by controlling the process conditions. Annealing
process, for instance, has widely been used to con-
trol the molecular structure of the semiconductor
.
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Fig. 1. (a) Schematic cross section of P3HT TFT. (b) Schematic
illustration of solvent-assisted drop-casting process.
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film either by heating the substrate prior to the
deposition or by post-annealing of the deposited
film [17–28]. For a given material, it is known that
increasing the substrate temperature and/or lower-
ing the deposition rate usually improves the device
performance [29–31]. At higher substrate tempera-
ture, semiconductor molecules have higher mobility
on the surface and more easily move to the equilib-
rium position in the crystalline structure. When the
deposition rate is lower, the molecules have more
time to form an ordered crystalline structure. There-
fore, a higher temperature and a lower deposition
rate lead to a better ordering of the organic
semiconductor and thus a better performance. Our
motivation is that higher temperature and low depo-
sition rate, which was very effective for pentacene-
based TFT, could be applied to polymer-based
TFT.

For small molecule organic semiconductors such
as pentacene, the films are deposited by thermal
evaporation in high vacuum. Therefore, the sub-
strate temperature and the deposition rate can easily
be controlled by changing process parameters. When
polymer semiconductors are used for the active
layer, it is known that the deposition rate can be
slightly changed by using solvents with high boiling
points [25]. However, it is difficult to control both
the deposition rate and the temperature because of
solution-based processing. As the substrate tempera-
ture increases, so does the evaporation rate of the
solvent. Consequently, the deposition or film forma-
tion rate increases with increasing temperature,
when in fact a decrease in the deposition rate and
an increase in the temperature are desired.

In this article, we present a solvent-assisted drop-
casting method for forming a polymer semiconduc-
tor layer at elevated temperature, which also leads
to reduced deposition rate. Because of the addi-
tional solvent available during the drop-casting pro-
cess, the solvent evaporation rate could be lowered
even at the higher temperature, resulting in better
device performance. More importantly, failures in
device operation are significantly reduced and more
stable devices could be obtained.

The polymer TFTs fabricated in this work are of
bottom gate and top contact type, the device struc-
ture of which is shown in Fig. 1(a). Fig. 1(b) illus-
trates the equipment set-up for the solvent-assisted
drop-casting method, which is discussed in detail
shortly. To fabricate the device, glass substrates were
first cleaned and then aluminum was deposited
through a shadow mask by thermal evaporation to
define the gate electrode. Onto the gate electrode,
poly(2-hydroxyethyl methacrylate) (PHEMA) in
methanol was spin-coated for the gate dielectric
[10,32]. Onto this polymer gate dielectric, the active
layer of poly(3-hexylthiophene) (P3HT) in toluene
was coated by drop-casting. Toluene was selected
to minimize the deleterious effect of the solvent on
the polymer gate dielectric [10]. Finally, the source
and drain contacts were formed by thermal evapora-
tion of gold through a shadow mask. The channel
length and width were 120 lm and 3 mm,
respectively.

For the polymer TFTs fabricated, the carrier
mobility was determined from the following rela-
tionship in the saturation regime:

ID ¼
WCi

2L
leffðV G � V TÞ2; ð1Þ

where ID is the drain current, W and L are the chan-
nel width and length, respectively, leff is the effective
mobility, Ci is the capacitance per unit area, VG is
the gate voltage, and VT is the threshold voltage.
The saturation regime mobility was determined at
a drain–source voltage, VDS, of �60 V.

We fabricated devices by drop-casting of P3HT
solution at room temperature (25 �C) and 70 �C to
compare the drying time and its effects on device
performance. When the P3HT drop was dispensed
on the insulator layer at room temperature, it took
about 3 min for complete drying. When the sub-
strate was heated to 70 �C before the drop-casting
process, on the other hand, the drying was com-
pleted within 30 s. To compare the performance
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between the devices fabricated at the two tempera-
tures, the electrical characteristics were measured
for each device. The drain current–gate voltage
characteristics of the devices fabricated under differ-
ent conditions are shown in Fig. 2(a). It can clearly
be seen that the device fabricated at room tempera-
ture is superior in performance to that of the device
fabricated at 70 �C. The carrier mobility decreased
from 7.1 · 10�2 cm2 V�1 s�1 to 3.8 · 10�3 cm2

V�1 s�1 when the temperature was increased to
70 �C. It is known that the device with P3HT film
formed by drop-casting gives a better device perfor-
mance than that by spin-coating due to slower
growth of the semiconductor film and consequently
better ordering of the polymer [7,9,10]. At 70 �C, the
Fig. 2. Electrical characteristics of P3HT TFTs. (a) Electrical
transfer characteristics of the device with PHEMA gate dielectric
and P3HT active layer formed by drop-casting methods under
different conditions. (b) Electrical output characteristics of the
device with PHEMA gate dielectric and P3HT active layer
formed by solvent-assisted drop-casting at 70 �C. The gate
voltage varies between 0 and �60 V in steps of 10 V.
formation rate of the film was so high that the posi-
tive effect of the elevated temperature was not suffi-
cient enough to surmount the deleterious effect of
the fast growth of the film.

To overcome this problem, we introduced a sol-
vent-assisted drop-casting method. The fabrication
procedure is illustrated in Fig. 1(b). We devised a
small chamber that has a solvent reservoir inside.
The chamber was filled with the toluene vapor that
is used for the P3HT solution and as a result the sol-
vent drying was suppressed in the chamber due to
the high vapor pressure. To fabricate the devices,
we carried out drop-casting in the chamber and
the temperature was maintained at 70 �C. The sol-
vent drying was completed in 15 min, which is five
times longer than that of the drying at 25 �C even
at the higher temperature. We expect the process
time can be reduced by optimizing the process with
respect to the way the solvent vapor pressure is con-
trolled. The electrical characteristic of the device
fabricated in this way is also shown in Fig. 2(a).
The carrier mobility increased up to 1.2 · 10�1

cm2 V�1 s�1 when the solvent-assisted drop-casting
method was used at the elevated temperature. The
electrical output characteristics of the device are
shown in Fig. 2(b).

To understand the role of the increased drying
time and the higher temperature in improving the
device performance, we fabricated devices by the sol-
vent-assisted drop-casting method at room tempera-
ture. In this case, the drying time was also 15 min,
which is identical with that of the solvent-assisted
drop-casting process at 70 �C. We could obtain a
carrier mobility of 7.8 · 10�2 cm2 V�1 s�1, which is
slightly higher than that of the device fabricated by
normal drop-casting at the same temperature
(7.1 · 10�2 cm2 V�1 s�1). The result shows that the
device performance was not significantly improved
when only the deposition rate is decreased. There-
fore, the improvement in the device performance
by solvent-assisted drop-casting method at the
higher temperature is mainly due to the increased
mobility of the semiconductor molecules at the
elevated temperature. The device characteristics of
the TFTs for the four cases are summarized in
Table 1.

The solvent-assisted drop-casting method leads
not only to improved performance but more impor-
tantly to more stable device operation. When the
device is fabricated by the normal drop-casting
method, abnormal behavior in the electrical charac-
teristics is frequently observed. Examples of the



Table 1
Field-effect mobilities in saturation regime, threshold voltages,
and on/off ratios for various film formation methods

Mobility
(cm2 V�1 s�1)

Threshold
voltage (V)

On/off
ratio

25 �C, Drop-casting 7.1 · 10�2 �22 2 · 103

25 �C, Solvent-assisted
drop-casting

7.8 · 10�2 �20 2 · 103

70 �C, Drop-casting 3.8 · 10�3 �14 3 · 102

70 �C, Solvent-assisted
drop-casting

1.2 · 10�1 �24 4 · 103
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abnormal device characteristics are shown in
Fig. 3(a) and (b). When the drain–source voltage
or the gate voltage is varied, abrupt changes in the
drain current were observed. This abnormality was
not observed for all the devices fabricated, but for
some devices, it was.
Fig. 3. Examples of failure in electrical characteristics of P3HT
TFTs. Abnormal behavior in (a) electrical output characteristics
and (b) electrical transfer characteristics.
The pattern of the abnormal behavior is not reg-
ular but rather changes with each measurement even
with the same device. The mechanism of the failure
in electrical characteristics is not fully understood
yet, but it might be due to an intermittent contact
or the defects in the crystalline structure of the poly-
mer semiconductor film. To compare the stability
between the device fabricated by the normal drop-
casting and the solvent-assisted drop-casting, we
fabricated 50 devices for each case. With the normal
drop-casting method, the abnormal behavior in the
electrical performance was observed for 30% of all
the device fabricated. However, the failure ratio
was significantly reduced from 30% to 10% with
the solvent-assisted drop-casting method. The
improvement was observed regardless of the tem-
perature at which the solvent-assisted drop-casting
was performed. In contrast, the normal drop-cast-
ing at higher temperature led to higher failure ratio.
The improved stability can be attributed mainly to
more stable film formation during the active layer
deposition because all the process variables other
than the rate of film formation were kept identical.
Possible defect formation within the semiconductor
film or at the interface between layers could be
reduced by allowing sufficient time for the layer to
form a well-oriented ordered structure.

In summary, a solvent-assisted drop-casting tech-
nique has been introduced for forming the polymer
semiconductor layer in polymer TFTs. The method
is effective in increasing both the substrate tempera-
ture and the solvent drying time, both of which lead
to a better device performance. It has been found
that the substrate temperature plays a more impor-
tant role in improving the performance. The device
stability in operation, which is critical in any appli-
cation, could also be significantly improved with the
solvent-assisted drop-casting method. These results
suggest that less defects form in the polymer semi-
conductor film due to higher temperature and lower
deposition rate, which has been made possible by
the solvent-assisted drop-casting method.
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Abstract

The temperature and frequency dependence of the AC conductivity rac(x), the dielectric constant e 0(x) and the dielectric
loss e00(x) were studied on pellet samples of nickel phthalocyanine (NiPc) with evaporated ohmic Au electrodes in the fre-
quency range from 20 kHz to 10 MHz and within the temperature range from 303 to 600 K. The DC conductivity rdc has
also been measured in the considered range of temperature. Two temperatures – induced changes in the thermal activation
energy DE have been observed. For T 6 435 K, DE1 = 0.322 eV; for 435 K 6 T 6 525 K, DE2 = 0.497 eV; for T P 525 K,
DE3 = 0.703 eV. These variations in the activation energy were attributed to a partial phase transformation from a- to
b-NiPc phase and as a change from extrinsic to intrinsic conduction mechanism. The AC conductivity rac(x) showed
temperature independence and it has been found to vary with angular frequency as xs with the index s 6 1 suggesting a
hopping conduction mechanism at low temperatures and high frequency. At higher temperatures and lower frequencies
a free-band conduction mechanism was observed. Both the dielectric constant e 0(x) and the dielectric loss e00(x) increased
with temperature and decreased with frequency in the investigated ranges. Such characteristics, reveal that the tested organic
NiPc exists in the form of molecular dipoles which remain frozen at low temperature, whereas at higher temperatures, when
the dipoles attaining rotational freedom, the dielectric constant was found to decrease with increasing frequency and
increase with increasing temperature. The increase in the dielectric loss e00(x) with increasing temperature at low frequencies
can be understood in terms of an increase in DC conductivity.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Phthalocyanines are aromatic compounds having
semiconducting properties. Besides they are chemi-
cally stable and have dense colors; arising from an
intense absorption in the UV–VIS region of spectra,
.
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that make them suitable to be employed as dyes
and pigments in textile and paint industries. There
are more than 70 different phthalocyanine com-
plexes that can be obtained by replacing the two
hydrogen atoms at the center of the molecular
structure of metal-free phthalocyanine, H2Pc, mole-
cule [1]. Phthalocyanine compounds may have the
potential to be used as gas sensors [2–6], optical
data storage systems [7], solar cells [8,9], light emit-
ting diodes [10,11] and to generate various types of
switching devices [12]. In addition, zinc phthalocya-
nine, ZnPc, was employed in some medical applica-
tion due to its selective binding to tumor-selective
antibodies, and it has been used in the synthesis of
a novel compound appropriate in photodynamic
therapy of cancer [13,14]. The DC electrical proper-
ties of phthalocyanines have received the greatest
attention in both single crystal [15–17] and thin film
forms [18–20]. The AC electrical properties of metal
phthalocyanine have attracted several researchers
in the last decades, such as cobalt phthalocya-
nine, CoPc [21–24], copper phthalocyanine, CuPc
[25–27], zinc phthalocyanine, ZnPc [28,29], molyb-
denum phthalocyanine, MoPc [30] and nickel
phthalocyanine, NiPc [26,28]. AC measurements in
various phthalocyanines have generally shown an
r a xs dependence for low temperatures and high
frequencies, corresponding to hopping conduction.
At higher temperatures and lower frequencies free
– band conductivity with activation energy of a
few tenths of an electron volt is fairly common [31].

In the present work, we report on AC electrical
conductivity and the dielectric measurements of
NiPc in pellets form with evaporated Au electrodes.
Studies covered the frequency range from 20 kHz to
10 MHz and in the temperature range from 303 to
600 K. The DC conductivity has been measured in
the same temperature range to determine the pre-
dominant electrical conduction mechanism in nickel
phthalocyanine.

2. Experimental techniques

The nickel phthalocyanine (NiPc) powder used in
this study was obtained from Kodak, UK. The pel-
lets of NiPc were prepared (diameter 1 cm; thickness
�0.13 cm) by compressing the powder in a die under
a pressure �1.96 · 108 N m�2. The pellets were
sandwiched between two evaporated gold electrodes
which provide ohmic contacts to the phthalocya-
nines. The AC and DC conductivity measurements
were made in air in the temperature range from
303 to 600 K, using a temperature controller (model
TC-15 A) which can maintain constant temperature
within ±0.5 K. The AC measurements were mea-
sured in the frequency range from 20 kHz to
10 MHz using a Hewlett–Packard (model 4275A)
LCR bridge equipped with a three-terminal test
fixture to avoid any stray capacitance and minimize
the experimental error. The AC conductivity rac(x)
was calculated by using the relation; rtot(x) =
rac(x) + rdc, where rdc (DC conductivity) was mea-
sured using a Keithley electrometer (model 6512
programmable electrometer) in series with a stan-
dard regulated power supply. The dielectric constant
e 0 (real part of the dielectric constant) was calculated
using the relation: e 0 = Ct/e0a, where t is the disk
thickness, C is the capacitance of the sample, a is
the cross-sectional area and e0 is the permittivity of
free space. The dielectric loss e00 (imaginary part of
the dielectric constant) was calculated from the rela-
tion: e00 = e 0 tand, where (d = 90 � u), u is the phase
angle. The experimental error during the measure-
ments is ±2%.
3. Results and discussion

3.1. The frequency and temperature dependence

of conductivity

Fig. 1 demonstrates the measured total conduc-
tivity rtot(x) as a function of reciprocal temperature
at various frequencies, along with the DC conductiv-
ity rdc of NiPc sample. This figure reveals that, fre-
quency has a pronounced effect on rtot(x), while
there is no effect of temperature on it except at high
temperatures region. At low frequencies and high
temperatures the values of rtot(x) and rdc approach
each other. The DC curve shows an increase in the
conductivity starting from 303 K up to 345 K, fol-
lowed by a decrease in it with increasing temperature
from 345 K to 370 K. Above 370 K the DC conduc-
tivity increases again with increasing the tempera-
tures. This variation in the conductivity may be
caused by the oxygen exhaustion from the sample.
Similar behaviour has been observed in both thin
films and pressed pellets of H2Pc [32,33], in a-CuPc
thin films [34], in NiPc thin films [35] and in ZnPc
thin films [36]. These workers have ascribed this
behaviour to oxygen exhaustion too. Above 370 K,
the change of the DC conductivity with temperature
shows three regions associated with three activation
energies separated by two transition temperatures,
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Fig. 1. Temperature dependence of the measured total electrical conductivity rtot(x) at different frequencies and DC electrical
conductivity for NiPc sample.
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T1 = 435 K and T2 = 525 K. The activation energies
obtained from the slopes of the three straight line
segments using the well-known relationship [37]:

rdc ¼ r0 expð�DE=kT Þ; ð1Þ

where rdc is the DC conductivity at temperature T,
r0 is the pre-exponential factor, k is Boltzmann’s
constant and DE is the thermal activation energy.
For T 6 435 K, DE1 = 0.322 eV; for 435 K 6 T 6
525 K, DE2 = 0.497 eV; for T P 525 K, DE3 =
0.703 eV. Phthalocyanines exist in several crystalline
polymorphs, including the a-, b- and c-structures
[38]. Sharp [39] showed that in phthalocyanine com-
pounds, the a-form is converted to the b-form by
annealing in the temperature range of 473–573 K.
Hence in Fig. 1, region 1 for T 6 435 K may repre-
sents the a-form having thermal activation energy
DE1 = 0.322 eV; region 2 extending over the range
435 K 6 T 6 525 K may be related to the existing
of preferential orientation in the a-form prior to
the phase change associated with activation energy
DE2 = 0.497 eV. On passing through the second
transition temperature T P 525 K, we get region 3
which represents a smooth progression from the
a-phase to the b-phase having thermal activation
energy DE3 = 0.703 eV, while the transformation to
b-NiPc phase is completed at 623 K [40]. The change
in the activation energy could be interpreted as a
change from extrinsic to intrinsic conduction too.
The presence of extrinsic behaviour in phthalocya-
nine is attributed to the presence of energy states
above the valence band, and act as donors’ levels.
The presence of the energy states is confirmed by
the SCLC measurements [16,40]. The intrinsic con-
duction probably results from the removal of states.
Similar behaviour has also been observed in DC con-
ductivity measurements of both NiPc single crystals
[16] and thin films [35], which were considered to be
due to oxygen exhaustion and phase transformation
from a- to b-phase. Abdel-Malik et al. [16] attributed
the variation of the activation energy in b-NiPc
single crystals to a transition from an extrinsic to a
non-extrinsic conduction mechanism in a partially
compensated specimen.

To further check the decrease in the DC conduc-
tivity in the temperature range from 345 to 370 K,
we measured the conductivity of another NiPc sam-
ple and recycled the temperature of the sample
between room temperature and 385 K. Fig. 2 shows
the DC conductivity for temperature increasing up
to 385 K (curve A), followed by the characteristics
obtained with temperature decreasing down to room
temperature (curve B). The disappearance of the
conductivity peak during the decreasing temperature
measurements can be attributed to the oxygen
exhaustion from the sample during the heating cycle.
To ensure that the peak is not due to a hysteretic
effect or a phase transition, the sample was heated
again to 385 K. No peak was observed in the second
heating cycle, confirming the oxygen drain from the
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sample. Therefore it is apparent that annealing or
heating the sample to high temperature will stabilize
the electrical properties due to oxygen exhaustion
and structural changes [1,16,29,33–36,40].

Fig. 3 shows the AC conductivity rac(x),
obtained by subtracting the DC conductivity from
the measured total conductivity, as a function of
reciprocal temperature at various frequencies. This
figure depicts the temperature independence and
the frequency dependence of rac(x) in the investi-
gated temperature and frequency ranges; this means
that rac(x) is not thermally activated in this range of
temperature.

The frequency dependence of the AC conductiv-
ity for different temperatures is shown in Fig. 4. The
conductivity obeyed the power law [37]:
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racðxÞ ¼ Axs; ð2Þ

where A is a constant dependent on temperature, x
is the angular frequency and the exponent s denotes
the frequency dependence of rac(x).

As can be seen from Fig. 4, the conductivity shows
strong frequency dependence at low temperatures,
while at higher temperatures and low frequencies
the conductivity becomes less frequency dependent.
The index s in the present work was found to vary
with temperature, as can be seen from Fig. 5, where
it has values very close to unity at low temperatures,
while at high temperatures (T > 460 K) the index s

increases with increasing temperature reaching a
maximum value of 1.37 at T = 580 K.

It is apparent from the derived values of the
index s that the hopping conduction process as pro-
posed by Elliott [41] is applicable for the present low
temperatures case. In this model, hopping of carri-
ers is most likely to occur between adjacent localized
sites. Additionally, the AC conductivity is given by
the following equation [42]:

racðxÞ ¼ ðnp3=24ÞN 2xee0R6
x; ð3Þ
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where e is the dielectric constant of the material, e0

that of free space, N the concentration of localized
sites, n = 1 for single-electron hopping, n = 2 for
hopping of two electrons and Rx is the hopping dis-
tance at a given frequency; given by

Rx ¼
ne2

pee0½W M þ kT lnðxs0Þ�
; ð4Þ

where s0 is the effective relaxation time of approxi-
mately 10�13 s [42], e the electronic charge, k the
Boltzmann, s constant and WM is the energy required
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The frequency exponent s for this model is evaluated
as:

s ¼ 1� 6kT
W M þ ½kT lnðxs0Þ�

; ð5Þ

which, to a first approximation reduces to the sim-
ple expression:

s ¼ 1� b ¼ 1� 6kT
W M

; ð6Þ
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where the parameter b is small in comparison to
unity. It is worth mentioning here that the derived
values of the index s, particularly at low tempera-
tures approaches one, and is in good qualitative
agreement with the predicted value as proposed by
Elliott model.

At temperatures exceeding 460 K, the index s

behaviour reveals a free band conduction mecha-
nism as suggested by Vidadi et al. [43]. Such fre-
quency dependence is in reasonable agreement
with those observed for other phthalocyanines com-
pounds like CoPc [22,25], CuPc [25–27,43,44], H2Pc
[26,33], ZnPc [29,36], PbPc [25], NiPc [26,35] and
MgPc [43]. These researchers pointed out that for
low temperatures and high frequencies hopping
was believed to occur, and was mainly by free-band
conductivity with an activation energy of a few
tenths of an electron volt at higher temperatures
and lower frequencies.

3.2. Frequency and temperature dependence of the

dielectric properties

Figs. 6 and 7 show the temperature and the
frequency dependences of the dielectric constant
e 0(x). These figures indicate that the increase in the
dielectric constant e 0(x) with temperature is more
clear at lower frequencies, and a strong dielectric dis-
persion occurs at temperatures greater than 525 K.
The increase in the dielectric of the sample is due
300 350 400 450
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Fig. 8. Variation of the dielectric loss e00(x) with t
to the electric field which is accompanied by the
applied frequencies. Such field will cause some
ordering inside the sample as well as the formation
of an electric moment in the entire volume of the
dielectric and in each separate polarizing molecule.
The molecular dipoles in polar material cannot ori-
ent themselves at low temperature. When the tem-
perature rises the dipoles orientation is facilitated,
and this increases the dielectric constant e 0(x). In
slowly varying fields at low frequency, the dipoles
align themselves along the field direction and fully
contribute to the total polarization. As the frequency
is increased, the variation in the field become too
rapid for the molecular dipoles to follow, so that
their contribution to the polarization becomes less
with a measurable lag because of internal frictional
forces. The phase transformation from a- to b-phase
in phthalocyanine compounds is accompanied by a
gradual change of the electronic configuration inside
the sample [15]. So, the space charge polarization is
expected to give a drastic increase in e 0(x) around
525 K and is responsible for the behaviour of the
dielectric constant at different frequencies.

The variation in the dielectric loss e00(x) as a func-
tion of temperature and frequency is similar to that
for the dielectric constant e 0(x), this is clear from
Figs. 8 and 9. These figures illustrate that e00(x) exhi-
bit strong temperature dependence at higher temper-
atures and lower frequencies. There are two types
of polarization [45], deformational polarization
500 550 600
T (K)

emperature at different frequencies for NiPc.
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(electronic and ionic polarization) and relaxation
polarization (orientation and interfacial polariza-
tion). Electronic polarization is the displacement of
electrons with respect to the atomic nucleus, it can
be observed in all dielectrics and occur during a very
brief interval of time (�10�15 s). Ionic polarization is
the mutual displacement of ions forming a heteropo-
lar (ionic) molecule. It occurs during a short time
(10�13–10�12 s), which is longer than that of elec-
tronic polarization. The process of deformational
polarization is practically unaffected by the temper-
ature of the dielectric and is not connected with an
irreversible dissipation of energy. So, the samples
polarization here is not of the deformational type.
Orientational polarization is not only a direct
rotation of polar molecules under the action of an
electric field, but it is connected with the thermal
motion of molecules. So temperature must exert an
appreciable effect on the phenomenon of dipole
polarization. In fact, the rise in temperature and
the resulting drop in viscosity exert a double effect
on the amount of losses due to the friction of the
rotating dipoles: on one hand, the degree of dipole
orientation increases, and on the other hand, there
is a reduction in the energy require to overcome
the resistance of the viscous medium (internal fric-
tion of matter) when the dipole rotates through a
unit angle. Interfacial or space charge polarization
arises from the migration of electrons or ions over
distances of macroscopic magnitude. Some of these
charge carries may be trapped and accumulated at
the interfaces of different dielectrics; lattice defects,
impurity centers, voids, strains, or at electrode sur-
faces. So it distort the field and produce an apparent
increase in the dielectric loss e00(x) [46]. As distinct
from deformational polarization, relaxation polari-
zation requires a relatively long time and dissipates
electric energy which transforms into heat in a
dielectric, i.e., this energy causes dielectric losses.

Owing to Stevels [47], the origins of the dielectric
loss are conduction losses, dipole losses and vibra-
tional losses. As the temperature increases, the elec-
trical conduction losses increase which increases the
dielectric loss e00(x). A comparative study to the fol-
lowing equation [48]:

~eðxÞ ¼ e0ðxÞ � i½e00ðxÞ þ rdc=x�
¼ e0 1þ v0ðxÞ � i½v00ðxÞ þ rdc=e0x�f g; ð7Þ

where ~eðxÞ denotes the effective permittivity as mea-
sured by the instrument, v 0(x) and v00(x) are the real
and imaginary parts of the susceptibility of the
material medium itself, and rdc is the DC conductiv-
ity. The significance of the last term in the above
equation is that the DC conductivity makes a con-
tribution to the apparent dielectric loss measured
by a bridge or other instrument. This is not a true
dielectric response, since it is not accompanied by
any contribution to the real part of the permittivity
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and it arises because no instrument can distinguish
between true dielectric response which does not con-
tain rdc and the effective which does. To ascertain
the contribution of the DC conduction loss e00dc to
the dielectric dispersion; e00dc was calculated from
the above relation [48]:

e00dc ¼ rdc=e0x. ð8Þ
From Fig. 10 it has been observed that the DC

conduction loss is comparable to the observed loss
at a certain frequency (20 kHz). The DC conduction
loss e00dc is smaller than the observed loss e00(x) up to
a certain temperature 500 K, and after that e00dc dom-
inates over the observed dielectric loss e00(x).

It can be assumed that the increase in the dielec-
tric loss e00 (x) may be due to an increase in the DC
conductivity. Similar trend has been reported by
other workers [49,50].

4. Summary and conclusion

AC conductivity measurements have been carried
out on pellet samples of NiPc sandwiched between
two evaporated Au electrodes. The measurements
covered the temperature range of 303–600 K and fre-
quency range of 20 kHz to 10 MHz. The AC conduc-
tivity shows a strong frequency dependence and
temperature independence in the investigated
temperature and frequency ranges. It has been
observed that the AC conductivity vary with the
angular frequency as xs with index s 6 1 at low tem-
peratures, while at high temperatures the index s

increased with increasing temperature having a max-
imum value of 1.37 at 580 K. Such behaviour indi-
cating a hopping conduction mechanism at lower
temperatures and a band conduction mechanism
dominates at higher temperatures. The DC conduc-
tivity has also been measured in the considered range
of temperature. There is a decrease in the DC con-
ductivity in the temperature range from 345 K to
370 K, then after that started to increase once again.
This behaviour was attributed to drain of oxygen
molecules out of the sample during heating. This
phenomenon was not a hysteretic effect since the
peak disappeared in a second heating cycle. A partial
phase transformation from a- to b-phase in NiPc was
identified with the change in the thermal activation
energy DE from 0.497 eV to 0.703 eV around
525 K. The dielectric constant e 0(x) and the dielectric
loss e00(x) were found to decrease with increasing fre-
quency and increase with increasing temperature.
Such behaviour reveals that the tested organic NiPc
exists in the form of molecular dipoles. The phase
transformation from a- to b-phase in NiPc is accom-
panied by a gradual change of the electronic config-
uration which gives a drastic increase in e 0(x) around
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525 K. The increase in the dielectric loss e00(x)
with increasing the temperature at low frequencies
can be understood in terms of an increase in DC
conductivity.

In conclusion, the results of the present study are
qualitatively in good agreement with the results of
other phthalocyanine compounds. Despite of this
agreement, more research effort is seriously required
to fully understand the electrical behaviour of these
compounds due to their importance in science, tech-
nology and industry. The proposed study should
include more refine investigation of the compounds
that include a wider temperature and frequency
ranges.
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Abstract

Moisture is identified as the root cause of the hysteresis problem that can occur in the organic thin film transistor with a
polymer gate dielectric. The hysteresis problem can be eliminated by simply drying the dielectric layer sufficiently prior to
the deposition of semiconductor. The moisture effects are reversible such that the device output characteristics can be made
to change from moisture-affected to moisture-free state and then back to the original moisture-affected state. The extent of
hysteresis can be related to solubility parameter, a physical property unique to a polymer.
� 2006 Elsevier B.V. All rights reserved.
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Organic thin film transistors (OTFTs) have now
been utilized for various applications as in inte-
grated circuits [1,2], flat panel display [3], and chem-
ical vapor sensors [4,5]. While inorganic dielectrics
such as silicon oxides can be used for the thin film
transistor, polymer dielectrics have been explored
because of the advantages that the solution process-
ing with polymer can offer and the need for flexible
device applications. Of the polymer dielectrics
explored, the best dielectrics in terms of mobility
are poly(vinylphenol) (PVPh) [6] with pentacene
semiconductor and poly(2-hydroxyethyl methacry-
late) (PHEMA) [7] with poly(3-hexylthiophene)
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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(P3HT) semiconductor. The mobility obtainable
with these polymer dielectrics is fairly close to that
with silicon dioxide, i.e., about 0.1 cm2/V s for
the polymer dielectrics and about 0.4 cm2/V s for
SiO2.

One major hurdle in utilizing polymer dielectrics
for OTFTs is the hysteresis problem such an use of a
polymer dielectric presents. Peng et al. [8] found
that the exposure of the device in laboratory envi-
ronment led to huge leakage currents due to mois-
ture uptake when polyvinyl alcohol was used as
the dielectric. It is known [9] in silicon devices that
moisture, oxygen, or mobile charges cause hystere-
sis. In a recent study [10], a bilayer of dielectric
was used to remedy the hysteresis problem. One of
the findings in the study was that the hysteresis is
bulk-related rather than interface-related.
.
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Fig. 1. Typical hysteresis behavior of polymer gate dielectric in
MIS structure: (a) PMMA and (b) PVPh dielectric.
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In this article, we look into the major cause of the
hysteresis that can occur in OTFT when a polymer
gate dielectric is used and investigate annealing
effects on the hysteresis. We also relate a measure
of the extent of hysteresis to a physical parameter
unique to a given polymer dielectric. Metal–insula-
tor–semiconductor (MIS) structure and pentacene
OTFT are used for the investigation.

A literature survey of polymer gate dielectrics
reveals that in general, the device with hydrophilic
polymer dielectric tends to exhibit hysteresis in cur-
rent–voltage (I–V) and capacitance–voltage (C–V)
outputs whereas the device with hydrophobic poly-
mer dielectric does not in many cases. It should be
noted in this regard that the device even with hydro-
phobic dielectric does show hysteresis as in a self-
assembled monolayer [11]. This revelation has led
us to investigate the moisture effects on the device
behavior.

The hysteresis is well revealed by capacitance–
voltage (C–V) output. Therefore, MIS structure
was fabricated to obtain C–V outputs for various
polymer dielectrics. For the fabrication, aluminum
layer was deposited on a cleaned glass substrate by
thermal evaporation in a vacuum of 5.0 · 10�6 Torr,
onto which a polymer dielectric was spin coated.
Pentacene was then deposited by thermal evapora-
tion to a thickness of 100 nm. Gold electrode
70 nm thick was defined by thermal deposition
through a shadow mask. Dynamic C–V measure-
ments were made with the MIS capacitor from
�40 V to +40 V at a frequency of 100 kHz.

A stark contrast is shown in Fig. 1 between the
capacitor with poly(methyl methacrylate) (PMMA)
dielectric and that with poly(vinylphenol) (PVPh):
no hysteresis with PMMA but a large hysteresis
with PVPh. To investigate the hysteresis behavior,
C–V measurements were also made with several
other polymer dielectrics and the results are summa-
rized in Table 1. The half width at the mid-capaci-
tance (HWMC) (refer to Fig. 1b) was taken as a
measure of the extent of hysteresis and this value
is given in the last column of Table 1 for each of
six polymer dielectrics tested. The higher the value
of HWMC is, therefore, the lager the extent of hys-
teresis is. Also given in the next to the last column of
the table is the solubility parameter for each of the
polymers. With water as the reference, for which
the solubility parameter is 47.8 (MPa)1/2, the closer
the solubility parameter of a polymer is to that of
water, the more easily the polymer dissolves in
water. Also given in the table are the molecular
weight (Mw), the polymer solution concentration
(C), the solvent used for spin coating, and the poly-
mer film thickness (T).

There are two conclusions that can be made from
Table 1. One is that the extent of hysteresis is small
when a non-polar, organic solvent is used when
compared with polar solvent. The other is that the
solubility parameter is a trend indicator of the
extent of hysteresis: a larger solubility parameter
of polymer leads to a larger HWMC or a larger
extent of hysteresis. The fact that the affinity of
polymer dielectric to water can be related to the
extent of hysteresis motivated us to look into the
effects that the annealing of the gate polymer dielec-
tric has on the device characteristics.

For the investigation, top-contact pentacene
TFTs were fabricated with polymer gate dielectrics
of PVPh and PMMA. Pentacene TFTs were first
fabricated according to the usual procedure for
them to be used as reference devices. To investigate
the annealing effects, the PVPh dielectric layer was



Table 1
Extent of hysteresis for each of six polymer dielectrics tested: poly(methyl methacrylate) (PMMA), polystyrene (PS), poly(vinylacetate)
(PVAc), poly(hydroxyethyl methacrylate) (PHEMA), poly(vinylphenol) (PVPh), poly(vinylalcohol) (PVA)

Polymer Mw C (wt%)/solvent T(nm) d (MPa)1/2 HWMC (V)

PMMA 300,000 10/toluene 940 18.2 0.5
PS 500,000 6/toluene 600 17.5 0
PVAc 500,000 5/toluene 450 19.2 2
PVPh 20,000 10/isopropanol 650 23.9 16.5
PHEMA 300,000 11/methanol 700 26.9 12
PVA 90,000 6/water 300 25.8 16.5

Solubility parameters of PVPh and PHEMA are from Refs. [13,14], respectively, and the rest from Ref. [12]. The solubility parameter of
water is 47.8 (MPa)1/2.
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annealed at 120 �C (glass transition temperature of
PVPh: 150–180 �C) in a high vacuum for an hour
prior to pentacene deposition, which will be simply
termed ‘‘annealing’’ henceforth. The electrical char-
acteristics obtained with the devices are shown in
Fig. 2(a)–(c) for the PVPh dielectric. Shown in the
lower part of Fig. 2(a) for the reference device is
the square root of the drain current ðI1=2

D Þ plotted
against the gate voltage (VG) scanned from +10 V
to �80 V (forward scan) and then from �80 to
+10 (backward scan) with a fixed source–drain volt-
age (VSD) at �80 V. The hysteresis in the I–V curve
is quite apparent. Given in the upper part of
Fig. 2(a) is the drain current plotted against VSD

at a fixed VG of �80 V. The upper curve was
obtained by charging at a gate bias of �80 V for
an hour and then scanning backward. The discrep-
ancy in the saturation current shown in Fig. 2(a)
between the VG scan and the VSD scan is another
indicator of the hysteresis. The characteristics of
the device made with annealed dielectric, shown in
Fig. 2(b), reveal that the hysteresis is completely
removed as a result of the annealing. Annealing at
120 �C in a high vacuum for 1 h should be sufficient
enough for removing the moisture in the dielectric
layer. This result is a clear evidence that moisture
in the dielectric layer is responsible for the hystere-
sis. To investigate further the moisture effects, the
annealed PVPh dielectric layer was exposed to the
moisture at a relative humidity of 80% in Ar gas
for 12 h prior to pentacene deposition, which will
be simply termed ‘‘moisture-exposed’’ henceforth.
The electrical characteristics of the device thus fab-
ricated are shown in Fig. 2(c). It can be seen that the
hysteresis appears again as a result of the exposure
to moisture. In fact, the hysteresis problem is worse
than with the reference device, which is a confirma-
tion that moisture is at the root of the hysteresis
problem. Note in this regard that annealing did
not cause any noticeable change in the morphology.
Although not shown, the reference device made
with PMMA dielectric did not exhibit any hysteresis
and there was no discrepancy in the saturation cur-
rent. When the dielectric was exposed to moisture in
the same way as for the PVPh dielectric, there was
no hysteresis in I–V characteristics but some dis-
crepancy in the saturation current.

To further confirm that moisture is at the root of
the hysteresis, we set out to check whether the mois-
ture effects are reversible. The results are shown in
Fig. 3 in the form of I1=2

D vs VG. The curve given by
open rectangles represents the I1=2

D vs VG curve for
the reference device with PVPh dielectric that was
obtained by sweeping from +10 V to �80 V. When
the dielectric layer was annealed, the I1=2

D vs VG curve
shifted upward as indicated by the pointer 1. When
this annealed dielectric layer was then exposed to
moisture, the curve shifted downward as shown by
the pointer 2. To show reversibility, this exposed
dielectric layer was annealed again and as the pointer
3 indicates, the I1=2

D vs VG curve shifted upward to the
original moisture-exposed curve. The effective
mobility, leff, can be determined from:

jIDj ¼
1

2
leff Ci

W
L
ðV G � V TÞ2 ð1Þ

where W and L are the channel width (3 mm) and
length (130 lm), respectively, Ci is the insulator
capacitance, and VT is the threshold voltage. The
mobilities thus determined show that the moisture
effects are not significant. The mobilities for the de-
vice with annealed dielectric, the reference device
and that with the moisture-exposed dielectric are
1.2 · 10�1, 0.96 · 10�1 and 0.85 · 10�1 cm2/V s,
respectively.

As indicated earlier, there was a finding [10]
that the hysteresis is bulk-related rather than inter-
face-related. To further confirm the finding, we



Fig. 3. I1=2
D vs VG characteristics, showing the reversibility of

moisture effects. Pointer 1 shows the change when the reference
device was annealed, pointer 2 the change when the annealed
device was exposed to moisture and pointer 3 the change when
the exposed device was annealed again.

Fig. 2. I–V characteristics of Pentacene OTFT with PVPh gate
dielectric: (a) a reference OTFT, (b) OTFT annealed 120 �C for
an hour, (c) OTFT exposed to moisture for 12 h.
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fabricated a double layer dielectric device, in which
a relatively thick PVPh layer (10 wt%) was first
formed on the gate followed by the formation of rel-
atively thin PMMA layer (4 wt%) on the thick
PVPh layer such that PMMA is in contact with pen-
tacene. When compared with a single PVPh dielec-
tric device, the extent of hysteresis was found to
be larger. If the moisture charge traps at the semi-
conductor–dielectric interface were responsible for
the hysteresis, the device with the double dielectric
layer should not have any hysteresis since the device
with a single PMMA dielectric does not show any
hysteresis. Because of the presence of the top
PMMA layer in the double layer dielectric, less
moisture will evaporate in the course of pentacene
deposition under high vacuum from the PVPh layer
capped with the PMMA layer than from the bare
PVPh layer. Therefore, the moisture concentration
in the underlying PVPh layer is larger than that in
a single PVPh layer, which led to a larger hysteresis.

Several evidences have been obtained that sup-
port the argument that moisture is at the root of
the hysteresis. The most evident is that the hysteresis
disappears upon annealing or sufficient drying.
Another is the reversibility of moisture effects. When
an annealed device, which does not show the hyster-
esis, is exposed to moisture and then it is annealed
again, the hysteresis disappears again and the I–V

characteristics are the same as those of the device ini-
tially annealed. Yet another is that the hysteresis is
bulk-related rather than interface-related. Lastly,
there are evidences that a hydrophobic polymer
dielectric does not lead to the hysteresis, which can
be explained by the fact that such a polymer repels
moisture. There is a question, however, as to the
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extent of the hydrophobicity. In term of solubility
parameter, a polymer is more hydrophobic when
its solubility parameter is further away from the sol-
ubility parameter of water. If the results in Table 1
are any indication, a polymer gate dielectric would
not lead to any significant hysteresis when its solubil-
ity parameter is less than, say, 18 (MPa)1/2.

In summary, we have shown that moisture is at
the root of the hysteresis problem that can arise
when a polymer gate dielectric is used for OTFT.
The hysteresis can be completely removed by suffi-
ciently drying the dielectric layer or annealing. The
moisture effects are reversible in terms of presence/
absence of hysteresis and I1=2

D –V G characteristics
such that one can go from moisture-affected state
to moisture-free state and backward without affect-
ing the characteristics. For an OTFT with a polymer
gate dielectric, the smaller the solubility parameter
of the polymer is, the more the device is free from
the hysteresis problem. For such an OTFT, the
device may be considered free of the hysteresis prob-
lem if the solubility parameter of the polymer is less
than 18 (MPa)1/2.
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Abstract

The influence of substrate treatment with self-assembled monolayers and thermal annealing was analysed by electrical
and structural measurements on field-effect transistors (FETs) and metal–insulator–semiconductor (MIS) diodes using
poly(3-hexylthiophene) (P3HT) as a semiconducting polymer and Si/SiO2 wafers as a substrate.

It is found that surface treatment using silanising agents like hexamethyldisilazane (HMDS) and octadecyltrichlorosi-
lane (OTS) can increase the field-effect mobility by up to a factor of 50, reaching values in saturation of more than
4 · 10�2 cm2/V s at room temperature. While there is a clear correlation between the obtained field-effect mobility and
the contact angle of water on the treated substrates, X-ray diffraction and capacitance measurements on MIS diodes show
that structural and electrical properties in the bulk of the P3HT films are not influenced by the surface treatment. On the
other hand, thermal annealing is found to cause an increase of grain size, bulk relaxation frequency and thereby of the
mobility perpendicular to the SiO2/P3HT interface, but has very little influence on the field-effect mobility. Temperature
dependent investigations on MIS diodes and FETs show that the transport perpendicular to the substrate plane is ther-
mally activated and can be described by hopping in a Gaussian density of states, whereas the field-effect mobility in the
substrate plane is almost temperature independent over a wide range. Thus, our investigations reveal significant differences
between interface and bulk transport properties in polymer field-effect devices.
� 2006 Elsevier B.V. All rights reserved.

PACS: 61.41.+e; 61.10.Eq; 72.80.Le; 73.61.Ph; 82.35.Gh

Keywords: Organic transistor; MIS diode; Self-assembled monolayer; Polythiophene; P3HT
1. Introduction

In recent years conjugated polymers have gained
increasing interest as active materials in organic
electronics. Their wide range of chemical variability
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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in combination with low-cost solution processing
make them attractive candidates for the fabrication
of electronic devices such as light-emitting diodes
(LEDs), photovoltaic cells (PVCs) and field-effect
transistors (FETs) [1,2]. For the latter, high field-
effect mobility is required and this is usually associ-
ated with high degree of structural order of the
films. Poly(alkylthiophenes) have proven to be very
promising candidates to achieve this goal. Charge
.
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carrier mobility as high as 0.1 cm2/V s has been
reported in regioregular poly(3-hexylthiophene)
(rr-P3HT) [3], its structure being shown in Fig. 1.

In field-effect transistors the charge transport in
the active channel is restricted to a few monolayers
close to the interface [4], so it is to be expected that
the surface treatment of the underlying substrate
has a strong influence on the charge carrier mobility
of P3HT FETs [5]. Another issue that comes into
play is the anisotropy of charge carrier transport
in polymeric field-effect devices. The regular
arrangement of the alkane side groups promotes
the formation of a lamellar stacking of the polymer
chains with good p-orbital overlap between neigh-
bouring chains. This orientation is expected to
result in anisotropy of the mobility in the parallel
and perpendicular direction with respect to the sub-
strate. From the comparison of MIS diodes and
FET data Scheinert et al. [6,7] and our group [8]
have suggested that the charge carrier mobility in
the substrate plane and perpendicular to it may dif-
fer by up to four orders of magnitude. Contrarily,
Tanase et al. [9] have shown that differences between
the values of the field-effect mobility and the values
obtained from space-charge limited currents in
diode structures is due to a charge carrier density
dependence of the mobility in disordered hopping
systems. In amorphous films of OC1C10-PPV and
P3HT having field-effect mobility in the range
10�5 to 10�4 cm2/V s, at room temperature, no evi-
dence for a pronounced anisotropy of charge carrier
transport was found.

In this paper we will demonstrate that by suitable
substrate treatment the field-effect mobility of P3HT
can be varied over a wide range whereby the surface
energy of the Si/SiO2 substrate will turn out to be
S
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Fig. 1. (a) Device structure of MIS diode and field-effect
transistor. (b) Chemical structure of regioregular poly-(3-
hexylthiophene).
the decisive control parameter. We will further show
that by silanisation highly ordered films with field-
effect mobility approaching 0.1 cm2/V s can be
achieved in which the mobility in the substrate plane
and perpendicular to it is strongly anisotropic.

2. Experimental

2.1. Sample preparation

The substrates used in this work were highly
p-doped Si wafers (1–5 mX cm) with high quality,
thermally grown oxide as the gate insulator. Four
different types of surface treatments were employed
prior to the deposition of P3HT. The first substrate
type was only wet-cleaned in an ultrasonic bath with
solvents (acetone, isopropyl), in the following
termed untreated. The other three were additionally
exposed to oxygen plasma in order to create a hydro-
philic surface which is required for the growth of self
assembled monolayers through a silanisation reac-
tion. One of these substrates, to which we will refer
to as the O2 plasma treated one, was used to prepare
field-effect devices without any further treatment.
The other two were used for silanisation immedi-
ately after the O2 plasma treatment. Two types of
silane molecules, hexamethyldisilazane (HMDS)
and octadecyltrichlorosilane (OTS), respectively,
were used. The HMDS treatment was done in the
liquid phase at 60 �C for 24 h. The OTS treatment
was carried out at room temperature, in a solution
of OTS in n-heptane (0.86 mM), in an exsiccator.
Samples were subsequently cleaned from residual
OTS in chloroform in an ultrasonic bath. The values
of the contact angles of water droplets on these sub-
strates are summarized in Table 1.

The MIS diodes have been prepared on Si sub-
strates with a 50 nm thin oxide layer (Fig. 1(a)).
Solutions of regioregular P3HT in toluene (5
wt.%) were spin-coated at 2000 rpm resulting in
films with a thickness of about 240–265 nm, except
for the O2 sample where it was about 130 nm. The
P3HT was obtained from Merck and used without
any additional purification. The molecular weight
of P3HT was about 14000. After a drying step
(12 h, 10�3 mbar, 330 K), for all samples, top gold
Table 1
Contact angles of water for the different types of substrates

Sample type O2 plasma Untreated HMDS OTS

Contact angle (�) <5 60 ± 2 95 ± 1 110 ± 1
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contacts were evaporated through a shadow mask,
defining an area of about 28–33 mm2. The FETs
were prepared by spin-coating a 50 nm thick
P3HT film onto Si/SiO2 substrates with photolitho-
graphically patterned source and drain electrodes
from Au, having a circular geometry to reduce leak-
age currents. The insulator thickness in this case was
200 nm, the channel length 5 lm and channel width
1000 lm. Thus, the resulting FETs were in the bot-
tom-gate, bottom-contact configuration (Fig. 1). To
avoid unintentional doping by oxygen the whole
film preparation was performed in a glove-box sys-
tem under inert atmosphere (<0.1 ppm oxygen and
<1 ppm water content). The substrates for the X-
ray diffraction analysis were normal glass. In this
case the P3HT films were spin-coated from a 5
wt.% solution in toluene at 1000 rpm resulting in a
thickness of about 400–450 nm. Additionally, heat-
ing at 350–420 K in high vacuum was applied to the
samples in order to study the influence of further
thermal annealing.

2.2. Measurement details

The X-ray diffraction (XRD) measurements were
performed on a Siemens D-5000 diffractometer in
grazing incidence geometry (0.03� between the inci-
dent beam and the sample, wavelength 1.54 Å), on
pristine and annealed films for all types of samples.

The MIS diodes were characterized by measuring
the capacitance–voltage (C–V) and capacitance–fre-
quency (C–f) dependence, using a Solartron 1260
impedance/gain-phase analyzer coupled with a
Solartron 1296 dielectric interface, in the frequency
range from 1 to 106 Hz. An a.c. amplitude of 0.5 V
and bias between �10 and +10 V was used to oper-
ate the diodes either in accumulation or depletion.
Measurements of the output and transfer character-
istics of FETs were performed using two indepen-
dent source-measure units (Keithley 236). Both
types of devices were measured and annealed in a
cryostat in high vacuum (<10�6 mbar) and dark-
ness. The transfer between the glove-box and the
cryostat was performed in a load–lock system so
that the samples were not exposed to air at any time.

3. Results and discussion

3.1. Structural investigations

The structural ordering of the P3HT films was
analysed by XRD measurements. P3HT films were
prepared on untreated as well as O2 plasma, HMDS
and OTS treated substrates, as previously men-
tioned. Additionally the changes upon thermal
annealing of the films (up to 24 h, 350 K) were ana-
lysed. A typical XRD spectrum of a P3HT film
deposited on an OTS treated substrate is shown in
Fig. 2(a). Clearly visible is the (100) peak at about
5.5� and additionally, much weaker, the (200) peak
at 11�. The effect of thermal annealing resulting in
an increase of peak height is shown as an example
for the untreated substrate in Fig. 2(b).

The observed first order diffraction peaks were
fitted in order to calculate the lattice constant a

from the Bragg condition

2a sinðhÞ ¼ nk: ð1Þ
In polycrystalline materials, the crystallite size l can
be obtained from the Scherrer equation using the
relation between full width at half maximum
FWHM (2h) of the diffraction peak and the diffrac-
tion angle 2h

FWHMð2hÞ ¼ 0:94 � k=l � cosðhÞ: ð2Þ
In polymers, however, the FWHM is usually

dominated by variations in interplanar spacings.
Thus the width of the XRD peaks can only give a
qualitative hint to the degree of crystallinity. The
calculated crystallite size from the Scherrer equation
is about 10–11 nm for the as-prepared samples and
increases up to 13 nm upon annealing. The increase
of peak intensity after annealing indicates an
increase of crystallinity which can be due to a higher
number of crystallites and also an increase of
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S. Grecu et al. / Organic Electronics 7 (2006) 276–286 279
crystallite size. As other groups have shown, the
structure model of rr-P3HT films consists of crystal-
lites embedded into an amorphous polymer matrix
[10,11]. All spectra show a diffraction peak at about
5.4� which is known for the organized lamellar
structure of rr-P3HT with p–p-interchain stacking
within the crystallites as shown in the inset of
Fig. 2(a). This corresponds to a layer spacing for
the (100) direction of about a = 16 Å which is com-
parable to literature data [12]. No evidence for the
other two possible orientations of P3HT with
respect to the substrate (corresponding to diffrac-
tion peaks around 23�) was found.

3.2. Capacitance measurements on MIS diodes

Capacitance-voltage (C–V) and capacitance–fre-
quency (C–f) measurements were performed on
MIS diodes prepared with different substrate treat-
ment (Figs. 3 and 4). In general, the C–V character-
istics of p-conducting organic MIS diodes show two
regimes: accumulation at negative bias and deple-
tion at positive bias with the measured value of C

corresponding either to the insulator capacitance
(Cins) or to the series sum of the insulator capaci-
tance and the capacitance of the organic semicon-
ductor ððC�1

ins þ C�1
S Þ
�1Þ, respectively. The absence

of inversion is explained by the extraordinarily long
generation times for minority carriers in wide-gap
organic semiconductors [7].

Using the standard Schottky–Mott analysis, the
doping concentration NA can be extracted from
the slope of the C–V curves in the transition region
between accumulation and depletion via [13]

o

oV
ðC�2Þ ¼ 2

e0eSqNAA2
; ð3Þ

where e0 is the permittivity of vacuum, eS the dielec-
tric constant of the semiconductor and A the active
diode area. Thus NA can be extracted from a plot of
1/C2 versus the voltage applied to the Si bottom
gate electrode as shown in Fig. 3(b) for the un-
treated sample. Also included in this figure is a sim-
ulation using an analytical expression for the C–V

characteristics given by Scheinert and Paasch [7].
Within the error limits, both methods give the same
values for the doping concentration NA. We note
that the simulated curves show inversion at voltages
above 2 V, which is not seen experimentally for rea-
sons discussed above. The simulation also yields
information on the flat-band voltage. In an MIS
structure the flat-band voltage
V FB ¼ /MS �
QSS

Cins

ð4Þ

incorporates the metal–semiconductor work func-
tion difference /MS and the equivalent fixed oxide
charges QSS [14].

Applying the Schottky–Mott analysis to the C–V

curves shown in Fig. 3(a) yields very similar doping
concentrations in the range 2.5–7 · 1015 cm�3 for all
samples, with the exception of the O2 plasma treated
one, where NA is up to one order of magnitude
higher (see Table 2). A closer look at the C–V curves
reveals some interesting details: Whereas the
untreated, HMDS and OTS-treated MIS diodes
show a sharp transition between accumulation and
depletion at zero or slightly positive flat-band
voltage with only marginal hysteresis between
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increasing and decreasing bias sweeps, the O2

plasma treated diode has a larger hysteretic behav-
iour and the transition between accumulation and
depletion takes place at higher VFB (between 2.1
and 3.6 V). This can be seen as an indication of
interface states at the P3HT/SiO2 interface created
by the O2 plasma treatment. We note that the mea-
sured capacitance does not saturate at the value of
the oxide capacitance in the accumulation regime,
but increases significantly above Cins � 70 nF/cm2.
This can be explained by charge spreading beyond
the active area defined by the top contact [15]. This
effect is particularly pronounced for the OTS treated
substrate which can be seen as an indication for the
high in-plane charge carrier mobility for this treat-
ment (see below).

The C–f curves measured at negative gate bias
show a relaxation step from the accumulation
capacitance to the lower value in depletion
(Fig. 4(a)). The reason is the finite semiconductor
bulk conductivity which sets an upper limit for the
frequency up to which the injected majority carriers
can follow the applied a.c. frequency and reach the
accumulation layer at the interface to the oxide.
Thus, this relaxation process yields information on
the transport properties perpendicular to the sub-
strate. The relaxation frequency fR can be obtained
from the maximum in the dielectric loss function
(the conductance G divided by the angular fre-
quency x) as shown in Fig. 4(b). Using a simple
equivalent circuit (with a capacitance Cins for the
insulator, one RC element for semiconductor and
a lead resistance RL, see Fig. 4(c)) the corresponding
relaxation time sR = (2pfR)�1 then directly yields
the semiconductor bulk resistance according to
[8,16]

sR ¼ RSðCins þ CSÞ: ð5Þ

We note that the simple circuit used here is not
sufficient for a full description of the dielectric
response of these MIS structures. For example, it
has been demonstrated by Scheinert and Paasch
[7] that another RC element for the accumulation
layer should be included in the circuit. A compari-
son of fits using both the simple and the extended
circuit model is included in Fig. 4(b). Even more
sophisticated models have been suggested recently
by Torres et al. [16]. However, by comparing fits
with different circuit models we have carefully
checked that the error in the semiconductor bulk
resistance using the simplified analysis used here is
always less than 20%.

With the knowledge of the doping concentration
NA from the C–V analysis one can then calculate the
charge carrier mobility l? perpendicular to the insu-
lator via:

RS ¼
dS

qNAl?A
: ð6Þ



Table 2
MIS diode parameters (relaxation frequency fR, doping concentration NA, flatband voltage VFB, mobility perpendicular to the interface
l?) for different substrate treatments and thermal annealing

Treatment fR (Hz) NA (cm�3) VFB [V] l? (cm2/V s)

Untreated As prepared 35 3.0 · 1015 �0.1 9.3 · 10�7

Annealed 2190 7.2 · 1015 +0.1 2.5 · 10�5

HMDS As prepared 10 3.1 · 1015 +0.25 2.4 · 10�7

Annealed 1135 2.5 · 1015 +0.2 3.3 · 10�5

OTS As prepared 7 7.1 · 1015 +0.2 7.8 · 10�8

Annealed 667 5.8 · 1015 +0.1 8.9 · 10�6

O2 plasma As prepared 6 2.4 · 1016 +3.6 1.1 · 10�8

Annealed 1488 3.0 · 1016 +2.1 2.3 · 10�6
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From the comparison of different samples as
shown in Fig. 4 one can notice two important fea-
tures: On the one hand, substrate treatment has only
a weak influence on the relaxation frequency, but on
the other hand there is a strong effect of annealing
on it. Whereas the pristine MIS diodes show relax-
ation frequencies in the range of 10–100 Hz the
annealed devices have significantly higher values
of fR in the kHz range (see Fig. 4(b) and Table 2).
This clearly indicates that the semiconductor bulk
resistance in MIS diodes can be drastically reduced
by up to three orders of magnitude by thermal
annealing, whereas substrate treatment has little
influence on it. Since the changes in doping upon
annealing as determined from the C–V data are
comparatively small, one has to conclude that the
charge carrier mobility perpendicular to the insula-
tor interface is strongly enhanced by annealing
and can be correlated with the increase of crystallin-
ity, as seen in the XRD measurements.
3.3. Current–voltage characteristics of OFETs

The output and transfer characteristics of bot-
tom-gate bottom-contact FETs for the different
treatments of SiO2 substrates are shown in Fig. 5.
The output characteristics (Fig. 5(a)) show a linear
onset with little evidence for contact resistances
and a well-defined saturation region for jVDj > jVGj.
As seen from the output characteristics, at a given
gate voltage (10 V), the current increases, from the
untreated substrate towards the OTS-treated one,
by more than one order of magnitude. This can
either be caused by an increase of the charge carrier
mobility or/and by a positive shift of the threshold
voltage. Therefore one has to look at the transfer
characteristics in more detail.
In the saturation regime the drain current is given
by

ID;Sat ¼
W
2L

l � CinsðV G � V TÞ2: ð7Þ

Therein W and L are the channel width and channel
length, respectively, Cins is the specific capacitance
of the oxide, VG is the gate voltage and VT the
threshold voltage. The threshold voltage VT in the
Shockley model is related to the flat-band voltage,
the bulk doping NA and the bulk potential /B and
is classically defined as the voltage where inversion
starts

V T ¼ V FB þ
eN AdS

Cins

� 2uB: ð8Þ

Here the transistors operate only in accumulation
and the threshold voltage is determined as an exper-
imental parameter from the fit of

p
ID, Sat versus VG

(Fig. 5(c)). Additionally, for analysing the sub-
threshold behaviour the switch-on voltage VSO

and the subthreshold slope were determined. The
former is defined as the gate voltage where the cur-
rent starts to increase [17] in the semi-logarithmic
plot (Fig. 5(b)). The resulting parameters for the
four different substrate treatments before and after
annealing are summarized in Table 3.

Comparing the different treatments the most
striking observation is the increase of the field-effect
mobility by a factor of about 40 from the O2 plasma
treated substrate to the OTS-treated one before
annealing (after annealing the increase is approxi-
mately 50). At the same time, the FET on the
untreated substrate has the highest ON–OFF ratio,
the most negative threshold voltage, and the lowest
value of the inverse subthreshold slope. The ON–
OFF ratio for the OTS-treatment is significantly
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lower but still acceptable. The HMDS-treated sub-
strate has a high threshold voltage and also a high
value of the inverse subthreshold slope. The highest
value of VT, however, is found for the O2 plasma
treated sample.
After thermal annealing the transfer characteris-
tics show a shift of the switch-on and threshold volt-
age, but the magnitude and direction of the shift are
not the same for all the samples. The FET on the
untreated substrate shows a positive shift, whereas
the shift for the OTS treated sample is smaller and
negative. The HMDS treated FET is almost
unchanged, while the VT of the O2 plasma treated
sample increases dramatically. Further, the ON–
OFF ratio and the inverse subthreshold slope are
slightly improved by thermal annealing. Most
remarkable, however, is the fact that there is no sig-
nificant change in the field-effect mobility, reflected
by the slopes of the curves in Fig. 5(c).

A comparison to MIS diode parameters (Table 2)
does not show a direct correlation between flat-band
voltage and threshold voltage as would be expected
from Eq. (8). Nevertheless, there is a clear indica-
tion that oxygen plasma treatment leads in both
devices to high positive values of VFB and VT.

3.4. Temperature dependence of MIS diode and FET

characteristics

In order to get further insight into the transport
mechanism in the substrate plane and perpendicular
to it, we measured the temperature dependence of
the C–f characteristics in MIS diodes and the trans-
fer characteristics in FETs. The obtained curves in
the temperature range between 200 and 420 K are
shown in Fig. 6 for the OTS treated substrates. As
shown in Fig. 6(a), the bulk relaxation frequency
in the MIS diode shifts over almost four orders of
magnitude in the investigated temperature range.
We have also measured the temperature dependence
of the C–V characteristics (not shown here). As
reported in the literature [7], the flat band voltage
is shifting towards higher positive values with
increasing temperature; however, no significant
changes in the doping concentration with tempera-
ture were observed up to 350 K. Thus, the strong
shift of fR directly reflects a strong temperature
dependence of the perpendicular mobility in MIS
diodes. Contrarily, in FETs (see Fig. 6(b)) the cur-
rent at large gate voltage changes by only a factor
of two over the whole temperature range indicating
a very weak temperature dependence of the field-
effect mobility parallel to the substrate. Even if the
temperature is lowered to 40 K (not shown here)
the mobility stays at about 1 · 10�2 cm2/V s.

In Fig. 7(a) the temperature dependence of the
mobility for MIS diodes and field-effect transistors



Table 3
OFET parameters (mobility lsat, switch-on voltage VSO, threshold voltage VT, ON/OFF ratio and inverse subthreshold slope S) for
different surface treatments before and after thermal annealing

Treatment lsat (cm2/V s) VT (V) VSO (V) ON/OFF S (V/dec)

Untreated As prepared 1.7 · 10�3 �6.34 �4.06 1.2 · 107 0.44
After annealing 2.2 · 10�3 �2.90 �0.65 2.6 · 107 0.36

HMDS As prepared 1.3 · 10�2 �0.20 7.50 7.8 · 107 1.56
After annealing 1.3 · 10�2 0.90 9.50 1.9 · 107 0.85

OTS As prepared 3.4 · 10�2 �2.30 3.65 1.4 · 106 0.92
After annealing 4.1 · 10�2 �2.75 1.52 1.7 · 107 0.62

O2 plasma As prepared 8.4 · 10�4 3.81 6.25 3 · 106 0.60
After annealing 8.7 · 10�4 12.64 10 4 · 107 0.49
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on the different substrates is shown. The change of
the mobility in MIS diodes amounts to several
orders of magnitude for all the samples and shows
the typical behaviour of hopping transport.

It has been shown that charge transport in semi-
conducting polymers is well described by hopping
models based on a Gaussian density of states [18–
21]. Considering the correlated disorder model,
where the expression for the mobility at low electric
fields is given by
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with r, the width of the Gaussian DOS, k is the
Boltzmann’s constant, T, the absolute temperature
and l0, the microscopic mobility. Values for r of
98 meV for the OTS treated MIS diode, 118 meV
for the HMDS treated one, 110 meV for the O2 trea-
ted one and 105 meV for the untreated substrate are
obtained, while the prefactor l0 lies in the range
0.2–4 · 10�3 cm2/V s for all samples. As r is a mea-
sure of disorder, this indicates that the degree of dis-
order in the bulk of the polymer films increases from
the OTS treated substrate to the HMDS treated
ones. The observed decrease of mobility above
380 K for the untreated, HMDS and OTS treated
substrates is probably due to morphological
changes rather than thermal degradation of the
polymer. The O2 treated sample, however, shows a
steep increase of the perpendicular mobility at tem-
peratures above 335 K, which could be related to
changes at the oxygen plasma treated SiO2-P3HT
interface upon annealing at higher temperatures.
This indicates that this substrate treatment is less
stable as compared to the other three methods.

In contrast to the MIS diodes, the temperature
variation of the field-effect mobility is very small.
Among the different substrates, the OTS treated
one shows the weakest dependence which also
results in the highest mobility values at all tempera-
tures. For the other samples, with smaller values of
the field-effect mobility, the temperature dependence
is somewhat stronger, but still less than one order of
magnitude.

A central issue with respect to the observed big
differences in the mobilities between FETs and
MIS diodes is the question whether this is caused
by a density dependent charge carrier mobility.
Therefore we have compared our data with the pre-
dictions of an isotropic hopping model developed
recently by Pasveer et al. [20,21] As an example,
Fig. 7(b) shows a comparison of the temperature
dependent mobility data for OTS treated structures
with simulations based on this model. The required
parameters are a hopping distance of 1.4 nm and a
disorder parameter r = 100 meV which are in going
with the numbers given in Ref. [9]. The prefactor for
the hopping mobility is adjusted to give the best
agreement with our data for the MIS diode. Since
there are no other free parameters in this model,
the only difference between MIS diodes and FETs
lies in the charge carrier densities. For the simu-
lation we have taken the value of the doping
NA = 5 · 1015 cm�3 for the MIS diode and the esti-
mated density of field-effect induced carriers at
VG = �20 V of about 5 · 1019 cm�3 (in agreement
with Ref. [9]). The comparison shows that the differ-
ent temperature dependencies of the mobility in
MIS diodes and FETs are qualitatively reproduced
by the isotropic hopping model; however, there is
a quantitative difference of about two orders of
magnitude by which the experimentally observed
FET mobility is higher than predicted by this
model.

3.5. Discussion

In this work, we have addressed interface and
bulk transport in polymeric field-effect devices. We
have seen significant differences between the field-
effect mobility parallel to the polymer–SiO2 inter-
face and the mobility perpendicular to it. The room
temperature mobility values in MIS diodes and
FETs for different treatments are listed in Tables 2
and 3. The values are distinguished by surface treat-
ment, which is characterized by a distinct contact
angle, as well as by heat treatment. Clearly, the
field-effect mobility increases by almost two orders
of magnitude with the surface treatment, but does
not change very much due to thermal annealing
over the measured temperature range. Contrarily,
the perpendicular mobility in MIS diodes increases
upon annealing by up to four orders of magnitude
and becomes almost independent of the substrate
treatment. Thus, the effect of substrate treatment
and thermal annealing is complementary in FETs
and MIS diodes. Interestingly, the field-effect mobil-
ity shows a close correlation with the water contact
angle on the substrate, increasing with the hydro-
phobicity of the SiO2 surface. Such behaviour has
recently also been observed by Veres et al. [5].
Fig. 8 shows their data together with the values
obtained in this work. The excellent agreement is
remarkable; the only exception being the O2 plasma
treated FET. However, this may be related to the
fact that the O2 plasma treatment additionally
causes acceptor-like doping of the P3HT layer,
which can enhance the observed mobility [22]. Thus
one has to conclude that the modification of the sur-
face energy of silicon oxide by appropriate treat-
ments is of outmost importance for achieving high
field-effect mobilities in OFETs with P3HT as a
semiconducting polymer. As an explanation one
can take the suggested lamellar structure of the
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P3HT chains (see. Fig. 2) in which the aliphatic side
chains are standing upright on the substrate. Obvi-
ously, this structural motive within the first few
monolayers is crucial for achieving good p–p-inter-
chain stacking and thus high charge carrier mobility
parallel to the surface of the SiO2 gate dielectric.

These results are in going with recent publications
on the charge carrier distribution within the active
channel of organic FETs. Tanase et al. have shown
that in disordered organic FETs the charge carrier
density decreases already by one order of magnitude
within the first nanometers away from the gate
dielectric [4]. Taking into account the carrier density
dependence of the mobility in disordered systems
they could show that the macroscopically measured
field-effect mobility corresponds to the local mobility
of charge carriers directly at the interface. By per-
forming in situ electrical measurements during layer
growth Dinelli et al. came to a similar result for FETs
with ordered layers of sexithienyl molecules [23].
They could show that the first two monolayers next
to the dielectric interface dominate the charge
transport. Therefore, it is understandable that the
substrate treatment in bottom-gate FETs, based on
rr-P3HT, has such a strong influence on the field-
effect mobility. If this crucial parameter is not prop-
erly controlled in the experiment, large scattering of
the field-effect mobility can be obtained in nominally
identical devices (see e.g. the compilation of data
from different groups in Ref. [5]). Further conse-
quences of different surface treatments are seen in
variations of related transistor parameters such as
switch-on or threshold voltage, ON–OFF ratio and
subthreshold slope. Pernstich et al. have recently
published a comprehensive survey of these effects in
pentacene FETs [24]. Although we have not studied
these effects in detail, our data show that substrate
treatment also has a strong influence on these param-
eters. Their control will be crucial for fabricating
electronic circuits based on organic FETs.

Another outcome of our work is the huge differ-
ence of charge carrier mobility for OFETs and MIS-
diodes. The perpendicular mobility is orders of
magnitude smaller than the field-effect mobility par-
allel to the interface even after thermal annealing.
Such differences between in-plane and sandwich
geometry have been observed before on polymeric
devices [6–9]. However, there was a debate whether
this difference is due to a structural and electrical
anisotropy of the polymer film or a consequence
of the mobility depending on the carrier density.
As Tanase et al. [9] have demonstrated by a compar-
ison of FET mobility data with mobility data
obtained from space-charge limited currents on
diodes an apparent anisotropy of about a factor
of 10 could be explained in amorphous polymers
by the latter effect. Nevertheless, they also found
that in ordered polymers (e.g. OC10C10-PPV) there
exists a true electrical anisotropy which is not
explained by different carrier densities in OFETs
and diodes [25]. For the case of P3HT, they have
observed FET mobilities up to 6 · 10�4 cm2/V s at
VG = �19 V which is almost two orders of magni-
tude lower than the mobilities obtained here on
silanised substrates. Thus it is questionable whether
P3HT as prepared here can be treated as an amor-
phous polymer. The XRD data rather indicate that
our P3HT films are nanocrystalline. Such a picture
has recently been put forward also by Street et al.
for regioregular poly(3,3000-didodecylquarterthioph-
ene) (PQT-12) [26]. We therefore suggest that the
observed huge differences between the mobilities
for transport parallel and perpendicular to the gate
insulator interface are caused by a structural anisot-
ropy. Preliminary ellipsometric measurements on
our P3HT films have also indicated considerable
optical anisotropy in P3HT comparable to poly(3-
octylthiophene) [27].

Moreover, the most convincing argument for a
true electrical anisotropy of P3HT films comes from
our temperature dependent investigations on MIS
diodes and FETs. The temperature dependent
mobility data for both types of devices clearly show
that charge carrier transport parallel and perpendic-
ular to the dielectric interface can not be described
by an isotropic hopping model. Thus, highly
ordered films of rr-P3HT display a true electrical
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anisotropy which emphasises the importance of the
first few monolayers of the film for charge transport
even more.

4. Conclusion

In conclusion, we have found that the mobility in
P3HT field-effect transistors depends very sensi-
tively on the nature of the interface to the gate
dielectric. Using silanisation of SiO2 with different
agents the mobility can be increased by almost
two orders of magnitude and reaches values of
about 4 · 10�2 cm2/V s. Interestingly, the structural
ordering in the bulk of the films as controlled by
thermal annealing has almost no influence on the
field-effect mobility.

By comparing OFETs with MIS diodes we have
found a large difference of charge carrier mobility
parallel and perpendicular to the gate dielectric
which can not be explained alone on the basis of a
carrier density dependent hopping mobility. Owing
to their lamellar structure, highly ordered P3HT
films thus display anisotropic transport which needs
to be considered in extended hopping models.
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Abstract

We have studied the electronic properties at the interface of a PTCDA molecular film on Au(111) by means of scanning
tunneling microscopy (STM), scanning tunneling spectroscopy (STS) and angle resolved ultraviolet photoelectron spec-
troscopy (ARUPS). Measurements were performed for the clean Au(111) surface as well as for 1 ML and multilayer cov-
erage of PTCDA. STS curves recorded for 1 ML PTCDA film show a feature at the density of states inside the PTCDA
gap and a metallic behavior, in contrast to higher coverage, where a semiconductor behavior is observed. By relating this
information to the band dispersion of the electronic states close to the Fermi edge, we can assign this electronic feature to
the Au(111) Shockley surface state. By comparison of intramolecularly resolved STM images with first-principles calcu-
lations of the free molecule we show that the electronic molecular states at the interface are not altered by the gold surface.
All these facts indicate a weak interaction of the PTCDA molecules with the Au surface and we conclude that the observed
metallicity of the interface is provided by the gold substrate rather than by the organic layer.
� 2006 Elsevier B.V. All rights reserved.

PACS: 68.37.Ef; 79.60.Fr; 73.20.�r

Keywords: Scanning tunneling microscopy; Scanning tunneling spectroscopy; Photoemission spectroscopy; PTCDA; Organic molecules;
Surface states
1. Introduction

In the last years, an intensive research has been
focused on organic materials with promising appli-
cations in optoelectronic devices [1,2]. These materi-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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als incorporate interesting properties such as self-
organization, flexibility, new electronic (semicon-
ducting or metallic) and optoelectronic properties.
The interface between the organic film and the inor-
ganic material is of special interest, because it influ-
ences the structure and morphology of the
molecular layers, and hence, also their properties.
Therefore, a detailed understanding of the processes
taking place at the interface and how they affect the
.
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electronic properties of the organic/inorganic sys-
tem [3] is not only of fundamental importance, but
also of technological relevance.

PTCDA (3,4,9,10, perylene tetracarboxylic dian-
hydride, C24O6H8) are small conjugated molecules
belonging to perylene derivatives, which have been
extensively studied along the past years. These mol-
ecules are considered as a model system, due to their
ability of forming well-ordered layers on a variety of
substrates. PTCDA films present semiconducting
behavior, strong anisotropy in electronic transport
and relevant optical properties [2].

Several studies have focused on the growth mode
and structural properties of PTCDA on different
metallic substrates: silver [4–8], copper [9,10] and
gold [11–16]. Particularly, for PTCDA on Au(1 11)
the structure and morphology of this system have
been studied as a function of growth parameters
[14]. A layer-by-layer growth has been reported
for the first several layers [11], followed by island
formation for multilayer coverage [15]. Even in the
sub-monolayer regime PTCDA forms large
domains with well-ordered molecules. PTCDA mol-
ecules typically assemble on most substrates in a
herringbone structure, with a rectangular unit cell
consisting of two almost coplanar molecules
[13,14,16]. For the Au(1 11) substrate, also a less
dense square assembling can be obtained [15], which
is not treated in this paper.

Scanning tunneling microscope (STM) has dem-
onstrated its ability for the investigation of ordered
organic films grown on different substrates, provid-
ing structural and morphological properties. Besides
the topographical imaging, information about the
surface density of states from the voltage depen-
dence of the current can be obtained from scanning
tunneling spectroscopy (STS). The advantage of
STS, compared to other spectroscopic techniques,
is to locally probe the electronic properties. On the
other hand its interpretation is not straightforward
due to the convolution with the tip states. In this
sense the combination of STS and ultraviolet photo-
emission spectroscopy (UPS) is a powerful tool to
determine electronic properties at the interface.

One aspect treated in this paper is the interaction
of the PTCDA molecules with the metallic sub-
strate. In previous works, the interaction of PTCDA
molecules with silver surfaces has been described as
strong [17], involving an interaction between the p
molecular orbitals and the metallic surface. For
the Ag(111) substrate, a metallic behavior for the
first PTCDA monolayer has been reported [18]. In
the case of Au substrates a weaker interaction has
been observed [19]. STS measurements for PTCDA
grown on gold have been performed [20,21], how-
ever, the metallicity of the first monolayer has not
been addressed up to now.

Another aspect here mentioned is the influence of
the organic molecules on the gold surface state.
Tunneling spectroscopic studies have reported on
the behavior of the surface states of noble metals
[22], and how these surface states are modified by
adsorbates [23–27].

In this work we focus on the electronic states
close to the Fermi energy of the PTCDA/Au inter-
face by combining STM, STS and angle resolved
UPS (ARUPS). Through several experimental
observations we assert that there is a weak interac-
tion between the gold substrate and the first organic
monolayer, which does not disrupt the Au(1 11) sur-
face state even though the PTCDA overlayer com-
pletely covers the Au surface. We conclude that
the metallic behavior of the interface is provided
by the gold substrate beneath.

2. Experimental

STM and STS experiments were carried out with
a home-built UHV STM [28]. Ultraviolet photoelec-
tron spectroscopy measurements were performed in
a separate UHV chamber equipped with a HeI
(21.2 eV) radiation source and a hemispheric elec-
tron analyzer. The angular aperture of the analyzer
is 2�.

Au(1 11) single crystal sample was cleaned by
several sputtering and annealing cycles (sputtering
at �1 · 10�6 Ar pressure, annealing at �700 K).

The organic films were deposited under ultra-
high vacuum from home-made sublimation cells.
Previous degassing of the PTCDA cell was per-
formed. The deposition rate was about 0.5 ML per
minute and was calibrated via scanning tunneling
microscopy and previously by a quartz microbal-
ance. Prior to the photoemission experiments, a
careful estimation of the PTCDA coverage was per-
formed from XPS measurements (data not shown
here).

All the measurements were taken at room tem-
perature. For the STM/STS experiments, tungsten
(electrochemically etched) and Pt–Ir (mechanically
cut) tips were used. W tips were prepared in situ
by thermal annealing and field emission, until stable
field emission currents were obtained. For the sys-
tem investigated here, the most reproducible spec-
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troscopic data were obtained with mechanically cut
Pt–Ir tips. They were recorded at stabilization bias
voltages between �1 and �2.5 V, with voltages
referred to the sample. Higher voltages damaged
or lifted up the molecules from the surface. Tunnel-
ing spectroscopy was performed with set-point cur-
rents as low as possible, in order to avoid strong
interaction between the tip and the organic layer
[29], but high enough to have signal at zero voltage
[30]. STS curves were measured by averaging several
successive plots obtained on the same position and
conditions. All the STM/STS data acquisition and
processing were done using the WSxM software
[31].

3. Results and discussion

3.1. Scanning tunneling microscopy

Detailed characterizations of the structural prop-
erties and the growth mode of PTCDA/Au have
been previously reported [11–16]. However, for
sub-monolayer coverage several aspects can be dis-
cussed from topographic STM images. In Fig. 1
we show a representative STM image of PTCDA
molecules deposited at room temperature on a
Au(1 11) substrate for a sub-monolayer coverage.
On the left side of the STM image, the clean
Au(1 11) substrate is observed with the characteris-
tic ð22�

ffiffiffi
3
p
Þ reconstruction. On the right side,

adsorbed PTCDA molecules form an ordered
Fig. 1. Constant current STM image of sub-monolayer PTCDA
coverage on Au(111). The right side of the image corresponds to
a gold terrace covered with 1 ML of PTCDA. The left side
corresponds to the clean substrate. The substrate reconstruction
is still visible through the organic layer (57 nm · 40 nm,
V = �2.0 V, I = 0.16 nA).
domain assembled in the so-called herringbone
structure [13,14]. This structure is characteristic of
the (10 2) plane of PTCDA bulk [13]. The noisy
appearance in the STM images at the boundary of
the PTCDA area is due to a high mobility of
PTCDA at room temperature, with molecules dif-
fusing on the surface. Isolated molecules are only
observed when they are stacked along the steps or
pinned at surface defects.

Another interesting fact is that already in the first
monolayer PTCDA molecules adopt a structure
similar to the bulk molecular crystal [32]. Further-
more, it can be noticed in Fig. 1 that the Au(111)
reconstruction is not lifted up upon PTCDA mono-
layer adsorption [13,15,16]. The gold reconstruction
is still visible underneath the PTCDA molecular
layer. All these statements point out towards a weak
interaction of the molecules with the gold substrate
and that the molecule–molecule interaction domi-
nates over the molecule–substrate interaction [15].

Additional proofs for the weak interaction come
from the bias-dependent imaging of PTCDA on
gold. In Fig. 2(a) and (c) we show STM images
acquired at both polarities on a region covered by
1 ML. In these constant current images we resolve
intramolecular features of the PTCDA molecules.
The images reveal distinct internal structures for
unoccupied molecular states (V = +1.0 V) and for
occupied molecular states (V = �1.8 V).

For the positive biased sample, where the elec-
trons tunnel into the unoccupied states of the sam-
ple, we observe 10 maxima in the STM
topographic images (Fig. 2(a)). In the case of a neg-
ative bias applied to the sample, which means elec-
trons tunneling from the occupied states, the
image reveals eight maxima for each molecule
(Fig. 2(c)), and all the molecules present a deeper
area parallel to the long axis, which splits the mole-
cules in two parts. Profiles along the molecules have
been added for better recognition of the maxima.

In order to gain insight into the meaning of these
intramolecular features, we have performed first-
principles calculations for the PTCDA free mole-
cule. These calculations were done within density
functional theory (DFT) in the local density approx-
imation (LDA) [33], using the SIESTA method
[34,35]. Core electrons were replaced by norm-con-
serving pseudopotentials [36], whereas valence elec-
trons were described using a double-f plus
polarization (DZP) basis set. A real-space grid with
a cutoff of 50 Ry was used. Only the C point was
used in reciprocal space. The geometries were



Fig. 2. (a,c) STM images of 1 ML PTCDA on Au(111) at RT
obtained at V = +1.0 V (unoccupied) and V = �1.8 V (occu-
pied), respectively (4.2 nm · 4.2 nm, I = 0.6 nA). Notice the
similarity between the unoccupied (occupied) states resolved in
single molecules and the corresponding calculated LUMO
(HOMO) of the free molecule, displayed in (b) and (d),
respectively. Profiles along a molecule are shown for better
comparison.
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relaxed until the maximum residual force was below
0.04 eV/Å.

Fig. 2(b) and (d) present charge density isosur-
faces obtained from the DFT calculation and corre-
sponding to the lowest-unoccupied molecular
orbital (LUMO) and the highest-occupied molecu-
lar orbital (HOMO) of the free molecule [37]. These
images are in good agreement with previous calcula-
tions by Scholz et al. [38]. The experimental STM
image shown in Fig. 2(a), measured at +1.0 V
clearly resembles the calculated LUMO of the iso-
lated molecule, while the STM image measured at
�1.8 V can be directly related to the calculated
HOMO. Although broadening of the orbitals can-
not be excluded, the strong similarity between the
calculated orbitals and the STM images (see
Fig. 2) suggests that the HOMO and LUMO molec-
ular orbitals, are not significantly modified upon
adsorption of PTCDA on gold.

When there is a strong coupling between adsor-
bate and substrate states, a modification of the elec-
tronic structure is expected, and this is generally
reflected in the STM image. Thus, for systems with
a strong bonding between the organic molecules and
the substrate, as PTCDA on Si(1 00) [39] and on
Si(1 11) [40], high-resolution STM images show that
the intramolecular features differ from the HOMO
and LUMO of the isolated molecule. Similarly, for
PTCDA on silver [41,42] and for PTCDA on graph-
ite [43], where a charge transfer is proposed, shifting
of the LUMO towards the Fermi level partially fill-
ing this band has been reported [41,43]. In this case,
images at both polarities around the Fermi level
look like the LUMO. In contrast, for systems where
the molecule has a rather weak interaction with the
substrate, as reported for pentacene on isolating lay-
ers [44] or for the results described in this paper, the
intramolecular features resemble the molecular
orbitals of the isolated molecule, and this occurs
at the corresponding voltages. Again, these findings
point out to a rather weak interaction of PTCDA
molecules with the gold substrate.

3.2. Scanning tunneling spectroscopy

The main STS measurements were performed for
samples with sub-monolayer PTCDA coverage, so
that clean gold and PTCDA covered areas could
be simultaneously imaged (Fig. 1). Before and after
recording spectroscopic data on the adsorbate layer,
reference I–V curves were recorded on the clean fcc-
gold area. Only when the Au(1 11) spectrum with
the characteristic Shockley-type surface state is
achieved, we follow recording current–voltage
curves on the PTCDA molecules. With this
approach, we ensure a ‘‘good state of the tip’’ and
therefore, that the additional features which appear
in the case of STS on molecules, are indeed related
to PTCDA molecular states.

Fig. 3(a) shows tunneling spectroscopy results
acquired on the clean Au(1 11) surface (dashed line)
and on the 1 ML PTCDA region (solid line). STS
results for 2 ML PTCDA/Au(1 11) are also
included (gray line) for comparison. The spectra
are displayed as the differential conductance (dI/
dV) vs. V plot. The curve for the clean gold exhibits
a characteristic feature, with the onset at �� 0.4 eV,
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Fig. 3. (a) Tunneling spectroscopy performed at RT on clean
Au(111) and on 1 ML PTCDA covered gold. For clean gold
(dashed line) the onset of Shockley surface states is identified
around �0.4 V. A similar peak and the molecular related features
HOMO and LUMO appear in the differential conductance
spectra recorded on PTCDA monolayer (solid line). STS for
2 ML PTCDA on gold (gray line) shows semiconducting behav-
iour characteristic for PTCDA. The plots correspond to the
differential conductance that was derived from averaging several
IV curves and subsequent mathematical differentiation. (b) Detail
of the gold surface state region where a shift of �40 meV can be
observed.

1 The thermal broadening of the STS data measured at room
temperature can be estimated as �4 kT � 100 meV. This value is
compatible with the width of the Au(111) surface-state band
onset measured in Fig. 3.
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corresponding to the Shockley-type surface state of
the Au(1 11) surface [45,46]. Subsequent spectro-
scopic curves acquired for 1 ML PTCDA on
Au(1 11) show a metallic behavior characterized
by a non-zero density of states at zero voltage.
The differential conductance plot for this case (solid
line in Fig. 3(a)) shows a peak close to the Fermi
level similar to the one observed for the clean sub-
strate though slightly shifted in energy. In the limit
of the room temperature STS experimental resolu-
tion,1 a shift of �40 meV toward the Fermi level
for the PTCDA monolayer has been reproducibly
obtained (Fig. 3(b)). The value of this shift and its
direction toward the Fermi level are comparable
with STS results reported for rare gases on
Au(1 11) [27], where shifts of 150 meV for Xe and
80 meV for Kr have been obtained. For other adsor-
bates, the reported energy shift of the bottom of the
band is much higher: 300 meV for Pd on Au(111)
[25] and 230 meV for NaCl on Cu(111) [26]. These
energy shifts can be qualitatively understood as
induced by a modification of the image potential
and work function of the surface upon coverage
[26].

Two additional peaks are observed in the STS
results for 1 ML PTCDA (solid line in Fig. 3(a)):
one centered around +1.0 V above the Fermi level,
and another one around �1.9 V below the Fermi
level. These features can be attributed to the low-
est-unoccupied (LUMO) and the highest-occupied
(HOMO) molecular states of the PTCDA respec-
tively. Tsiper et al. [21] reported these peaks located
at +1.3 V and �2.2 V. A possible explanation for
this discrepancy could be related to different tip–
surface interaction or tunneling distance [29,30].

The STS measurements for 2 ML PTCDA cover-
age (gray line in Fig. 3(a)) do not show any structure
close to the Fermi level, corresponding to the
expected semiconductor behavior of the organic
layer. In the curve we observe the onset of the
LUMO at around +1.0 V, and in the filled states,
a peak centered at about �2.0 V attributed to
HOMO. The position in energies of both features
may slightly shift in the STS spectra depending on
the tunneling conditions; the value of the band
gap varies between 2.7 and 3.0 eV, when measured
from peak-to-peak in the differential conductance
(2.4–2.5 eV when measured in the logarithmic repre-
sentation). For higher PTCDA coverage (3–8 ML),
the results are similar to the 2 ML case but the gap
increases slightly, approaching a value of 3.3 eV
(2.6 eV in the logarithm), in comparison with
2.44–2.55 eV reported for the transport gap of
PTCDA [47]. Other authors have reported even lar-
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ger gap values [21,48] with a similar dependence
with coverage, interpreted as a change in the polar-
ization with the organic layer thickness [21].

The presence of the peak in the STS curves of
1 ML of PTCDA at ��0.4 eV (see Fig. 3) is some-
how unexpected, since it is known that the organic
semiconductor PTCDA has no molecular states in
this region, and LUMO and HOMO molecular
orbitals are far from the Fermi level. Moreover, this
feature being localized close to the Fermi level may
confer metallicity to the PTCDA adsorbed layer.
Metallicity of the surface overlayer has been
reported for PTCDA on the Ag(111) surface [18],
where a chemisorption process takes place at the
interface. These authors [18] have suggested that
the surface state of the Ag(111) could play a signif-
icant role in this effect. The question that arises in
our case is whether the feature observed in the
STS plots belongs to the Au(1 11) surface states or
is rather due to new electronic states formed at the
PTCDA/Au interface. The first case suggests a tun-
neling process of the surface states through the
PTCDA layer. On the other hand, the second one
points out toward a PTCDA–Au bonding different
than a simple Van der Waals interaction that could
lead to the formation of states in the overlayer gap.
In order to solve this question we have performed
ARUPS measurements.

3.3. Angle resolved photoemission

Fig. 4 shows the valence band photoemission
spectra recorded at normal emission in the region
close to the Fermi level as a function of PTCDA
coverage. The peak with a binding energy of
0.4 eV in the upper curve corresponds to the
Au(111) Shockley-type surface state [45,46]. In the
subsequent spectra we observe that the gold surface
state is progressively attenuated as the coverage is
increased, being still visible at approximately
1 ML and disappearing at �2 ML coverage (the
surface state is still visible at 1.5 ML, as can be
observed in Fig. 4). There is no shift, within the
experimental resolution, of this electronic state as
coverage increases, indicating the absence of impor-
tant interaction between the layer and the Au
surface.

PTCDA related electronic states are not visible in
the UPS spectra up to few layers coverage due to the
huge contribution and the large mean free path of
the valence band gold electrons. No extra states
close to the Fermi level can be resolved, neither
for the PTCDA/Au interface, nor for coverages lar-
ger than 1 ML.

Further proofs concerning the behavior and nat-
ure of the surface states are provided by angle
resolve photoemission (ARUPS) measurements. In
Fig. 5 we present the comparison between the pho-
toemission spectra for the clean gold substrate and
for a 1 ML PTCDA covered surface as the emission
angle is varied close to the surface normal. Both
UPS spectra show an identical dispersion, corre-
sponding to the well-known nearly free-electron-like
parabolic dispersion of the Shockley-type surface
state [46]. It is important to remark that any elec-
tronic state related to the single well-ordered
PTCDA overlayer should present a band dispersion
induced by the lateral periodicity of the layer, which
is different from that of Au. Hence, the electronic
features should repeat with the surface reciprocal-
space lattice i.e., about 0.15 Å�1. This small k-paral-
lel periodicity will be measured in our photoemis-
sion experiment as a non-dispersive band. This is
not the case of the band shown in Fig. 5, which dis-
perse following the Au(1 11) periodicity. We can
conclude that there are no new electronic features
related to the PTCDA–substrate interaction. Hence
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the peak observed in the STS curves for the first
PTCDA monolayer can be attributed to the
Au(1 11) Shockley surface state. Consequently, the
apparent metallicity of the PTCDA monolayer
solely arises from the gold substrate beneath; the
gold states are detected in the STS experiment via
a tunneling process through the PTCDA
monolayer.

As mentioned above, adsorption processes typi-
cally modify the surface electronic states of the
(111) face of noble metals. By means of photoemis-
sion spectroscopy a wide range of effects has been
reported depending on the adsorbates and their
interaction with the substrate. Chemisorbed atoms
often completely quench the surface state [49]. For
adsorption (physisorption) of rare gases [27,50],
where a weak interaction can be expected, the
reported ARUPS energy shift of the bottom of the
band is rather small, varying from 150 to 170 meV
for Xe, 80 to 100 meV for Kr, and 60 to 87 meV
for Ar (Refs. [50,27], respectively). In the case of
PTCDA here reported, limited by the experimental
resolution of our room temperature photoemission
spectroscopy, the ARUPS spectra is compatible
with a small energy shift (lower than 100 meV), in
agreement with the STS data shown in Fig. 3(b).
This places the organic monolayer of PTCDA as a
very weak interacting layer, only comparable to
noble gases physisorption.

4. Conclusions

To summarize, we present experimental results
obtained from a combination of different spectro-
scopic methods for the PTCDA/Au(1 11) interface.
The qualitative agreement between experimental
data obtained by both techniques, STS and photo-
emission, gives a clear evidence that the interaction
between PTCDA molecules and the Au(1 11) sur-
face is very weak. The Au(1 11) Shockley surface
state is not disrupted by one single and complete
adsorbed layer of PTCDA, but only an small energy
shift towards the Fermi level (<100 meV) is
observed by both spectroscopies. Therefore, the
metallicity observed by STS for the first PTCDA
monolayer is provided by the electronic states of
the gold substrate tunneling through the organic
layer.
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Abstract

Electrically tunable binary liquid crystal (LC) diffraction grating has been designed and fabricated in a simple technique
using an LC composite containing photo-curable LC pre-polymer. The binary grating consists of alternating stripes of
homeotropic monodomain and non-aligned multidomain. The diffraction efficiency can be modulated by an applied elec-
tric field, and is independent of the polarization of incident light.
� 2006 Elsevier B.V. All rights reserved.
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Keywords: Electro-optical device; Low molecular nematic liquid crystal; Photo-curable LC pre-polymer; Diffraction grating; Simple
fabrication
1. Introduction

Electro-optical devices are keys in current infor-
mation and communication technologies. In recent
years, electrically tunable diffraction gratings are
of interest for a number of optical and photonic
applications. Liquid crystals (LCs) are the materials
of choice for fabricating such grating devices, and
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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are actually applied to light modulators [1,2], dis-
play devices [3,4], beam steering [5,6], optical com-
puting [7] and etc. The control of the diffraction
efficiency is easily possible due to altering the LC
alignment state or texture by applying external stim-
uli (ex. electric field and magnetic field, etc.). The
LC gratings have been developed in various ways
such as patterned electrodes [5,8], patterned align-
ment layers [3,4,9], LC-filled periodic grooves [10]
and LC-monomer mixtures [11–13]. An easy fabri-
cation [14,15] and reliability are indispensable to
practical application for efficient devices. Moreover,
.

mailto:htakezoe@o.cc.titech.ac.jp


Fig. 1. Fabrication process of our LC grating.
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the diffraction performance independent of incident
polarization is desirable to increase the optical effi-
ciency. In this work, we report an electrically tun-
able binary LC diffraction grating device that is
fabricated easily and has stable performance as an
electro-optical device.

2. Experimental

2.1. Material and measurement set-up

The anisotropic composite prepared for this
work was a mixture of 90 wt% of low molecular
nematic LC (ZLI-2293, De > 0, ne = 1.6312,
no = 1.4990, Dn = 0.1322, Merck) and 10 wt% of a
photo-curable LC pre-polymer (UCL-002-K1, Dai-
nippon Ink and Chemicals, Incorporated) with a
small amount of photoinitiator. The prepared mix-
ture was injected into an empty cell whose inner sur-
faces were coated with indium-tin-oxide (ITO) as an
electrode. The cell gap was measured to be about
3 lm. In our case, the processes for alignment of
LC director (coating and rubbing processes of the
alignment layer) are not always necessary to make
non-aligned multidomain.

The diffraction properties of the fabricated LC
grating were investigated using a normally incident
circularly polarized He–Ne (633 nm) laser. Polariza-
tion of the incident light was set with a rotating pola-
rizer. The intensity of the diffraction was measured
by a photodetector with an aperture whose diameter
was smaller than the size of the diffraction spot.

2.2. Fabrication procedure for binary LC grating

The processes of fabricating binary LC grating
devices are illustrated in Fig. 1. In the first step,
an external ac electric field (30 Vpp, 10 kHz) was
applied across the cell to align the low molecular
nematic LC molecules homeotropically. Incorpo-
rated photo-curable LC pre-polymer also could be
aligned in the template of the low molecular nematic
LC. Next, the cell was irradiated at room tempera-
ture with a collimated UV light (k = 365 nm) from a
high pressure Hg-lamp for 60 s through a striped
patterned photo-mask of 50 lm grating period (sec-
ond step). The UV light power was about 1.5 mW/
cm2. Photo-induced phase migration of LC/pre-
polymer occurred between the UV-irradiated
domains and the non-irradiated domains. Gener-
ally, the area with a stronger UV light would accel-
erate the photo-polymerization process, resulting
in a higher polymer concentration. Thus, in the
UV-irradiated domains, high photo-curable pre-
polymers come together and aggregate to form sup-
porting networks for homeotropically aligned low
molecular nematic LC molecules (Area I). On the
contrary, non-irradiated areas are remained non-
fixed for the low molecular nematic LC. Finally,
without applying electric fields, the overall cell was
then exposed to UV light at room temperature for
60 s (third step). This exposure polymerizes the
residual pre-polymer in non-fixed low molecular
nematic LC and induces polymer-networks-stabi-
lized non-aligned multidomain geometry (Area II).
In this step, our binary LC grating device consisting
of alternating homeotropic monodomain (Area I)
and non-aligned multidomain (Area II) is com-
pleted. This second exposure can also play a role
in improving the device reliability; namely, residual
pre-polymer is fully exhausted and non-intentioned
degradation of device may be prevented.
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3. Results and discussion

Fig. 2(a), (b) and (c) shows the microphoto-
graphs and diffraction patterns of the fabricated
binary LC grating at different electric stimuli,
0 Vpp, 10 Vpp and 30 Vpp, respectively. In
Fig. 2(a), under crossed polarizers, dark and bright
areas show the homeotropic monodomain (Area I)
and non-aligned multidomain geometry (Area II),
respectively. At V = 0 Vpp, distinct higher order-
diffraction patterns are observed. Then, as the
applied electric field increases, the bright area
gradually darkened under crossed polarizers. Asso-
ciated with this process, the higher-order diffrac-
tion patterns were extinguished, as shown in
Fig. 2(b) and (c). The diffraction can be easily
and reversibly modulated by an applied electric
field.

Fig. 3 plots the measured voltage-dependent dif-
fraction efficiencies of the single first-order dif-
fracted light. The efficiency is defined by g1 =
I1/I0, where I1 and I0 are the intensities of the first
order diffracted and incident beams, respectively
[16]. In our case, the intensity of incident beams
was used as that of the zeroth-order light passed
through the fabricated cell, without higher-order
diffraction and light scattering, under applying
30 Vpp. We also observed light scattering property
of the fabricated grating as a function of the
applied voltage V. As shown in Fig. 3, the diffrac-
tion efficiency slightly increased with increasing
applied voltage in the range of V < 3 Vpp. The
Fig. 2. The microphotographs and diffraction patterns of the fabric
(b) 10 Vpp, and (c) 30 Vpp.
observed light scattering was prominent and
slightly decreased at the same range (V < 3 Vpp).
We define this voltage (3 Vpp) as a critical voltage
(Vcritical). Then the diffraction efficiency gradually
decreased with increasing applied voltage
(3 Vpp 6 V < 25 Vpp) after showing a maximum.
The observed light scattering also gradually
decreased with increasing applied voltage. When
the applied voltages exceeded 25 Vpp, our binary
grating could not be operated as a diffraction
device. We also define this voltage (25 Vpp) as a
saturation voltage (Vsat).

In order to explain the above experimental result,
Fig. 4 illustrates cross-sectional schematic views
parallel to the surfaces of the substrates of our
ated binary LC grating at different electric stimuli: (a) 0 Vpp,



Fig. 4. A simple model of LC molecular orientation state of non-
aligned multidomain and homeotropic monodomain at (a)
V < Vcritical, (b) Vcritical 6 V < Vsat, and (c) V P Vsat (top view
of a cell).
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Fig. 5. Diffraction characteristics depending on the polarization
of incident light at 5 Vpp and 10 Vpp.
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binary LC grating device cell. The low molecular
nematic LC directors are randomly aligned in Area
II. At V < Vcritical, because of the large refractive
index mismatch between the adjacent domains, light
scattering is prominent (see Fig. 4(a)). However, as
the applied voltage increases (Vcritical 6 V < Vsat),
the LC directors are reoriented along the electric
field direction, where Vcritical and Vsat are the critical
voltage (the minimum voltage of the critical LC-
reorientation in Area II) and the saturation voltage
(the voltage of no more LC-reorientation in Area
II), respectively. As the refractive index gradually
changes and matches between the domains at
Vcritical 6 V < Vsat, the Area II becomes transparent
because of decreasing light scattering (see Fig. 4(b)).
When the voltage increases further (V P Vsat), LCs
in Area II are completely reoriented along the elec-
tric field direction, as shown in Fig. 4(c). While the
alignment of low molecular namatic LCs was easily
changed and modulated by an electric field in the
Area II, the alignment of the Area I is fixed at any
electric fields because low molecular nematic LC
molecules are fixed homeotropically by a homeo-
tropically oriented polymer network. The observed
diffraction property is due to phase grating effect,
i.e., the relative phase difference for passing through
two adjacent domains (Area I and Area II) of the
fabricated grating device. The slight increase of dif-
fraction efficiencies with increasing applied voltage
in the range of V < Vcritical is attributed to slight
decrease of light scattering effect which causes dif-
fraction loss.

We have to take into account two causes for the
diffraction for Vcritical 6 V < Vsat; amplitude grating
effect due to light scattering and phase grating effect
due to optical anisotropy. The area I is essentially
transparent, whereas the area II scatters light at
least at low electric field strength (see closed circles
in Fig. 3), resulting in the amplitude grating. The
diffraction efficiency due to this effect decreases with
decreasing scattered intensity with electric stimuli.
As for the phase grating effect, the diffraction effi-
ciency decreases with electric stimuli, since the
refractive indices in two areas approach to each
other. In any events, it is reasonable to observe
the decrease in the diffraction efficiency with increas-
ing the applied voltage (Vcritical 6 V < Vsat).

Fig. 5 shows the diffraction characteristics
depending on the polarization of incident light.
Polarization-independent diffraction characteristics
were observed in our LC grating device under an
applied voltage in the range of Vcritical 6 V < Vsat,
i.e., 5 V and 10 V. To understand the polarization-
independency of the diffraction efficiency, a simple
model of the LC molecular orientation state of fab-
ricated grating for Vcritical 6 V < Vsat is shown in
Fig. 4(b). While the refractive index of the Area I
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is no irrespective of incident polarization, the refrac-
tive index of the Area II is described as nx

eff and ny
eff

for x- and y-directions, respectively. Since there is
no preferential LC director orientation, the refrac-
tive indices for x- and y-directions are almost the
same, i.e., nx

eff � ny
eff . Thus, the values of absolute

difference of refractive indices for the x- and y-direc-
tions are the same, i.e., jno � nx

eff j � jno � ny
eff j. Since

diffraction efficiency depends only on the absolute
value of the refractive index difference, those with
respect to the x- and y-directions are almost the
same. Even if we take into account the amplitude
grating effect, the diffraction efficiency is indepen-
dent of the polarization anyway. Therefore, polari-
zation independent diffraction occurs. For
V P Vsat, molecules in the Area II perfectly realign
parallel to the cell surface normal, thus, the refrac-
tive indices for x- and y-directions are no. Therefore
phase diffraction characteristics are extinguished.

4. Conclusion

In summary, a simple technique for fabricating
electrically controllable polarization independent
binary LC diffraction gratings has been reported.
The reliability-improved binary grating consists of
alternating stripes of homeotropic monodomain
and non-aligned multidomain. Dependence of the
diffraction efficiency on the applied electric field
was shown to occur because of the refractive index
(phase) change due to the reorientation of the LC
molecules depending on the applied field in the Area
II. The efficiency is almost independent of the polar-
ization angle of the incident beam. The diffraction
characteristics were discussed using a simple model.
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Abstract

A single-pixel dry-type reconstituted bacteriorhodopsin (bR) sensor (Au/CMC + bR/ITO) incorporating carboxymeth-
ylcellulose (CMC) as the artificial membrane is fabricated according to a protocol developed to investigate signal
acquisition from the proposed biosensor. Droplets of reconstituted purple membrane (PM) containing bR applied onto
a gel-like solution of CMC placed on gold electrodes (anode) are allowed to dry under an electric field, utilising the
PM fragment’s net negative charge and electric dipole moment. The resulting bR matrix thin film with high molecular
orientation is finally sandwiched together with a semi-transparent indium titanium oxide (ITO) counter electrode and
proper electrical connections made to form a single pixel bR-CMC photosensor. Efficient and reproducible photoresponse
observed upon illumination clearly exhibits the potential of the proposed biosensor for future photosensing works.
� 2006 Elsevier B.V. All rights reserved.

PACS: 85.65.+h; 85.60.Bt; 87.14.Ee; 07.07.Df

Keywords: Bacteriorhodopsin; bR-photosensor; Organic optoelectronic material; Light-driven proton pump
1. Introduction

Bacterial-rhodopsin or bacteriorhodopsin (bR)
is a family of the retinal-containing proteins found
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.03.012
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in extremely halophilic bacteria known as Halobac-

terium halobium thriving in salt marshes [1]. The
only protein component in the purple membrane
(PM) of the bacteria and contains a binary mixture
of two proteins [2], one containing 13-cis retinal
(dark-adapted bR) and the other all-trans retinal
(light-adapted bR) at ambient temperature and
low-light conditions. It is the simplest known
light-driven ion pump performing photosynthesis
that provides light-dependent ion (proton, H+)
.
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transport and sensory functions for these organ-
isms. This is achieved by converting light energy
into an electrochemical gradient by means of
pumping out protons from the cytoplasmic region
into the extracellular region of the biological
membrane.

bR of the halobacterial cell membrane consist of
a 2-dimensional crystalline cell membrane embed-
ded into a lipid bilayer (3:1 to protein:lipid) and
grown by the bacterium when the concentration of
oxygen becomes too low to sustain the generation
of adenosine triphosphate (ATP) via oxidative
phosphorylation, which is also how ATP is formed
in cellular respiration. ATP production in the
absence of oxygen is achieved by using bR as a pro-
ton pump by participating in a photocycle process
[1,3] and [4], which produces H+ for every photon
of light absorbed. The process in turn changes the
bR’s shape (kinked shapes) and creates many inter-
mediate forms while moving the protons produced
across the membrane. This trans-membrane move-
ment from the cytoplasmic side to the extracellular
side creates an H+ gradient. The resulting energy
of the H+ gradient is then harnessed by using ATP-
ase to form ATP from inorganic phosphate and
ADP in the same manner it occurs in cellular
respiration.

Many bR-based photosensors as proposed by
various research groups [5–15] and [16] worldwide
were configured in a multilayered thin film sand-
wiched between two conducting electrodes. Crucial
steps usually involve the incorporation of reconsti-
tuted bR into suitable mediums [5–15] acting as
‘‘artificial membranes. The medium to be chosen
should be transparent enough to allow light pene-
tration to reach the embedded bR in the ‘‘artificial
membrane’’. It should also possess cation-selective
capabilities that enable proton transport through
the medium. Most research groups concentrate into
separate formation of bR thin film layers and ‘‘arti-
ficial membrane’’ medium [8,11,12,15] before sand-
wiching the bR-matrix together to enable forced
incorporation of highly orientated bR into the
active medium. In the work proposed however, an
unconventional approach is used by allowing the
bR to directly fuse into the medium in the form of
a thick and viscous electrolyte gel that restricts free
movements and rotations of the bR. By allowing the
rotation limited bR-matrix to dry naturally under
an electric field, bR with high molecular orientation
embedded in an almost uniform multilayered matrix
is formed.
2. Experiment

2.1. Materials

PM (molecular weight without retinal of
26784 kDa) of variant type V1 containing lyophi-
lized powder of bR molecules from Halobacterium

salinarium were obtained from MIB, Munich Inno-
vative Biomaterials, Germany. Product information
stated absorption maximum of bR in deionized
water after light adaptation at 566 nm, while absor-
bance ratio (referring to the ratio of maximum opti-
cal densities, ODs at 280 nm and 570 nm), OD280 /
OD570 at 2,3. For the purpose of the study, bR
was suspended in pure deionized water to form a
bR solution with a concentration of 0.2 mg/ml.
The gel-like ‘‘artificial membrane’’ CMC-salt vis-
cous gel electrolyte, bought in the form of powder
from Sigma chemicals (product number 419273-
100G), was prepared by slowly dissolving 6%
CMC in 1 M of KCl (pH 7.4) prepared earlier in
purified deionized water. Homogeneity of the gel
electrolyte and the bR solution was achieved by
means of using an agitator (Model 34524), supplied
by Snijders Scientific, Holland. Gold coating (resis-
tivity of 11.5 X/cm) formed on standard glass slides
(2.5 cm · 7.5 cm) used in the work was achieved by
using a BIO-RAD SEM sputtering system. The
counter electrode used, the semi-transparent ITO
conducting electrode (2.5 cm · 7.7 cm) had a sur-
face resistivity of about 75.0 X/cm. Single pixel
light-receptive area of 1.3 cm · 0.9 cm on the gold
sputtered electrode was prepared by simply using
a sharp metal point to define the dimensions of
the light receiving area and thoroughly wiping of
the rest of the sputtered gold on the slide with a fil-
ter paper. Electrical connections for the pixel from
the edge to the underside of the pixel bearing glass
slide were made using silver conductive paint (resis-
tivity of 1.20 X/cm) obtained from RS Components,
UK, while copper wires were attached to the indi-
vidual electrical connections using the silver conduc-
tive paint. Sensor sealing was accomplished using a
silicon based adhesive sealant (Selley Silicone
Sealant).

2.2. Device optimizations and fabrication

bR-sensors fabricated by many researchers in
their previous publications [8–10,12,15] seems to
centre on the semi-dry type version, which basically
involves the junction type bR-matrix sensor (metal /
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bR / medium (electrolyte gel) / metal). Incorporat-
ing bR layers deposited as single or multilayered
thin films employed through various deposition
techniques and additions of charge enhancing iono-
phores [17] and [18] increases the production of
efficient photoresponse from the fabricated photo-
sensor. Much more basic configurations were
employed in this work, yet still allowing a high level
of photosensitivity to be achieved.

A glass slide prepared and washed with methanol
and deionized water is sputtered with gold using a
Scanning Electron Microscope (SEM) coating unit.
Using the sharp metal point as mentioned earlier, a
single pixel configuration is prepared on the gold
coated glass slide (working electrode), which acts
as the gold electrode. Electrical connection is made
by using silver conductive paint on the edge of the
gold pixel (the side of the glass slide) to the under-
side of the gold electrode. A copper wire is then
attached by using the silver conductive paint to
the electrical connection made on the underside of
the pixel bearing glass slide. Using a 1 ml syringe,
a drop of the gel-like CMC solution (about 0.1 ml)
is applied onto the gold pixel. The use of CMC as
the active medium was mainly due to ready avail-
ability and the intrinsic cation exchange capability
possessed by the negatively charged carboxymethyl
groups in CMC, enabling proton transport through
the matrix. A drop of bR solution, about 0.1 ml
applied from a 1 ml syringe is later deposited
directly onto the CMC droplet. The OD measure-
ment of the resulting light adapted bR-CMC mix-
Fig. 1. Proton transfer mechanism as been suggested for the study carr
activates the photocycle process within the PM. The process produce
pumping mechanism from the cytoplasmic to the extracellular region.
ture placed in a cuvette showed a value of 0.345 at
566 nm.

To induce high molecular orientation of bR as it
rotates and fuses into the CMC material, the gold
pixel bearing the bR-matrix is placed on an
aluminium base and kept under a high electric field
of 50 V/cm to utilise the bR’s net negative charge
and electric dipole moment. Silver paint connecting
the edge of the gold pixel to the underside of the glass
slide bearing the pixel enables electrical connection to
the aluminium base, which is connected to the posi-
tive polarity of the dc supply. Puu et al. [19], in his
paper has shown that this method of bR matrix film
formation will retain their molecular orientation even
after the removal of the electric field and the drying of
the electrode while retaining the natural intrinsic
properties of bR. Such thin films incorporated into
the dry-type photosensor design enables a high effi-
ciency in generating photoelectric current as shown
by Nicolini et al. [20], since almost all proton path-
ways are orientated in the same direction.

The whole setup is kept in dark for about 48 h to
allow the pixel bearing electrode to dry naturally
under the electric field and normal room tempera-
ture. An ITO slide washed with methanol and
deionized water is dried and used as a counter elec-
trode by sandwiching it with the prepared bR-
matrix on the gold pixel. To allow good adhesion,
the working electrode is wetted using a drop of
deionized water from a 1 ml syringe before sand-
wiching. If the weight of the ITO slide is placed
immediately on top of the ‘‘gel-like’’ bR matrix
ied out using the proposed CMC-based bR sensor. Light photon
s a proton gradient across the membrane, activating the proton
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before allowing complete drying, the viscous matrix
will spread all over and flow out of the gold pixel.
By keeping the fabricated bR-sensor overnight in
dark conditions to dry naturally under the same
electric field and room temperature, the electric
dipole moment of bR will be oriented in the same
direction. After complete drying, the edge of the
sensor is sealed using the silicon based adhesive seal-
ant to reduce the effects of humidity fluctuations.
Finally the entire sensor is placed permanently by
using adhesive tapes onto a solid polystyrene base
to give physical support and kept in dry and dark
conditions overnight [21] before any signal acquisi-
tion works are carried out (see Fig. 1).

2.3. Signal acquisition

Signal acquisition from the biosensor was carried
out using a 500 W halogen projector lamp as the
light source. To reduce excessive heat build-up, a
distance of 0.5 m was maintained between the pro-
tein-based biosensor and the light source, allowing
about 1.3 mW/cm2 of light intensity to fall onto
the pixel of the sensor.

3. Results and discussions

When the light source was switched on, an
increase or ‘‘rise’’ in open voltage generation was
observed. As a result of using a continuous source
of illumination, a steady photovoltage generation
or open voltage is observed. The peak values regis-
0

5

10

15

20

25

30

35

40

45

50

0 200 400 600

Time

O
p

en
 v

o
lt

ag
e 

(m
V

)

day 3

day 4

day 1

day 2

Fig. 2. Switching profiles of the bR sensor as obtained on days 1, 2, 3 a
and 4, self-stabilising at about 45.5 mV, 47.6 mV, 47.5 mV and 46.7 m
open voltage value of 24 mV takes 170 s to reach peak value, day 2 w
registers 16.9 mV and 260 s.
tered characterized by the bR concentration and
light intensity used in the experiment shows a steady
state photovoltage, which represents the propor-
tional open voltage measurement of the net charge
(proton) transport. When the light source was
removed, a sudden decrease or ‘‘fall’’ in photovolt-
age generation was observed indicating sudden loss
of proton gradient.

The sensors’ switching profiles on days 1, 2, 3 and
4 registered different initial (at t = 0 s) or starting
open voltage values suggesting incomplete proton
discharging of the sensor or exposure to back-
ground light before signal acquisition was obtained.
It was evident that the initial values registered do
not alter the switching profiles of the sensor but
inversely influences the time it takes to reach the
peak photovoltage (see Fig. 2).

The basic underlying mechanism that occurs,
involves creation of the build-up of positive charges
or protons through direct response towards absorp-
tion of light photons through the ITO semi-trans-
parent electrode. This being as a consequence of
the photocycle process triggered in the bR incorpo-
rated into the CMC matrix, creating a proton gradi-
ent across the ‘‘artificial membrane’’. As in nature,
the single pixel gold electrode represents the cyto-
plasmic side from where the proton or charge trans-
fer takes place towards the extracellular side of the
‘‘artificial membrane’’, which is represented by the
ITO slide. The ITO slide collecting the charges or
the electrical current produced will then be regis-
tered as photoresponse or an open voltage value.
800 1000 1200 1400

 (s)

nd 4, exhibiting similar stable profiles. Peak values for days 1, 2, 3
V respectively were achieved after 170–270 s. On day 1, an initial
ith 22.9 mV takes 180 s, day 3 with 10 mV takes 270 s and day 4
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As discussed earlier, there are many methods for
immobilizing bR into the ‘‘artificial membrane’’.
Most of these works involve either the semi-dry
sandwich-type voltaic cells with metal-bR matrix-
metal [11,12,14] or liquid junction cells comprising
a bR-loaded membrane separating two aqueous
solutions [8,22]. But the work presented in this
paper involves a truly robust and easy to fabricate
completely dry sandwich-type photosensor with
repeatable and stable switching profiles.

4. Conclusions and future works

The work presented serves as a crucial prelimin-
ary investigation into the possibility of fabricating
a multi-pixel CMC-based bR sensor to be integrated
into an optical data processing system. Observation
of photoresponse results clearly exhibits the switch-
ing profile of the proposed biosensor and by further
perfecting the bR-matrix deposition method a faster
rise-time could be achieved allowing fabrication of a
more sensitive and practical photosensing device.
Future works will also include important character-
ization works on the proposed bR sensor so as to
better understand the light sensing mechanisms
involved.

The basic bR-based photosensor design architec-
ture presented and fabricated in this work demon-
strates good photoresponse as shown by the
switching profiles obtained while keeping many
aspects of the fabrication process as simple as
possible.
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Abstract

Switching in metal/organic/metal structures for non-volatile memory applications was investigated. The electrodes
turned out to be crucial for obtaining reversible switching, whereas the organic material had only minor influence. Elec-
tron-only devices with aluminum electrodes showed reversible resistive switching due to external bias. Transport and
switching mechanism were studied by measuring I–V characteristics, retention, impedance spectroscopy and temperature
dependence. The results suggest that switching is due to the oxide layer at the electrode and transport through filaments.
Spatially resolved infrared photographs prove the filamentary nature.
Published by Elsevier B.V.

PACS: 73.40.Sx; 84.37.+q; 73.61.Ph; 85.65.+h

Keywords: Organic memory; Switching; Polymers; Filaments; Oxide
1. Introduction

Non-volatile organic memories are presently
being investigated as a low-end replacement for
standard NAND flash circuitry. The devices consist
of a thin semiconducting organic film sandwiched
between two electrodes. Resistance switching has
been reported for a wide variety of semiconductors
such as pentacene [1], anthracene [2], copper-tetra-
cyano-quinodimethane (Cu TCNQ) [3], blends of
organic materials [4,5] and doping with nanoparti-
cles [6–8]. It is noteworthy that one of the electrodes
1566-1199/$ - see front matter Published by Elsevier B.V.

doi:10.1016/j.orgel.2006.03.014
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is typically aluminum. In some of the devices on
which reports have been written, reproducible
switching is only observed when the aluminum elec-
trode is deliberately oxidized or unintentionally pas-
sivated with native oxide. The devices switch
reversibly between a high resistance off-state and
one or more low resistance on-states at fields much
lower than the breakdown fields. The current mod-
ulation at low bias is typically several orders of
magnitude. Nanosecond switching times have been
reported [6]. In the on-state, the transport is sym-
metric for forward and reverse bias and transport
has a negligibly small thermal activation energy.
Data retention times and programming cycle endur-
ance are both excellent. Shelf-life data is not yet
available but data for similar devices, e.g. organic

mailto:michael.coelle@philips.com
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light-emitting diodes, suggests it will be environ-
mentally stable.

The nature of the switching mechanism is still
unknown. For heterogeneous systems, it has been
suggested that field-induced charge transfer that
leads to a building up of space charges and inhibits
injection could explain switching combined with
negative differential resistances [8,9]. As an alterna-
tive, charge tunneling and polarization of the
trapped charge has been proposed [6]. In homoge-
nous organic systems switching has been ascribed
to several different mechanism, including bulk
charge transfer [3], charge trapping [7], electro-
reduction and conformational changes [10]. Finally,
formation of conducting filaments [1,11] and influ-
ence of aluminum oxide [12] has also been
suggested.

For practical application in electronic devices,
the properties of the organic memory must be
adjustable. Memory circuit design imposes specific
windows for both on and off resistance. For
instance, selection transistors cannot deliver the cur-
rent to switch large arrays of metallic conductors.
Moreover, the resistances of the cell should scale
with the lateral dimensions. Hence, it is of para-
mount importance to know whether the switching
is a bulk property or due to the formation of fila-
ments. To address this question we investigated
resistance switching in electron-only, hole-only and
bipolar polymeric light-emitting diodes. Our find-
ings suggest that switching is related to the nature
of the electrode. By using a heat-sensitive camera,
we show that the conduction in the on-state is due
to the presence of conducting paths through the
bulk of the semiconductor. A phenomenological
interpretation of the switching is presented and the
consequences for scaling are discussed.

2. Experimental

Devices were glass/bottom electrode/organic
layer/top electrode sandwich structures. Glass sub-
strates were cleaned carefully and checked by
SEM and AFM measurements. Furthermore, the
whole process was carried out in a cleanroom envi-
ronment to exclude any influence from dust parti-
cles as reported by Tang et al. [13] and references
therein. The bottom electrode was indium tin oxide
(ITO)/polyethylenedioxythiophene:polystyrene sul-
fonic acid (PEDOT) (100 nm) or Al (30 nm). For
the organic layer we used polymers with different
chemical structure and bandgaps (e.g. Polystyrene,
poly[2-methoxy-5-(3 0,7 0-dimethyloctyloxy)-1,4-phe-
nylene vinylene] (OC1OC10), SuperYellow (Merck)
and polyspirofluorene of red, green and blue color)
and the small molecule material tris-(8-hydroxy-
quinoline)aluminum (Alq3). Polymer films were
spincoated while Alq3 films were evaporated. The
semiconductor layer thickness was varied between
60 nm and 170 nm. Top electrodes were deposited
at a pressure of 10�6 mbar. Thereafter devices were
encapsulated. The active device area was 3 · 3 mm2.
Depending on the electrodes, unipolar or bipolar
devices are obtained. For electron-only devices we
used glass/Al (30 nm)/organic/Ba/Al, Al or LiF/Al
as the top electrode. The hole-only device structure
was glass/ITO/PEDOT/organic/Au and for bipolar
devices glass/ITO/PEDOT/organic/Ba/Al struc-
tures were used. By variation of the electrodes and
the polymers about fifty different device structures
were studied and at least 27 identical devices were
fabricated for each structure. The data shown in
the figures was measured on devices with blue poly-
spirofluorenes as the organic layer with a thickness
of 80 nm.

An HP4155B was used to measure the I–V char-
acteristics and to monitor the current during the
temperature-dependent measurements. Forward or
positive bias was defined with a positive bias at
the bottom electrode. Temperature-dependent
measurements were carried out under continuous
readout conditions at 1 V and temperature was
swept at a speed of 0.5 K/min. For retention mea-
surements and read/write cycles a Keithley 2400
was used, which was controlled by a self-made com-
puter program and compliance was set to 10 mA.
A Schlumberger SI 1260 impedance analyzer was
used for the C–V measurements. A Semicaps SOM
3000 was used for spatially resolved IR measure-
ments. The InGaAs camera has a spectral response
from 950 to 1700 nm and a spatial resolution of
10 lm.

3. Results and discussion

By variation of the electrode materials and the
organic materials a large number of different device
structures with an electrode/organic layer/electrode
configuration were studied. Hole-only and bipolar
diodes exhibited hardly any switching behavior.
However, over 30% of the electron-only devices
did exhibit resistive switching. Treatment of the alu-
minum bottom electrode with UV/O3 or with oxy-
gen plasma increased the yield. We conclude that
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formation of a thin aluminum oxide layer is crucial
for the fabrication of reliable switching devices. The
bottom electrode can be much better controlled
than the interface to the top contact. In some cases,
if aluminum was directly evaporated on the organic
layer we obtained bipolar diodes that can exhibit
switching, but with significantly reduced reproduc-
ibility. Parameters like vacuum pressure during
evaporation and evaporation speed seem to be
important and are difficult to control. By using
Ba/Al as top electrode the bipolar devices hardly
switched. This indicates that Ba has a major impact
on the interface formation and further that the
interface between organic semiconductor and alumi-
num is related to the switching properties of these
devices.

We deliberately varied the type of semiconduc-
tor. However, the chemical structure has no influ-
ence on the yield, and only changes in the read/
write voltages were found. A polymer thickness of
about 80 nm turned out to be best for reproducible
and controllable switching.

Typical current–voltage characteristics of a
switching diode are presented on a semi-logarithmic
scale in Fig. 1. The inset shows the same data on a
double logarithmic scale. Three states, labeled A, B
and C, are shown. State A corresponds to the
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Fig. 1. Current–voltage (I–V) characteristics of an electron-only
device (Al/blue polyspirofluorene/BaAl) with three different
states labeled A, B and C, respectively, measured at room
temperature. By using external bias stress it is possible to switch
between these levels at will (see text). The black solid line
indicates the upper limit for bulk transport obtained from
simulations based on SCLC. The inset shows the double
logarithmic representation of the data, indicating a slope between
1 and 2 of the two upper states. This indicates a different
transport mechanism from the pristine state A.
pristine device. The I–V characteristics are typical
for an electron-only diode. The transport is non-
symmetric with a superlinear increase in the current
above a built-in voltage of approximately 1 V. We
calculated the space charge limited current using a
hopping transport model that takes into account a
charge-carrier-dependent mobility [14]. The solid
line was calculated by assuming ohmic contacts
and trap-free transport, and represents an upper
limit for bulk limited transport.

States B and C are formed upon application of
an external pulsed bias. In the example of Fig. 1
we used 5 s at +11 V for the transition from state
A to B and 1 s at +7 V for the transition from B
to C. The process is totally electrically reversible.
Upon application of �10 V for 1 s, state C trans-
forms back into state B, and when �15 V is applied
for 5 s state C transforms into state A. States B and
C are two examples of upper states. Several discrete
upper levels can be formed in these devices, depend-
ing on the biasing conditions. Hence, the devices
behave like multi-level memories.

The I–V characteristics are smooth at biases
below the switching voltage. Instabilities are
observed but they are typically close to the switch-
ing voltage. In the upper states and at low biases
the current increases linearly with applied voltage.
As shown in the inset of Fig. 1, with increasing bias
the slope changes from 1 to 2, indicating a transition
from ohmic to space charge limited current trans-
port. In some devices and at higher bias the current
decreases with increasing bias, but the occurrence of
this negative differential resistance is not a prerequi-
site for switching. We note that Fig. 1 shows that in
the upper states the current density exceeds the cal-
culated limits by more than an order of magnitude.
The transport in the upper states therefore cannot
be limited by the bulk of the semiconductor.

Programming cycle endurance was investigated
for the upper two states by applying repetitive write,
read and erase cycles. As shown in the upper part
and the zoomed-in inset in Fig. 2, we used a +7 V
writing, +1 V read and �10 V erase bias. The
switching times are smaller than the experimental
resolution of our set-up of about 10 ms. However,
reliability increases with increasing pulse duration.
For this reason, the pulse durations were kept con-
stant at about 1 s. Fig. 2 shows that switching is
reversible and that the currents for the two states
differ by about a factor of 20. There is a small var-
iation in current levels but the switching between the
two states is reliable and reproducible. The inset of
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Fig. 2 shows that within a given reading pulse the
current slowly increases with time. The origin for
this current increase is still unknown. Fig. 2 shows
the reading currents for about 30 cycles. However,
over a thousand fault-free cycles could be obtained.
The memory diodes investigated showed similar
programming cycle endurance, but write and erase
voltages had to be adjusted for each diode
separately.

By adapting the pulse sequence, switching
between the upper states and the pristine state is
possible. However, when large numbers of cycles
were measured read/write errors were obtained.
Parameters such as pulse–time and voltage levels
then had to be readjusted.

Data retention was measured under constant
readout, the so-called stress condition, as well as
with disconnected contacts in between the measure-
ments. A readout voltage of 1 V was used. The read-
out currents for states A, B and C as a function of
time are presented in Fig. 3a and b. The data of
Fig. 3a is similar to that of Fig. 3b, showing that
there is no difference between the two types of mea-
surements. Readout is therefore non-destructive.
Fig. 3 shows that over a period of months the cur-
rent does not change with time. Programmed
devices are remarkably stable. We note that the long
data retention times eliminate bulk charge trapping
as a switching mechanism. The maximum trap
depth in organic semiconductors is in the order of
1 eV. For example values of 0.6 eV and less for
polyfluorene were reported [15]. Studies with tech-
niques such as thermally stimulated current show
that these traps are released at temperatures below
room temperature with applied voltages below 1 V
and even at zero bias [16]. Therefore bulk charge
trapping cannot explain the long retention times.

Trapping and release of charges and/or dipole
reorganizations at one of the interfaces might lead
to variations in the injection barriers and hence to
switching [17]. Formation of such an interface layer
should be accompanied by a change in the diode
capacitance. Hence, we measured impedance spec-
tra of the two upper states of the sample in Fig. 1.
Cole–Cole plots of the measurements are presented
in Fig. 4, showing semicircles that can be described
by a single parallel RC circuit shown in the inset.
For both states in Fig. 4 an identical value for the
capacitance of 3.4 · 10�9 F was found. This value
is in the same order as the geometric capacitance
of the sample. The different semicircles are a
result of the differences in the resistances, about a
factor of 20, which are similar to the differences
measured in the I–V characteristics. This shows that
the memory effect is due to resistive switching. In
Fig. 1 the impedance was measured at 1V that
we used as readout voltage. Voltage dependent
impedance spectroscopy revealed a more complex
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behavior that goes beyond the scope of this report
and will be presented elsewhere.

Further information about the transport mecha-
nism is obtained from temperature-dependent mea-
surements. A diode was programmed in one of four
possible states, in this case the pristine state and, in
this diode, there were three accessible upper levels.
The current was subsequently measured at 1 V
whilst the temperature was swept at a speed of
0.5 K/min. Data integrity was checked by sweeping
the temperature down and up again. The currents as
a function of temperature are presented in Fig. 5.
The pristine state, the original electron-only diode,
shows thermally activated transport, where the cur-
rent increases with increasing temperature. An exact
value of the activation energy cannot be presented
as the readout is close to the built-in voltage where
transport is due to both drift and diffusion. Hence,
the Arrhenius representation is not linear. Fig. 5
shows that the currents in the upper levels do not
change with temperature. The negligible activation
energies point to either metallic-like filaments or
tunneling transport.

Switching of an electron-only device with 50 nm
of polystyrene further supports the filamentary
nature of the transport. As polystyrene is not
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semiconducting, a diode characteristic correspond-
ing to state A in Fig. 1 was not measured. However,
symmetric and highly conductive states can be
selected, which indicates a similar switching mecha-
nism to that in the devices using semiconducting
polymers.

Filamentary conduction in the upper states sug-
gests that current will be transported via a limited
number of filaments. If such a hypothesis is true,
the filaments should show up in thermal images
of the diode area. For this purpose, we investigated
the homogeneity of switching diodes with an IR-
enhanced CCD camera. The spatial resolution was
about 10 lm. We used a constant bias of 1 V. A rep-
resentative series of thermal images is presented in
Fig. 6. The diode (glass/Al (30 nm)/blue polyspiro-
fluorene/BaAl) is switched between two upper states
Fig. 6. Series of spatially resolved photographs made with an IR
detection system showing the entire device area of 3 · 3 mm2. The
device is switched from the highest state (a) to a lower state (b),
then to the pristine state (c) and subsequently back to the highest
state (d) again. Two spots, which are located in the lower part of
the device, are monitored at a bias of 1 V. In (b) the spots are still
visible, but their intensity is reduced. Thus, a lower state was
formed. Further negative bias stress results in the pristine state
and the spots disappear (c). The identical filaments are reacti-
vated after applying positive bias (d). This series demonstrates
that transport is through filaments and that current through the
filaments can be modified by bias treatment. In (e) we zoomed in
on the rectangular device area marked in (d) and the readout
voltage was increased to 3 V. The picture shows that a large
number of filaments is present.
in Fig. 6a and b. Fig. 6c shows the thermal image
when the diode is switched to the pristine state. Sub-
sequently, in Fig. 6d, the diode is switched back to
the upper state with which this series started.

In the upper high-conductance state (Fig. 6a), the
image shows clearly two groups of hot spots marked
by arrows. The diameters of these spots in the device
are probably smaller than recorded with the CCD as
the Al layer (30 nm) and the glass substrate lead to a
lateral dissipation of heat. When the diode is
switched into the lower upper state (Fig. 6b) one
group of hot spots has nearly disappeared. Upon
switching to the pristine diode (Fig. 6c), filaments
can no longer be detected. The hot spots are due
to highly conductive paths. However, they are not
created and destroyed upon switching. Fig. 6d
shows that when the original state is restored, the
same original hot spots as in Fig. 6a are detected
in the thermal image. We therefore conclude that
upon switching the filaments are not generated nor
destroyed, but that individual filaments are turned
on and off, like switches.

Fig. 6a–d shows the most intense spots. How-
ever, there are many more filaments. In Fig. 6d we
zoomed in on the area indicated by the dark rectan-
gle while at the same time increasing the bias to 3 V.
The resulting image is shown in Fig. 6e. It is evident
that many more filaments are present. The series of
pictures in Fig. 6 provides further experimental evi-
dence of the existence of multi-state levels. The sta-
ble upper states in the switching diodes correspond
to groups of filaments. Depending on the program-
ming sequence of writing biases and pulse widths,
different groups of filaments are gradually tuned
or switched on and off.

The microscopic switches are most probably
formed in the aluminum oxide. Aluminum is known
to form natural oxide of about 2–4 nm at the sur-
face, even if processed in a nitrogen glovebox with
a concentration of water and oxygen of less than
1 ppm. Our devices therefore have an Al/oxide/
organic semiconductor interface. The structure of
naturally formed aluminum oxide is disordered or
even amorphous [18]. Naturally formed aluminum
oxide films are known to have large spatial differ-
ences in conductivity [19,20]. The differences have
been attributed to variations in the local atomic
structure, which lead to a broad distribution of elec-
tronic states and injection barrier heights. It has
been shown that bias treatment can lead to changes
in the local conductivity by orders of magnitude
[18,19]. The local breakdown of tunnel junctions
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has also been attributed to the formation of high-
conductance aluminum oxide spots [21,22]. Theoret-
ical models suggest that field-induced displacement
of atoms in aluminum oxide is reversible [23]. This
was confirmed by Kurnosikov et al. They demon-
strated reversible switching of the local conductivity
of natural aluminum oxide films by using an AFM
tip [24]. Furthermore, by comparing I–V character-
istics, switching behavior, switching and retention
times with results obtained on metal/oxide/metal
devices [25], we can conclude that switching is due
to the oxide layer at the contact.

The switching mechanism can phenomenologi-
cally be understood by assuming the formation of
highly conductive paths within the organic semicon-
ducting film. We note, however, that the micro-
scopic formation process of the filaments is still
unknown. It appears that the filaments are turned
on and off by reversible microscopic switches in
the aluminum oxide films. The ensembles of
switches are defined by the write and erase biases
and pulse widths. Different pulse sequences will
open and close different sets of filaments or gradu-
ally tune the current through individual filaments.
This explains the multi-level stages. The highly con-
ductive paths dominate the conduction. Hence, the
current density is high and the temperature depen-
dence in the upper states is negligible. The equiva-
lent circuit of the diode is a single RC circuit with
a geometric capacitance and variable resistance. In
the off-state all switches are closed and the transport
is similar to standard bulk limited semiconducting
diodes. The reliability of the memory diodes is dom-
inated by the persistence of the aluminum oxide
switches. As long as the switching parameters do
not change, the same set of switches is addressed.
This explains the data endurance, the programming
cycle endurance and its sensitivity for changes in the
programming conditions.

Scaling of the device resistance with surface area
is crucial for memory applications. The filamentary
switching mechanism in organic memory cells fun-
damentally limits the scaling at small lateral dimen-
sions. Furthermore, selection transistors cannot
deliver the current to switch the metallic filaments.

Several organic memories have been published,
proposing a large variety of different mechanisms
that refer mainly to the bulk or change of molecular
properties. Interestingly, most of these devices use
aluminum as the electrode material. Although we
have not investigated all different types of published
organic memory devices, there are significant simi-
larities in the reported properties with our data
and a similar operation mechanism can be expected
in these devices. Therefore the various mechanism
for organic memories proposed in literature should
be tested by using other electrode materials.

In conclusion, metal/organic/metal structures
were investigated and electron-only devices with
aluminum electrodes showed reversible resistive
switching due to external bias. Transport and
switching mechanism were studied by measuring
I–V characteristics, retention, impedance spectros-
copy and temperature dependence. Our results sug-
gest that switching is due to the oxide layer at the
electrode and transport through filaments. Photo-
graphs with a spatially resolved infrared camera
proved the filamentary nature. Several published
organic memory devices show comparable charac-
teristics and a similar operation mechanism may
play a role in these devices, especially when using
electrodes that form oxides like aluminum. The sci-
entific challenge now is to understand the formation
of the filaments. The practical challenge is to manip-
ulate the switching properties of the aluminum
oxide films to give rise to scalable, non-volatile
organic memories of which the resistances can be
tuned at will.
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Abstract

The contribution of charge balance and optical microcavity effects in solution processed OLEDs cannot be easily quan-
tified due to the absence of a well defined location for the emission zone. In this paper, we study the device efficiency of a
solution processed blue electrophosphorescent OLED where the relative electron–hole balance is varied by means of
molecular doping with an electron transport material. Changes in the electroluminescent spectra for the device series indi-
cate the presence of optical microcavity effects, which we quantify by means of optical simulation. Furthermore, this
enables us to factor out the contribution of microcavity effects on device efficiency enabling the quantification of the charge
balance effect on device performance.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The efficiency of organic light-emitting diodes
(OLEDs) has improved to an extent where they are
being considered for lighting applications [1]. At
present, the various designs for lighting fixtures are
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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based on flat panels emitting light in the forward
direction to yield diffuse light sources. This design
is fully compatible with the basic architecture of
OLEDs which involve organic thin films sandwiched
between conducting electrodes.

However, this OLED architecture results in the
formation of a microcavity, due to the double mir-
ror structure given by the two electrodes and the
organic layers embedded in between. From the per-
spective of charge balance within the device, elec-
trons and holes injected from the respective
contacts recombine in the emission zone (EMZ) to
.
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form excitons which undergo radiative emission to
generate light. The rate and direction of emission
of excitons that are physically close to the highly
reflective cathode, are strongly affected by optical
interference effects [2], which in turn affects the effi-
ciency of the device. The internal device efficiency is
related to the rate of emission. The external device
efficiency is determined by the fraction of light,
which is generated in the device stack and extracted
to air. The mismatch of the refractive index between
air and the OLED reduces the light output due to
poor extraction of generated light. Total internal
reflection into wave guiding modes and self-absorp-
tion are two mechanisms responsible for this reduc-
tion. Thus, the light emitted by the device can be
classified into three modes: the external mode, the
substrate waveguided mode and the anode/organic
waveguided mode, as shown in Fig. 1. The distribu-
tion of the light into the three modes is affected by
the emission angle of the light and the location of
the emission zone.

However, in an OLED device, the internal device
efficiency is highly dependent on the charge balance
of the device. At the same time a modification of
charge balance could lead to a change in the loca-
tion of the emission zone. This can result in varia-
tions in the extent to which light is outcoupled
from the device due to the dependence of the micro-
cavity effect on the location of the EMZ [3]. Thus
the resultant change in device efficiency is a com-
bined effect of improved charge balance and altera-
tions in the microcavity effect. Improvements in
device efficiency are often assigned entirely to
charge balance effects without considering micro-
cavity effects. This is because a general methodology
has not been rigorously defined to isolate the rela-
tive contribution of both effects on enhancement
in device performance. In this paper we show a
method, which enables the separate quantification
of both effects using optical simulation.
Fig. 1. The external mode, the substrate waveguided mode and
the anode/organic waveguided mode in an organic EL device.
Dependent on the emission angle H the generated photons are
outcoupled or waveguided.
2. Method

2.1. OLED devices

Fig. 2 shows the structure of the devices used in
this study. The light emitting polymer layer (LEP)
in these OLEDs are comprised of polyvinylcar-
bazole (PVK) as the hole transporting matrix,
1,3,4-oxadiazole, 2,2 0-(1,3-phenylene)bis(5-(4-(1,1-
dimethylethyl)phenyl) or OXD-7 as an electron
transporter and the blue phosphorescent dye Iridium
(III)bis[(4,6-di-fluorophenyl)-pyridinato-N,C2]pico-
linate (FIrpic) [4]. Keeping the amount of FIrpic in
the LEP constant at 10% by weight, the relative con-
centrations of PVK and OXD-7 are changed in
order to vary the hole and electron transport within
the LEP. PEDOT and the LEP are deposited on
indium tin oxide (ITO) coated glass substrates
respectively, followed by thermal evaporation of
the cathode layers comprising CsF and Al. The
LEP (thickness of 75 nm) is spin coated from chlo-
robenzene and is baked at 80 �C for 30 min. Device
characterization is carried out after encapsulating
the OLEDs. All device fabrication steps are carried
out in an inert atmosphere except for the PEDOT
spin coating.

2.2. Optical modeling

Optical simulation of the experimental results
was performed using the microcavity simulation
tool UniMCO 4.0 by UniCAD [5]. The radiative
emission from the recombining excitons is modeled
by oscillating dipoles in front of a mirror. The
recombining exciton is modeled as a two-level sys-
tem whose transition rate is given by Fermi’s golden
Fig. 2. Architecture of the devices used in this study. The table
contains the device nomenclature based on the composition of the
LEP.



1 The light output of the devices was measured using a large
area (18 mm · 18 mm) Si photodiode. The distance between the
Si photodiode and the OLED substrate’s surface was kept at
<0.5 mm. Considering the size of the OLED’s active area of
4 mm2 in comparison to the area of the Si photodiode, this setup
offers a nearly entire solid angle collection of the light emitted by
the devices.
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rule [6]. The method used in UniMCO is based on
the transfer matrix formalism including additional
source terms for electric field (i.e. the diplole emis-
sion terms). The electric field emitted by electric
dipoles can be expressed in terms of superposition
of s-(TE) and p-(TM) polarized waves, while the
dipole source can be decomposed into three orthog-
onal components (ds,dp,dv), where ds and dp are in-
plane dipole components, and dv is the out-of plane
component. It can be shown that the powers per
solid angle h and surface emitted by such dipoles
in an unbounded medium of refractive index nemit

are of the form:

P s
0 ¼

3

8p
ð1aÞ

P p
0 ¼

3

8p
cos2 h ð1bÞ

P v
0 ¼

3

8p
sin2 h ð1cÞ

For a sheet of dipoles at distance z from the cath-
ode-reflector, the power per unit solid angle and sur-
face P s;p;v

front radiated outside the microcavity by the s-,
p- and v-dipoles can be calculated from the follow-
ing equations:

P s
front ¼ j1þ rs

1e2iuI j2 1� jrs
2j

j1� rs
1rs

2e2iuj2
P s

0 ð2aÞ

P p
front ¼ j1þ rp

1e2iuI j2 1� jrp
2 j

j1� rp
1rp

2e2iuj2
P p

0 ð2bÞ

P v
front ¼ j1þ rv

1e2iuI j2 1� jrv
2j

j1� rv
1rv

2e2iuj2
P v

0 ð2cÞ

where r1 is the reflectivity coefficient of the anode
mirror and r2 the reflectivity of the cathode mirror
of the microcavity, u and uI are given by

u ¼ 2pz
k

nemit cos hemit ð3Þ

uI ¼ 2pd
k

nemit cos hemit ð4Þ

where k is the wave length of the emitted light and d

is the optical path length.
Only the radiation emitted in the source medium

(refractive index nemit) with angles hemit smaller than
the critical angle: h0

emit ¼ arcsinðna=nemitÞ, where na is
the refractive index of the outside medium, can be
extracted out of the microcavity. The interval
½0; h0

emit� corresponds to the escape window of the
radiation. If hemit > h0

emit, the light will undergo total
internal reflection. The amount of extracted light is
a fraction of the light generated in a distance z from
the cathode:

P s;p;v
extr ¼ P s;p;v

front for 0 6 hemit 6 h0
emit ð5Þ

Considering an emission zone profile E(z)
(0 < z < Z), the total power radiated out of the
device is given by

P s;p;v
total ¼

Z z

0

EðzÞdz
Z h0

emit

0

sin hdh
Z 1

0

dkP s;p;v
frontðh; kÞ

ð6Þ

Further refinements are based on the optical con-
stants as a function of wavelength for all layers of
the device stack.

Considering Eqs. (1)–(6), it is obvious that the
variation in the location and shape of the exciton
profile (E(z)) formed within the LEP can result in
significant differences in the extent to which light
can be outcoupled from the device due to the pres-
ence of a microcavity in the OLED stack. It is also
evident that such microcavity effects can lead to
changes in the electro luminescence (EL) spectrum,
as light corresponding to different wavelengths are
outcoupled to a different extent for a given location
of the emission zone.

Furthermore the model allows the determination
of the emission spectrum of the emitter in a space
filled with the emitting medium without any inter-
faces, EL0. EL0 is extracted from experimental
data, using the EL-spectrum of the device measured
in the direction normal to the device substrate, and
performing numerical back calculation based on the
model described above.

3. Results and discussion

The devices utilized in this study involve a given
emitter (FIrpic) which is contained in an LEP where
the electron and hole charge balance is systemati-
cally varied by varying the relative concentration
of PVK and OXD-7 [4]. In Fig. 3, the luminous effi-
ciency of these devices is plotted as a function of
current density.1 Given that the device in the
absence of OXD-7 is hole dominated [4] the rise in
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Fig. 3. Current efficiency (cd/A) versus current density for
devices with varying OXD-7 concentration in the light emitting
spin coated layer.

316 B. Krummacher et al. / Organic Electronics 7 (2006) 313–318
device efficiency with increasing OXD-7 concentra-
tion in the LEP is the result of better injection and
transport of electrons within the LEP. This trend
is seen to exist between devices A–D. The fall in effi-
ciency of device E could be due to too much electron
injection into the LEP.

However, this explanation does not consider the
microcavity effects. Using the EL-spectra of devices
A–E (Fig. 4), the presence of microcavity effects can
be demonstrated. The spectra were measured at a
fixed current density of 1 mA/cm2. The inset shows
the entire spectrum, while the main portion of the
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Fig. 4. Variation in EL-spectra at a fixed current density of
1 mA/cm2 for devices with varying OXD-7 concentration. The
inset shows the total EL spectrum for the devices over the entire
wavelength range in the visible region.
figure is a magnified portion of the same spectrum
in the 500 nm region for all devices. As observed,
the shoulder at 500 nm is seen to increase with
increasing OXD-7 concentration in the LEP. Thus,
at a fixed current density, the spectrum of the FIrpic
devices changes as a function of the OXD-7 content
in the LEP. This takes place in spite of the absence
of any emission from species other than FIrpic in
the LEP. Changes in the PL-spectra due to the dif-
ferent OXD-7 concentrations were not observed for
the devices used in this study. We will show that
these changes observed in the EL spectra can be
attributed to the variation in the location of the
exciton recombination zone within the LEP as its
composition is changed.

Using the microcavity simulation tool described
above, the EL-spectra in Fig. 4 were fitted. The
parameters used for the fit were the location of the
EMZ and the internal emission spectrum of the
material (EL0). We assume that the photolumines-
cence spectrum of FIrpic corresponds to EL0. The
complex index of refraction as a function of wave-
length was determined by the means of standard
ellipsometry for all organic layers and electrode
materials used in this study in order to ensure accu-
rate simulation. For the calculation, the location of
the EMZ is needed. The location of the EMZ is
defined as the distance between the cathode and
the centre of a Gaussian distribution of excitons
within the LEP. In a work published by Wu et al.
a scope of the exciton distribution of approximately
25 nm was determined experimentally for FIrpic in
DCB [7]. As both PVK and DCB contain carbazole
as functional group a similar behavior for exciton
diffusion is expected. Thus, a full width at half max-
imum of 20 nm was chosen for the distribution of
excitons within the LEP in the simulation. Given
the EL spectrum of each device, the distance
between the EMZ and the cathode was varied till
the calculated EL0 matched the PL spectrum of
FIrpic, which is considered to be the actual EL0
as stated above. According to the simulation results
the distance between cathode and EMZ increased
from 20 nm for device A to 60 nm for device E. This
can be explained as follows: As the amount of
OXD-7 in the LEP increases, more electrons are
able to penetrate into the LEP. This results in a
higher extent of exciton formation in those regions
of the LEP which are farther from the cathode.

In the following, we quantify the effect of the
change in the location of the EMZ on device
performance due to improved charge balance and
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microcavity. First, the external light output as a
function of the location of the EMZ was determined
for the device geometry used in this study (Fig. 5).
In the calculation, a constant electron–hole balance
leading to a uniform recombination rate was
assumed. Finally, by analyzing the external light
output, the microcavity effect is determined. The cir-
cles in Fig. 5 mark the light output for the imagi-
nary devices A 0, B 0, C 0, D 0, E 0, which all have the
same locations of the EMZ as the corresponding
real devices A, B, C, D, E. To obtain the actual
effect of charge balance, the microcavity effect is
superimposed onto the actual measured experimen-
tal data. The portion of the light output not due to
microcavity effects is attributed to the charge bal-
ance. We will illustrate this with devices A and D.

When considering microcavity effects alone, we
see that the light output of Device D 0 is almost twice
as high as the output of device A 0 (Fig. 5). However
in the case of the real devices A and D, the light out-
put of device D is 8.5 times more than that of device
A for the same current density (Fig. 3). Based on the
comparison of devices A 0 and D 0, the improvement
in device efficiency due to the microcavity effect is
given by the measured output of device D divided
by two. The rest of the improvement is due to the
effect of improved charge balance.

A more rigorous description of the above calcu-
lation can be stated as follows: the improvement
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Fig. 5. Calculated external light output (for constant current
density) as a function of the location of the EMZ. The exciton
formation rate was assumed to be constant. The circles in the
graph mark the light output for the imaginary devices A 0, B 0, C 0,
D 0, E0, which all have the corresponding locations of the EMZ as
the real devices A, B, C, D, E. The graph describes the efficiency
improvement in comparison to device A due to the microcavity
effect dependent on the location of the EMZ.
due to better charge balance in comparison to
device A is given by

D1ðX Þ ¼
OmðX Þ
OðX 0Þ � OmðAÞ ð7Þ

where Om(X) (X 2 [B, C,D, E]) is the measured light
output at constant current density and O(X 0)
(X 0 2 [B 0,C 0,D 0,E 0]) is the light output of the imag-
inary devices normalized on the output of A 0. The
improvement compared to device A due to the
microcavity effect is given by

D2ðX Þ ¼ OmðX Þ � ½D1ðX Þ þ OmðAÞ�

¼ OmðX Þ �
OmðX Þ
OðX 0Þ ð8Þ

The block graph in Fig. 6 shows the external light
output of the devices used in this study normalized
on the output of device A (current density of 1 mA/
cm2). The cross-hatched area represents the effi-
ciency improvement compared to device A due to
the microcavity effect. The improvement in device
efficiency due to better charge balance is marked
by the double ended arrows. The effect on the effi-
ciency due to microcavity and charge balance
increase from device A to device D. In comparison
to device A the internal efficiency of device D is
increased by a factor of 4.4 due to the effect of
improved charge balance. The microcavity effect
caused by the change in the location of the EMZ
further improves the efficiency by a factor of 1.93
(an overall improvement of 8.5) from device A to
D. The drop of device efficiency from device D to
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Fig. 6. Measured external light output of the devices used in this
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improvement in efficiency due to better charge balance is marked
by the double ended arrows.
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device E is mainly caused by a decrease in internal
device efficiency. This is attributed to the achieve-
ment of optimum charge balance for device D.
Additional increase in OXD-7 tilts charge balance
and makes device E electron dominant. Quenching
effects due to the proximity to the PEDOT layer
also begin to have a larger contribution.

4. Conclusion

To summarize, the evolution of device efficiency
for a class of OLEDs with different hole–electron
balance in the LEP was studied. While charge bal-
ance is observed to play a major role, optical micro-
cavity effects also contribute to the improved
efficiency. These effects are the result of the move-
ment of the exciton profile within the LEP, and
are often not taken into consideration when analyz-
ing the effect of charge balance on device perfor-
mance. By analyzing the changes in EL-spectra
from the series of devices we can pinpoint the loca-
tion of the EMZ within the LEP, from which the
microcavity effect can be quantified. Based on this,
we illustrate a general methodology to determine
the contribution of both charge balance and optical
effects while analyzing the performance of devices.
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Abstract

The concentration dependence of amplified spontaneous emission (ASE) in optically pumped polystyrene (PS) films
containing a variable concentration (between 2.5 and 100 wt%) of the luminescent and hole-transporting organic molecule
N,N 0-Bis(3-methylphenyl)-N,N 0-diphenylbenzidine (TPD) is reported. It is observed that both, the ASE threshold and line-
width above threshold, decrease with concentration up to 20 wt% doped films and then keeps a constant value up to con-
centrations of 100 wt% (neat films). Accordingly, photoluminescence (PL) efficiency increases with concentration up to
20 wt% and then saturates. Results also show that the position of ASE can be tuned between 413 and 421 nm by changing
the concentration of TPD. These shifts are also observed in the PL emission and are presumably due to the increase of
absorption, as well as polarity of the medium, with concentration. Measurements and modeling of the waveguiding char-
acteristics of the films, show that the observed shifts are not due to cut-off thickness limitations. In addition, although the
different confinement of the waveguide modes might be influencing the ASE performance, it seems to be determined mostly
by the PL efficiency. Results show that the most efficient films are those doped with 20–30 wt% TPD. Finally, a study of the
photostability of the samples is also included.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Amplified spontaneous emission; Organic lasers; Photoluminescence; TPD; Light-emitting devices
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.04.002

* Corresponding author. Address: Departamento de Fı́sica
Aplicada, Universidad de Alicante, Facultad de Ciencias Fase II
Univ., 03080-Alicante, Alicante, Spain, Tel.: +34 96 5903400x
2905; fax: +34 96 5909726.

E-mail address: maria.diaz@ua.es (M.A. Dı́az-Garcı́a).
1. Introduction

In the last years, organic solid-state lasers, based
on both, polymers and small organic molecules have
been the subject of numerous investigations [1–3].
The main advantage of organic materials is that
they can be fabricated onto almost any type of
substrate (including flexible ones) by inexpensive
.
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techniques, such as spin-coating, photolithography,
ink-jet printing, etc., in contrast with the sophisti-
cated technology used with inorganic materials. At
present, optically pumped organic lasers have been
demonstrated in a large variety of materials. How-
ever, the organic diode laser (electrically pumped)
keeps being a goal to achieve.

A few years after the discovery of the laser in
1960, the first solid-state organic lasers, consisting
of small organic molecules (dyes) inserted in differ-
ent kind of matrices, were reported [2]. The main
problem of these materials is the stability. In addi-
tion, generally they can not be electrically pumped
and there is a limit in the amount of dye that can
be introduced, since at high concentrations molecu-
lar interactions lead to photoluminescence (PL)
quenching [4,5]. In 1996 the interest in the field grew
considerably with the first reports of laser action
in optically pumped semiconducting polymer films
[6–8]. As contrary to most dyes, these materials
are semiconductors, thus offering the possibility of
being pumped electrically. Moreover, in most cases
quenching of the PL and the stimulated emission
(due to molecular interaction) is not observed in
neat films. So, in the following years optically
pumped polymeric lasers were demonstrated in
many different configurations (microcavities, dis-
tributed feedback (DFB), microrings, etc.,) [1].
Today, a very good level of threshold optimisation
has been achieved, and their application as optical
amplifiers might become soon a reality [3]. Concern-
ing solid-state lasers based on low molecular weight
materials, the previously mentioned limitations of
dye concentration, where circumvented in 1997 by
using guest-host systems, so very low laser thresh-
olds were achieved [1]. Besides guest-host systems,
stimulated emission has been reported from oligoth-
iophene single crystals [9–11] and oligophenylenes
in the form of fibers grown by epitaxy [12,13]. Just
a few materials, such as various thiophene-based
oligomers [14–16], as well as several spiro-type
materials [17,18], have shown laser action in the
form of neat films. In the case of the oligothioph-
enes, their functionalization with thienyl-S,S-diox-
ide groups led to high solid-state PL efficiencies
[19] while keeping good chemical stability. This
increase in PL efficiency was due to the reduction
of nonradiative processes in the functionalised mol-
ecules induced by the variation of both, the supra-
molecular organization in the solid-state and the
single molecule properties [20]. On the other hand,
for the spiro-type materials, the concept of spiro-
linkage of a chromophore to other molecular group
was used in order to enhance film quality, that has
been proven to be a relevant factor in preventing
the PL quenching due to intermolecular interaction.
Very recently the usage of tert-butyl groups in sexi-
phenyl molecules [21] has served to prevent crystal-
lization of the dyes, so stimulated emission was
observed, as contrary to the simple p-sexiphenyl
molecule. Another interesting material, that has
received attention from our group and others, is
the hole-transporting molecule N,N 0-Bis(3-methyl-
phenyl)-N,N 0-diphenylbenzidine (TPD). Laser
action has been reported in both, neat [22] and
diluted [23] (in polystyrene (PS)) films.

The simplest method to study the laser properties
of a certain material consists of identifying the pres-
ence of amplified spontaneous emission (ASE) by
photopumping films of the material. If ASE takes
place, a collapse of the width of its PL spectrum
(at a certain pump intensity) is observed [1,6,7]. This
spectral narrowing is normally accompanied by a
large enhancement of the output intensity and
accounts for the presence of gain due to stimulated
emission. By studying the dependence of the emitted
signal with the length of the pump stripe, gain coef-
ficients can be determined [24]. These studies were
carried out in 15 wt% TPD doped PS films, so a gain
coefficient of 16 cm�1 at 12.4 kW/cm2 was obtained
[25].

Generally, ASE takes place when the active films
constitute waveguides, i.e., the refractive index of
the film is larger than that of the substrate and the
thickness is larger than the cut-off thickness for
the propagation of one mode. Several groups have
investigated the influence of the waveguiding prop-
erties of the films in the ASE performance [26–28].
Recently we reported on the dependence of ASE
with film thickness in PS films doped with 15 wt%
TPD [29]. The position of ASE could be tuned
between 404 and 417 nm by changing film thickness.
Moreover, the position and the threshold of ASE
were explained in terms of the different confinement
of the propagation modes due to thickness varia-
tions. Another way to tune the ASE wavelength
consists on changing the concentration of active
material. These type of shifts have been observed
in blends of two polyfluorenes [28]. In that case
the process was rather complicated by the existence
of energy transfer, so the origin of these shifts was
not clear. In the present work we study the depen-
dence of ASE (in terms of threshold, final linewidth
and wavelength position) with the concentration of
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TPD in PS films. In addition, the influence of the
waveguiding properties in the ASE performance is
investigated in detail.

One of the main problems of solid-state dye-
doped polymer devices is the poor photostability
of the chromophores [30]. Although many attempts
have been made in order to improve the photosta-
bility of the materials [30,31], as far as we know,
commercial systems based on these materials are
not still available. Given the importance of this
issue, the photostability of our samples is also dis-
cussed in this work.

2. Sample preparation and experimental procedures

The samples were prepared by the spin-coating
technique. Toluene solutions containing PS as an
inert polymer doped with a varying concentration
of TPD (ranging from 5% to 90% by weight (wt%)
of the total mass) were prepared and spin-coated
over glass substrates (BK7). The concentration of
the solid material with respect to the solvent was
adjusted in order to get films with similar thickness
(around 425 nm). Also, neat films of TPD (i.e.,
100 wt% of TPD and no PS) were deposited by
spin-coating a solution containing 40 mg of TPD
in 1 ml of toluene. In this case films of 150 nm thick
were obtained.

Film quality (transparency and homogeneity)
was very good for concentrations of TPD up to
70 wt%. On the other hand, for high concentrations
of TPD (>80 wt%), and specially for the neat films,
problems of lack of homogeneity and stability
appeared (films remained transparent just for a
few hours after preparation). It should be noted that
this stability refers to samples left in air and in the
dark. Photodegradation, i.e., degradation under
the excitation beam, is discussed in detail below.

The thickness of the samples was measured by
means of an interferometer coupled to an optical
microscope. The waveguiding properties of the films
were characterized by the m-line technique at
633 nm. The linear absorption was measured in a
Shimadzu spectrophotometer. Standard PL spectra
were obtained in a Jasco FP-6500/6600 fluorimeter,
exciting the samples at 355 nm and then collecting
the transmitted beam at a 45� angle to avoid the
pump beam.

The experimental setup used to investigate the
presence of stimulated emission in these materials
has been reported elsewhere [23,24,29]. Samples
were photopumped at normal incidence with a
pulsed Nd:YAG laser (10 ns, 10 Hz) operating at
355 nm, which lies in the absorption region of
TPD. The energy of the pulses was controlled using
neutral density filters. The laser beam was
expanded, collimated and only the central part
was selected in order to ensure uniform intensity.
A cylindrical lens and an adjustable slit were then
used to shape the beam into a stripe width of
approximately 0.53 mm by 3.5 mm. When ASE
occurs in a long, narrow stripe, most of the light
is emitted from the ends of the stripe. Therefore,
the pump stripe was placed right up to the edge of
the film where the emitted light was collected with
a fiber spectrometer.

3. Waveguide modeling

The films under study constitute asymmetric pla-
nar waveguides, since their refractive index is larger
than those of the substrate (glass, s) and the cover
(air, c). The equation for the guided modes is given
by [32]

knf h cos hm þ /s þ /c ¼ mp ð1Þ
where k is the free space wave vector, nf and h are
respectively the refractive index and the thickness
of the organic film, m is an integer that accounts
for the mode order, hm is the angle of propagation
for mode of m-order and /s and /c are half of the
phase changes at the interfaces film-substrate and
film-air, respectively. The equations for /s and /c

for TE and TM polarizations read:

tan /TE
c;s ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N 2

eff � n2
c;s

q
=ðnf cos#Þ and

tan /TM
c;s ¼ ðn2

f =n2
c;sÞ tan /TE

c;s ð2Þ

where Neff = nfsinh is the so-called effective index.
The procedure we generally use consists in exper-

imentally determining the effective indexes for the
different modes of a certain waveguide by the m-line
technique. Then, by solving Eq. (1) numerically, the
refractive index and the thickness of the film can be
determined. As described in next section, all the
waveguides studied here had just one propagation
mode (for each polarization), so Eq. (1) was used
to determine the refractive index of the film by using
the film thickness values measured by interfero-
metry.

It can be shown that for h/k values below a cer-
tain quantity there is no solution for Eq. (1). In
other words, for a certain mode, there is a minimum
thickness (at a given wavelength) below which the



Fig. 1. Optical absorption and emission spectra of a 50 wt% TPD
doped PS film: Optical density (ABS, full line, left axis), standard
photoluminescence (PL, dotted line, right axis), photolumines-
cence spectra collected from the edge of the sample at low pump
intensity (0.69 kw/cm2; PL-e, dashed line, right axis) and at high
pump intensity (16.5 kw/cm2; ASE, full line, right axis). The
intensity of the ASE curve has been divided by 80 for comparison
purposes.
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mode can not propagate. Similarly, for a given
thickness, the mode can not propagate for wave-
lengths above the so-called cut-off wavelength. The
cut-off condition for the zero-order mode at TE
polarization is given by [32]:

ðh=kÞ ¼ tan�1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn2

s � n2
cÞ=ðn2

f � n2
s Þ

q
=ð2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

f � n2
s

q
Þ

ð3Þ
In order to evaluate the confinement of the differ-

ent propagation modes one should take into
account that the light penetrates in the substrate
and the cover. These penetration depths (xs, c) can
be expressed as [32]:

xs;c ¼ zs;c= tan# ð4Þ
where zs, c values for TE and TM polarizations are
given by:

zTE
s;c ¼ tan# ðk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N 2

eff � n2
s;c

q
Þ and

.

zTM
s;c ¼ zTE

s;c

N 2
eff

n2
s;c

þ N 2
eff

n2
f

� 1

 , !
ð5Þ

The larger the penetration depth, less confined
the mode becomes. Therefore, the lack of confine-
ment of the mode is directly related to the total pen-
etration depth into the substrate and the cover (air
in this case):

xtotal ¼ xs þ xc ð6Þ
4. Results and discussion

4.1. Absorption and emission spectra

Photoluminescence spectra for films containing a
varying concentration of TPD (from 2.5 to
100 wt%) were obtained in the fluorimeter (PL), as
well as in the setup for the ASE characterization,
where light is collected from the edge of the sample.
In the latter case, spectra below (denoted as PL-e,
referring to PL-edge) and above (ASE) the thresh-
old for ASE were obtained. The expected [23] col-
lapse of the spectrum due to ASE at sufficiently
high pump intensity (above the threshold) was
observed for all films, even for non-diluted films
(100 wt% TPD), as contrary to most laser dyes [4].
As an illustration, spectra for the 50 wt% TPD
doped film are presented in Fig. 1. Absorption is
also plotted in the figure. As observed, the PL
spectrum consists of a main band (0-0 transition)
with a maximum at 403 nm and the first vibronic
peak (0-1 transition) at around 420 nm. ASE takes
place at the wavelength of the 0-1 transition and
the spectrum reaches a linewidth of 4.8 nm. For
the regime of concentrations studied here, gain-nar-
rowing takes place at the first vibronic peak, as con-
trary to dilute liquid solutions, for which ASE
occurs at the main 0-0 band [22]. This is due to
the fact that in the films, absorption (and conse-
quently losses), is larger at the blue end of the emis-
sion spectrum, where spectral overlap occurs
between absorption and emission. So, net gain at
the 0-1 transition is larger than at the main band.
It is also interesting to note that the PL-e spectrum
(obtained in the ASE setup below threshold) differs
from the PL spectrum (obtained in the fluorimeter).
For the 50 wt% TPD doped film (shown in Fig. 1),
the PL-e spectrum is dominated by the 0-1 transi-
tion, while the 0-0 transition practically is not
observed. In fact, the shape of the PL-e spectra
obtained in the ASE setup depend on concentration
as illustrated in Fig. 2. For low TPD concentrations
the shape of the PL-e spectra are very similar to
those of the PL. When the concentration is
increased, the intensity of the 0-1 transition grows
with respect to that of the 0-0 band. For high
TPD concentrations, the 0-1 transition is dominant
and new transitions appear at longer wavelengths.
These variations in the shape of the PL-e spectra
are due to the experimental configuration used. In
the ASE setup, emitted light travels along the wave-
guide, being amplified in its way until is collected



Fig. 2. Photoluminescence emission spectra collected from the
edge of the sample at pumping intensities below the ASE
threshold (PL-e) for PS films of various TPD concentrations
(wt%).

Fig. 3. Normalized PL intensity (total integrated area/thickness)
(full squares, left axis) and absorbance at the excitation
wavelength (optical density at 355 nm/thickness) (open circles,
right axis) as a function of TPD concentration (wt%) in PS films.
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from the edge. On the other hand, in the fluorime-
ter, the collected light has not been guided, so it
travels a much shorter distance across the film.
Since gain takes place at the wavelength of the 0-1
transition, in the ASE setup the 0-1 transition will
be enhanced with respect to the main band, even
below the threshold. Obviously, the larger the
TPD concentration, the larger the gain, justifying
the fact that these changes are more evident in
highly doped films. On the contrary, the shape of
the PL spectra (obtained in the fluorimeter) do not
depend on TPD concentration, since in this case
emitted light travels a much shorter distance
across the film until it is collected. Concerning
absorption spectra, their shape do not change with
concentration.

Kruhlak et al. used side-illumination fluorescence
spectroscopy (SIF) [33] to study dye-doped polymer
fibers [34]. By looking at the changes in the PL spec-
trum due to absorption along the fiber, the linear
absorption spectrum could be determined. The
SIF experiment has some similarities with our
ASE setup, since the sample (planar waveguide or
fiber) is excited in a direction perpendicular to the
waveguide plane or the fiber length, while the emit-
ted luminescence is collected in the propagation
direction. As a consequence, the PL emitted in the
excited region travels some distance along the wave-
guide or fiber until it is collected. Therefore, the gain
or absorption experienced by the light will result in
changes in the PL spectrum. As previously discussed
for TPD waveguides, the existence of gain at the 0-1
band at 420 nm explains the fact that the shape of
the PL spectrum collected from the edge (PL-e) is
different than the PL spectrum obtained in the fluo-
rimeter. In the case of the fibers studied with SIF,
different PL spectra are obtained when the distance
traveled by the emitted light is changed, since the
absorption increases with the distance. The main
difference between both setups consists in the fact
that in the SIF experiment the fiber is excited with
a spot of light at a certain distance from the end
of the fiber, so the emitted light travels that distance
until it is collected. On the other hand, in the ASE
setup the excited region is a stripe of light that
reaches the edge of the sample, where light is col-
lected. Thus, in this case, depending on the particu-
lar spot of the stripe from where light has been
emitted, the distance traveled by the light is differ-
ent. As a consequence, results obtained by these
two experiments, can not be directly compared.

As previously mentioned, the quality of the neat
films was not very good and they degraded quickly
after preparation, so reproducibility was a main
problem, specially when they wanted to be com-
pared with the rest of the films. For that reason,
data related to neat films are not shown in the var-
ious figures presented below. Nevertheless, they fol-
low the same trend in the concentration dependence
that the rest of the films.

The normalized PL intensity (integrated area/
film thickness) is plotted in the left axis of Fig. 3
as a function of concentration. Absorption at the
excitation wavelength (355 nm) divided by film
thickness has been also represented in Fig. 3 (right



Fig. 4. ASE thresholds as a function of TPD concentration
(wt%) in PS films.
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axis). As contrary to absorption, that has a linear
dependence with concentration, the PL curve
increases up to around 20 wt% and then saturates
and keeps constant with concentration. Presumably,
the saturation of the PL is due to molecular interac-
tion, that seems to be more important for TPD con-
centrations above 20 wt%. However, some aspects
remains unclear, i.e. the type of interactions that
take place, why they occur for concentrations above
20 wt% and why the PL is not completely quenched
as it happens in most of molecular laser dyes. In thi-
ophene-based oligomers, as previously mentioned,
the functionalization with thienyl-S,S-dioxide
groups led to high solid-state PL efficiencies and
stimulated emission, that was explained in terms
of the different supramolecular organization in the
solid-state and the single molecule properties [20].
Since interchain interactions seem to play a major
role in the luminescence and hence the laser proper-
ties of organic systems [5], the study of the inter-
chain effects in TPD would be important to
understand the observed behavior. There exist some
density functional theoretical studies of the geomet-
ric structure and energetics of TPD [35,36], that
have been compared with the crystal structure deter-
mined crystallographically [37,38]. However, the
main objective of these reports was to relate the
structure of TPD with its transport properties, since
TPD has been extensively used as a hole-transport-
ing material in LED devices. Concerning the optical
properties of TPD, as far as we know, calculations
in order to elucidate its PL and lasing properties,
have not been reported so far. In our group some
work in this direction is currently being performed.
In particular, ab initio calculations for both, the iso-
lated molecule and the dimmer, and comparison
with the absorption and PL spectra experimentally
obtained, are already available and will be pub-
lished elsewhere [39]. For the neat films, the role
of charge-transfer excitons in the PL and ASE effi-
ciencies could be investigated by calculating the
exciton resonance interaction, as well as the inter-
chain transfer integrals [20], for each couple of mol-
ecules along all directions, using the available X-ray
structure [37]. On the other hand, for the TPD
doped PS films no structural information is avail-
able. We have estimated the molecular density in
the diluted films by simply dividing their weight by
their volume. Then, by assuming that the molecules
are isolated, the distance between two of them
would be around 16, 14 and 12 Å for the 10, 20
and 30 wt% doped films respectively. These dis-
tances are comparable to the size of TPD (around
13 Å), so point-dipole approximation is not valid
and consequently, as in the case of neat films, we
must deal with distribution of overlap charges.
Our calculations [39] show that the distance between
molecules in the dimmer is around 6 Å. Taking into
account that the distance between molecules in the
TPD doped films is rather small, molecules could
be forming dimmers. A detail description of the
influence of dimmer formation in the optical prop-
erties and its role in the PL saturation observed at
20 wt% is out of the scope of this paper. In any case,
it should be noted that such studies are complicated
by the fact that no structural information is
available.

4.2. ASE performance: Concentration dependence

The concentration dependence of ASE has been
studied through three parameters: pump intensity
threshold, final linewidth (full width at half of the
maximum, FWHM) and wavelength of emission.

Firstly, ASE thresholds were calculated for each
film as the intensity at which the FWHM of the
spectrum decreases at half of its maximum value.
They have been represented in Fig. 4 as a function
of TPD concentration. It is observed that for low
concentrations the threshold is large, it decreases
up to 20 wt% when the concentration increases
and then keeps a similar value up to 90 wt%. These
results are in agreement with the behavior described
in Fig. 3 for the normalized PL intensity, that
increases up to around 20 wt% and then keeps



Fig. 5. ASE linewidth (FWHM) as a function of TPD concen-
tration (wt%) in PS films.

Fig. 6. Wavelength of ASE emission (full squares) and of 0-0
band of the standard PL emission (open circles) as a function of
TPD concentration (wt%) in PS films. The error in the emission
wavelength is around 0.2%.
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constant with concentration. Moreover, the same
trend is observed in the final ASE linewidth (above
threshold). This is illustrated in Fig. 5 where the
final FWHM (at high pump intensity), denoted as
ASE linewidth, has been represented versus concen-
tration. The ASE linewidth decreases up to 20 wt%
and then keeps constant for larger concentrations.
Therefore, the ASE performance (in terms of
threshold and final linewidth) follows that of the
efficiency of the PL process.

It is important to note that when the TPD con-
centration increases, absorption at the blue end of
the emission spectrum (where spectral overlap
occurs between absorption and emission) also
increases. In addition, the polarity of the medium
also grows when the concentration of TPD gets lar-
ger, due to the polarity of TPD. As a result, emis-
sion would tend to shift to longer wavelengths. In
fact, these shifts are observed in both, the PL and
the ASE. This is shown in Fig. 6, where the position
of both, ASE and PL(0-0) peak are plotted as a
function of TPD concentration. As observed, both,
ASE and PL(0-0), shift to longer wavelengths when
the TPD concentration is increased. Similar total
energy shifts are obtained for both cases: DE =
0.07 eV (Dk = 10 nm) for ASE and DE = 0.05 eV
(Dk = 6 nm) for PL(0-0). This indicates that the
observed variations in the ASE position with con-
centration are due to shifts of the PL emission as
a result of the increase in absorption and polarity
of the medium. Kruhlak et al. also observed shifts
of the fluorescence peak to the red when the dye
concentration was increased in dye-doped polymer
fibers, by using SIF spectroscopy [34]. These shifts
were attributed to the increase of absorption with
concentration.

4.3. Waveguide characterization and relation with

the ASE properties

In recent studies of ASE in TPD films, shifts of
the ASE wavelength due to film thickness variations
were reported [29]. In that case, most of the obser-
vations were explained in terms of the confinement
of the waveguide modes. Since the waveguiding
properties seem to play a relevant role in the ASE
performance, we decided to investigated them in
our films, in an attempt to determine their possible
influence in the ASE shifts and the observed concen-
tration dependence of the threshold and linewidth.
Therefore, the waveguiding properties of the films
were both, measured and modeled. The experimen-
tal characterization was performed by the m-line
technique at 633 nm. Two propagation modes were
observed (one TE and one TM) and their effective
indexes measured. These data were used to calculate
from Eq. (1) the refractive index of the film at
633 nm. Approximately, the same values were
obtained for both polarizations (TE and TM), indi-
cating that the films are isotropic. The so-calculated
refractive indexes (at 633 nm) for TE polarization
are represented in Fig. 7 (solid squares) as a func-
tion of the concentration of TPD in the film. As
observed, a linear increase of the index is observed
up to around 70 wt% (a linear fit is represented as
a solid line in Fig. 7). For larger concentrations
the quality of the films was not very good, so less



Fig. 7. Refractive index (n) as a function of TPD concentration
(wt %) in PS films: n measured at 633 nm by the m-line technique
(full squares) and linear fit (full line); n calculated from Refs.
[22,40] at 633 nm (dotted line) and at the ASE wavelength
(dashed line).

Fig. 8. Penetration depth (xtotal), calculated from Eqs. (4)–(6), as
a function of TPD concentration (wt%) in PS.
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precision in the determination of the modes position
(by the m-line technique) is achieved, resulting in
slightly larger values. In fact, no waveguide modes
could be measured in the neat films, due to their
poor quality. For comparison purposes, the refrac-
tive indexes at 633 nm were calculated by using
the refractive index spectra for a neat TPD film
[22] and also for pure PS [40], and assuming that
the refractive index is proportional to the concentra-
tion of each component. The results of this calcula-
tion are plotted as a dotted line in Fig. 7. The good
agreement between both (full line and dotted line) is
an indication of the validity of this assumption, so
this can be used to calculate the refractive index at
any wavelength. Therefore, refractive indexes at
the ASE wavelength (reported in Fig. 6) were calcu-
lated following this method and represented in
Fig. 7 (dashed line).

It could be expected that the observed variations
of the ASE wavelength with the concentration of
TPD might be influenced by cut-off thickness limita-
tions. So, the cut-off thickness for the propagation
of one mode were calculated from Eq. (3) for each
film at the corresponding ASE wavelength. The
dashed curve shown in Fig. 7, as well as the refrac-
tive index dispersion of the substrate (glass) were
taken into account. The so-calculated cut-off thick-
ness varied between 120 and 60 nm, well below the
thickness for all the films. This is an indication that
the observed variations of the ASE position with
TPD concentration are not due to thickness
limitations.
Recent reports about TPD showed that the dif-
ferent confinement of the waveguide modes due to
thickness and/or refractive index variations influ-
enced the ASE properties [29]. For very well con-
fined modes, most of the emitted light would
propagate in the gain medium so it would get ampli-
fied. On the other hand, for poorly confined modes,
most of the emitted light would radiate to the sub-
strate where no amplification could take place. In
order to investigate the possible influence of the
mode confinement in the ASE properties in our
present case, we calculated the total penetration
depth xtotal (Eq. (6)) for films with varying TPD
concentrations. Results are presented in Fig. 8.
For the calculation of xtotal from Eqs. (4)–(6), the
value of Neff (for a certain concentration with a
given thickness) has been evaluated from Eq. (1)
at the corresponding emission wavelength (shown
in Fig. 6). Also, the variation of the refractive index
with concentration has been taken into account for
both, the film (Fig. 7-dashed line) and the substrate.
As observed, xtotal decreases (mode confinement
increases) with concentration. The important
parameters in xtotal are the thickness, the ASE wave-
length and the refractive index. When the concen-
tration increases, both the ASE wavelength and
the refractive index increase (see Figs. 6 and 7
respectively). The increase in the ASE position with
concentration would lead to an increase in xtotal. On
the other hand, the increase in refractive index with
concentration would result in a decrease in xtotal.
The influence of the wavelength shifts in the behav-
ior of xtotal were analyzed by calculating xtotal at
a constant wavelength (420 nm). Results were
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practically the same as for variable wavelength
(given in Fig. 6), indicating that the type of depen-
dence observed in Fig. 8 is a consequence of the var-
iation of refractive index with concentration.

The ASE behavior could be influenced by the
confinement of the waveguide modes. The larger
the confinement, the better the ASE performance,
so one should obtain lower thresholds and line-
widths for films with better mode confinement. In
order to check that possibility, the concentration
dependence of xtotal (Fig. 8) is compared to that of
the ASE threshold and linewidth (Figs. 3 and 4
respectively). A rough correlation is observed in
the sense that xtotal gets the maximum value (poor
confinement) for very diluted films and then
decreases with increasing concentration (better con-
finement). However, it should be noted that xtotal

diminish continuously with concentration, in con-
trast with the ASE threshold and linewidth that
reach a constant value at around 20 wt%. This indi-
cates that although the confinement of the modes
might be influencing the ASE performance, it seems
to be driven mostly by PL efficiency.

4.4. Photodegradation

The photostability of TPD in PS was studied by
recording the total ASE intensity emitted as a func-
tion of time, by keeping a constant pump intensity.
The presence of photodegradation is evident in the
Fig. 9. Normalized ASE intensity versus irradiation time (bot-
tom axis) and versus the number of pump pulses (10 ns, 10 Hz,
0.9 lJ/pulse; top axis) for PS films doped with various TPD
concentrations. The error in the normalized intensity is around
±0.03.
observation of a decrease in the total ASE output.
Results are illustrated in Fig. 9 for three representa-
tive concentrations (20, 50 and 80 wt%), where the
ASE intensity has been represented versus time
(lower axis). In order to compare with previous
works, the total number of pulses irradiating the
sample have also been indicated in the figure (top
axis). The pump intensity was around 5 kW/cm2

(i.e., 0.9 lJ/pulse) just above the ASE threshold.
As observed in Fig. 9, the ASE output decreases
with time, reaching half of its maximum value (half-
life) at around 2.5–3 min (i.e., at 1500–1750 pulses).
In terms of halflife, no differences are observed for
the different concentrations shown in Fig. 9. How-
ever, at longer times, slight differences appear. The
larger the TPD concentration in the films, the
slower the decrease in the emitted intensity. This is
probably due to the fact that the number of active
molecules is bigger. In any case, it is important to
note that after 10–12 min, the emission spectra get
broad, indicating that ASE does no longer exist.
As compared to some of the most photostable
materials reported in the literature, the photodegra-
dation of TPD doped PS films is faster. For
example, PMMA films doped with disperse orange
11 showed ASE halflives of several hundreds of min-
utes [31]. For other materials, such as dipyrrome-
thane-BF2 dyes, the emission intensities decreased
to half of their initial values after being irradiated
with 10000–20000 pulses [30].

It was observed that photodegradation depended
on pump intensity, since at higher pump intensities
the samples degraded faster. For example, at a pump
intensity of around 2.8 MW/cm2, the 20 wt% TPD
doped film showed a haflife of around 1 min. In this
case, the emission spectrum became broad (i.e., ASE
disappeared) after 5 min of irradiation.

Since photodegradation depends on both, irradi-
ation time and pump intensity, the definition of
‘damage threshold’ is not obvious. A possible defini-
tion of ‘damage threshold’ would be the pump
intensity at which the ASE halflife gets lower than
1 min. Then, the damage threshold for ASE in
TPD doped films would be around 2.8 MW/cm2.

We also investigated the possibility of recover-
ability of a photodegraded sample, as reported for
disperse red orange [31]. For such purpose, a TPD
doped PS film that had been photodegraded to
50% of its original ASE output, was allowed to rest
unpumped for approximately 24 h at room temper-
ature. Subsequently the sample was pumped under
identical conditions, and the ASE was measured.
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Unfortunately, a recovery of the ASE efficiency was
not observed.

5. Conclusions

Amplified spontaneous emission (ASE) has been
reported in optically pumped polystyrene films
containing a varying concentration (from 2.5 to
100 wt%) of the luminescent and hole-transporting
organic molecule N,N 0-Bis(3-methylphenyl)-N,N 0-
diphenylbenzidine (TPD). The photoluminescence
(PL) efficiency increases with TPD concentration
up to around 20 wt% and then saturates. Accord-
ingly, the ASE threshold and linewidth decrease
up to concentrations of 20 wt%, keeping a constant
value for larger concentrations. It has been also
observed that the position of both, the PL and
the ASE, shift to longer wavelengths for increasing
TPD concentrations due to the corresponding
increases in absorption and polarity of the med-
ium. Measurements and modeling the waveguide
modes indicate that the observed shifts are not
due to cut-off thickness limitations. Moreover,
although the different confinement of the wave-
guide modes might be influencing the ASE perfor-
mance, it seems to be driven mostly by PL
efficiency. According to the results reported in this
work, the best ASE performance is obtained for
films with concentrations between 20 and 90 wt%.
Since at high doping levels, degradation problems
and mechanical instabilities appear, and more
active material is used, the most efficient films
would be those doped with 20–30 wt% of TPD.
Finally, the photostability of these materials has
also been studied. When samples are pumped just
above the ASE threshold, the ASE intensity
decreases rapidly with irradiation time, reaching
half of its maximum value in 2.5–3 min and disap-
pearing completely after 10 min.
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Abstract

Three new oxadiazole substituted carbazole derivatives 9-{4-[5-(4-tert-butylphenyl)-[1,3,4] oxadiazol-2-yl]-benzyl}-9
H-carbazole (t-CmOxa), 9-[4-5-phenyl-[1,3,4]oxadiazol-2-yl-benzyl]-9H-carbazole (p-CmOxa) and 9-[4-5-biphenyl-[1,3,4]
oxadiazol-2-yl-benzyl]-9H-carbazole (d-CmOxa) were successfully synthesized and characterized by spectroscopy
(NMR, UV–vis, mass spectrum and photoluminescence) and cyclic voltammetry measurements. Employing t-CmOxa
as a host and Ir(DBQ)2(acac) (DBQ = dibenzo[f,h]quinoxaline, acac = acetylacetonate) as the dopant emitter, OLEDs
with structures of ITO/NPB(30 nm)/Ir(DBQ)2(acac): t-CmOxa (30 nm, x%)/Alq3(30 nm)/Mg0.9:Ag0.1 were fabricated
without using BCP as the hole blocking layer. Red emission was obtained with CIE coordinates (x = 0.66, and
y = 0.34) at 5 V and a very high external electroluminescent (EL) quantum efficiency of 9.5 ± 0.1%, and an energy conver-
sion efficiency of 9.9 ± 0.1 lm/W were achieved for the device when the doping concentration x is equal to 4%.
� 2006 Elsevier B.V. All rights reserved.

PACS: 73.21.Ac; 73.61.Ph; 81.15.Ef

Keywords: Oxadiazole; Carbazole; OLED; Red; Host material
1. Introduction

Much effort has been devoted to increase the
emission efficiency of organic light-emitting diodes
(OLEDs). Energy transfer from a conductive host
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.04.006

* Corresponding author. Tel.: +86 10 62757156; fax: +86 10
62751708.

E-mail address: chhuang@pku.edu.cn (C. Huang).
to a luminescent guest molecule can result in high
external quantum efficiency (gext). In particular, the
use of phosphorescent emitters as guests, which
harvests both singlet and triplet excitons, leads to
internal quantum efficiency (gint) approaching
100% [1–5]. In general, host materials should be
selected to follow after those that have a higher trip-
let energy level than that of the guest molecules ben-
efits the energy transfer from the host to the guest
.

mailto:chhuang@pku.edu.cn
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while prohibits the energy transfer of triplet excitons
from the guest to the host material. In addition, the
charge transporting properties of host materials are
also important. For example, although 4,4-N,N-dic-
arbazolebiphenyl (CBP), 2,9-dimethyl-4,7-diphenyl-
9,10-phenanthroline (BCP), triazole (TAZ), and
oxadiazole (OXD) derivatives have been revealed
to be excellent hosts [6–8], they are often described
as a unipolar hole or electron transporters. In order
to confine the emission zone to be in the emitter layer
and consequently to improve the electrolumines-
cence performance of OLEDs, it is very important
to balance between the hole, electron injection,
and transportation. The multi-functional electrolu-
minescent small molecules and polymers have
already been discussed whereby light emission
and electron- and hole-transporting properties are
combined in one material to achieve high efficiency
[9–11].

Currently, many carbazole compounds have been
used as host materials for OLEDs [12–15]. Oxadiaz-
ole molecules and polymers are the most widely
investigated electron transport materials (ETM)
for OLEDs since the initial studies using 5-(4-biphe-
nyl)-2-(4-tert-butyl-phenyl)-1,3,4-oxadiazole (PBD)
as ETM in EL devices [16]. In our previous work
[17], it has been demonstrated that one carbazole
derivative containing 1,3,4-oxadiazole, CzOxa (see
Fig. 3), has an excellent hole- and electron-transfer
ability. However, the conjugated system of this mol-
ecule is large in some extent due to the carbazole
group directly connecting with phenyl, and the
emission peak shifts toward the red side. Further-
more, the singlet energy gap of CzOxa is narrow,
and the triplet energy level may be low. On the other
hand, the hole transporting ability of CzOxa is too
strong such that a hole-blocking layer is needed if
it is used as a host layer. In this report, the purpose
is to decrease the p-conjugation of the carbazole
ring with phenyl and to make a blue-shift in the
PL peak, three similar carbazole derivatives con-
taining 1,3,4-oxadiazole, t-CmOxa, p-CmOxa and
d-CmOxa, respectively, were synthesized by intro-
ducing one methylene between the carbazole and
the phenyl rings, and characterized by spectroscopy
(NMR, UV–vis, mass spectrum and photolumines-
cence) and cyclic voltammetry measurements. In
order to study their properties as a host, we chose
one compound t-CmOxa as the host and a reported
triplet emitter, Ir(DBQ)2(acac) [18], as the guest,
and a series of electroluminescent devices were fab-
ricated. The results showed that such molecules
have a better bipolar balanced charge transporting
character than CBP. Unlike in most cases, a block-
ing layer is no longer required if they were used as
the host material in OLEDs.

2. Experiments

All reagents and solvents were used as received or
purified using standard procedures. 1H NMR
spectra were recorded with a Bruker ARX400 MHz
spectrometer. The mass spectra were recorded on a
ZAB-HS mass spectrometer. The elemental analyses
were performed with a Vario EL elemental analyzer.
UV–vis absorption spectra were recorded in a
chloroform solution with a Shimadzu 3100 UV–
VIS-NIR spectrophotometer. The emission spectra
were measured in thin film with an F-4500 fluores-
cence spectrophotometer. The morphological prop-
erties (Tg, glass transition temperature and Tm,
melting point) were evaluated by DSC analysis with
a Shimadzu DSC-60 instrument. A thermogravimet-
ric analyzer (Dupont Model TGA1090B) was used
to measure the onset decomposition temperature
(Td) and the weight loss of compounds during the
temperature scan from 0 �C to 600 �C, with a heating
rate of 10 �C/min in an atmosphere of nitrogen.

The synthetic routes of t-CmOxa, p-CmOxa and
d-CmOxa are shown in Scheme 1.

9-[4-5-phenyl-[1,3,4]oxadiazol-2-yl-benzyl]-9H-
carbazole (p-CmOxa): Yield: 75%. 1H NMR
(400 MHz, CDCl3), d: 8.17–8.15 (d,2H), 8.12–8.09
(dd, 2H), 8.04–8.03 (d, 2H), 7.54–7.52 (m, 3H), 7.48–
7.44 (t,2H), 7.37–7.35 (d,2H), 7.31–7.26 (m, 4H),
5.60 (s, 2H). MS (m/z): calcd for C27H19N3O 401,
found 401. Anal. calcd. C: 80.78%, H: 4.77%, and
N: 10.47%, and found C: 80.95%, H: 4.75%, and N:
10.34%.

9-{4-[5-(4-tert-butylphenyl)-[1,3,4]oxadiazol-2-
yl]-benzyl}-9H-carbazole (t-CmOxa): Yield: 85%. 1H
NMR (400 MHz, CDCl3), d: 8.16–8.14 (d, 2H), 8.03–
8.00 (m, 4H), 7.53–7.51 (d, 2H), 7.46–7.42 (m, 2H),
7.36–7.33 (d,2H), 7.29–7.25 (m,4H), 5.58 (s, 2H),
1.35 (s, 9H). MS (m/z): calcd for C31H27N3O 457,
found 457. Anal. calcd. C: 81.37%, H: 5.95%, and
N: 9.18%, and found C: 81.25%, H: 5.95%, and N:
9.88%.

9-[4-5-biphenyl-[1,3,4]oxadiazol-2-yl-benzyl]-9H-
carbazole (d-CmOxa): Yield: 85%. 1H NMR
(400 MHz, CDCl3), d: 8.18–8.16 (d,4H), 8.07–8.05
(d, 2H), 7.76–7.74 (d, 2H), 7.66–7.64 (t,2H), 7.50–
7.36 (m, 7H), 7.32–7.26 (m, 4H), 5.61 (s, 2H). MS
(m/z): calcd for C33H23N3O 477, found 477. Anal.
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calcd. C: 83.00%, H: 4.85%, and N: 8.80%, and found
C: 83.05%, H: 4.88%, and N: 8.85%.

Devices with a configuration of indium tin
oxide (ITO, 6 X/h)/NPB (30 nm)/Ir(DBQ)2(acac):
t-CmOxa (or CBP) (30 nm, x%)/Alq3 (30 nm)/
Mg0.9:Ag0.1 were fabricated by vacuum deposition.
The ITO substrates were cleaned with deionised
water, acetone and ethanol, and finally treated with
UV-ozone for about 5 min. The devices were fabri-
cated by evaporating multiple organic layers onto
the ITO substrate sequentially in one run under a
pressure below 2 · 10�7 Torr. The doped layer of
Ir(DBQ)2(acac) in t-CmOxa or CBP was prepared
by co-evaporation with the guess concentration con-
trolled by carefully adjusting the evaporating rates
of the guest and the host. A cathode layer of
Mg0.9:Ag0.1 (mass ratio) was evaporated onto the
Alq3 layer. The EL spectra and current–voltage–
luminescence characteristics were measured with a
Spectra Scan PR 650 photometer and a computer-
controlled dc power supply under ambient condi-
tions. The emission area of the devices is 0.09 cm2

as determined by the overlap area of the anode
and the cathode. All compounds used for EL devices
were sublimated in vacuum prior to use.

Cyclic voltammetry measurements were recorded
in dichloromethane with 0.1 M tetrabutylammo-
Table 1
Absorption peaks (kab), emission peak (kem), half-wave oxidation pot
carbazole derivatives

Comp. kab (nm) kem (nm) Eo
1

p-CmOxa 341, 293, 264, 243 390 1.4
t-CmOxa 341, 293, 264, 241 394 1.4
d-CmOxa 308, 294, 262, 241 410 1.4
nium hexafluorophosphate as the supporting elec-
trolyte. The working electrode was a platinum
disk (0.1 cm2), the counter electrode was a platinum
plate and an Ag/AgCl electrode was used as a refer-
ence electrode, calibrated against an Fc/Fc+ couple.
Since the oxidation potential of Ag/AgCl relative to
the vacuum level is known (4.72 V[19]), the mea-
sured oxidation potentials can be converted into
ionization potentials if the effect of solvent is
neglected. In this report, we use the ionization
potential as a measure for the energy of the highest
occupied molecular orbital (HOMO).

3. Results and discussion

Three carbazole derivatives were synthesized as
shown in Scheme 1. All appears as white solids.
Their optical and thermal characteristics are sum-
marized in Tables 1 and 2, respectively. Their UV–
vis absorption spectra in chloroform show that all
of them have multiple absorptions ranging from
240 to 350 nm with a tail extending to about
360 nm (see Fig. 1). For example, p-CmOxa absorbs
at 243, 264, 293 and 341 nm originated from the
p–p* transitions of the conjugated p electron in
the system. When a tert-butyl group was joined to
the end of phenyl, the t-CmOxa was formed. The
entials (Eox
1=2, irreversible), HOMO and LUMO energy level for

x
=2 (eV) HOMO (eV) LUMO (eV)

0 6.13 2.61
1 6.14 2.62
1 6.14 2.67



Table 2
Thermal characteristics of three carbazole derivatives

Comp. Tm (�C ) Tg (�C ) Td (�C )

p-CmOxa 198 61 375
t-CmOxa 211 76 387
d-CmOxa 229 83 415

240 260 280 300 320 340 360 380 400

0.0

0.5

1.0

1.5
 p-CmOxa
 t-CmOxa
 d-CmOxa
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s 

/a
.u

.

Wavelength/nm

Fig. 1. UV–vis absorption spectra of p-CmOxa, t-CmOxa and d-
CmOxa in chloroform solution (concentration = 10�5 M).
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UV absorption of t-CmOxa and p-CmOxa are
nearly identical. However, when the phenyl group
was added into the p-CmOxa, a new absorption
appears at 308 nm, indicating an enlargement of
the conjugated system.

The emission spectra of the three congeners in
solid state are shown in Fig. 2. The emission peaks
(kem) locate 390, 394 and 410 nm for p-CmOxa, t-
CmOxa and d-CmOxa, respectively, implying that
the energy level of the singlet state is lowed along
with the enlargement of the conjugated systems of
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Fig. 2. Normalized PL spectra of p-CmOxa, t-CmOxa and d-
CmOxa in the solid state and the UV–vis absorption spectrum of
Ir(DBQ)2(acac).
these compounds. The values of stokes shift are
69, 73 and 102 nm for p-CmOxa, t-CmOxa and d-
CmOxa, respectively. This observation reveals that
the energy loss between the absorption and emission
caused by the vibration and configuration change of
the molecules has increased, especially along with
the enlarged conjugated system when one more phe-
nyl group was added onto the molecule in the case
of d-CmOxa compared with the other two.

A good host material is expected to have a lower
occupied molecular orbital energy level (HOMO)
and a higher unoccupied molecular orbital energy
level (LUMO) for charge injection from neighbor-
ing layers. The HOMO and LUMO energy levels
for the three carbazole compounds were determined
and listed in Table. 1. The HOMO energy levels
were deduced from their oxidation potentials mea-
sured by cyclic voltammetry (CV), while the LUMO
energy levels were estimated based on the HOMO
energy levels and the optical band gaps obtained
from the absorption spectra. In the CV measure-
ment, they showed irreversible oxidation waves,
indicating all of these oxadiazole-containing species
are in unstable reduced forms under the electro-
chemical condition. The HOMO energy levels are
6.13, 6.14 and 6.14 eV for p-CmOxa, t-CmOxa
and d-CmOxa, respectively. Although the conju-
gated systems are structurally different, the HOMO
energy levels of the three compounds are almost the
same and lower than that of CBP (6.00 eV[20]), sug-
gesting that their hole injection ability is weakened,
which would benefit the recombination zone to be
confined within the emission layer. Also, a wide sin-
glet energy gap (Eg � 3.5 eV) for them is expected
for a wide triplet energy gap. Moreover, comparing
with CzOxa (Eg = 3.1 eV), the HOMO/LUMO gap
is also enlarged, which would maintain the excita-
tions within the guest.

Onset decomposition temperatures (Td) of p-
CmOxa, t-CmOxa, and d-CmOxa were determined
to be 375, 387 and 415 �C, respectively, which are
all higher than that of PBD (313 �C). It demon-
strates that introducing carbazole group into
oxadiazole compounds enhances the thermal stabil-
ity. In addition, these compounds have excellent
film forming qualities and can be evaporated with-
out decomposition. Furthermore, the glass transi-
tion temperature (Tg) and Td increase as the
conjugated system enlarged.

Compared with d-CmOxa, the overlap of UV–vis
absorptions of Ir(DBQ)2(acac) with the PL spec-
trum of t-CmOxa is wider (see Fig. 2). Furthermore,
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Fig. 4. The electroluminescence spectra of the devices at 10 V.
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compared with p-CmOxa, t-CmOxa has higher Td

and Tg. Therefore we believe that t-CmOxa is more
suitable as a host layer than the other two com-
pounds. And thus, OLEDs with t-CmOxa as the
host and different mass ratio of Ir(DBQ)2(acac),
which exhibited strong emission at � 630 nm (ref
[18]), as the guest were constructed. Fig. 3 shows
the molecular structures of the compounds used in
these devices and their energy level diagram. The
device structures were ITO/NPB(30 nm)/Ir(DB-
Q)2(acac):t-CmOxa(30 nm, x%)/Alq3(30 nm)/Mg0.9:
Ag0.1 (x = 22, 18, 13, 9, 6, 4). It is worthy to point out
that the hole blocking layer of BCP was not used as
usually in these devices. Since t-CmOxa has a relatively
lower HOMO level (6.14 eV) than that of CBP, using it
as a host will weaken the ability of hole injection. In
addition, the introduction of the oxadiazole group to
the host will improve its electron transportation, so
the hole blocking layer is no longer needed.
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The electroluminescence spectra of all devices
consist only of red emission from Ir(DBQ)2(acac)
without any residual emission from the host and
Alq3 layer (see Fig. 4), moreover the EL spectra of
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these devices do not change significantly with varia-
tion of the applied voltage.

Comparison of the performance of these devices
indicates that the device 1 with 4% Ir(DBQ)2(acac)
has the highest efficiency. The current–voltage and
voltage–luminescence characteristics are presented
in Fig. 5. A turn-on voltage of 4 V, maximum
brightness of 13790 cd/m2 at 18 V, power efficiency
of 9.89 lm/W and external efficiency of 9.52% at 5 V
were achieved, which are so far the best results
among the red emission devices. Commission Inter-
nationale de l’Eclairage coordinates, x and y, were
calculated to be 0.66 and 0.34 at 5 V. At 100
cd/m2, the power efficiency and external quantum
efficiency are 2.60 lm/W and 4.52%, respectively.

To compare with a CBP host, the device 2 with a
configuration of ITO/NPB(30 nm)/Ir(DBQ)2(acac):
CBP(30 nm, 4%)/BCP(10 nm)/Alq3(30 nm)/Mg0.9:
Ag0.1 was fabricated under the same condition
and its electrical characteristics were measured. A
turn-on voltage of 6.5 V, maximum brightness of
19350 cd/m2 at 18 V, power efficiency of 2.36 lm/W
and external efficiency of 3.18% at 7 V were achieved.
At 100 cd/m2, the power efficiency and external
quantum efficiency are 2.07 lm/W and 3.98%. It is
noted that although the maximum brightness
decreased, the maximum efficiency increased from
2.36 to 9.89 lm/W, and the turn-on voltage reduced
from 6.5 to 4 V upon replacing CBP by t-CmOxa
as the host material. Compared with device 2, the
device 1 using t-CmOxa as a host would be destroyed
at low current density before it achieves the highest
brightness due to crystallization of the materials dur-
ing operation. However, since the joule heat is small
at low applied voltage, the effective energy transfer
from the host to the guest as mentioned above and
the balanced hole and electron transport result in a
high efficiency of the device 1. As shown in Fig. 3,
the HOMO of Ir(DBQ)2(acac) is positioned only
slightly above the HOMO of CBP, thus Ir(DBQ)2

(acac) acts as a shallow trap for positive charge car-
riers. The positive charge carriers will therefore not
only reside in the guest emitter but also in the host.
It prevents efficient charge recombination on the
guest, thus it is necessary to use BCP as a hole block-
ing layer. BCP has been known to be insufficient and
may further decrease durability of the devices [21,22].
However, when it was replaced by a multi-functional
molecule and dispersed in t-CmOxa, Ir(DBQ)2(acac)
acts as a deep trap for both types of charge carriers.
The efficiency of recombination via sequential trap-
ping is increased and the efficiency of device is also
increased. On the other hand, a good host material
is expected to have an appropriate hole or electron
mobility so that the recombination zone of excitons
could be confined to the emitting layer in the multi-
layer device at the applied bias. For example, though
the HOMO energy level of CzOxa [17] is little lower
than that of t-CmOxa, the trap for positive charge
carriers is deeper. However, the hole hops faster in
CzOxa than t-CmOxa layer thus the charge carriers
jump over the emitting layer to the electron trans-
porting layer in the presence of bias. A device with
the structure of ITO/NPB(30 nm)/Ir(DBQ)2(acac):
CzOxa (30 nm, 20%)/Alq3(30 nm)/Mg0.9:Ag0.1 was
fabricated, and its EL spectrum is presented in the
following Fig. 6, which shows the 520 nm peak
belonging to the associated Alq3 layer.

OLEDs with t-CmOxa as the host and varied
mass ratio of Ir(DBQ)2(acac) as the guest were
also constructed. The general structure and key
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characteristics for the devices are listed in Table A
(see the supporting information).

4. Conclusion

In summary, three new host materials containing
carbazole and oxadiazole fragment connected
through a methylene bridge were synthesized and
characterized. The OLEDs performances were
investigated using t-CmOxa as a host material.
Our data demonstrate that this novel multi-func-
tional material not only be able to transfer energy
efficiently in a red emission OLED, but also make
the balanced electrons and holes recombination
within the emitting layer. Importantly, unlike in
most OLED, the blocking layer is no longer
required in our devices. The investigation on the
long-term stability of this novel device is under pro-
cessing (see the supporting information).
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Abstract

The physical response of gold nanoparticles, e.g. electronic, magnetic, and photonic behaviours due to quantum con-
finement effects, does not only depend on their size, but also on the shape and the density of the nanoparticles and therefore
on the probability for the formation of clusters of nanoparticles. Nanocluster-based devices are envisioned as the next gen-
eration in electronics miniaturization. Organometallic chemical vapor deposition (OMCVD) is a straight forward method
to grow these kinds of Au nanoparticles and clusters covalently attached on self-assembled monolayers (SAMs) carrying
nucleation sites for particle growth. The control of density and location of these nucleation sites is a crucial point for the
development of new nanoparticle based devices. The OMCVD particles grown here are nucleated by –SH groups at the
head group of a SAM. Therefore, it is important to control and understand structure, order, composition, and lateral dis-
tribution of the SH-terminated molecules in a templating SAM for OMCVD grown gold nanoparticles.

This paper presents a characterization of self-assembled monolayers of 1-octanethiol (C8-T) and 1,8-octanedithiol (C8-
DT) and their binary mixtures immobilized on gold substrates using contact angle investigations, spontaneous desorption
time-of-flight mass spectrometry (SD-ToF-MS) and X-ray photoelectron spectroscopy (XPS). We examined the relation-
ship between the molar ratio of C8-T and C8-DT molecules in solution versus their corresponding molar ratio in the binary
mixed SAMs and the ratio between standing up and lying down species of C8-DT.

The growth of gold nanoparticles was investigated with respect to the dilution of the nucleation sites in the templating
SAM. Influences on the growth velocities were found depending on the amount of available nucleation sites.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The extensive research interest in nanometer-
dimension inorganic nanoparticles was mainly
driven by their broad impact on the emerging disci-
plines of nanoengineering [1], nanoelectronics [2],
and nanobioelectronics [3]. Gold nanoparticles, in
particular, were the focus of numerous investiga-
tions in recent years because of promises offered
by their optical, electronic, and chemical properties
[4]. Of particular interest are their tunable elec-
tronic, magnetic, and photonic behaviours due to
quantum confinement effects, with nanoparticle
and nanoparticle cluster-based devices being envi-
sioned as the next generation in electronics minia-
turization [5]. Recent years have also seen a
tremendous impact on silver and gold nanoparticles
and nanobjects in biological assays, detection, label-
ing and sensing [6].

One of the technological challenges is to fabricate
robust and organized assemblies of these nanoscale
building blocks [7] where the collective structural
properties and functions might be manipulated by
the nature, size, cluster-size, position and overall
composition of the nanoparticles e.g. on a substrate.
Among the various techniques developed, self-
assembly was quite effective in creating ordered
superlattices of nanoparticles by exploiting the
molecular interactions such as van der Waals forces,
chemisorptive bonding, electrostatic interactions,
etc. [4,5,8]. A key structural element is a bifunc-
tional bridge which links the nanoparticles to the
substrate surfaces and/or allows layering of nano-
particles, such as aliphatic dithiols. These processes
can be achieved by simple beaker chemistry.

Self-assembled monolayers of organosulfur
compounds like thiols, sulfides and disulfides on
the surface of coinage metals like Cu, Ag and
Au, have attracted much attention because of their
ease of preparation and their applicability ranging
from medicine [9–11] to microelectronic device fab-
rication [12,13]. Research on alkanethiol SAMs has
increased enormously since the pioneering work of
Nuzzo et al. [14–16]. Ulman [17,18] gives good
reviews in these aspects. The principle of these sys-
tems is simple: A molecule, which is essentially an
alkane chain, is given an anchor group with a
strong preferential adsorption to the substrate used
and a head group, which carries a functional
group. Thiol (–SH) anchor groups and Au(1 11)
substrates have shown to work excellently. The
thiol molecules adsorb readily from solution onto
the gold substrate, creating a dense monolayer
with the head group pointing outwards from the
surface. By using thiol molecules with different
head groups, the resulting chemical surface func-
tionality can be varied within a wide range. In
addition, it is also possible to chemically function-
alize the head groups by performing reactions after
assembly of the SAMs. While the nature of the
thiol–gold bond on the substrate is still subject to
controversy and the structural properties of the
resulting SAMs are still matters of intense current
research efforts, the focus of several activities is the
deposition of inorganic materials on the surfaces of
SAMs [19–23]. The present study is part of a
general objective to prepare SAMs carrying a spe-
cific density of reactive groups for a templated
nucleation and growth of OMCVD gold nanopar-
ticles. It focuses on using 1,8-octanedithiol (C8-
DT) to yield monolayers presenting –SH reactive
groups at the surface of the SAM. For dilution
the length adequate 1-octanethiol (C8-T) is mixed
to C8-DT.

It is not necessarily clear that a,x-alkanedithiols
form well-ordered SAMs. With some dependence
on chain length, these layers have been reported to
anchor to gold surfaces with one or both thiol
groups and to orient in an upright, looped, or flat
arrangement [24–32]. It seems that short chain dithi-
ols, such as hexanedithiol, form well-ordered mono-
layers where both thiol groups bind to the surface
and the chain is parallel to the substrate [24]. Inter-
mediate chain length dithiols, such as octanedithiol
or nonanedithiol, form monolayers where either
thiol group bonding and chain orientation are sim-
ilar to that of the short chain dithiols [25–28], or one
thiol group binds to the surface and the second one
projecting outward, the chain being oriented
upright to the surface [29–31]. Long chain dithiols,
such as dodecanedithiol, form monolayers where
the bonding involves both thiol groups with the
chain in a looped conformation [30,33] and/or a sin-
gle thiol group with the chain extending outward
[32]. Whether the chemisorption of both thiol
groups, or the van der Waals interactions between
the alkyl chains leading to well-ordered structures,
is the dominating effect depends on the particular
system and the conditions employed [34–38].

A previous XPS study has shown that C8-DT
SAMs can form nicely ordered SAMs on gold and
silver, yielding a surface which is terminated by thiol
functions [29]. For the purpose of using thiol-termi-
nated SAMs as nucleation sites for the deposition of



A.K.A. Aliganga et al. / Organic Electronics 7 (2006) 337–350 339
Au by OMCVD, the amount of C8-DT in the
SAMs is an important parameter giving control
over the amount, size and form of Au nanoparticles
on the surface [39]. It is also a step towards the fab-
rication of well-defined arrays of gold nanoparticles
on SAMs.

To control the density of functional –SH groups
for gold nanoparticle nucleation on the SAM sur-
face, we chose to fabricate binary mixtures of SAMs
of C8-DT and C8-T (which has a methyl (–CH3)-
terminal function as a non-reactive site for the
employed gold precursor). Such films were prepared
by self-assembly out of binary mixtures of these thi-
ols in solution. The relative proportion of the two
functionalities in the final SAMs depends upon sev-
eral parameters, like the mixing ratio in solution,
the alkane chain lengths, the solubility of the thiols
in the solvent used and the properties of the chain-
terminating groups. In general, the composition in
the SAM differs from that in the preparation solu-
tion. Measurements with surface sensitive probes
are necessary to calibrate the mixing ratio in the
final SAM.

TOF-SDMS and XPS were used to determine the
relationship between the solution concentration
ratio of C8-DT and its concentration ratio on the
surface. Finally various mixed monolayers are used
to grow gold nanoparticles. Both the overall depos-
ited gold as well as the height of the particles and
their distributions are investigated by spontaneous
desorption ToF mass spectrometry (SD-ToF-MS),
STM and AFM.

2. Experimental

2.1. Au(1 11) substrate preparation

Gold (Balzers, 99.99%) was deposited onto
freshly cleaved mica substrates using a vacuum
coating system (Edwards, FL 400) at p 6 5 ·
10�6 mbar. Before deposition, the mica was heated
to 650 �C for 3–4 min under N2 atmosphere. It
was immediately placed inside the vacuum evapora-
tion machine. The typical evaporation rate was 1 Å/
s, and the thickness of the gold film was 60 nm.
Prior to the self-assembly process, these freshly
evaporated Au/mica samples were annealed to form
large areas with (111) orientation on the surface.
Annealing was carried out at 650 �C for 1 min under
a N2 atmosphere in a tubular oven (Heraeus) and
chilled to room temperature under N2 atmosphere.
This method produced flat Au(111) terraces as
large as 300 nm · 300 nm basing from AFM
measurements.

2.2. SAM preparation

1-Octanethiol (C8-T; Aldrich, 98.5+%), deuter-
ated C8-T (purchased from Dr. R.K. Thomas,
Physical Chemistry Laboratory, Oxford University,
UK), 1,8-octanedithiol (C8-DT; Aldrich, 97+%)
and ethanol (Chromasolv�, Riedel-de Haën,
99.9%) were used without further purification.
SAMs were prepared by immersing freshly prepared
Au(1 11) in a 1 mM ethanolic solution of the respec-
tive alkanethiol or –dithiol for approximately 15 h.
The samples were then cleaned by rinsing exten-
sively with ethanol, dried with N2, and stored under
inert conditions (sealed in a glass flask under Ar
atmosphere). Binary mixed SAMs of C8-T and
C8-DT were prepared from 1 mM stock solutions
of each thiol.

2.3. Spontaneous desorption time-of-flight mass

spectrometry (SD-ToF-MS)

The SD-ToF-MS measurements were performed
using a linear time-of-flight mass spectrometer in
high vacuum at a pressure of about 1 · 10�6 mbar.
Atomic and molecular ions from the sample were
released by spontaneous desorption, a secondary
ion process in which the sample is not bombarded
by particles from an external source [40].

Primary ions of adsorbates are field desorbed
from the edges of an acceleration grid located in
front of the sample. These ions are accelerated
towards the sample gaining keV energies. They
finally sputter secondary ions from the sample. Spec-
tra of negative secondary ions are recorded using the
simultaneously emitted secondary electrons from the
sample surface as trigger particles. An acceleration
voltage of 9.5 kV was applied to the sample. The
recording time of a spectrum was 20–40 min. Within
one spectrum mass peaks of interest were integrated
and normalized with the number of start events with
one or more corresponding stop events. This leads to
a relative ion yield that allows the comparison of the
intensities of equivalent peaks in different spectra.
Fragments of masses m/z up to 2000 u can be
analyzed by this setup. In order to analyze the con-
centration ratio of immobilized species by SD-
ToF-MS one needs to calibrate the counts in specific
peak with the help of spectra of the pure substances.
A detailed data analysis is given in elsewhere [41].
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2.4. X-ray photoelectron spectroscopy

The surface chemical composition was determined
using a SSIX probe (SSX 100/206) spectrometer
from Fisons, operating at a pressure in the 10�9 Torr
range, equipped with an aluminum anode and a
quartz monochromator. No flood-gun was used to
minimize the appearance of beam-induced species.
When the flood-gun is used, beam-induced sulfur
species appear after only a few minutes of accumula-
tion. When no flood-gun is used, such species appear
after 2 h of accumulation. The acquisition parame-
ters have been adjusted to avoid the appearance of
beam-induced species while keeping an acceptable
signal to noise ratio. We have checked that no charg-
ing effects occurred. Spectra were recorded at a take-
off angle of 35� (angle between the plane of the
sample surface and the entrance lens of the analyzer)
and with a pass energy of 150 eV. Intensity ratios
were converted into atomic ratios by using the sensi-
tivity factors proposed by the manufacturer (Scof-
field photoemission cross sections, variation of the
electron mean free path according to the 0.7th power
of the kinetic energy, constant transmission func-
tion). The S 2p spectra were fitted by a function
describing a doublet with spin–orbit coupling of
1.18 eV and area ratio of 1:2 for 2p1/2 and 2p3/2 com-
ponents using a Gaussian-Lorentzian (85–15%) lin-
ear combination and a linear background [42].

2.5. Contact angle measurements

Advancing and receding contact angles of water
on the films were measured using a contact angle
microscope (Krüss G-1) under ambient conditions,
while the volume of the drop (2.5 lL) was increased
or decreased at the minimum rate required for
movement of the water/air/solid triple point.

2.6. Scanning tunnelling microscopy

STM was performed with a homebuilt scan head
in combination with a commercial controller (RHK
SPM 1000). PtIr tips were used for imaging. The
imaging parameters were 500 mV bias, currents
below 100 pA under ambient conditions.

2.7. Organometallic chemical vapor deposition

(OMCVD) of gold onto SAMs

The vapor deposition of [(CH3)3P]AuCH3 [43]
onto SAMs was carried out in a home build vacuum
sealed glass reactor chamber, which contained the
SAM sample and a small glass vessel with 20 mg
of the gold precursor. The reactor was evacuated
(pmax = 2.0 · 10�2 mbar) and placed in an oven at
70 �C [22,23]. Thirty minutes of deposition time
was employed in this work. Subsequently, the
SAMs were quickly removed, rinsed with dry etha-
nol and stored under inert conditions.

2.8. Atomic force microscopy (AFM)

AFM topography images were acquired using a
NanoscopeTM IIIa Atomic Force Microscope (Digi-
tal Instruments, Santa Barbara, CA). Imaging was
done in tapping mode at ambient conditions. Silicon
nitride cantilevers of 100 lm length (spring constant
0.1 N/m) with integrated sharpened tips (Olympus,
Tokyo, Japan) were used.

All AFM tips used to determine the height of the
particles were calibrated by imaging colloidal gold
with known shape and size as a reference sample.
In addition to that, in comparing gold nanoparticles
on mixed SAMs with different ratios, very dilute
samples were prepared in order to avoid the tip con-
volution effects due to particles that are too close to
each other.

3. Results and discussion

3.1. Determination of the surface composition in the

mixed SAMs

Binary mixed SAMs were prepared by the depo-
sition of C8-DT and C8-T from solutions in ethanol
onto gold substrates. Within each series, the molar
fractions of the adsorbates in solution (vsol) were
varied from 0 to 1 in order to produce monolayers
with a range of surface compositions. The aim is
to determine the relationship between vsol and vSAM,
the molar fraction of adsorbates on the surface.

3.1.1. Characterization of SAMs by contact angle

measurements

Contact angle measurements were performed to
check the quality of the SAMs prepared. As shown
in Fig. 1, the advancing contact angle of water on
pure C8-T SAMs is 103� ± 2�. The criterion for a
good monolayer in the case of long chain methyl-
terminated molecules (for n > 10, where n is the
number of CH2 units) is a contact angle above
110� [18]. For shorter chains (n < 10), the contact
angles become progressively lower (100–105�). This
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Fig. 1. Contact angle of water on pure and binary mixed SAMs
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trend is due to the increasing disorder of short
chains, exposing their methylene units. The value
we found for the C8-T SAMs is in very good agree-
ment with the values reported in the literature for
short alkylthiol chains. The advancing contact angle
of pure C8-DT is 68� ± 4�, which is in good agree-
ment with the reported value for –SH head groups,
70� [44]. The contact angle hysteresis, which is the
difference between the advancing and the receding
angle, for C8-T and C8-DT films are 5� and 3�,
respectively. This small hysteresis can be attributed
to a very low surface roughness and a high surface
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Fig. 2. SD-ToF-mass spectra
homogeneity [44]. Contact angle measurements
were also performed on mixed SAMs (Fig. 1). The
contact angles of mixed SAMs lie between the val-
ues of 103� for C8-T and 68� for C8-DT. The con-
tact angle values decrease with increasing C8-DT
content, but showing enhanced individual hysteresis
measures indicating surface roughness enhance-
ments within the mixed regime [44,45].

3.1.2. Characterization of SAMs by SD-ToF-MS

Fig. 2 shows the SD-ToF-mass spectra for pure
C8-T SAMs on Au. The molecular fragment of
C8-T, octanethiolate (�S–(CH2)7–CH3), is observed
at m/z = 145 u. From the spectra, the signals corre-
sponding to gold peaks, m/z = 197 u (Au�), 394 u
ðAu�2 Þ and 591 u ðAu�3 Þ are not observed. This indi-
cates a density of the C8-T in the SAM being high
enough to mask the gold substrate. The assignment
of the other peaks can be found in Table 1. There is
no drawn-out-mechanism of the molecules from the
surface [44]. In SD-ToF-MS the desorption process
randomly cleaves off species on the surface when
they are hit by the bombarding particles from the
grid. Therefore the most accessible species, the top-
most layer on the surface, have the highest probabil-
ity to be desorbed first. In the case of C8-T SAMs,
the Au substrate is masked completely by the alkan-
ethiolate monolayer.

In the mass spectra of C8-DT (Fig. 3), the 1-
octanethiol-8-thiolate (�S–(CH2)8–SH) fragment is
2)7-CH3)
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Table 2
Assignment of mass peaks of Fig. 3, C8-DT SAM

m/z (u) Molecular fragments

Peaks that are also
observed in clean,
bare gold substrates

12 C
13 CH
24 C–C
25 CH–C
26 CH–CH
32 S
33 SH
48, 49 Probably C4, C4H
229 AuS, AuO2

Other peaks 60 SH–(CH2)2

197 Au
229 AuS, AuO2

245 AuSO, AuO2

591 Au3

There are many peaks here that can be found also in bare gold
substrate. This supports the interpretation that C8-DT SAM is
not as ordered as C8-T SAM due to its dithiol moiety.

Table 1
Assignment of mass peaks of Fig. 2, C8-T SAM

m/z (u) Molecular fragments

Peaks that are also
observed in clean,
bare gold substrates

12 C
13 CH
24 C–C
25 CH–C
26 CH–CH
32 S
33 SH
48, 49 Probably C4, C4H
229 AuS, AuO2

Other peaks 80 SO3

109 SO3(CH2)2

146 SH(CH2)8

167 SO3(CH2)6

174 SO3(CH2)7

275 AuSO3
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found at m/z = 177 u. This fragment is a finger print
of the single bound, standing up chains. A signal
from the gold substrate is also detected, indicating
a non-shielding of the gold substrate by the C8-
DT SAM. This can be due to the presence of double
bound, lying flat C8-DT molecules, which do not
mask the gold from the substrate efficiently, and
at the same time have a much lesser probability to
be found in a SD-TOF-mass spectrum due to the
double bonding [40c]. The assignment of the other
peaks can be found in Table 2.

Further examination of the mass spectra of C8-T
and C8-DT SAMs, does not yield any more reliable
(Au2
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Fig. 3. SD-ToF-mass spectra
mass fragment peaks for comparison and for the
calibration of the mixing ratio in the mixed SAMs.
The molecular fragments of C8-T and C8-DT are
not distinctive from each other, which is not surpris-
ing taking the very similar molecular structure into
account. The typical fragments of these two mole-
cules are found in both spectra.

Since there are no distinctive peaks obtained for
C8-T and C8-DT, a completely deuterated octane-
thiol, C8-Td, is used instead, presuming that the
self-assembly thermodynamics do not change by
(-S-(CH2)8-SH) (Au-)
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the deuterium. Fig. 4 shows the SD-ToF-mass spec-
tra of SAMs prepared from perdeuterated C8-Td on
Au. There is a strong signal of deuterium (D) at
peak m/z = 2 u which was used to identify the pres-
ence of C8-Td in the SAMs. The assignment of the
other peaks can be found in Table 3.

Fig. 5 shows the mass spectra of pure and mixed
SAMs of C8-DT and perdeuterated C8-Td on Au in
a directly comparable fashion, for the vC8-DT

sol ¼ 0:1.
The relationship between the molar fraction of
C8-DT in solution ðvC8-DT

sol Þ and on the surface
ðvC8-DT

SAM Þ can be determined from these spectra, the
pure SAMs and a series of mixed SAMs with sys-
tematically changing C8-DT mole fractions in the
self-assembling solution. This is obtained by inte-
grating and normalizing the mass peak of interest,
Table 3
Assignment of mass peaks of Fig. 4, C8-TD SAM

m/z (u) Molecular fragments

50 SD–CD2

80 SO3, S–(CD2)3

96 S–(CD2)4

164 SD–(CD2)8

210 SO3–(CD2)8

197 Au
229 AuS, AuO2

245 AuSO, AuO3

426 Au2S, Au2O2

591 Au3

There are many peaks here that can be found also in bare gold
substrate.
which is deuterium (D) in this case, within one spec-
trum, with the number of start events with one or
more corresponding stop events. This then leads
to a relative ion yield that allows the comparison
of the intensities of equivalent peaks in different
spectra. This yields an individual data set of surface
molar fractions (vSAM) for each species. The sum of
the individual surface molar fractions ðvC8-DT

SAM ðvsol ¼
xÞ þ vC8-Td

SAM ðvsol ¼ xÞÞ at a given solution mole
fraction (vsol = x) has to be 1 for reliable data, being
the case in this study.

Fig. 6 shows the molar fractions (vSAM) of both
species in the mixed C8-Td/C8-DT SAMs on Au
substrates versus the molar fractions (vsol) of C8-
DT in solution. The amount of C8-DT within the
SAMs dominates nearly the entire mixing regime.
Only at very small C8-DT concentrations, in the
vsol = 0.01–0.03 regime, C8-T molecules are found
in comparable amounts. This very asymmetric bin-
ary assembly map suggests that C8-DT with its
two binding sites has a much stronger affinity to
the gold substrate surface as compared to C8-T with
one binding site only. For example, a very dilute
solution of C8-DT, approximately a vsol = 0.005,
is needed to have a 1:1 mixture of both thiols on
the surface.

At this point, we can conclude that in order to
achieve the main goal—to have diluted –SH head
groups on the surface for gold nanoparticle deposi-
tion—it is interesting to explore vC8-DT

SAM of 0.5 and
lower only. The actual solution concentrations of



(a)

(b)

(c)

0 5 10 15 20 25 30 35 40 45
0

2000
4000
6000
8000

10000
12000

0 5 10 15 20 25 30 35 40 45
0

2000
4000
6000
8000

10000
C

ou
nt

s 
[a

.u
.]

0 5 10 15 20 25 30 35 40 45 50
0

2000
4000
6000
8000

10000

 m/z [u]

0

Fig. 5. SD-ToF-mass spectra of pure and mixed SAMs on Au. (a) perdeuterated C8-T SAM, (b) vC8-DT
sol ¼ 0:1 ðvperdeuterated C8-T

sol ¼ 0:9Þ,
(c) C8-DT SAM.

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

(y=0.500; x=0.00500)SA
M

C8-DT

1,8-octanedithiol
perdeuterated 1-octanethiol

χ

χ sol

Fig. 6. Molar fraction (vSAM) of C8-T and C8-DT in SAMs on
Au substrates versus molar fraction of C8-DT ðvC8-DT

sol Þ in
solution.

Table 4
Solution concentrations relative ðvC8-DT

sol Þ and in moles (M)
required for the formation of diluted C8-DT molecules in a
matrix of C8-T in mixed SAMs up to vC8-DT

SAM ¼ 0:5

vC8-DT
SAM vC8-DT

sol C8-DT concentration
in solution (M)

0.005 0.00005 5.0 · 10�8

0.01 0.0001 1.0 · 10�7

0.05 0.0005 5.3 · 10�7

0.1 0.001 1.0 · 10�6

0.15 0.0015 1.5 · 10�6

0.2 0.002 2.0 · 10�6

0.5 0.005 5.0 · 10�6
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C8-DT yielding dilute concentrations of C8-DT in
the mixed SAM on the surface are listed in Table 4.

3.1.3. X-ray photoelectron spectroscopy (XPS)

studies of SAMs

To estimate the amount of free thiol head groups
on the surface, the SAMs were investigated by XPS.
And since it is desired to achieve a dilute concentra-
tion of C8-DT SAMs with free-SH on the surface,
molar fractions vC8-DT

SAM of 0.5 and below were
explored, on the basis of the SD-ToF-MS results
(Table 4).
XPS has been popularly used as a tool in charac-
terizing alkanethiol SAMs [For a review see ref.
[46]]. In Fig. 7a–e, the X-ray photoelectron spectra
of the S 2p region are displayed as obtained from
pure SAMs of C8-T and of C8-DT and a series of
binary mixtures. Two main peaks, centered on 162
and 169 eV can be observed. The dominant peak
centered at 162.0 eV was previously assigned to
thiolate moiety and proves the existence of a chem-
ical gold-sulfur bond [46–48]. The second peak
around 169 eV can be attributed to oxidized sulfur
species [46,49,50]. The presence of these oxidized
species is a well-known phenomenon for monolay-
ers made out of short chain thiols in which oxida-
tion on the sulfur occurs fast [46,49].

The larger FWHM of the S 2p component situ-
ated at 162 eV in the C8-DT SAM (2.9 eV) and in



172 170 168 166 164 162 160 158 156 154

-1000

0

1000

2000

3000

4000

5000

6000

162.0 eV

FWHM=2.2 eV

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

172 170 168 166 164 162 160 158 156 154

Binding energy (eV)

172 170 168 166 164 162 160 158 156 154

Binding energy (eV)

170 165 160 155

Binding energy (eV)

172 170 168 166 164 162 160 158 156 154
Binding energy (eV)

-1000

0

1000

2000

3000

4000

5000

6000

7000

162.0 eV

FWHM=2.9 eV

In
te

ns
ity

 (a
.u

.)

-1000

0

1000

2000

3000

4000

162.0 eV

FWHM=2.7 eV

In
te

ns
ity

 (a
.u

.)

-1000

0

1000

2000

3000

4000

162.0 eV

FWHM=3.0 eV

In
te

ns
ity

 (a
.u

.)

-1000

0

1000

2000

3000

4000

5000

6000

162.0 eV

FWHM=2.8 eV 

In
te

ns
ity

 (a
.u

.)

(a) (b)

(c) (d)

(e)

Fig. 7. X-ray photoelectron spectra of the S2p region of SAMs prepared from (a) C8-T, (b) C8-DT and binary mixed SAMs with C8-DT
surface molar fractions ðvC8-DT

SAM Þ of (c) 0.1 (d) 0.2, and (e) 0.5. The peaks were fitted by functions describing doublets with spin–orbit
coupling of 1.18 eV and area ratio of 1:2 for 2p1/2 and 2p3/2 components, using a Gaussian-Lorentzian (85–15%) linear combination and a
linear background. The FWHM of the doublet corresponding to the S–Au species (green line) in figures b–e has been fixed to the value
obtained when fitting the pure C8-T sample. (For interpretation of the references in color in this figure legend, the reader is referred to the
web version of this article.)

A.K.A. Aliganga et al. / Organic Electronics 7 (2006) 337–350 345



346 A.K.A. Aliganga et al. / Organic Electronics 7 (2006) 337–350
the mixed SAMs (2.7–3.0 eV) as compared to the
one from the C8-T SAM (2.2 eV) strongly suggests
that the peak envelope contains an additional struc-
ture. The spectrum deconvolution (doublets with
spin–orbit coupling of 1.18 eV and area ratio of
1:2 for S 2p1/2 and S 2p3/2 components) reveals the
presence of one additional doublet positioned at
163.5 eV. This is typically the position of the S
2p3/2 component of a free S–H [27,29,46]. This is a
fingerprint of the standing up dithiol molecules
bound with one SH-group only to the gold sub-
strate. To note, the peak positioned at 162.0 eV,
which is referring to the S–Au binding, is much
more dominant than the free S–H peak. This should
be the contrary in a C8-DT monolayer in which the
dithiols are in a standing up structure. The photo-
electrons coming from the Au–S interface are atten-
uated by the SAM as an overlayer to travel through
and we would thus observe a smaller intensity for
the Au–S peak than for the SH peak. This means
that a large amount of molecules are lying down
on the substrate. Table 5 summarizes the relative
area and position of the two doublets obtained from
the deconvolution for all SAMs samples measured.
This means that a large amount of molecules are
lying down on the substrate, as confirmed by a
lower attenuation of the Au signal for the C8-DT
SAMs as compared to the monothiol SAMs.

Both the standing up and lying down dithiols
contribute to the Au–S signal. The ratio between
the Au–S and SH component can give a rough esti-
mation of the amount of dithiols that are standing
up. The intensity of the sulfur originating from the
S–Au bond is attenuated by the carbon overlayer
following the classical equation [46,51]:

IS–Au ¼ I0e�d=k sin h ð1Þ
where I0 is the intensity without overlayer, d is the
layer thickness, h is the takeoff angle and k is the elec-
Table 5
Peak position (eV) and relative area (%) of the sulfur components
obtained from the deconvolution of the S 2p spectrum of mixed
SAMs

vSAM Peak position (eV)–relative area
(%)

S–H S–Au

C8-DT 163.5–25.4 162.0–74.6
0.5 C8-DT/0.5 C8-T 163.5–25.7 161.9–74.3
0.2 C8-DT/0.8 C8-T 163.5–31.0 161.9–69.0
0.1 C8-DT/0.9 C8-T 163.7–22.0 162.0–78.0
C8-T – 162.0–100.0
tron mean free path of the S 2p electrons. h is equal
to 35�, k can be estimated to be equal to 39 Å [46]
and d can be calculated (8.8 Å). Thus, IS–Au/I0 is
equal to 0.67. As an example calculation for the pure
C8-DT SAM, the area of the S–Au peak (74.6, Table
5) should be equal to 111, as calculated from Eq. (1).
The electrons from S–H are not attenuated since S–
H is situated on top of the film. Therefore there are
111 S–Au species and 25 S–H species (Table 5).
Among the 111 species, 25 come from the molecules
having S–H moieties outside the film. Thus 86
(111 � 25) S–Au come from molecules that are lying
down on the substrate having two S–Au bonds each.
Therefore 86 bound S–Au groups mean 46 flat lying
molecules. So 25 molecules carrying a free SH-group
and 43 flat lying molecules gives a standing up ratio
of 37% (100% being 43 + 25 = 68). This is a rough
estimation since only the standing up molecules con-
tribute to the Au–S attenuation. This is thus a bor-
derline case, corresponding to a system with a
thickness of 8.8 Å, where the entire Au–S signal is
attenuated. The true layer thickness is probably low-
er than 8.8 Å, because of the contribution of lying
down molecules. Another borderline case is a system
into which there is no attenuation of the Au–S sig-
nal. In this case, the estimation yields 50% of stand-
ing up molecules. We can thus conclude that in a
pure C8-DT SAM, between 37% and 50% of the
dithiols are standing up. It is much more difficult
to estimate the amount of standing up structures in
mixed monolayers since both the monothiol and
dithiols contribute to the Au–S signal. Moreover,
the presence of oxidized sulfur species in the mixed
layers may lead to wrong estimations. It is extremely
difficult, if not impossible, to determine exactly how
much oxidized species originates from S–H and from
S–Au. However, we can still derive a relationship be-
tween the free S–H peak area and the Au–S peak
area (Fig. 8). Here the integrated area ratios between
the SH and the S–Au peaks are plotted versus the
amount of C8-DT present in the SAM. The area
ratio SH/S–Au is proportional to the amount of free
SH-groups, but not necessarily directly linear, be-
cause of the hidden, unknown attenuation factor
for the S–Au species.

The ratio of free S–H/Au–S species reveals two
relationships within the concentration regime of
C8-DT in the mixed SAMs. From 0% to 20% C8-
DT content or vC8-DT

SAM ¼ 0–0:2 (Fig. 8), the ratio of
S–H/S–Au on the surface rapidly increases with
increasing C8-DT concentration. From 20% to
100% (or vC8-DT

SAM < 0:2) it decreases slightly.
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This behaviour gives us several hints on the mixed
SAMs structure. First, from 0.2 to 1 vC8-DT

SAM , there is
an inverse relation between the amount of C8-DT
present and the free SH groups. This means with
respect to the diluter molecule C8-T, that there is a
small increase in free S–H groups with increasing
amount of C8-T on the surface. Second, an increase
in the area ratio of SH/S–Au means there is an
increased percentage of standing up molecules of
C8-DT in the SAMs: the amount of lying-flat-mole-
cules increases with increasing surface concentration
of C8-DT. Third, from 0 to 0.2 vC8-DT

SAM , the amount of
C8-DT in the SAM is increasing due to an effective
onset of the dilution with C8-T and at the same time
an increase in C8-DT concentration leads to a nearly
linear increase in the SH/S–Au area ratio. This can
only be the case when most of the dithiol molecules
in the SAMs with in this C8-DT low concentration
Fig. 9. (a) STM (195 nm · 195 nm) and (b) AFM (500 nm · 500 nm) im
substrate.
range are in the standing up geometry. As a tentative
explanation, the van der Waals interaction becomes
the more dominant driving force in the overall self-
assembly process with high C8-T concentrations in
the binary mixtures of SAMs of C8-T and C8-DT.

3.2. OMCVD of gold nanoparticles

Chemical vapor deposition (CVD) is a method
for depositing films of various materials, which
involves the thermally induced reaction of a mate-
rial-containing molecule on a heated surface [52].
First, a volatile precursor is transported into the
reactor and to the substrate leading to an adsorp-
tion and a surface reaction, whereby the metal is
deposited and the by-products are subsequently des-
orbed. The metal atoms then diffuse to form a stable
nucleus at a nucleation site, where subsequent
growth occurs. The volatile organometallic
precursor used for the organo metallic CVD
(OMCVD) of gold is trimethylphosphinegoldmethyl
(((CH3)3P)AuCH3), which is known to give pure
gold films at low temperatures [52]. Here we use
the exposed SH-groups at the SAM surface as
nucleation sites.

Fig. 9 shows a (a) STM and an (b) AFM image of
the OMCVD deposited gold nanoparticles grown
onto C8-DT SAMs. Disc-like structures were
observed with an average particles’ height of
approximately 5 Å as obtained from the AFM mea-
surements (Fig. 9b) and lateral diameters of about
5 nm as determined from STM measurements
(Fig. 9a), yielding an aspect ratio of 1:10.

C8-DT samples systematically diluted with C8-T
were used as templates for the gold nanoparticle
ages of OMCVD gold nanoparticles on C8-DT SAMs on Au(111)
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growth. Fig. 10 shows the height histograms
obtained from AFM images with decreasing
amount of C8-DT in the SAM. Clearly with
decreasing amount �10% in (a), 5% in (b) to 1%
in (c)—the average height rises from 2.4 nm along
3.5 nm to 4.5 nm. Nevertheless the average depos-
ited amount of gold increases with increasing
amount of C8-DT content as seen in Fig. 11 show-
ing relative gold amount data obtained by SD-ToF-
MS.

Because available nucleation sites compete at a
given precursor pressure for each available gold
atom the average height per present particle
increases when the amount of competing binding
sites decreases. This is similar but not identical to
Oswald ripening [53]. But still the overall amount
of gold decreases. The non-linear curve form in
Fig. 11 represents the non-linear immobilization
probability of the C8-DT/C8-T binary mixture
(Fig. 6) and the available free-SH-groups due to
the two possible C8-DT binding geometries: stand-
ing up and lying down (Fig. 8). Especially at small
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as more C8-DT molecules are present the amount of
flat lying, with both SH-groups bound to the gold,
C8-DT molecules are enhanced and less SH-nucle-
ation sites are present. Indeed it was found in the
AFM images that the number of gold nanoparticles
per unit area decreased with increasing C8-T
content.

4. Conclusions

The combination of contact angle measurements,
SD-ToF-MS and XPS yield a detailed picture of the
formation and structure of C8-T/C8-DT mixed
monolayers. Additional information deducted from
by the growth behaviour of gold nanoparticles on
pure and diluted C8-DT SAMs investigated by
AFM, STM, and SD-ToF-MS gave valuable infor-
mation to understand the templating action of
mixed SAMs.

C8-DT shows a stronger affinity to the Au sur-
face compared to C8-T. In order to have a vC8-DT

SAM

of 0.5 in the mixed SAMs, a vC8-DT
sol of 0.005 (and

thus a vC8-T
sol of 0.995) in solution is needed. For

vC8-DT
SAM ranging from 0.2 to 1, a decrease in mono-

thiol concentration results in a decrease in standing
up structures of the dithiols. While for surface molar
fractions of C8-DT ranging from 0 to 0.2, increasing
dithiol concentration increases the amount of stand-
ing up structures of dithiol. The behaviour corre-
sponding to vC8-DT

SAM of 0–0.2 displays the van der
Waals interactions as the most dominant driving
force in the overall self-assembly process driven by
the high amount of C8-T in the mixture. In order
to yield a diluted amount of –SH groups on the sur-
face of the binary mixed SAMs and to avoid the
lying down structures, it is best to explore C8-DT
surface molar fraction between 0 and 0.2.

One hundred percent of C8-DT SAMs yield disc-
like nanoparticles with an aspect ratio of 1:10. The
flat lying domains here and in the high concentra-
tion C8-DT mixing regime seem not to play a role
in the nanoparticle growth, because no SH-groups
as nucleation sites are exposed. The gold nanoparti-
cles show a higher average height and therefore a
faster height growth with increasing C8-T dilution
due to binding site competition. Also the number
of gold nanoparticles per unit area decreases with
increasing dilution.

The phase behaviour, or with other words, the
lateral distribution of the two components of the
binary mixture, was not studied here. A systematic
study on a possible miscibility gap and the resulting
domain structure needs to be done to gain more
insight into the gold growth behaviour, especially
the positioning of the nucleation sites.
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Abstract

A new polythiophene derivative was synthesized by both chemical and electrochemical oxidative polymerization of 1-
(perfluorophenyl)-2,5-di(2-thienyl)-1H-pyrrole (FPTPy). The structures of both the monomer and the soluble polymer were
elucidated by nuclear magnetic resonance (1H-NMR) and fourier transform infrared (FTIR). Polymer of FPTPy was also
synthesized via potentiostatic electrochemical polymerization in acetonitrile (AN)/NaClO4/LiClO4 (0.1 M:0.1 M) sol-
vent–electrolyte couple. Characterizations of the resulting insoluble polymer were performed by cyclic voltammetry (CV),
FTIR, scanning electron microscopy (SEM) and UV–Vis Spectroscopy. Four-probe technique was used to measure the con-
ductivities of the samples. Moreover, the spectroelectrochemical and electrochromic properties of the polymer film were
investigated. In addition, dual type polymer electrochromic devices (ECDs) based on P(FPTPy) with poly(3,4-ethylenedioxy-
thiophene) (PEDOT) were constructed. Spectroelectrochemistry, electrochromic switching and open circuit stability of the
devices were studied. They were found to have good switching times, reasonable contrasts and optical memories.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Since the discovery of electrical conductivity in
polyacetylene [1], the field of conducting polymers
has aroused a great deal of interest among scientists
both in industry and academia [2,3].
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.04.001
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A great deal of attention was focused on conju-
gated polymers due to the broad range of applications
for which they are potentially useful [2]. Photovoltaic
devices [4], light emitting diodes [5], field effect transis-
tors [6], electrochromic devices [7], and various types
of sensors [8] based on conjugated polymers are under
investigation by numerous researchers around the
world. As such, the search for new functional and
responsive conjugated polymers exhibiting electro-
chromism [9], photochromism [10], or non-linear
.

mailto:toppare@metu.edu.tr


352 E. Sahin et al. / Organic Electronics 7 (2006) 351–362
optics properties are especially sought after for such
applications in display technology or data storage. A
polymer that possesses a combination of several of
these properties is especially an attractive target [11].

An electrochromic material is the one that
changes color in a persistent but reversible manner
by an electrochemical reaction and the phenomenon
is called electrochromism. Electrochromism is
reversible and visible change in transmittance and/
or reflectance that is associated with an electro-
chemically induced oxidation–reduction reactions.
It results from the generation of different visible
region electronic absorption bands upon switching
between redox states. The color change is com-
monly between a transparent (bleached) and a col-
ored state or between two colored states. In case
where more than two redox states are electrochem-
ically available, the electrochromic material may
exhibit several colors and may be termed as poly-
electrochromic. This optical change is affected by a
small electric current at low direct current potentials
in the order of a fraction of a volt to a few volts [12].

An electrochromic device is a two-electrode elec-
trochemical cell in a sandwich configuration of thin
layers. The arrangement of these layers depends on
the operation mode, which can be reflective or
transmissive [13]. The reflective mode is used to dis-
play or to decrease the reflected light, for example,
in a car rear-view mirror. In these devices, one of
the electrical contacts should be covered with a
reflective layer as a mirror. Transmissive mode
operation is very similar, but all layers must become
fully transparent when desired. For this reason,
optically transparent electrodes must be used [14].

This study aims the synthesis of 1-(perfluorophe-
nyl)-2,5-di(2-thienyl)-1H-pyrrole (FPTPy) via the
reaction between 1,4-bis(2-thienyl)butane-1,4-dione
and 2,3,4,5,6-pentafluoroaniline. The monomer
was characterized via 1H-NMR, FTIR. A new solu-
ble conducting polymer was chemically synthesized
and characterized. The spectroelectrochormic prop-
erties of electrochemically synthesized polymer were
determined. Possibility of using the polymer as a p-
type conducting material in an electrochromic
device was investigated.

2. Experimental

2.1. Materials

AlCl3 (Aldrich), succinyl chloride (Aldrich),
dichloromethane (DCM) (Merck), p-toluene sulfonic
acid (PTSA) (Sigma), 2,3,4,5,6-pentafluoroaniline
(Aldrich), toluene (Sigma), nitromethane (Aldrich),
methanol (Merck), ferric(III) chloride (Aldrich), ace-
tonitrile (AN) (Merck), NaOH (Merck), LiClO4

(Aldrich), NaClO4 (Aldrich), propylene carbonate
(PC) (Aldrich) and poly(methyl methacrylate)
(PMMA) (Aldrich) were used without further
purification. 3,4-ethylenedioxythiophene (EDOT)
(Aldrich) were used as received.

2.2. Equipments

NMR spectrum of the monomer was recorded on
a Bruker-Instrument-NMR Spectrometer (DPX-
400) using CDCl3 as the solvent. The FTIR spectrum
was recorded on a Varian 1000 FTIR spectrometer.
Mn for the soluble polymer was measured by gel per-
meation chromatography (GPC PL220). The surface
morphologies of the polymer films were analyzed
using JEOL JSM-6400 scanning electron micro-
scope. Cyclic voltammograms were recorded in
NaClO4 (0.1 M) and LiClO4 (0.1 M)/AN electro-
lyte-solvent couple with a system consisting of a
potentiostat (Wenking POS 73), an X–Y recorder
and a CV cell containing indium/tin oxide (ITO)-
coated glass plate working and Pt counter electrodes,
and a Ag/Ag+ reference electrode. Measurements
were carried out at room temperature under nitrogen
atmosphere. VoltaLab-50 Potentiostat was used
to supply constant potential during electrochemi-
cal synthesis. Varian Cary 5000 UV–Vis spectro-
photometer was used in order to perform the
spectroelectrochemical studies of the polymer and
the characterization of the devices. Colorimetry
measurements were done with Minolta CS-100
spectrophotometer.

2.3. Synthesis of 1-(perfluorophenyl)-2, 5-di

(2-thienyl)-1H-pyrrole (FPTPy)

The starting material, 1,4-di (2-thienyl)-1,4-
butanedione 1, was synthesized according to litera-
ture procedure [15]. To a suspension of AlCl3
(16 g, 0.12 mol) in CH2Cl2(15 mL), a solution of
thiophene (9.6 mL, 0.12 mol) and succinyl chloride
(5.5 mL, 0.05 mol) in CH2Cl2 were added dropwise.
The mixture was stirred at 18–20 �C for 4 h. This
was then poured into ice and concentrated HCl
(5 mL) mixture. The dark green organic phase was
washed with concentrated NaHCO3 (3 · 25 mL),
and dried over MgSO4. After evaporation of the
solvent, a blue green solid was remained which
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was suspended in ethanol. Filtration and washing
with ethanol yielded 1, 4-bis(2-thienyl)butane-1,4-
dione.

The monomer (FPTPy) was synthesized from
1,4-bis(2-thienyl)butane-1,4-dione and 2,3,4,5,6-
pentafluoroaniline in the presence of catalytical
amount of p-toluene sulphonic acid (PTSA)
[16,17]. A round-bottomed flask equipped with an
argon inlet and magnetic stirrer was charged with
1,4-bis(2-thienyl)butane-1,4-dione (5 mmol, 1.25 g),
1.28 g (7 mmol) 2,3,4,5,6-pentafluoroaniline, 0.1 g
(0.58 mmol) PTSA and 20 mL of toluene were
added. The resultant mixture was stirred and
refluxed for 24 h under argon. Evaporation of the
toluene, followed by flash column chromatography
(SiO2 column, elution with dichloromethane) affor-
ded the desired compound as pale brown powder.
The synthetic route of the monomer is shown in
Scheme 1.

2.4. Chemical polymerization of (FPTPy) with

iron (III) chloride

FPTPy (1 · 10�3 M) was dissolved in nitrometh-
ane (15 mL) and placed in a three-necked flask.
Iron (III) chloride (2 · 10�3 M) is placed in 15 mL
nitromethane. Monomer solution was added drop
wise to the solution of iron (III) chloride at 0 �C.
The reaction was carried out for 5 min. with
constant stirring. The dark blue oxidized polymer
was first washed with methanol, filtered, compen-
sated with 30% NaOH, and dried under vacuum
for 1H-NMR analyses.
2.5. Cyclic voltammetry (CV)

The oxidation/reduction behavior of polymer
was investigated by CV in NaClO4 (0.1 M) and
LiClO4 (0.1 M)/AN solvent–electrolyte couple.
Experiments were carried out in an electrolysis cell
equipped with indium/tin oxide (ITO)-coated glass
plates as the working, a Pt wire counter and
Ag/Ag+ reference electrodes. The measurements
were carried out at room temperature under
nitrogen atmosphere.

2.6. Electrochemical polymerization of FPTPy

Preparative electrochemical polymerization was
performed by sweeping the potential between
0.0 V and +1.4 V with 500 mV/s scan rate. 50 mg
FPTPy were dissolved in AN and NaClO4 (0.1 M)
and LiClO4 (0.1 M) were used as the supporting
electrolyte. Electrolyses were carried out using Pt
working and counter electrodes and a Ag/Ag+ refer-
ence electrode at room temperature for 1 h. The free
standing films were washed with AN several times
to remove unreacted monomer and the electrolyte.
A similar method was used to synthesize the poly-
mer on an ITO coated glass plate.

2.7. Preparation of the gel electrolyte

Gel electrolyte was prepared utilizing NaClO4:Li-
ClO4:AN:PMMA:PC in the ratio of 1.5:1.5:70:7:20
by weight. After NaClO4/LiClO4 was dissolved in
AN, PMMA was added into the solution. In order
to dissolve PMMA, vigorous stirring and heating
were required. Propylene carbonate (PC), as plasti-
cizer, was introduced to the reaction medium when
all the PMMA was completely dissolved. The mix-
ture was stirred and heated until a highly conduct-
ing transparent gel was produced.

2.8. Construction of electrochromic devices

Poly (3,4-ethylenedioxythiophene) (PEDOT) was
potentiostatically deposited on ITO working elec-
trode by applying +1.5 V in AN/NaClO4/LiClO4

(0.1 M) solvent–electrolyte. P(FPTPy) was obtained
by sweeping the potential between 0.0 V and +1.4 V
versus Ag/Ag+ in AN/NaClO4/LiClO4 (0.1 M:0.1 M).
It is important to balance the charge capacities of
the devices prior to assembling the devices. Other-
wise, there would be incomplete electrochemical
reaction and residual charges would remain during
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the redox process [18]. Therefore, redox charges of
the anodically and cathodically coloring polymers
were matched by chronocoulometry. In order to
obtain the complementary operating conditions,
anodically coloring polymers were fully reduced
and the cathodically coloring polymer was fully oxi-
dized. By sandwiching the gel electrolyte between
the anodically and the cathodically coloring poly-
mers, the device was constructed.

3. Results and discussion

3.1. Synthesis

For the synthesis of 1,4-di(2-thienyl)-1,4-butan-
edione, the double Friedel–Crafts reactions propose
by Merz and Ellinger [15] was chosen. However we
found that the reaction time can be considerable
reduced, the reaction mixture being refluxed at 18–
20 �C for 4 h (instead of 24 h stirring at ambient
temperature) without loss of yield (75%).

3.2. Cyclic voltammetry

Cyclic voltammogram of FPTPy in AN/LiClO4–
NaClO4 solvent/electrolyte couple indicated an oxi-
dation peak at 1.1 V and a reduction peak at 0.4 V.
When the range between 0.0 V and +1.4 V (Fig. 1)
was scanned, it was observed that the electroactivity
Fig. 1. Cyclic voltammogram of FPTPy.
increased with increasing scan number. This process
promotes an electrochromic change on the polymer
film to a yellow color, while a greenish cloud is
formed around the electrode due to the partial dis-
solution of neutral oligomers of low molecular
weight present in the reduced P(FPTPy). Under
these conditions, the monomer yields a polymer
which is subsequently oxidized at the same potential
to produce polarons balanced with ClO�4 counteri-
ons. Further reduction of this polymer at 0.4 V peak
involves the neutralization of polarons with the loss
of ClO�4 and the resulting short linear species are
dissolved [19].
3.3. NMR spectra of FPTPy and P(FPTPy)

1H-NMR spectrum of monomer (Fig. 2(A))
reveals: (Pale yellow viscous product) C18H8NF5,
dH (CDCl3): 6.63 (s, 2 H, pyrrolyl), 6.84 (d, 2H,
J = 3.34 Hz, 3-thienyl), 6.96 (dd, 2H, J = 4.61 Hz,
3.34 Hz, 4-thienyl), 7.22 (d, 2H, J = 4.61 Hz, 5-
thienyl).

1H-NMR spectrum of polymer (Fig. 2(B))
(CDCl3): 6.53–6.47 (2H, broad s, pyrrolyl), 6.86–
6.75 (2H, d, 3-thienyl), 7.19–7.11 (2H, d, 4-thienyl).

GPC data revealed Mn = 8.0 · 103 for P(FPTPy)
prepared by chemical polymerization.
3.4. FTIR spectra

FTIR spectrum of the FPTPy shows the follow-
ing absorption peaks: 3096 cm�1 (aromatic C–H
stretching), 3020 cm�1 (C–Ha stretching of thio-
phene), 1515 cm�1 (C–F stretching of benzene),
1416–1261 cm�1 (aromatic C@C, C–N stretching
due to pyrrole and benzene), 1073 cm�1 (aromatic
C@C–F), 801 cm�1 (C–Ha out of plane bending of
thiophene).

Most of the characteristic peaks of FPTPy
remained unperturbed upon chemical polymeriza-
tion. The intensity absorption bands of the mono-
mer at 3020 cm�1 arising from C–Ha stretching of
thiophene moiety, disappeared completely. This is
an evidence of the polymerization from 2,5 posi-
tions of thiophene moiety of the monomer.
Whereas, two new bands related to C–Hb out-of-
plane bending of 2,5 disubstituted thiophene and
C–S stretching appeared at 836 and 773 cm�1,
respectively. The broad band observed at around
1649 cm�1 proves the presence of polyconjugation



Fig. 2. 1H-NMR spectra of monomer (A), polymer in CDCl3(B).
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and the new peak at 642 cm�1 indicates the presence
of the dopant ion (Cl�).

FTIR spectra of electrochemically synthesized
P(FPTPy) showed the characteristic peaks of the
monomer. The peaks related to C–Ha stretching
of thiophene disappeared completely. The new
broad band at around 1622 cm�1 was due to poly-
conjugation. The strong absorption peak at 1129,
1052 cm�1 were attributed to the incorporation
ClO�4 ions into the polymer film during doping pro-
cess. Results of the FTIR studies clearly indicated
the polymerization of the monomer.
3.5. Conductivities of the films

The conductivities of electrochemically and
chemically prepared P(FPTPy) were measured as
1.3 · 10�4 S/cm and 4.2 · 10�5 S/cm respectively
via four probe technique.

3.6. Scanning electron microscopy (SEM)

Analysis of the surface morphologies of films was
done using JEOL JSM-6400 scanning electron
microscope. SEM micrograph of solution side of



Fig. 3. SEM micrographs of P(FPTPy).
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P(FPTPy) film showed droplet like structures
(Fig. 3).

3.7. Electrochromic properties of the

electrochemically synthesized conducting polymer

We investigated the in situ electrochemical
polymerization of FPTPy by UV–Vis spectrophoto-
meter via applying 1.4 V in AN/LiClO4–NaClO4

(0.1 M:0.1 M) at every 10 s time intervals (Fig. 4).
Fig. 4. In situ electrochemical p
There was a gradual increase in the peak intensity
at around 760 and 850 nm for P(FPTPy) revealing
the formation of the charge carriers.

The best way of examining the changes in optical
properties of conducting polymers upon voltage
change is spectroelectrochemistry. It also gives
information about the electronic structure of the
polymer such as its band gap (Eg) and the intergap
states that appear upon doping. P(FPTPy) film was
also potentiodynamically synthesized on ITO elec-
trode in the presence of 50 mg FPTPy, while the
potential was swept between 0.0 V and 1.4 V in
AN/NaClO4/LiClO4. The spectroelectrochemical
and electrochromic properties of the resultant
polymer were studied by applying potentials rang-
ing between 0.0 V and +1.1 V in monomer free
AN/NaClO4/LiClO4 medium. At the neutral state
kmax value due to the p–p* transition of the polymer
was found to be 420 nm and Eg was calculated as
2.11 eV. Upon applied voltage, reduction in the
intensity of the p–p* transitions and formation of
charge carrier bands were observed. Thus, appear-
ance of peaks around 700 nm and 1000 nm are
attributed to the evolution of polaron and bipolaron
bands, respectively (Fig. 5).

The colors of the electrochromic materials were
defined accurately by performing colorimetry mea-
surements. CIE system was used as a quantitative
olymerization of FPTPy.



Fig. 5. Optoelectrochemical spectrum of (A) two dimensional representation of P(FPTPy) as applied potentials between 0.0 V and +1.1 V
in AN/NaClO4/LiClO4 (0.1 M); (a) 0.0 V, (b) +0.5 V, (c) +0.6 V, (d) +0.7 V, (e) +0.8 V, (f) +0.9 V, (g) +1.0 V, (h) +1.1 V. (B) Three
dimensional representation.
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scale to define and compare colors. Three attributes
of color; hue (a), saturation (b) and luminance (L)
were measured and recorded. The P(FPTPy) film
shows different colors in the fully reduced state
(0.0 V), half oxidized state (0.9 V) and fully oxidized
state (1.1 V) (Table 1).
3.8. Electrochromic switching

The polymers that can switch rapidly and exhibit
striking color changes reveal superior results in elec-
trochromic applications. The experiments carried
out via spectroelectrochemistry proved the ability



Table 1
Colorimetric properties of polymer and device

Material Color L a b

P(FPTPy) Yellow (0.0 V) 75 4 27
Green (0.9 V) 75 �1 12
Light purple (1.1 V) 67 �5 �5

P(FPTPy)/PEDOT Brown (0.0 V) 70 1 28
Blue (2.6 V) 49 �3 13
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of P(FPTPy) to switch between its neutral and
doped states with a change in transmittance at a
fixed wavelength. Square wave potentials, as deter-
mined from the spectroelectrochemical experiments,
were applied to the polymer. The polymer film was
synthesized on ITO-coated glass slides. During the
experiment, the % transmittance (%T) at 420 nm
was measured using a UV–Vis spectrophotometer.
Upon switching P(FPTPy) between 0.0 V and
+1.1 V with a residence time of 5 s, optical contrast
and the time needed to reach 95% of the total trans-
mittance change for the homopolymer was mea-
sured. P(FPTPy) was found to have 18% optical
contrast with a switching time of 1.3 s (Fig. 6).

3.9. Spectroelectrochemistry of Electrochromic
Devices (ECDs)

A dual-type ECD consists of two electrochromic
materials (one revealing anodic coloration, the
Fig. 6. Electrochromic switching, optical absorbance change monitored
LiClO4 (0.1 M:0.1 M).
other revealing cathodic coloration) deposited on
transparent ITO, placed in a position to face each
other and a gel electrolyte in between. In order to
maintain a balanced number of redox sites for
switching, the redox charges of the two complemen-
tary polymer films were matched by chronocoulom-
etry. Before constructing the ECD, the anodically
coloring polymer film, P(FPTPy), was fully reduced
and the cathodically coloring polymer (PEDOT)
was fully oxidized. Upon application of voltage,
the doped polymer will be neutralized, whereas the
other component will be oxidized, resulting in the
color change. Colorimetry analyses of the ECDs
were performed by using the same procedure as
described. The luminance (L), hue (a) and satura-
tion (b) values of the devices were measured and
recorded in Table 1.

Spectroelectrochemistry experiments were per-
formed to investigate the changes of the electronic
transitions of the ECD by increasing the applied
potential. Fig. 7 represents the absorption spectra
of the ECD, recorded during application of different
voltages between 0.0 V and +2.6 V. The polymer
was in its neutral state at 0.0 V, where the absorp-
tion at 420 nm was due to p–p* transition of the
polymer. At this potential, PEDOT was in oxidized
state showing no pronounced absorption at the
UV–Vis region of the spectrum, thus the color of
the device was yellow. As the applied potential
at 420 nm for P(FPTPy) between 0.0 V and 1.1 V in AN/NaClO4/



Fig. 7. Optoelectrochemical spectrum of (A) two dimensional representation of P(FPTPy)/PEDOT ECD at applied potentials between 0.0
V and +2.6 V; (a) 0.0 V, (b) +0.2 V, (c) +0.4 V, (d) +0.6 V, (e) +0.8 V, (f) +1.0 V, (g) +1.2 V, (h) +1.4 V, (i) +1.8 V, (j) +2.0 V, (k) +2.2 V,
(l) +2.4 V, (m) +2.6 V. (B) Three dimensional representation.
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increased the homopolymer layer started to get oxi-
dized, and a decrease in the intensity of the absorp-
tion was observed. Meanwhile, PEDOT layer was in
its reduced state, which was followed by the appear-
ance of the new absorption at 607 nm, dominating
the color of the device as blue.
3.10. Switching of ECDs

One of the most important characteristics of
ECDs is the response time needed to perform
switching between the two colored states. Another
important parameter is the optical contrast, which
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can be defined as the transmittance difference
between the redox states [20]. Chronoabsorptome-
try, a square wave potential step method coupled
with optical spectroscopy, was used to evaluate
the response time of the device. The potential was
set at an initial potential for a residence time of
5 s and than a second potential was applied for
the same set period of time until being switched
back to the initial potential again. Applied poten-
tials were determined from the spectroelectrochemi-
cal studies, where the ultimate states of the devices
were achieved. The experiment was carried out at
607 nm for P(FPTPy) /PEDOT device. The device
was switched between 0.0 V and +2.6 V. The maxi-
mum transmittance difference between the oxidized
and reduced states was measured as 29%. The time
required to attain 95% of the total transmittance
difference was found as 1.2 s for the device (Fig. 8).
3.11. Stability of ECDs

Redox stability is an important requirement for
production of reliable electrochromic devices with
long lifetimes. Main reasons for device failure are
different applied voltages and environmental condi-
tions. Cyclic voltammetry was employed by moni-
toring current alterations to visualize the long
Fig. 8. Electrochromic switching, optical absorbance change m
term stability of the ECD. The voltage was contin-
uously swept between 0.0 V and +2.6 V with
500 mV/s scan rate. After 500 cycles, almost all ini-
tial electroactivity was maintained proving that
ECD has reasonable environmental and redox sta-
bility (Fig. 9).
3.12. Open circuit memory of ECDs

The color persistence is an important feature
since it is directly related to aspects involved in its
utilization and energy consumption during use
[21]. After setting the device in one of the colored
state and removing the applied voltage, it should
retain that color with no further current require-
ment. This is known as open circuit memory. To test
this property a potential was applied for one second
and the device was left under open circuit conditions
for 100 s while monitoring the percent transmittance
change at a fixed wavelength. The open circuit mem-
ory of P(FPTPy)/PEDOT device was tested at 0.0 V
(yellow colored state) and +2.6 V (blue colored
state) at 420 nm. As given in Fig. 10, P(FPTPy)/
PEDOT device shows quite good optical memories
both in oxidized (with only 5% transmittance
change) and reduced states (with almost no trans-
mittance change).
onitored at 607 nm for device between 0.0 V and +2.6 V.



Fig. 9. Cyclic voltammogram of the device as a function of repeated scans 500 mV/s: after 1st cycle (plain), after 500th cycles (dash).

Fig. 10. Open circuit memory of P(FPTPy)/PEDOT ECD monitored at 420 nm, 0.0 V and +2.6 V potentials were applied for one second
for each 100 s time interval.
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4. Conclusions

The synthesis of a new monomer; 1-(perfluor-
ophenyl)-2,5-di(2-thienyl)-1H-pyrrole FPTPy was
successfully achieved. P(FPTPy) was synthesized
by both chemical and electrochemical oxidative
polymerizations. Chemically synthesized homopoly-
mer of FPTPy is soluble in common organic sol-
vents. This property provides several applications.
The homopolymer of P(FPTPy) was also synthe-
sized via potentiodynamically in AN/NaClO4/
LiClO4 (0.1 M) solvent–electrolyte couple. Spectro-
electrochemical analyses revealed that this polymer
has an electronic band gap of 2.11 eV. The contrast
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is measured as the difference between %T in the
reduced and oxidized forms and is noted as 18%T

at 420 nm.
In the second part of the study, dual-type com-

plementary colored polymer ECD made up of
P(FPTPy)/PEDOT was constructed and its charac-
teristics were examined. A potential range from
0.0 V to +2.6 V was found suitable for operating
the device. The color changes were distinctive and
aesthetically pleasing. Good switching time and
optical contrast values were obtained. In addition,
the device showed good environmental and redox
stability. Considering these results, polymer of
FPTPy is a feasible candidate for electrochromic
layers in ECDs.
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Abstract

Interfaces of either microcrystalline Si (lc-Si) on the organic sensitizer phthalocyaninatozinc (PcZn) or of PcZn on
amorphous Si (a-Si) were prepared to study the compatibility of the film growth of Si by chemical vapor deposition with
the thermal and chemical stability of PcZn. The compatibility could be reached and, composite structures were prepared of
a-Si with PcZn by simultaneous deposition. An electronic interaction of Si and PcZn was indicated by an observed fluo-
rescence quenching in PcZn by subsequently deposited lc-Si. The photoconductivity of a-Si was increased by absorption of
light either in subsequently or simultaneously deposited PcZn as seen in photoconductivity spectra. The sensitization of Si
by PcZn was thereby proven. The conditions to utilize this effect for a further development of thin film photovoltaic devices
are discussed.
� 2006 Elsevier B.V. All rights reserved.

PACS: 73.22.�f; 73.25.+i; 73.50.Pz; 73.61.�r

Keywords: Sensitization; Microcrystalline silicon; Amorphous silicon; Organic dye; Solar cell; Composite material
1. Introduction

To establish a sustainable energy cycle on
national as well as international levels thin film
photovoltaics will play a decisive role [1]. Aside from
compound semiconductor thin film cells like those
based on CdTe or on representatives of the
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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Copper–Indium–Gallium–Sulphide–Selenide (chalko-
pyrite) family, cells based on Si thin films are one
of the most promising candidates [2]. Si thin films
are typically prepared by chemical vapor deposition
(CVD) using a mixture of silane and hydrogen or by
reactive sputtering [1–4]. Depending on the choice of
preparation parameters, either amorphous silicon
films (a-Si) or microcrystalline silicon films (lc-Si)
are obtained. Because of a higher mobility of charge
carriers, prolonged lifetime of minority charge
carriers and hence a decreased recombination
.
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probability, cells based on lc-Si generally have the
higher potential to reach technically interesting con-
version efficiencies [3,4]. The beneficial photophysi-
cal properties of crystalline Si directly dwell on the
indirect character of the Si band-gap [5] which, how-
ever, leads to a rather weak optical absorbance of Si,
in particular within the red part of the visible spec-
trum (Fig. 1). Therefore, a substantial film thickness
of lc-Si in the cells is needed. This is in contradiction
to the largest benefit of thin film photovoltaics,
namely a decreased need of electrical film quality
that directly leads to decreased process costs and,
further, a minimized consumption of electrode mate-
rial also lowering the costs of the technology.

Organic pigments or dye molecules, on the other
hand, are designed to strongly absorb visible light
(Fig. 1). Phthalocyanines are one of the technically
most important group of such materials absorbing
with molar extinction coefficients easily above
105 L mol�1 cm�1 [6] in the red part of the visible
spectrum (Fig. 1). Considering the strength of this
absorption, purely organic thin film photovoltaic
junctions have also been studied extensively leading,
however, to rather poor performance because of a
limited mobility of charge carriers and rapid recom-
bination [7]. Some of these problems can be over-
come by the use of junctions with a maximized
surface area and decreased average film thickness
but reported efficiencies still lie well below 5% even
for laboratory cells [8–11]. Another approach to uti-
lize the strong absorption of organic dyes and, for
example, (substituted) phthalocyanines consists in
the sensitization of porous wide band-gap semicon-
Fig. 1. Optical absorption coefficient a calculated from optical
absorption spectra of 50 nm thick amorphous Si film (a-Si), 2 lm
thick microcrystalline Si (lc-Si), 50 nm PcZn deposited at room
temperature (a-PcZn) and 50 nm PcZn deposited at a substrate
temperature of 250 �C (b-PcZn), all films deposited on glass.
ductor electrodes like TiO2 or ZnO [12,13]. In these
photosensitization cells the organic absorber injects
an electron from its excited state to the conduction
band of the wide band-gap semiconductor and in
turn has to be regenerated by a reaction with either
a redox electrolyte or a hole–conductor penetrating
to the pore system of the composite electrode. Cells
with liquid electrolytes lead to acceptable efficiencies
above 10% at, however, technical difficulties to
ensure their stable operation. Cells with hole–
conductors to avoid the stability problems still lead
to considerably lower efficiency [14,15].

In this paper, we report about a new approach to
utilize a strongly absorbing organic dye as a sensi-
tizer to enhance the optical absorbance of Si thin
films. In this approach, we combine a material of
optimized electrical properties (lc-Si) with a mate-
rial of complementary optimized optical absorption
(phthalocyanine). Phthalocyanines were deposited
earlier on different crystalline orientations of either
H-terminated [16,17] or native Si [18,19]. A rather
strong interaction with the Si substrate was indi-
cated by a high degree of order in the films [18] in
some cases even leading to epitaxial relations of
crystal growth [16,17]. Among the phthalocyanines,
the zinc complex (PcZn) has shown to be one of the
best sensitizer molecules because of a long lifetime
of its molecular excited state [20]. For the interface
of PcZn with Si a photovoltaic effect was already
reported, speaking for electron transfer from the
excited state of PcZn to Si [19]. Recently we have
shown the feasibility of adjusting the deposition of
lc-Si to the chemical and thermal stability limits
of PcZn. Thereby we could show the preparation
of the first such organic/Si composite materials
[21]. In a previous paper, we have also shown that
the energetic alignment of energy levels in a contact
of PcZn with crystalline (wafer) Si should allow the
injection of both types of charge carriers from the
illuminated dye molecule to Si: excited electron
from the Pc-LUMO to the Si conduction band,
excited hole from the Pc-HOMO to the conduction
band of Si [22]. As a composite, such a combination
represents an optimized absorber material for thin
film photovoltaics since it combines the best of the
two specialists (Si and organic dye) without the need
of a separate transport layer (electrolyte or hole–
conductor in the injection cells with wide band-
gap semiconductors). In this present paper, we will
now present photoconduction measurements that
clearly show sensitization of Si by PcZn and thereby
proof the concept lined out above.
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2. Experimental

PcZn was received from Aldrich and purified by
zone sublimation at 10�6 mbar. PcZn was deposited
by physical vapor deposition in a high vacuum
chamber at a rate of around 1 nm min�1 from a
resistively heated BN or Al2O3 crucible at 300 �C.
The substrate was kept at room temperature for
depositions on either glass or Si thin films (see
below) and at 250 �C for the preparation of the
composite materials. The amount of deposited PcZn
as monitored by a quartz crystal microbalance is
presented as an equivalent to an average film thick-
ness, although closed films can barely be expected at
the low coverage of this study. Silicon thin films
were deposited either on top of PcZn or on glass
slides by a hot wire CVD technique in a mixed
atmosphere of silane and hydrogen in high vacuum
chambers. For the preparation of the composite
material, the hot wire to activate the Si precursors
was placed in a remote position out of the PcZn
beam to avoid thermal decomposition of PcZn.
Details were reported elsewhere [21]. The thickness
of the Si and composite films was determined by a
surface profiler (Tencor Industries Alpha-Step).
For the photoconductivity experiments, silver elec-
trodes (100 nm thickness) with a gap of
50 lm · 10 mm were Ar+-RF-sputtered (Leybold
Z 400, 10�3 mbar, 1500 V) on top of Si to contact
the samples. For the films of pure Si, the photocon-
duction of the pure film was used as a reference
before 10 nm PcZn was deposited. The photocon-
ductivity measurements were made in air with a
Keithley 6517 electrometer at 10 V bias under illu-
mination with a water-filtered beam of an Oriel
1000 W xenon arc lamp at 100 mW cm �2 and using
interference filters (LOT Oriel; FWHM 10 nm). All
reported photoconductivity values are steady state
values. Optical absorption spectra were obtained
with a Tec5 Evaluation line diode array spectrome-
ter. The Raman experiments were performed in a
Dilor confocal spectrometer using the 633 nm line
of a Helium–Neon-laser.

3. Results and discussion

For the preparation of a composite material con-
sisting of microcrystalline Si (lc-Si) with embedded
molecular clusters of phthalocyaninatozinc (PcZn)
the compatibility of the chemical vapor deposition
(CVD) of lc-Si and the physical vapor deposition
(PVD) of PcZn had to be ensured. Since the crystal-
linity of Si thin films generally can be increased eas-
ily at higher substrate temperatures, the upper limit
of the thermal stability of solid PcZn thin films was
investigated. Films of PcZn were deposited on Si
wafers at room temperature and at elevated temper-
atures. Films could only be grown at a reasonable
growth rate up to about 250 �C substrate tempera-
ture. The films were monitored by optical reflection
spectra. At room temperature, PcZn crystallized in
its a-crystalline structure (Fig. 1) [23]. At 250 �C,
PcZn crystallized in the high-temperature b-phase
(Fig. 1) [23]. These films were left in vacuum and
changes in the reflection spectra were monitored
in situ under increasing substrate temperatures.
PcZn was stable up to 300 �C. Even at this temper-
ature only slow evaporation at a rate of about
10 nm h�1 was observed. This temperature can
therefore serve as an upper limit of substrate tem-
peratures during preparation of Si on PcZn in
bilayer test devices (see below). For the preparation
of composites of PcZn with Si, however, 250 �C is
the upper limit because of a lower sticking probabil-
ity of individual molecules and rather slow crystalli-
zation kinetics.

To analyze the chemical integrity of PcZn under
the conditions of the CVD process, about 1 lm Si
was prepared at a substrate temperature of 200 �C
on top of an equivalent of 100 nm PcZn that was
PVD-deposited on glass in a prior step. Raman
spectra were used to analyze both, the chemical
structure of PcZn and the crystalline character of
the Si film. The results are summarized in Fig. 2.
The crystallinity of the deposited Si film was shown
by the clear Raman line at 520 cm�1 [24] for the Si
film deposited on glass as well as for Si deposited on
top of PcZn. On the other hand, the Raman lines
characteristic for PcZn [25] were detected for the
film as deposited, for the one that was present dur-
ing Si deposition but not covered with Si and also
for the film with Si deposited on top of it. So it is
concluded that the chemical structure of PcZn was
not altered by the CVD process and that lc-Si could
be deposited also on top of PcZn, both fundamental
prerequisites for the preparation of a composite
material of the two constituents. Further, the
Raman experiments indicated electrical interaction
of PcZn and lc-Si. The increase in the Raman spec-
tra towards higher wavenumbers is caused by a
strong fluorescence background of the PcZn [25].
This is observed for pure PcZn before and after
the CVD conditions, but not for the one with lc-
Si deposited on top of it (see arrow in Fig. 2), a quite



Fig. 2. Raman spectra of a 100 nm thick PcZn film on glass (a),
the same film following the conditions of Si-CVD but without
deposited Si (b), for Si on top of PcZn (c) and for pure Si
deposited next to the PcZn film onto bare glass (d), layer
thickness of Si about 1 lm. Fluorescence quenching of PcZn (see
text) is indicated by the arrow.
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positive hint towards the desired sensitization of lc-
Si by PcZn. Light absorption in solid PcZn leads to
the formation of a singlet exciton [26]. To allow
charge transfer to an adjacent film, the exciton has
to reach this interface by diffusion. In evaporated
thin films of PcZn a diffusion length of
(30 ± 10) nm was reported [26]. The quenching of
luminescence of PcZn films with an average film
thickness of 100 nm (Fig. 2) speaks for a similar dif-
fusion length in these films, considering possible
inhomogeneities in film growth.
Fig. 3. (a) Spectral dependence of the photoconductivity normalized to
film of a-Si following room-temperature deposition of a-PcZn (equiva
Comparison of the photocurrent density at 2000 V cm�1 observed und
part a) for a pure 120 nm a-Si film (hatched columns) and the same cov
The sensitization of silicon by PcZn was directly
measured in photoconduction experiments starting
with a pure a-Si thin film and observed following
deposition of a-PcZn. To ensure sufficient exciton
diffusion and to avoid the formation of a closed
PcZn film [27] an equivalent of 10 nm average film
thickness of PcZn was deposited. Fig. 3a shows
the spectral dependence of the photoconduction in
the visible range. The strong contribution of pho-
tons absorbed in Si was detected in the broad band
centered around 500 nm, dominating the photore-
sponse. Photons absorbed in PcZn also contributed
to the observed photoconductivity as detected as a
shoulder on the long wavelength part of the band
between 600 and 700 nm proving the sensitization
of Si by PcZn. A direct comparison of the photocur-
rents measured at the PcZn-sensitized film with the
same Si film prior to PcZn deposition is presented
in Fig. 3b for selected wavelengths. 500 nm was cho-
sen as a wavelength at which PcZn showed only
minor absorption and Si still absorbed at reasonable
intensity (Fig. 1). Here the deposition of PcZn only
resulted in a subtle decrease of the observed photo-
current, probably caused by additional scattering of
light or by defect states introduced by the interac-
tion with PcZn. At the wavelengths of 600, 620 or
700 nm, however, at which the PcZn showed intense
optical absorption (Fig. 1), the observed photocur-
rent was increased significantly. Since the dark cur-
rent was observed at a constant level of 0.1 nA
throughout the experiments, the observations
clearly demonstrate sensitization of the Si film by
a photon flux of 1015 photons cm�2 s�1 observed at a 120 nm thick
lent amount of 10 nm thickness) measured at 2000 V cm�1; (b)

er white light and at selected wavelengths (indicated by arrows in
ered with an equivalent amount of 10 nm a-PcZn (solid columns).
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the deposited PcZn. The effects were accumulated to
an increase of the photoconduction of about 15%
under white light illumination, a remarkable value
considering the small interfacial contact area of
PcZn with the smooth Si films.

Composite films of Si and PcZn were prepared by
simultaneous PVD of PcZn during CVD of Si at
around 250 �C substrate temperature with a remote
position of the hot wire to prevent thermal decom-
position of PcZn. Under these conditions, amor-
phous rather than microcrystalline Si was formed
[21]. Fig. 4a shows an optical absorption spectrum
of such a composite film. The contribution of both
constituents was clearly detected when compared
to Fig. 1. By the absorption band at 760 nm it was
shown that PcZn clusters of the b-structure were
formed under these preparation conditions, as also
seen for PcZn deposition on heated substrates
(Fig. 1) [23]. From the optical data, an approximate
content of 90% Si and 10% PcZn can be estimated.
Fig. 4. (a) Optical absorption spectrum of a 170 nm thick
composite Si–PcZn film prepared at 250 �C substrate temperature
consisting of a-Si and b-PcZn (see text); (b) Photoconductivity
spectrum measured for a film prepared under the same conditions
as in (a) measured at 2000 V cm�1.
Also in the photoconduction data at such composite
films, the sensitization by PcZn was observed by a
contribution in the PcZn absorption region around
700 nm (Fig. 4b), although again absorption in Si
characterized by the broad band around 500 nm
clearly dominated the spectrum. This contribution
within the overall photocurrent spectrum approxi-
mately equals the contribution of the PcZn absorp-
tion to the absorption spectrum, indicating a similar
quantum efficiency for both, photons absorbed in Si
and photons absorbed in PcZn. This can be consid-
ered a great success since the photoconductivity
quantum efficiency for pure Si thin films often
approaches unity. We are presently working on a
further quantification of this efficiency.

4. Conclusions and outlook

A composite material of a-Si and b-PcZn was
prepared and sensitization of Si by PcZn was shown
by photoconductivity measurements. The sensitiza-
tion reaction was also detected in smooth interfaces
of either a-Si or lc-Si with a-PcZn, either directly in
PcZn-sensitized photoconductivity or, indirectly, by
fluorescence quenching of PcZn by deposited Si.
Since sensitization was observed in a steady state
it is concluded that both types of charge carriers,
electrons from the sensitizer LUMO and holes from
the sensitizer HOMO have been successfully trans-
ferred to the conduction band and valence band of
Si, respectively. These results are consistent with
the reported relative positions of the energy levels
of PcZn/Si [22] and the reported exciton diffusion
length [26] in PcZn. The concept of a Si material
sensitized by strongly absorbing organic dye mole-
cules has thereby been proven and we are now head-
ing towards the next step of a photovoltaic test
device.
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Abstract

A diode with a reverse rectifying characteristics was fabricated based on the organic heterojunction of copper phtha-
locyanine (CuPc) and copper-hexadecafluoro-phthalocyanine (F16CuPc). At the heterojunction interface, HOMO of CuPc
is bended upwards and LUMO of F16CuPc is bended downwards, since the charge carriers were accumulated at both side
of the interface, electrons in F16CuPc and holes in CuPc. The thickness of holes accumulated at the CuPc layer is about
10 nm, which was determined by fabricating organic field-effect transistors with active layers in series of thickness. By uti-
lizing the heterojunction-effect, the threshold voltage in organic transistors can be modified.
� 2006 Elsevier B.V. All rights reserved.

PACS: 73.40.Lq; 73.61.Ph; 85.30.Kk; 85.30.Tv

Keywords: Organic heterojunction; Phthalocyanine; Interfacial electronic structure; Field-effect transistors; Threshold voltage
1. Introduction

Organic electronics has been focused on develop-
ing low-cost, flexible, and large-area consumptive
productions in recent decades [1,2]. The organic het-
erojunction has been an important component in
organic electronic devices, such as organic photovol-
taic (PV) cells [3–5], organic light-emitting diodes
(OLEDs) [6], and organic field-effect transistors [7–
14]. The utilizing of organic heterojunction has
significantly improved the device performance or
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.04.004
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implemented some new function. However, the
understanding of the property of organic heterojunc-
tion is still an emerging issue. In our previous work, it
was realized that free charge carriers exist at both
sides of the heterojunction interface between p-type
copper phthalocyanine (CuPc) [15,16] and n-type
copper-hexadecafluoro-phthalocyanine (F16CuPc)
[17], which induces an effective transport channel
for ambipolar organic field-effect transistors
(OFETs) and normally-on OFETs [18,19]. In this
paper, we fabricated the diode with CuPc and
F16CuPc, which showed the reverse rectifying char-
acteristics. The interfacial electric structure was
revealed by the experiment results. The thickness of
the charge accumulation at both sides of the hetero-
.
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junction interface, an important feature of organic
heterojunction, was also determined by way of vary-
ing the thickness of the active layer in OFETs.

2. Experiment

Diodes were fabricated on glass substrate, which
were previously coated with indium tin oxide (ITO,
as anode). The CuPc and F16CuPc samples were pur-
chased from Aldrich Company (USA), and purified
two times by thermal gradient sublimation prior to
processing. Then, the purified CuPc and F16CuPc
were deposited on the ITO anode in vacuum of
10�4–10�5 Pa at a rate of about 1 nm/min. The sub-
strate temperatures were kept at 200 �C during depo-
sition. Au was thermally evaporated with a mask
shadow on the F16CuPc layer as cathode. Schematic
structure of the diode with a heterojunction of CuPc
and F16CuPc is shown in Fig. 1(a). The current–volt-
age measurement was performed with a Keithley 236
source-measurement unit under ambient conditions
at room temperature.

Schematic diagram of heterojunction OFETs
with a sandwich configuration is shown in
Fig. 1(b). A highly n-doped silicon wafer was used
as the gate electrode and the substrate. A 150 nm
thermally oxidation SiO2 layer was adopted as the
gate insulator. An F16CuPc and a CuPc layers were,
respectively, deposited on the insulator SiO2 with
the substrate held at 200 �C. Details on deposition
process and current–voltage characteristics mea-
surement can be found in Ref. [18]. For comparison,
Fig. 1. The schematic cross-section of the diode (a) and organic
field-effect transistors (b) used in this study.
the transistors based on only single layer F16CuPc
as the active layer were also fabricated.

The X-ray diffraction patterns of organic thin
films were recorded using a Rigaku D/max 2500
PC X-ray diffractometer with a Cu Ka source
(k = 1.54056 Å).

3. Results and discussion

3.1. X-ray diffraction spectra of organic thin films

X-ray diffraction (XRD) pattern of CuPc,
F16CuPc and CuPc/F16CuPc thin films are shown
in the Fig. 2. For CuPc and F16CuPc thin films, a
sharp diffraction peak at 2h = 6.78 and 5.92, corre-
sponding to d200 spacing of 13.02 and 14.92 Å, is
observed, respectively. These results indicated that
the CuPc and F16CuPc thin film is highly ordered
with the metastable a-phase, and the molecular
arrangement is the herringbone pattern parallel to
the substrate [15–17]. For the double layer of
CuPc/F16CuPc thin film, two sharp peaks at
2h = 6.66 and 6.04 have a slight deviation from
the CuPc and F16CuPc single layers. It possibly
originates from the interaction between CuPc and
F16CuPc interface [14]. The results also indicated
the CuPc/F16CuPc heterojunction thin film still
was high crystalline.

3.2. CuPc/F16CuPc heterojunction diode

The typical current–voltage curve of a diode with
180 nm CuPc and 140 nm F16CuPc is shown in
Fig. 3. It can be seen that a reverse rectifying char-
acteristic was observed. Because the interfaces of
ITO/CuPc and F16CuPc/Au had a good ohmic
contact, the current–voltage plot can indicate the
Fig. 2. X-ray diffraction spectra of CuPc, F16CuPc and CuPc/
F16CuPc thin films.



Fig. 3. Typical current–voltage curve of diode with F16CuPc and
CuPc heterojunction.
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interfacial characteristics of CuPc and F16CuPc.
The energy levels of CuPc and F16CuPc were
obtained from Ref. [20], as shown in Fig. 4(a).
When CuPc and F16CuPc are brought together into
contact, energy bands will have a bending, highest
occupied molecular orbital (HOMO) of CuPc bent
upwards and lowest unoccupied molecular orbital
(LUMO) of F16CuPc bent downwards (Fig. 4(b)).
Carriers, electrons in F16CuPc and holes in CuPc,
are accumulated at both sides of the heterojunction
interface (Fig. 4(c)). Heterojunction thus produces a
build-in electrical field, self-bias, at the interface.
This may be caused by the charge transfer between
CuPc and F16CuPc, which lead to an interface
dipole and was hinted in the literatures [19,21]. Sim-
ilar phenomena have been also observed in a metal/
semiconductor contacts [20]. The electronic struc-
ture at the interface of CuPc and F16CuPc under
zero bias conditions is shown in Fig. 4(b). When a
forward bias is applied on the diode, the potential
barrier at the junction is enhanced since the direc-
tion of applied electrical field is the same as that
of build-in field. So, current through the junction
is restricted. It is noted that the forward bias
strengthens the reverse band-bending. When a
reverse bias is applied, the potential barrier is low-
ered since the applied electrical field opposes the
built-in field. The reverse band-bending is weak-
ened. Current can flow through the junction. There-
fore, the diode has a small current for a forward
bias and a large current for a reverse bias.

3.3. Interfacial electronic structure for diode and

OTFT

At the heterojunction interface, the charge carri-
ers induced by the heterojunction-effect will fill the
localized states within the energy gap. But the
induced holes exceed the localized states in CuPc
layer, and the partial holes are free (Fig. 4(c)), since
a high conduction is observed at zero gate voltage
and a normally-on p-channel behavior can be
obtained based on the same material pair [19].
Therefore, the aligned Fermi-level EF crosses the
bending HOMO of CuPc (Fig. 4(b)). For the
induced electrons, they all may fill the localized
states in F16CuPc layer.

For transistors with double-layer structure, the
performance of bottom-layer semiconductor is
shown easier than that of top-layer semiconductor.
In this case, the CuPc layer has a high conduction
due to the heterojunction-effect, so the normally-
on transistors can be easily realized when CuPc
layer is used as the first semiconductor (bottom-
layer) [19]. The schematic structure of normally-on
device is shown in Fig. 5(a). While ambipolar tran-
sistors can be achieved when CuPc layer is used as
the second semiconductor (top-layer, Fig. 5(b))
[14,18,19], since the hole transport can be easily
realized under certain bias.

3.4. Accumulation length of crystalline CuPc

Because the charge carriers are accumulated at
both sides of CuPc/F16CuPc interface, a self-bias
is produced, thus the threshold voltage in OFETs
can be modified by utilizing the heterojunction-
effect. Fig. 6 shows the output characteristics of a
10 nm F16CuPc single layer device in comparison
with a heterojunction device with a 3 nm F16CuPc/
10 nm CuPc. It can be seen that the drain current
IDS of heterojunction OFETs at 0 V gate voltage
is clearly higher than that at 40 V for the single layer
F16CuPc device, i.e., a high conduction at 0 V gate
voltage in the heterojunction device. This indicates
that mobile charges accumulate at the heterojunc-
tion interface even without applying gate voltage
in a heterojunction device.

The field-effect mobility and threshold voltage
were estimated from the saturation region (VD =
50 V) according to the following equation:

IDS ¼
W
2L

CilðV GS � V TÞ2

where W and L are the width and length of the
channel, Ci is the capacitance of the gate insulator;
l is the field-effect mobility, and VT is the threshold
voltage. Fig. 6 shows the transfer characteristics
(Fig. 7(a)) and IDS

1/2 � VGS (Fig. 7(b)) of the single



Fig. 4. (a) Energy diagram of CuPc and F16CuPc before (a) and after (b) contact. Evac and EF denote the vacuum level and Fermi level,
respectively. (c) The charge carrier distribution at the heterojunction interface of CuPc and F16CuPc under zero bias conditions. The filled
symbols indicate that the hole charges are free.

Fig. 5. The schematic structure of organic transistors with a
heterojunction of F16CuPc/CuPc and CuPc/F16CuPc. The cross-
shaped symbols indicate the hole charges are free in the CuPc
layer.

Fig. 6. The output characteristics of single layer F16CuPc
transistors with 10 nm thickness (open symbols) and heterojunc-
tion OFETs with 3 nm F16CuPc and 10 nm CuPc (solid symbols).
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Fig. 7. (a) Transfer characteristics of CuPc/F16CuPc heterojunc-
tion with different thicknesses at 50 V drain voltage. (b) IDS

1/2 �
VGS characteristics of above heterojunction OFETs.
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layer device together with heterojunction devices,
including a 10 nm F16CuPc/5 nm CuPc, a 10 nm
F16CuPc/10 nm CuPc, a 10 nm F16CuPc/20 nm
CuPc and the 3 nm F16CuPc/10 nm CuPc devices.
A mobility of 0.0062 cm2/V s was extracted for the
3 nm F16CuPc/10 nm CuPc device. For the 10 nm
F16CuPc/10 nm CuPc and the 10 nm F16CuPc/
20 nm CuPc devices, the mobilities increases to
0.0086 cm2/V s and 0.0112 cm2/V s, respectively.
The approximately same order level of mobilities
in all devices indicates that the drain current is pre-
dominated by the accumulation electrons in the
F16CuPc. Moreover, the threshold voltage have a
significant shift from +33 V for F16CuPc single
layer device to +10 V for the 10 nm F16CuPc/
10 nm CuPc and the 10 nm F16CuPc/20 nm CuPc
heterojunction devices. For the device of 3 nm
F16CuPc/10 nm CuPc, VT shifts to �30 V. The shift
of threshold voltage was attributed to the hetero-
junction-effect. The threshold voltage can be contin-
uously controlled from �30 to 33 V by varying the
thickness of the active layer. Therefore, it supplied
a new method to control the threshold voltage to
meet different requirements.

The concept of threshold voltage had been
explained by Shur in amorphous-Si thin-film tran-
sistors [22]. At below-threshold regime, the charges
induced by field-effect fill the localized states within
the energy gap, and transport occurs via activated
hopping between these states. Therefore, the shift
of VT indicates the decrease of the localized states
in F16CuPc at equilibrium with increasing the thick-
ness of CuPc. The decreased localized states are
filled by increased electrons, which is attributed to
organic heterojunction-effect. The heterojunction
may induce the same number of electrons and holes
at both sides of the interface for being neutral in the
whole semiconductor thin-film. Therefore, the
induced holes in CuPc also increase with increasing
the thickness of CuPc. Finally, the induced holes
and electrons reaches a saturation value when CuPc
thickness is larger than 10 nm, and VT also reaches
the saturation value of 10 V for the 10 nm F16CuPc/
10 (or 20) nm CuPc device. This indicates that the
accumulation thickness for holes is about 10 nm at
CuPc side (Fig. 4(b) and (c)). For a thinner
F16CuPc, for example a 3 nm F16CuPc/10 nm CuPc
device, electrons induced by the heterojunction-
effect exceed the localized states in the F16CuPc
layer, so the free electrons occur in the semiconduc-
tor layer. Therefore, a high conduction is observed
at the zero gate voltage, and a negative VT can be
obtained. This indicates that the accumulation
thickness of electrons is larger than 3 nm at the
F16CuPc side.

4. Conclusions

The diode with the organic heterojunction of
CuPc and F16CuPc showed a reverse rectifying
characteristic. HOMO of CuPc is bended upwards
and LUMO of F16CuPc is bended downwards since
the electrons and holes are accumulated at both
sides of the organic heterojunction interface, which
produce a built-in electric field. The thickness of
the charges accumulated at CuPc layer is 10 nm.
An application of heterojunction-effect of charge
accumulation has been demonstrated to control
the threshold voltage of organic field-effect transis-
tors. Therefore, it supplies a physical method by
the utilization of the heterojunction-effect to opti-
mize the threshold voltage of organic transistors
to meet different requirements, such as stabilizing
threshold voltage for OTFT integration or minimiz-
ing threshold voltage for OTFT employing polymer
dielectrics. We believe that a further understanding
of the features of organic heterojunction will be
helpful for developing novel organic electronic
devices.
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Abstract

We study triplet exciton diffusion in the archetype organic material 4,4 0-bis(N-carbazolyl)biphenyl (CBP) commonly
used as a conductive host in the emissive zone of organic light emitting devices. Using time-resolved spectral decay ensuing
from the diffusion of an initially localized triplet population to a spatially separated phosphor doped region, we model the
delayed fluorescence and phosphorescence decays based on non-dispersive triplet transport. Fits to the model yield a dif-
fusion coefficient of D = (1.4 ± 0.3) · 10�8 cm2/s, and a triplet–triplet bimolecular quenching rate constant of
KTT = (1.6 ± 0.4) · 10�14 cm3/s. The results are extended by doping a wide energy-gap molecule into CBP that serves
to frustrate triplet transport, lowering both the diffusion coefficient and annihilation rate. These results are used to model
a recently demonstrated white organic light emitting device that depends on triplet diffusion in CBP to excite spatially sep-
arate fluorescent and phosphorescent doped regions of the emissive layer. We determine the extent to which diffusion con-
tributes to light emission in this structure, and predict its performance based on ideal lumophores with unity quantum
yield.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Exciton; Electrophosphorescence; Organic light emitting device; Triplet; Diffusion
1. Introduction

Energy transport by exciton diffusion in organic
thin films plays a significant role in many practical
applications, including organic light emitting
devices [1,2] (OLEDs), and organic photovoltaic
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.04.007
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cells [3]. For example, Sun et al. recently introduced
a white light emitting device that depends on diffu-
sive energy transport to achieve the desired color
balance at high luminous efficiency [4]. Exciton dif-
fusion also controls the performance of organic
photovoltaics, linking exciton generation to the sub-
sequent dissociation into a free electron and hole at
a nearby donor/acceptor interface [3]. In both of
these examples, efficient energy transport is required
to achieve high device performance.
.
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The diffusive characteristics of spin singlet and
triplet excitons are considerably different. The for-
bidden triplet exciton decay transition typically
takes 106 times longer than the allowed singlet decay
of 1–10 ns [5]. This leads to a triplet diffusion length
>100 nm [6,7] in amorphous organic thin films that
is often an order of magnitude larger than for sing-
lets [8,9]. Triplet excitons thus provide a means for
efficient energy transport within an organic solid.
For example, intersystem crossing following photon
absorption in C60-based organic solar cells is a
source of triplets that leads to an exciton diffusion
length (�40 nm) that is comparable to the optical
absorption length [3], resulting in a high device
efficiency.

Control of exciton diffusion is the basis for the
white-emitting fluorescent/phosphorescent (F/P)
hybrid OLED architecture recently reported by
Sun et al. [4]. That device uses the different diffusive
characteristics of singlet and triplet excitons to spa-
tially separate the decay channels for each species.
In constraining singlet decay to a blue fluorescent
zone and triplet decay to spatially remote red and
green phosphorescent regions, high efficiency white
emission was observed. In principle, this device con-
cept offers a lower operating voltage and a more sta-
ble white emission spectrum with drive current than
conventional all-phosphorescent white organic light
emitting devices (WOLEDs), while maintaining the
possibility for 100% internal quantum efficiency.
Improved understanding of the diffusive process in
such a device is one motivation for this current
study.

Diffusion also plays an important role in both
energy transport and triplet–triplet (T–T) annihila-
tion [5,10], both of which are central to understand-
ing the operation of practical devices. Several
studies have examined triplet diffusion in organic
molecular crystals [5]. Focus has also been given
to thin films by employing both steady-state [7]
and time-of-flight experiments under electrical exci-
tation [11]. The simple experimental procedure and
easily interpretable results presented here serve to
complement these previous investigations.

We employ optically pumped pseudo-time-of-
flight measurements to obtain both the triplet diffu-
sion coefficient, D, and the T–T annihilation rate,
KTT, for the commonly used OLED host material,
4,4 0-bis(N-carbazolyl)biphenyl (CBP). These mea-
surements use the delayed fluorescence from CBP
and the delayed phosphorescence from a phos-
phor-doped ‘‘sensing layer’’ to monitor the evolu-
tion of the triplet spatial profile. In addition, we
demonstrate that the diffusion coefficient is
decreased by doping into CBP a wide energy-gap
molecule that scatters triplets and frustrates their
transport. The results are employed to understand
the mechanisms that control the performance of
fluorescent/phosphorescent WOLEDs, and to deter-
mine the limitations of such an architecture using
CBP as a host material.

In Section 2 we develop a theory describing trip-
let exciton migration and annihilation processes.
Experimental details are given in Section 3, and in
Section 4 we present the results from transient mea-
surements. In Section 5 we fit and discuss these
results in terms of the theory in Section 2, and in
Section 6 these results are used to analyze the fluo-
rescent/phosphorescent WOLED. Section 7 pro-
vides a summary.

2. Theory

Intermolecular triplet transfer is fundamentally
different from that for singlets. Transfer of a singlet
exciton is often dominated by long-range (�5 nm)
Förster dipole–dipole coupling [9]; however, this
mechanism contributes negligibly to triplet transfer
since both donor and acceptor transitions are disal-
lowed. Triplets, instead, transfer by the short range
(<1 nm) Dexter process [12], an exchange coupling
between nearest-neighbor molecules that is permit-
ted by a simultaneous interchange of spin on both
the donor and acceptor molecules. Triplet migration
thus proceeds as a series of incoherent hops between
adjacent molecules that have considerable intermo-
lecular electronic orbital overlap. Both Förster and
Dexter processes are modeled as diffusive in the con-
tinuum limit [9].

The morphological disorder present in an amor-
phous organic solid leads to a distribution of both
molecular site energies and intersite exchange cou-
plings [13,14]. This results in an inhomogeneously
broadened density of states (DOS) within which
triplet transport occurs. Relaxation of triplets into
the low-energy tail of this DOS gives rise to disper-
sive transport [13,14], which is typically described
by a time-dependent diffusion coefficient. At room
temperature, however, thermal energy is generally
sufficient to ensure that equilibrium is rapidly
approached [14]. Thus, transport quickly moves
from the dispersive to the classical regime, at which
point it can be described by a time-independent dif-
fusion coefficient.
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The encounter of two triplet excitons (T1) may
result in an annihilation reaction that proceeds as

T 1 þ T 1 !
KTTfðT n þ S0Þ or ðSn þ S0Þg;

where the reaction products are a ground state (S0),
and a triplet (Tn) or singlet (Sn) in the nth electronic
manifold (n P 1) [5]. The creation of a singlet exci-
ton in the latter reaction is responsible for delayed
fluorescence [5,15]. The triplet–triplet annihilation
rate, KTT, is related to the diffusion coefficient since
the triplet mobility controls their encounter proba-
bility. That is [15,16]:

KTT ¼ 4pDReff ; ð1Þ
where D is the non-dispersive diffusion coefficient,
and Reff is the effective radius for quenching such
that triplets approaching within this distance are as-
sumed to annihilate with unity probability.

In this work, we combine the results of several
experiments to study the one-dimensional evolution
of the CBP triplet density, TH(x, t). Assuming non-
dispersive transport, TH(x, t) obeys the following
diffusion equation:

oT H

ot
¼ D

o2T H

ox2
� T H

sT

� KTTT 2
H: ð2Þ

Here, triplets are lost via natural decay in time, sT,
as well as via T–T annihilation at a rate, KTT. The
annihilation reaction can yield singlets that give rise
to delayed fluorescence. In this case, the singlet den-
sity, SH(x, t), is

oSH

ot
¼ � SH

sS

þ 1

2
KTTT 2

H; ð3Þ

where the generation term (second on the right-
hand side) has a prefactor of 1/2 since annihilation
of two triplets produces one singlet. We assume for
simplicity that all T–T annihilation reactions yield
singlets that decay naturally in time, sS. There is
no explicit spatial dependence in Eq. (3) since the ef-
fects of singlet diffusion are not relevant on the time
scales of our experiments.

Similar equations are obtained for the case of a
doped film. The dopant provides an additional
decay route for host triplets – namely Dexter trans-
fer to the guest dopant molecules at a rate, KTG.
Hence, in the presence of a guest:

oT H

ot
¼ D

o2T H

ox2
� KTTT 2

H � KTG þ
1

sT

� �
T H: ð4Þ

For exothermic TH! TG transfer, back-transfer
from guest to host is not energetically favorable,
resulting in triplet localization on the dopant. In this
case, the guest triplet density, TG(x, t), is

oT G

ot
¼ � T G

sG

þ KTGT H: ð5Þ

Eqs. (2)–(5) provide the required framework for the
analysis of the experimental results that follow.

3. Experimental

A schematic of the sample structure, as well as the
processes leading to luminescence, are shown in
Fig. 1. For all samples, a 200 Å thick layer of CBP
doped at 10 wt.% with a metallorganic phosphor is
thermally evaporated onto the surface of a freshly
cleaned and deoxidized Si substrate. The phosphors
used are fac-tris(2-phenylpyridine) iridium (Ir(ppy)3)
[17] emitting in the green, and iridium(III) bis(2-phe-
nyl quinolyl-NC2 0) acetylacetonate (PQIr) [18] that
emits in the red. The doped layer functions as a
triplet ‘‘sensor’’ since CBP triplets transfer to, and
localize on the lower energy phosphor triplet state.
Phosphor emission thus serves to indicate the
presence of CBP triplets in the doped region. Since
the rate of triplet transfer depends strongly on ener-
getic resonance between host and guest, the use of
Ir(ppy)3 and PQIr, which have different triplet ener-
gies (see Table 1) allows host–guest triplet transfer in
the sensing layer to be isolated from that of diffusion
in CBP.

A CBP spacer layer of thickness, X, varied
between 100 Å and 1200 Å, is deposited on the sens-
ing layer surface. Prior to deposition, all organics
are purified at least once by train sublimation [19],
and all deposition is carried out at a growth rate
of approximately 3 Å/s in vacuum at a base pressure
of 10�7 Torr. Immediately following deposition,
samples are placed in a closed-cycle He cryostat,
and the chamber is evacuated to roughly 50 mTorr.

We focus the output of a pulsed N2 laser (<1 ns
pulse width; wavelength k = 337 nm; pulse energy
from 0.9 to 4.1 lJ) onto a 2 mm diameter spot inci-
dent on the spacer layer surface. Each pulse gener-
ates an exponentially decaying singlet density
spatial profile according to the measured CBP
absorption coefficient of a = 2.0 · 105 cm�1 at the
pump laser wavelength. Neither interference effects
nor absorptive saturation are expected to signifi-
cantly change this excited state profile. Using the
above parameters at a pulse energy of 4.1 lJ, we
estimate an initial singlet density of (2.9 ± 0.4) ·
1019 cm�3 at the film surface on which the beam is
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on a Si substrate. Pulsed laser excitation is incident on the spacer surface, generating singlets. Most singlets decay immediately (prompt
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Table 1
Fitting results: CBP triplet dynamics

Parameter CBP

D (cm2/s) (1.4 ± 0.3) · 10�8

KTT (cm3/s) (1.6 ± 0.4) · 10�14

TH0 (cm�3) (7 ± 2) · 1017

sH (ms) (14 ± 8)

CBP/Ir(ppy)3

(DET � �0.2 eV)
CBP/PQIr
(DET � �0.4 eV)

KTG (s�1) (0.8 ± 0.4) · 107 (0.5 ± 0.2) · 107
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incident. The resulting luminescence from the sam-
ples is focused into a fiber and channeled to a Ham-
amatsu C4334 streak camera that monitors the
time-resolved spectral decay.

The majority of singlets decay within nanoseconds
following the optical pulse, while a small fraction
cross into the long-lived triplet manifold [20]. The
concentration gradient stemming from the large opti-
cal absorption coefficient results in net diffusion
towards the sensing layer. During diffusion, triplets
may annihilate to produce delayed fluorescence.
Fig. 1 schematically illustrates the decay progression.

This is a pseudo-time-of-flight (TOF) experiment
since varying the spacer layer thickness changes the
time that it takes for the bulk of the triplet popula-
tion to diffuse into the sensing layer to produce phos-
phorescence. We also vary the incident laser intensity
by a factor of 5 to control the initial triplet excitation
density. This affects the amount of T–T annihilation
(and hence delayed fluorescence intensity).
4. Results

The results of the TOF transient experiments are
shown in Figs. 2 and 3 for two different sets of sam-
ples employing Ir(ppy)3 and PQIr as the sensing
layer dopant, respectively. These plots show the
decay of the delayed fluorescence and the sensing
layer phosphorescence for different spacer thick-
nesses, X. No significant change in the shape of
either the delayed fluorescence or phosphorescence
transient decay occurs as X varies from 1200 Å to
600 Å, while the decay for both accelerates for
X 6 300 Å. This reflects a balance reached between
the losses that occur in the spacer and the increased
decay rate in the sensing layer due to the presence of
the phosphor molecules.

The thickness of the spacer layer in relation to
both the optical absorption and triplet diffusion
lengths is one factor that determines the balance
between the various decay channels. For a thick
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Fig. 2. Spectrally resolved photoluminescence (PL) transients for
Ir(ppy)3 doped in CBP as the sensing layer. The spacer layer
thickness ranges from 100 Å to 1200 Å. The large peaks at the
start of each transient are due to prompt fluorescence and
phosphorescence. The delayed fluorescence transient from CBP
(k < 400 nm) is shown in (a), with the corresponding Ir(ppy)3

phosphorescence (k > 450 nm) in (b). Transients for all samples
are fit (solid lines) using the theory in the text to give a diffusion
constant of D = (1.4 ± 0.3) · 10�8 cm2/s, a triplet–triplet annihi-
lation rate of KTT = (1.6 ± 0.4) · 10�14 cm3/s, and an initial
triplet density of TH0 = (7 ± 2) · 1017 cm�3.
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Fig. 3. Spectrally resolved photoluminescence (PL) transients for
samples using a PQIr doped CBP sensing layer, as in Fig. 2. The
spacer layer thickness ranges from 300 Å to 1200 Å. The delayed
fluorescence transient from CBP (k < 400 nm) is shown in (a),
with the corresponding PQIr phosphorescence (k > 450 nm) in
(b). Transients for all samples are fit (solid lines) using the theory
in the text to give D = (1.4 ± 0.3) · 10�8 cm2/s, KTT = (1.6 ±
0.4) · 10�14 cm3/s, TH0 = (7 ± 2) · 1017 cm�3.
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spacer layer, the majority of triplets are generated
too far from the sensing layer to diffuse to it before
they annihilate or otherwise naturally decay. In that
case, the delayed fluorescence is intense while the
phosphorescence is weak due to the small fraction
of triplets that reach the sensor. Conversely, sam-
ples with thin spacers show increased phospho-
rescence intensity and fast decays for both
luminescence signals, since diffusion to the sensing
layer efficiently competes with annihilation and nat-
ural decay.

The intensity of the exciting optical pulse is also a
factor in determining the decay transients, since the
annihilation rate is proportional to the square of the
triplet density. To examine this effect, we vary the
pulse energy incident on a sample with a spacer
thickness of X = 300 Å deposited on a PQIr sensing
layer. The transient results are plotted in Fig. 4 for
pulse energies ranging from 0.9 lJ to 4.1 lJ. Both
luminescent transients decay more slowly and
become less intense with decreasing pump fluence,
although this trend is most evident in the delayed
fluorescence signal.

Scattering or trapping of triplet excitons at defect
sites in a thin film are expected to reduce the triplet
diffusion coefficient as compared to a defect-free
film. We demonstrate this effect by doping into
CBP the wide energy gap molecule p-bis(trip-
henylsilyly)benzene (UGH2) whose triplet energy
[21] is �3.5 eV; well in excess of the 2.6 eV CBP trip-
let [22]. Since no energy transfer from the CBP to
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the UGH2 triplet state is possible, the UGH2 mol-
ecules scatter triplets and frustrate their movement
through the CBP matrix, decreasing the diffusion
coefficient.

Transient decays are shown in Fig. 5 for samples
having 0, 3, 10 and 18 wt.% UGH2 doped into a
300 Å thick CBP spacer, using a PQIr-doped sens-
ing layer. Both delayed fluorescence and phospho-
rescence trend towards lower intensity and slower
decays with increasing UGH2 concentration.
The reduced delayed fluorescence indicates that
the T–T annihilation rate decreases in the presence
of UGH2, whereas the decreased and extended
phosphorescence signal suggests that triplets take
longer to reach the sensing layer. Both of these
observations are consistent with a reduced triplet
mobility in the spacer layer.
We also determined the natural CBP triplet life-
time, sT, at temperatures from 5 K to 170 K by opti-
cally pumping a neat, 500 Å thick film deposited on
Si. The phosphorescence decay rates shown in Fig. 6
are obtained from monoexponential fits to the phos-
phorescence transient for times t > 5 ms following
the N2 laser pulse to eliminate effects from T–T
annihilation. The green CBP phosphorescence with
a high-energy edge at k = 480 nm is apparent in
the inset of Fig. 6, along with the delayed fluores-
cence signal centered at k = 410 nm.

As shown in Fig. 6, the natural triplet decay is
independent of temperature below �50 K, and is
only weakly activated at higher temperatures, with
an energy, Ea = 9 ± 1 meV. Since the phosphores-
cent decay of a single molecule is typically indepen-
dent of temperature [20], the lifetime of triplets at
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higher temperatures is likely limited by quenching
with impurities encountered in the course of migra-
tion in the film. As temperature increases, levels of
higher energy in the triplet density of states (with
typical Gaussian width r � 30 meV [14], similar in
magnitude to the value of Ea determined here) are
populated. This increases the exciton mobility, and
leads to more frequent encounters with quenching
sites, thus decreasing the lifetime. This effect is
intrinsic to the CBP films grown in these experi-
ments, and extrapolation of the fit to room-temper-
ature yields the natural triplet lifetime of sT = 14 ±
8 ms at T = 295 K.

5. Discussion

We analyze the TOF transient data by applying
Eqs. (2) and (3) to region 1 of our samples (see
Fig. 1), and Eqs. (4) and (5) to region 2. Eq. (2)
describes the CBP triplet density in the spacer layer,
TH(x, t), while Eq. (4) quantifies it in the sensor
layer. These two equations are coupled at the
spacer/sensor layer interface, with both TH(x, t)
and its spatial derivative taken to be continuous
across the boundary. The non-linear partial differ-
ential equations (2) and (4) are solved using finite
element methods [23].

The solutions for the spacer layer singlet popula-
tion, SH(x, t) (Eq. 3), and the sensing layer guest
triplet population, TG(x, t) (Eq. 5), are determined
once TH(x, t) is known. By spatially integrating
SH(x, t) and TG(x, t) across their respective regions,
we find the total luminescent populations S0HðtÞ
and T 0GðtÞ. These functions are then least-squares
fit with statistical weighting to the corresponding
TOF luminescence transient data.

We fit the data in Figs. 2 and 3 for a given sensing
layer using Eqs. (2)–(5) by varying the parameters
D, KTT, KTG, and TH0, (the initial triplet density).
For these fits, we use the measured CBP triplet life-
time in Section 4, the CBP singlet lifetime of
ss = 0.7 ns [24], and the known triplet lifetimes of
Ir(ppy)3, sG = 0.8 ls [11] and PQIr, sG = 2.0 ls [25].

The fitting results are summarized for both
Ir(ppy)3 and PQIr samples in Table 1, and are
shown by the solid lines in Figs. 2 and 3. Within
experimental uncertainty, we obtain the same values
for the parameters D, KTT, and TH0, for both sets of
samples, as would be expected. However, KTG is
nearly a factor of two greater for CBP! Ir(ppy)3

transfer than for CBP! PQIr, presumably due to
the stronger resonance between Ir(ppy)3 and CBP
triplet energies resulting in more efficient and rapid
transfer.

Accounting for T–T annihilation at TH0 = 7 ·
1017 cm�3, the effective diffusion length is LD �
250 Å, which is considerably less than LD ¼ffiffiffiffiffiffiffiffiffi

DsH

p
� 1400 Å found in the absence of T–T anni-

hilation. This is similar to the case of tris(8-hydroxy-
quinoline) (Alq3), where [26] LD > 1400 Å was
found at low excitation, and reduced to 140 Å at
high excitation [11]. Note that the effective diffusion
length of 250 Å calculated for these TOF results is
consistent with the previous observation that signif-
icant changes in the transients only occur as the
spacer is thinned to 300 Å. We similarly fit the data
of Fig. 4 by fixing all parameters at the values given
in Table 1, and allowing only TH0 to vary. In Table
2, the fitted values for TH0 are nearly proportional
to the excitation intensity, as expected.

Fitting the transient data for the UGH2 doped
samples of Fig. 5 confirms that the diffusion coeffi-
cient decreases with increasing UGH2 concentra-
tion. In this case, D and KTT are varied while
holding all other parameters constant. Summarizing
the fitting results in Fig. 7, we find that both D and
KTT decrease at the same rate, consistent with Eq.
(1). At an UGH2 concentration of 18 wt.%, corre-
sponding to less than two CBP molecules between
each UGH2 molecule, the diffusion coefficient in
the spacer layer drops by a factor of four. This effect
is analogous to diffusion through porous media in
that UHG2 molecules act as scattering centers for
triplets diffusing in CBP [27].



Table 2
Fitting results: initial triplet density vs. pulse energy

Excitation level
(% of full)

Initial triplet density
TH0 · 1017 cm�3

4.1 lJ (100%) 9 ± 1 (100%)
2.7 lJ (65%) 6 ± 1 (66%)
0.9 lJ (22%) 2 ± 1 (22%)
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6. Analysis of the fluorescent/phosphorescent

WOLED

The concept of the fluorescent/phosphorescent
white organic light emitting device (WOLED)
recently introduced by Sun et al. [4], involves sepa-
rating the radiative decay channels available to sin-
glet and triplet excitons. In that device, whose
structure and emission properties are shown in
Fig. 8, the extended triplet diffusion length provides
the exciton separation mechanism. Excitons form
on CBP in a blue fluorescent-doped region within
the WOLED emissive layer. The singlets rapidly
Förster transfer [5] to the blue fluorophore, while
the long-lived triplet excitons diffuse to a spatially
separated phosphor-doped region that provides
the green and red components of the white emission
spectrum. Fig. 9a summarizes these energy transfer
paths.

Hole transport from the indium-tin-oxide (ITO)
anode to the emissive layer is facilitated by a
400 Å thick layer of 4,4 0-bis[N-(1-naphthyl)-N-phe-
nyl-amino]-biphenyl (NPD). A 200 Å thick layer
of 4,7-diphenyl-1,10-phenanthroline (BPhen) fol-
lowed by a 200 Å thick Li doped BPhen layer at a
1:1 molar ratio serves to transport electrons from
the cathode while confining excitons within the
emissive layer (EML). In the center of the EML is
a 200 Å thick region consisting of Ir(ppy)3 and PQIr
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doped into CBP. This phosphorescent region is
sandwiched between two undoped CBP spacers
(one 40 Å and the other 60 Å thick, see Fig. 8a),
which in turn are sandwiched between two layers
of CBP (one 150 Å and the other 100 Å thick, see
Fig. 8a) doped with 5 wt.% of the blue fluorophore,
4,4 0-bis(9-ethyl-3-carbazovinylene)-1,1 0-biphenyl
(BCzVBi). Exciton formation has been shown to
occur in both blue fluorophore-doped regions [4].
Roughly 75% of the resulting phosphor emission
is due to triplet diffusion from the EML edges
followed by Dexter transfer to the dopants [4],
with the remainder due to excitons formed by
direct charge trapping on the phosphors.

Here, we quantitatively analyze the operation of
this device in steady-state using the values of D

and KTT obtained in Section 5. We assume negligi-
ble diffusion of singlets away from their fluorescent
zones at both EML edges due to their comparatively
shorter diffusion lengths [8]. All quenching processes
are neglected except T–T annihilation since it is
expected to be the dominant source of loss for the
diffusing triplets. In addition, we assume that trip-
lets do not transfer to the blue fluorescent dopant
due to the poor guest–host orbital overlap that
results from their different molecular conformations
[28]. Finally, the exciton distribution is assumed to
exponentially decrease with distance from each edge
of the EML [29] with characteristic length, dEX (see
Fig. 9b). In this structure, nearly every injected
charge results in an exciton since the transport lay-
ers (NPD and BPhen) confine charge within the
emissive layer, thereby providing balanced electron
and hole injection [30].

The component of the external quantum effi-
ciency due to blue emission from BCzVBi is directly
proportional to the number of singlets present in the
two fluorescent zones. Using the fluorescent quan-
tum yield of BCzVBi (/FL) and the optical out-cou-
pling efficiency through the glass substrate [18,31]
(/OC = 0.2), we can estimate the singlet density, S,
as a function of injection current density, J. By
equating S to the integral of the singlet exciton for-
mation profile (see Fig. 9b) over the two distinct
fluorescent zones, we can determine the total exci-
ton density distribution, since three triplets are
formed for every singlet [26]. In addition, we allow
for a fraction, aT, of the total exciton population
to form by trapping directly on the phosphors.
Using this profile, the rate equations for the singlet
and triplet densities in the emissive layer are

oT
ot
¼ DT

o
2T

ox2
� T

sT

� kTTT 2

þ 3Jð1� aTÞ
qdEXð1� exp½�x0=dEX�Þ
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� �

� dLeft exp
�x
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� �
þ dRight exp

x� x0
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� �� �
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and

oS
ot
¼ � S

sS

þ Jð1� aTÞ
qdEXð1� exp½�x0=dEX�Þ

gBlue

/FL/OC

� �

� dLeft exp
�x
dEX

� �
þ dRight exp

x� x0

dEX

� �� �

þ JðgBlueÞaT
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: ð7Þ

Here, dLeft/Right are the weighting fractions for exci-
ton formation at the left/right side of the emissive
layer (see Fig. 9b), and sG and sS are the phosphor
and BCzVBi lifetimes, respectively. We find that
/FL � 0.6 for BCzVBi in toluene solution, using
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standard procedures [32]. Also, gBlue is the forward-
emitted external quantum efficiency (EQE) for an
optimized, purely fluorescent device using a 5 wt.%
BCzVBi:CBP emissive layer, and ranges from
2.7% at J = 1 mA/cm2 to 2.3% at 100 mA/cm2.
Any deviation in the blue component of the F/P
WOLED efficiency from gBlue is a result of the frac-
tion, aT, of excitons formed by direct charge trap-
ping on the phosphor molecules outside of the
fluorescent zones, as described by the last term on
the right-hand side of Eqs. (6) and (7).

Solving Eqs. (6) and (7) in steady-state for S(x)
and T(x), we can express the fluorescent (gFL) and
phosphorescent (gPH) components of the total
WOLED efficiency as

J
q/OC/FL

ðgFLÞ ¼
1

sS

Z
Fluor

Regions

SðxÞdx; ð8Þ

and

J
q/OC

ðgPHÞ ¼
1

sG

Z
PH

Region

½T ðxÞ þ SðxÞ�dx; ð9Þ

where the phosphor quantum yield is taken to be
unity [33]. Fig. 10 summarizes the results, showing
lines of constant component efficiency (solid = fluo-
rescent; dashed-dotted = phosphorescent) at a cur-
rent density of 10 mA/cm2 for the device in Fig. 8,
as determined from the weighted contributions of
Fig. 10. Model results for the fluorescent/phosphorescent
WOLED calculated using Eqs. (6)–(9) in text. The dotted
contours indicate the percentage of excitons that are formed by
direct charge trapping on the phosphor dopants. Superimposed
on this contour plane are lines of constant component dopant
efficiency at a current density of J = 10 mA/cm2 for the fluoro-
phore (solid line) and phosphor (dashed-dotted line) that are
obtained by fits to the WOLED device data of Ref. [4].
the dopant photoluminescent spectra to the device
emission (see Fig. 8). These are overlaid on contours
that indicate the percentage of total excitons formed
by trapping on the phosphors (dotted line). Note
that the total exciton fraction formed in the phos-
phor-doped region, indicated by the contours, is
slightly greater than the trapping fraction, aT, since
the exponential tails of the edge formation distribu-
tions also extend into the phosphor-doped region.

Although neither dEX nor aT are known, the
device operating point must correspond to the
crossing of the fluorescent and phosphorescent effi-
ciency lines. The crossings at all current densities (1
and 100 mA/cm2, not shown) lie within the shaded
region of Fig. 10, indicating a characteristic exciton
formation length of dEX � 75 Å, and a total exciton
trapping fraction of 20–30%.

In Fig. 11 we simulate the external quantum effi-
ciency at this operating point. For the fluorescent
component, we find good agreement at all current
densities with the device data from Ref. [4], which
has been reproduced for comparison. At low cur-
rent densities, however, the model overestimates
the phosphorescent emission component of the
EQE. This discrepancy is attributed to losses, such
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Fig. 11. Forward-emitted external quantum efficiency (EQE) vs.
current density obtained from the data of Ref. [4] (squares) and
the fit (circles) given by the model in the text. The separation of
the device EQE data into individual fluorescent and phospho-
rescent contributions is obtained by weighting to the photolumi-
nescent spectra of each lumophore in the fit to the WOLED
emission spectrum as shown in Fig. 8, making sure to account for
the intensity to quantum yield conversion. Inverted triangles
indicate predictions for the structure in Fig. 8 using ‘‘ideal’’
emitters having unity quantum yield for the cases of 0% and 30%
direct exciton formation on the phosphors.



N.C. Giebink et al. / Organic Electronics 7 (2006) 375–386 385
as exciton–polaron and singlet–triplet quenching,
not accounted for in the model. However, at higher
current densities where T–T annihilation becomes
the dominant source of loss, the model prediction
falls close to the device data.

Balanced white emission with a high color ren-
dering index [34] (CRI) can be achieved with a smal-
ler blue emissive component than the singlet spin
fraction (vS = 1/4) affords. Charges that form exci-
tons by trapping increase the phosphor emission
at the expense of blue fluorescence, since they are
prevented from otherwise forming BCzVBi singlets.
Trap formation is thus beneficial to device perfor-
mance since the trapped exciton fraction is not sub-
ject to diffusive transport losses, and the reduced
triplet density at the EML edges decreases T–T
quenching. From the photoluminescent spectrum
of each dopant (see Fig. 8b), we calculate that
CRI > 80 can be maintained for up to 35% exciton
formation via direct trapping. Thus, the device of
Ref. [4] operates close to the optimum point, repre-
senting a tradeoff between high efficiency and white
color balance.

We can extend this model to predict the perfor-
mance for this same structure using an ‘‘ideal’’ fluo-
rescent dopant with unity luminescent quantum
yield. As shown in Fig. 11, the maximum forward-
emitted efficiency increases from 17% (CRI = 86)
in the absence of trapping to 18.5% (CRI = 81)
for an optimum trapping fraction of 30%. Account-
ing for all white light emitted [35] the total (inte-
grated) external quantum efficiency for this
optimized device is 31%. In addition, the roll-off in
EQE with increasing current density is lessened (as
compared to the device without trapping) since
T–T annihilation is reduced, as discussed above.

7. Conclusions

We have studied triplet exciton diffusion in amor-
phous thin films of the commonly used organic
semiconductor, CBP, using optically pumped time-
of-flight techniques. The diffusion of triplets
through a CBP spacer layer to a phosphor doped
sensing layer was used to determine a diffusion coef-
ficient of D = (1.4 ± 0.3) · 10�8 cm2/s, and a trip-
let–triplet annihilation rate KTT = (1.6 ± 0.4) ·
10�14 cm3/s. Both D and KTT are similar in magni-
tude to corresponding results obtained for other
amorphous, small-molecule films [11,36]. We also
demonstrated that D can be reduced by a factor of
four from its value in neat CBP by doping with
the wide energy-gap molecule UGH2 at 18 wt.%,
demonstrating that this dopant introduces scatter-
ing centers that frustrate exciton transport.

The model of exciton transport was extended to
analyze the operation of a recently reported fluores-
cent/phosphorescent WOLED that depends on trip-
let diffusion to obtain high efficiency and a balanced
white color emission. The model confirms that trip-
let diffusion is the dominant mechanism contribut-
ing to the total phosphor emission of this device,
although charge trapping is also an important fac-
tor in obtaining optimum performance and color
balance. Our analysis suggests that this particular
device architecture can yield a total external quan-
tum efficiency EQE = 31% using optimized dopants
in a CBP host.
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Abstract

The structure of poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT Æ PSS) consists of an insulating PSS
layer surrounding doped PEDOT grains. In this study, X-ray and ultraviolet photoelectron spectroscopy (XPS and UPS)
are used to investigate the composition and electronic structure of as-loaded and lightly sputtered PEDOT Æ PSS films. The
sputtered film shows a significant increase in the PEDOT/PSS ratio (from 0.12 to 0.7) as well as a build-up of the density of
filled states close to the Fermi level, consistent with the removal of the insulating PSS layer and the uncovering of the
highly doped conducting PEDOT Æ PSS. The thickness of PSS layer is estimated at 35 ± 5 Å. The elimination of the
PSS shell reduces PEDOT Æ PSS work function to a value equal to that of highly doped PEDOT. The effect of the PSS
removal on the charge injection barrier at the interface with the hole-transport material N,N 0-diphenyl-N,N 0-bis(1-naph-
thyl)-1,1 0-biphenyl-4,4 0-diamine (a-NPD) is also investigated. The increase in interface dipole and hole-injection barrier
suggests a stronger interaction between the two materials, and points out the key role of the PSS layer in making
PEDOT Æ PSS an effective hole-injection material.
� 2006 Elsevier B.V. All rights reserved.

Keywords: PEDOT Æ PSS; XPS; UPS; Interfaces; Ion sputtering
1. Introduction

The structure of organic-based optoelectronic
devices such as organic light emitting diodes
(OLED) requires that at least one side of the device
be conducting and transparent to the emitted pho-
tons. Finding high-performance conducting and
transparent contacts has therefore long been one of
the key issues for making OLEDs. In addition to
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.04.005
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conductivity and transparency, the work function
of the contact is very important, as it affects directly
carrier injection barrier and device performance.

Indium-tin-oxide (ITO) was an early favorite for
hole-injection cathode, displaying good transpar-
ency and conductivity. Its average work function of
4.3 eV can be significantly increased using, for exam-
ple, exposure to UV ozone, and can reach values in
excess of 4.8 eV [1,2]. More recently, the search for
material that would give lower hole-injection barrier
focused on poly(3,4-ethylenedioxythiophene)–poly-
(styrenesulfonate) (PEDOT Æ PSS) (Fig. 1) as one of
.

mailto:jhwang@princeton.edu


Fig. 1. Chemical structure of (a) PSS and (b) PEDOT. Dashed
line in PEDOT shows the conjugation path through the
backbone.

388 J. Hwang et al. / Organic Electronics 7 (2006) 387–396
the most promising candidate for cathode in OLED.
PEDOT is a derivative of polythiophene with dioxy-
ethylene, which is stable in air in its doped oxidized
form [3]. Because of its planar structure, which leads
to high electron delocalization along the chain,
PEDOT has relatively high conductivity (10�3–
10�5 S/cm for OLED grade) [4] and good trans-
parency [5]. Insolubility, which was the major
drawback, was solved by Bayer AG using a new poly-
merization of PEDOT using PSS as an electrolyte
[6,7]. When mixed with PSS, PEDOT forms colloidal
particles dispersed in water and becomes processible
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by simple spin-coating. The PSS also acts as a charge-
compensating counter-ion and stabilizes the p-doped
PEDOT [8]. Films of the PEDOT Æ PSS blend have a
work function of 5.2 eV [9,10], which enables efficient
hole-injection efficiency in OLEDs. PEDOT Æ PSS
also gives longer device life time since it forms a
blocking layer that prevents oxygen from ITO from
diffusing into the active material (hole transport or
emitting layer) [11].

In view of these advantages, many groups have
worked on the electrical and chemical properties
of PEDOT Æ PSS. One of the methods to investigate
these properties is photoemission spectroscopy.
Ultraviolet photoemission spectroscopy (UPS) and
X-ray photoemission spectroscopy (XPS) are well-
established methods to study valence states and core
levels, and investigate both electronic and chemical
properties of materials. Inverse photoemission
spectroscopy (IPES) is equally useful, for investi-
gating unoccupied electronic states of materials.
Fig. 2 shows the combined UPS/IPES spectra of
PEDOT Æ PSS measured in our laboratory, which
demonstrate the first striking fact: the Fermi level
(EF) appears to lie near the middle of the gap, far
from both bands and, in particular, from the filled
states. This is in apparent contradiction with the
fact that PEDOT is in a highly p-doped form. Note
that this cannot be ascribed to a phenomenon of
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‘‘band bending’’ at the surface of the polymer film,
something that is frequently encountered at the
surface of inorganic semiconductors and explained
by surface state-induced EF pinning deep in the
gap. A second issue with PEDOT Æ PSS is the dis-
crepancy between the PEDOT/PSS ratio measured
by XPS and the known composition of the solution.
In order to address the Fermi level and composition
issues, Greczynski et al. proposed a structure of
PEDOT grains enclosed in a PSS shell [12]. With
this model, the lack of states near EF is explained
by the presence of the insulating PSS, which
strongly attenuates the signal from the doped
PEDOT grain. Similarly, the mismatch in the con-
centration ratio is explained by the layered struc-
ture: the top PSS attenuates the signal from the
bulk PEDOT, and artificially decreases its apparent
concentration.

In this study, we remove the top layer of PSS
with light Argon sputtering and characterize the
undamaged layer of the underlying PEDOT Æ PSS.
Using XPS, we determine the PEDOT/PSS ratio
in the bulk of the film, and estimate the thickness
of the PSS shell. UPS spectra taken on the sputtered
surface show a large increase in the density of filled
states close to the Fermi level, consistent with the
uncovering of the conductive doped PEDOT.
Finally, we deposit a layer of the hole-transport
material (HTM) N,N 0-diphenyl-N,N 0-bis(1-naph-
thyl)-1,1 0-biphenyl-4,4 0-diamine (a-NPD) to con-
firm that the increased density of state of the
sputtered PEDOT Æ PSS substrate also leads to a
stronger interaction with the organic semiconductor
overlayer. We observe a larger interface dipole and
hole-injection barrier for the interface formed on
sputtered PEDOT Æ PSS, consistent with the pres-
ence of a larger density of induced interface states
in the gap of the HTM.

2. Experimental

The PEDOT Æ PSS solution was obtained from
Starks (Baytron� P AI 4083; OLED grade), stored
at �5 �C and brought up to room temperature
before film preparation. According to Baytron�,
the nominal PSS-to-PEDOT composition ratio is
�4.5:1 [4]. The ITO substrates are first cleaned
chemically using sequential baths of Alconox�,
acetone and iso-propanol, followed by exposure to
UV-ozone for 30 min. The PEDOT Æ PSS solution
is filtered through 0.45 lm PVDF filters and spun
on the pre-cleaned ITO in nitrogen for 80 s at
3000 rpm, resulting in �40 nm thick films. Follow-
ing spin-coating, the films are annealed at 180 �C
in dry nitrogen for 1 h to drive out residual water,
and transferred without ambient exposure to the
ultrahigh vacuum (UHV) chamber for UPS and
XPS analysis (base pressure 2 · 10�10 Torr). Sam-
ples made for combined UPS/IPES analysis are
transferred with short ambient exposure (2–3 min)
to another chamber. Comparison via UPS of EF

position in the gap of the exposed and non-exposed
films reveal no significant difference caused by the
short air exposure.

UPS is done using the He I (21.22 eV) and He II
(40.8 eV) photon lines of a He-discharge lamp. The
photoelectrons are counted with a double-pass
cylindrical mirror analyzer. The total energy resolu-
tion of the measurement is 150 meV, as determined
from the width of the Fermi step measured on a
clean poly-crystalline Au substrate. The ionization
energy of the polymer film is defined here as the
energy difference between the vacuum level, deter-
mined in a standard way from the position of the
onset of photoemission, and the extrapolated lead-
ing edge of the highest occupied molecular orbital
(HOMO) [13]. XPS is done with the MgKa

(1253.6 eV) line with a total energy resolution of
�0.9 eV. Sputtering of the PEDOT Æ PSS film is per-
formed using 4 · 10�5 Torr of research grade purity
Ar, at a very slow rate modulated by the ion energy
(200–500 eV) and beam current density.

For the XPS analysis, particular attention is
given to changes in the chemical state of sulfur
and oxygen by following the evolution of the S2p
and O1s core levels. Core level peak decomposition
is done according to the work of Greczynski et al.
[14]. When PEDOT Æ PSS is spun on a substrate
without any acid treatment, it contains sodium res-
idues from the Na2S2O8 oxidizing agent used during
the polymerization of PEDOT [3]. The present XPS
analysis of the as-loaded PEDOT Æ PSS film (not
shown here) clearly shows the presence of sodium
with a relative Na/S concentration of �80%. How-
ever, we are unable to correctly decompose the
S2p and O1s core levels peaks assuming this con-
centration with all the Na present as PSS-Na. Our
S2p and O1s peak decompositions suggest that only
half of the Na is present as PSS-Na.

Finally, the interfaces between a-NPD and as-
loaded or sputtered PEDOT Æ PSS are investigated
by evaporating 30 Å of a-NPD for UPS interface
measurements and 1000 Å of a-NPD for current–
voltage (I–V) measurements. For the latter, a
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300 Å top Au contact is thermally evaporated on
top of a-NPD to form a PEDOT Æ PSS/a-NPD/Au
structure (inset of Fig. 8) and study (hole-only)
injection from the polymer electrode. Both Au
deposition and I–V measurements are done in situ,
without ever exposing the PEDOT Æ PSS/a-NPD
structure to ambient atmosphere.

3. Results and discussion

The UPS spectrum of the top of the filled states
and energy gap of an as-loaded PEDOT Æ PSS film,
i.e. the UPS part of Fig. 2, is shown in Fig. 3. The
enhancement of the spectrum by ·300 (inset) shows
a clear density of states extending close to the Fermi
level, in good agreement with the report by
Greczynski et al. [14] which suggests that the density
of states of the doped PEDOT film is indeed sup-
pressed by an overlayer in this surface sensitive
measurement.

Spectra (i) in Fig. 4 correspond to the S2p and
O1s core levels of the as-loaded PEDOT Æ PSS film.
The peak decomposition of the S2p core level
assumes a spin–orbit splitting (2p3/2 and 2p1/2) of
1.2 eV and the statistical 1:2 branching ratio for p-
levels. Following the interpretation of Greczynski
et al. [12,14], the PSS peaks are decomposed into
-10 -8 -6

In
te

n
si

ty
 (a

.u
.)

He I (21.22 eV)

Filled states of PEDOT-PSS

In
te

n
si

ty
 (

a.
u

.)

Energy w.

-1

Fig. 3. UPS spectra (He I, hm = 21.22 eV) of as-loaded PEDOT Æ P
PSSH and PSS-Na only, neglecting the PSS�

component. The S2p level shows large differences
in binding energy depending on the S location
(PEDOT or PSS), which makes it very suitable for
composition analysis of the sample. Low binding
energy peaks correspond to PEDOT and high bind-
ing energy peaks come from PSS complexes (hereto-
fore PSS denotes PSS complexes, unless otherwise
mentioned). The O1s core level (Fig. 4(b)(i)) can
also be decomposed into PEDOT, PSSH, and
PSS-Na components. Unlike for the S2p case, how-
ever, the PSSH contribution to the O1s peak must
be decomposed in two parts, i.e. two oxygen atoms
corresponding to O–S bonds and one to the O–H
bond. From the S2p data, the PEDOT-to-PSS ratio
of the as-loaded PEDOT Æ PSS is estimated at
�0.12. The same analysis using the O1s core level
leads to a ratio of �0.16. Both values are smaller
than that given by the supplier (0.22), but consistent
with previously reported studies [12,14].

The evolution of the S2p and O1s core
levels with increasing sputtering time is shown is
Fig. 4(ii)–(v). The Ar+ ion beam density is 9 ·
1011 ions/cm2 s with an energy of 0.25 kV. Note that
the Na signal is eliminated after the shortest sputter-
ing time, suggesting that Na is initially segregated at
the surface of the film and is therefore easily
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sputtered away. This is consistent with the fact that
Na can be also washed out with a quick rinse in 10%
HCl.

The evolution of the S2p core level shows an
increase in the PEDOT-to-PSS ratio up to 20 min
of sputtering, after which the ratio remains constant
at �0.7. The same behavior is observed for the O1s
peak, though it is harder to separate the contribu-
tion from each component. The ratios extracted
from the two elements (S and O) are entirely consis-
tent (Fig. 5).

Harsher sputtering conditions (9 · 1012 ions/
cm2 s with energy of 0.5 kV, 5 min) were used to
assess the damage induced by Ar ions (Fig. 4(vi)).
The S2p peak indicates that only a very small
amount of PSS is left in the film. Moreover, a large
decrease in O intensity is observed. These two obser-
vations suggest that the composition of the film is
drastically changed by the harsher sputtering condi-
tions: the SO3 from the PSS as well as the dioxyeth-
ylene from the PEDOT are sputtered away, leaving
only the thiophene in the film. The film also
becomes less transparent, which might be an indica-
tion of de-doping (reduction due to loss of SO�3
counter-ion) and destruction of the PEDOT Æ PSS
film [16].

Even with the milder sputtering conditions used
from steps (ii) to (v), damaging of the film surface
is still expected, however it seems that the bulk of
the PEDOT Æ PSS is well preserved. The residual
peaks needed for correct decomposition of the S 2p
and O1s core levels are likely to correspond to the
fraction of damaged polymers chains. However the
fact that the PEDOT-to-PSS ratio remains constant
and S and O maintains the same concentration
regardless of sputtering time (after 20 min) suggests
that sputtering has removed the PSS layer and
reached the bulk of the PEDOT-PSS, and
hence only the bulk of PEDOT-PSS is seen with
XPS. There is no change in film transparency
after 30 min of gentle sputtering, unlike what was
observed when using higher sputtering rates. It is
likely that lower sputtering rates can still induce
some damages to the polymer film, however the
damaged material is mostly sputtered away and only
the very top layer is disturbed. To verify this point,
conductivity measurements were performed on both
sputtered and as-loaded films via 4-point probe. For
this measurement, the PEDOT Æ PSS film was spun
on a glass substrate to insure that the measured con-
ductivity was that of PEDOT Æ PSS, and not of the
substrate (e.g. ITO). Both as-loaded and sputtered
films gave identical results, which confirms that light
sputtering, as done in our study, does not destroy the
conjugation path on the backbone of the polymer
chain in the bulk, but only disturbs and removes
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the surface part of the film. For both S2p and O1s
core levels, most of the XPS signal comes from a
depth of about 40 Å (electron mean free path �20–
25 Å), therefore the contribution from the undam-
aged bulk PEDOT Æ PSS dominates the signal. In
contrast, at higher sputtering rate, the damage goes
beyond the probing depth of XPS and the destroyed
part of the sample dominates the signal. The compo-
sition obtained from XPS using lower sputtering rate
is therefore closer to the nominal bulk composition
of PEDOT Æ PSS, with a PEDOT to PSS ratio of
�0.7.

The PSS layer thickness can be evaluated using
the measured PEDOT-to-PSS ratio of as-loaded
(0.12) and sputtered PEDOT Æ PSS (0.7). For the
as-loaded sample, the assumed structure is that of
a pure PSS layer on top of the doped PEDOT Æ PSS.
As the XPS signal is recorded using normal emis-
sion geometry, the signal intensity from the PEDOT
and the PSS of the as-loaded film can be written as

IPEDOT ¼
r

1þ r
� I0

PEDOT expð�d=kÞ

IPSS ¼ I0
PSS ð1� expð�d=kÞþ 1� r

1þ r

� �
expð�d=kÞ

� �

¼ I0
PSS 1� r

1þ r
� expð�d=kÞ

� �

ð1Þ
where r is the ratio of PEDOT-to-PSS in the bulk of
the doped film, which is measured on the sputtered
PEDOT Æ PSS sample, k is the inelastic mean free
path of electrons at the detecting kinetic energy
(�1100 eV in this case) and d is the thickness of
the PSS layer. I0

PEDOT and I0
PSS would be the intensi-

ties measured from pure PEDOT or PSS sample
with infinite thickness. Since we measure S 2p for
both PEDOT and PSS, these intensities cancel out
in the analysis. Using the S 2p core level XPS data
(Fig. 4) and an inelastic mean free path of
27 ± 3 Å [23], the thickness of the PSS layer is
estimated at 35 ± 5 Å.

Fig. 6(a) and (b) compare the He I (21.22 eV) and
He II (40.8 eV) UPS spectra of as-loaded and sput-
tered PEDOT Æ PSS. The as-loaded PEDOT Æ PSS
film has a work function of 5.15 ± 0.05 eV, which
is in good agreement with previously reported stud-
ies [9,10]. After sputtering, the work function is low-
ered by 0.4 eV. Although the surface is now a
mixture of PEDOT and PSS, the work function
agrees quite well with what is expected for a highly
p-doped PEDOT [17]. The most striking result is the
dramatic increase of the density of state close to the
Fermi level. The inset of Fig. 6(a) shows the loga-
rithmic plot of the He I UPS signal intensity
between �2.5 eV and EF. It shows that the intensity
is nearly an order of magnitude larger for the
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sputtered sample than for the as-loaded one, and
that the states extend up to �250 meV below the
Fermi level. The kinetic energy of the corresponding
electrons is 13–15 eV, which leads to a relatively
large inelastic mean free path of �12–15 Å [15].
Such a mean free path in Eq. (1) yields a PSS thick-
ness of about 20 Å. This is somewhat thinner than
the thickness estimated from the XPS data,
although a factor of two is not totally unreasonable
in this type of measurement. The discrepancy is also
probably due to the disruption and reduction of the
highest occupied states by sputtering. In any case,
the increase in intensity near Fermi level is a clear
indication that, although the surface layer of insu-
lating PSS has no states around the Fermi level,
the bulk of PEDOT Æ PSS underneath this layer
exhibits filled (valence) states up to EF, as expected
for a heavily p-doped PEDOT layer. Interestingly,
the sputtering does not appear to induce a signifi-
cant density of electronic states deep in the gap, as
would be generally observed on inorganic semicon-
ductor surfaces. Such a density of defect states
would pin the Fermi level deep in the gap at the sur-
face, causing significant band bending. If defect
states are created by sputtering, it is therefore likely
that their energy is either close to HOMO level or
lower (in the filled valence state energy range).
Considering the superior performance of PEDO-
T Æ PSS as an electrode, a key question is whether
the insulating PSS shell is a facilitator or impedi-
ment to the hole-injection process. To investigate
this point, layers of the hole-transport material a-
NPD are deposited on both sputtered and as-loaded
PEDOT Æ PSS, and the hole-injection barrier and I–
V characteristics are measured via UPS and tested
via I–V measurements. The results from UPS mea-
surements are summarized in Fig. 7. The as-loaded
PEDOT Æ PSS film has a 0.4 eV higher work func-
tion than the sputtered film. On the as-loaded film,
EF-HOMOa�NPD is smaller than on the sputtered
film (0.47 eV vs. 0.97 eV) and so is the interface
dipole (0.14 eV vs. 0.24 eV). This results in a
0.5 eV increase in the hole-injection barrier with
sputtered PEDOT Æ PSS, which is larger than the
change in substrate work function (0.4 eV).

This difference in hole-injection barrier is
correlated with I–V measurements done on
PEDOT Æ PSS/a-NPD(1000 Å)/Au (Fig. 8; the inset
shows the structure of the measured device). The
top Au layer freshly evaporated in UHV is known
to form a high work function contact (�5.2 eV) on
the organic material [25]. A negative voltage applied
to the top Au contact results therefore in a hole-only
current injected from PEDOT Æ PSS. The current
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through a-NPD on as-loaded PEDOT Æ PSS shows a
sharp increase around 3 V and is thereafter higher by
2 orders of magnitude than the current injected from
sputtered PEDOT Æ PSS, confirming the difference in
hole-barrier.

The S interface parameter, used to quantify the
variation of Schottky barriers as a function of metal
work function or electronegativity at metal/semi-
conductor interfaces, describes how the metal/semi-
conductor interaction is screened at the interface. S

is defined as S ¼ d/n
d/M

, where /n is the electron injec-
tion barrier and /M, the metal work function. The S

parameter ranges between 0 and 1: S = 0 means that
the Fermi level is pinned at one point in the gap
regardless of the metal work function, and S = 1
means that the Fermi level is free to move within
the gap (Schottky–Mott limit). S has been used suc-
cessfully to describe a range of metal/organic inter-
faces, and was found to be �0.5 for a-NPD [18–20].
Yet, the measurements presented here for a-NPD
on as-loaded and sputtered PEDOT Æ PSS show that
the injection barrier change (0.5 eV) is larger than
the change in electrode work function (0.4 eV), lead-
ing to an un-physically large S.

To resolve this apparent discrepancy, the interac-
tion between organic molecules and substrates is
reconsidered in light of a recent investigation of
the formation of interfaces on contaminated metal
surfaces[22]. Interfaces of small-molecule organic
semiconductors with clean metals have S between
0 and 0.8 [18–20], depending on the organic mate-
rial, whereas polymers generally lead to S closer to
1 [21]. In a recent study, Wan et al. demonstrated
that even for small molecules S gets closer to unity
when using metal substrates contaminated by air
exposure (mostly hydrocarbon contamination) [22]
or modified by a specific treatment such as UV–
ozone exposure. The interpretation is that contami-
nation (or product of surface treatment) physically
and electronically decouples the organic film from
the continuum of the metallic electronic states
[22,24]. This in turns, decreases the interaction
between the two materials, reduces the density of
interface states induced in the gap of the organic
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material, reduces the interface dipole and results in
near vacuum-level alignment. The S parameter mea-
sured or calculated for interfaces with clean metals
[18–20] cannot therefore be applied to describe con-
taminated interfaces, since the interaction between
the organic material and the electrode is drastically
changed by insertion of contaminants.

A similar argument is applied to the
PEDOT Æ PSS/a-NPD interface. On the as-loaded
PEDOT Æ PSS substrate, the PSS layer prevents
any strong interaction between the heavily doped
PEDOT and a-NPD. The a-NPD film is in contact
with the large band gap insulating PSS layer, whose
density of states around the Fermi level is negligible
(Fig. 2). Since the PSS density of states does not
overlap with the a-NPD gap and anchor energy
levels, only a small interface dipole is formed. In
contrast, after sputtering, the interface is formed
between a-NPD and the heavily doped PEDOT.
The larger density of PEDOT valence states over-
laps with the gap of the a-NPD, resulting in a stron-
ger interaction that leads to a stronger ‘‘pinning’’ of
the Fermi level in the organic gap and a larger inter-
face dipole. Going from as-loaded to sputtered
PEDOT Æ PSS changes not only the work function
of the electrode but also the type of interaction with
the a-NPD layer. Thus the S parameter obtained
from measurements on interfaces formed on as-
loaded vs. sputtered PEDOT Æ PSS substrate is
different than that reported for clean metals.
4. Summary

The surface electronic structure and composition
of as-loaded and Ar-ion sputtered PEDOT Æ PSS
films were investigated. The apparent discrepancy
between the notion of a heavily p-doped hole-injec-
tion layer and the observation of the Fermi level
near mid-gap on the as-loaded material is explained
by the presence of a thin insulating PSS layer at the
surface of the PEDOT Æ PSS grains. Gentle sputter-
ing of the film removes this PSS-rich top layer with-
out damaging the bulk of the film and leads to the
determination of the composition of the bulk of
PEDOT Æ PSS blend. The bulk PEDOT/PSS ratio
and thickness of the PSS overlayer are estimated
at 0.7 and 35 ± 5 Å, respectively. The removal of
the PSS overlayer uncovers the large density of the
filled states close to the Fermi level that corresponds
to p-doped PEDOT. Removing the PSS layer also
changes the interaction between the hole-injection
layer and a hole-transport materials deposited
on it. The small hole-injection barrier at the
PEDOT Æ PSS/a-NPD interface, as seen by UPS
and I–V measurements, increases by more than
the decrease in PEDOT Æ PSS work function when
the PSS shell is removed. This points out the
very important role of the insulating PSS layer,
which, not only gives its large work function to
the PEDOT Æ PSS film large (�5.2 eV), but also
reduces the interaction between the valence states
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of the doped PEDOT and the HTM, leading to a
smaller interface dipole and hole-injection barrier.
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Abstract

We show electrical oscillatory behavior in simple circuits using poly(1,5-diaminonaphthalene)-based volatile switches
and determine the analytical expression for the oscillation period, as well as the minimum allowed oscillation period as
a function of oscillator capacitance, series resistance, the switch resistance in the ON- and OFF-states and switch critical
voltages for the ON–OFF and OFF–ON transitions.
� 2006 Elsevier B.V. All rights reserved.

PACS: 84.30.Ng; 81.05.Hd; 85.30.De
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1. Introduction

In the last years several organic materials present-
ing an abrupt switching of electrical resistance [1–14]
that can be controlled through the applied voltage
[5–8,10] were observed. In some of these devices an
OFF-state (highly resistive) remains until a voltage
(V) above a critical value (Vcrit) is applied to the
device. For V > Vcrit, the device resistance is reduced
by up to six orders of magnitude [4,5,7,8,10]. In some
of the reported devices [4,5,7] this ON-state condi-
tion remains so long as the applied voltage is main-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.05.001
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tained above a lower limit-value (Vhold) and for
V < Vhold, the OFF value is restituted. The phenom-
enon is reversible, the ON–OFF transition is fast and
Vcrit and Vhold were observed to be proportional to
the material layer thickness, so that these parameters
can be controlled [5,7].

The ON–OFF transition has been attributed to
different mechanisms. It was explained as originated
by different conductivities presented by the organic
material at different charge states [8,15] with a
possible contribution of conformational changes
of the molecules under high electric fields [16] (the
electronic density of states is highly sensitive to
molecular conformation). In some cases, the effect
was attributed to charge traps in the organic layer
of the device [17–19] or even to nanoparticles
.
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Fig. 2. Oscillator circuit composed by a PDAN-switch, a resistor
R and a capacitor C. The applied voltage e is supplied by a
voltage source.

Fig. 3. (a) Schematic lateral view of the PDAN-switching
devices. (b) Optical micrograph of the area of the Ag film
containing the scratch, observed through the glass substrate
(bottom view).
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intentionally introduced [20] or accidentally precip-
itated inside the organic semiconductor film during
metal electrode evaporation [21].

Some years ago the use of these switches for
organic memories has been proposed [5]. The poten-
tial application in organic memory devices [22–28]
increased the interest concerning these switches,
motivated by the perception that existing technolo-
gies are inadequate in one or more memory operat-
ing parameters [20]. Apart from this major research
effort, quite simple organic oscillators were also
demonstrated using bistable volatile conductance
switching devices [29].

In this article, we demonstrate the construction
of an oscillator based on an organic switch. To
exemplify it, we use poly(1,5-diaminonaphthalene),
PDAN, whose electrical switching properties are
essentially similar to previously reported poly(5-
amino 1-naphthol) switches [4]. The molecular
structure of PDAN is shown in Fig. 1. The construc-
tion of the oscillator is similar to a previously
reported oscillator based on a poly(5-amino 1-naph-
thol) [29]. It uses, besides the organic switch, a
capacitor and a resistor (see Fig. 2). In this article
we obtain the theoretical expression for the fre-
quency of the oscillator constructed in this manner
and we discuss the requirements for the organic
switch for successful construction of oscillators,
particularly emphasizing the requirements for build-
ing high frequency oscillators.

2. Experimental

The switching device was constructed by evapo-
rating a �200 nm thick Ag film on glass substrate.
In the sequence the film was scratched using a tung-
sten tip with 17.15 g load. The scratch produces a
well-defined �27 lm wide gap in the Ag film, as
can be seen in Fig. 3. The PDAN, whose synthesis
is reported elsewhere [30,31], was deposited in the
gap region by dropping a 10 mg/ml PDAN:DMF
solution (DMF: N-N 0-dimethylformamide). After
Fig. 1. Structure of poly(1,5-diaminonaphthalene). If the polym
deposition the samples were dried for 2 h at room
temperature in flowing nitrogen, leading to a
1500 nm thick film. This planar geometry was cho-
sen to minimize the capacitance of the switch, which
would be higher in a sandwich structure, and to
reduce shorts probability due to the high roughness
of the deposited PDAN films.
er is totally reduced y = 1 and if it totally oxidized y = 0.
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The oscillator was constructed associating the
switching device with a capacitor of capacitance C

and a series resistance R as shown in Fig. 2. A volt-
age source was used to apply a voltage e to the cir-
cuit and the voltage drop in the series resistor was
recorded with an oscilloscope.

3. Results

3.1. Switch and oscillator

The electrical characteristic of switching devices
presenting bistable conductivity is presented in
Fig. 4(a). In these devices the OFF-state (highly
resistive) remains until a voltage V above a critical
value Vcrit is applied to the device. For V > Vcrit,
the device resistance is rapidly reduced and this
ON-state condition remains so long as the applied
voltage is maintained above a lower limit-value
Vhold. For V < Vhold, the OFF value is restituted
and the cycle can be repeated. A relatively high dis-
persion of Vcrit and Vhold values is observed in a set
of devices with nominally identical characteristics.
We attribute this problem, in part, to the bad
Fig. 4. (a) Electrical characteristics of a planar Ag/PDAN/Ag
bistable conductance switch. (b) The electrical characteristics of
the model for the switch that was used in the theoretical analysis.
film-forming properties of the material, which pre-
sents high roughness after deposition. But such a
high dispersion was reported even in case of devices
produced under much more refined conditions [20].

The plot of the current through the series resistor
versus time of an oscillator constructed using
R = 101 MX, C = 10 nF is presented in Fig. 5, dem-
onstrating the oscillating behavior. For this oscilla-
tor, the frequency is f = 0.77 Hz.

3.2. Theoretical analysis of the oscillator

Consider a switch, with characteristics like those
presented in Fig. 4(b), used in a circuit like that of
Fig. 2. In order to obtain an analytical solution,
the switch resistance is assumed to be constant,
independent of the potential applied to the switch
device, both in the OFF-state (Roff) and in the
ON-state (Ron). Denoting by I the current that
passes through R and I 0 the current that passes
through the switch of resistance r (which can be
either Ron or Roff), one has

e ¼ RI þ rI 0: ð1Þ
The relationship between I and I 0 is obtained from
Q
C ¼ rI 0, where dQ

dt ¼ I � I 0 and Q is the charge in
the capacitor. It follows that I � I 0 ¼ rC dI 0

dt . This
equation has as solution

I 0ðtÞ ¼ I 00e�t=rC þ
Z t

0

e�ðt�t0Þ=rC Iðt0Þ
rC

dt0; ð2Þ

where I 00 is fixed by the initial condition. The result-
ing integro-differential equation for I(t) reads:

e ¼ RI þ rI 00e�t=rC þ 1

C

Z t

0

e�ðt�t0Þ=rCIðt0Þdt0: ð3Þ
Fig. 5. Current as a function of time in a resistor R = 101 MX of
an oscillator constructed with C = 10 nF, e = 100 V.
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The solution of this equation is

IðtÞ ¼ e
Rþ r

þ r
R

e
Rþ r

� I 00

� �
expð�t=sÞ; ð4Þ

where s = rRC/(r + R) is the characteristic time.
The corresponding expression for I 0(t) is

I 0ðtÞ ¼ e
Rþ r

þ I 00 �
e

Rþ r

� �
expð�t=sÞ: ð5Þ

These expressions assume that the switch resistance
r does not change in the time interval between t = 0
and t. In the case of a switch four currents are of rel-
evance, see Fig. 4(b):

I 01 ¼
V hold

Roff

< I 02 ¼
V crit

Roff

and I 03 ¼
V hold

Ron

< I 04

¼ V crit

Ron

: ð6Þ

Two characteristic times appear in the current
expressions:

son ¼
RonR

Ron þ R

� �
C < soff ¼

RoffR
Roff þ R

� �
C: ð7Þ

If I 0 starts out at I 01 (the switch operating with resis-
tance Roff), it will increase its value only if

e
Rþ Roff

>
V hold

Roff

: ð8Þ

Moreover, I 0 will reach the value I 02 only if

e
Rþ Roff

<
V crit

Roff

: ð9Þ

When I 0 reaches the value I 02 the switch resistance
drops to Ron and the current I 0 becomes I 04. I 0 will
then decrease from I 04 only if

e
Rþ Ron

<
V crit

Ron

: ð10Þ

Moreover, I 0 will reach the value I 03 only if

e
Rþ Ron

<
V hold

Ron

: ð11Þ

When I 0 reaches the value I 03 the switch resistance
changes back to Roff and the current I 0 becomes
I 01, thus completing the cycle.These four conditions
can be summarized as

e
1þ ðR=RonÞ

< V hold < V crit <
e

1þ ðR=RoffÞ
: ð12Þ

The time needed for the current I 0 to change from I 01
to I 02 (the OFF part of the cycle) is

toff ¼ soff ln
e� V holdð1þ R=RoffÞ
e� V critð1þ R=RoffÞ

� �
ð13Þ
and the time needed for the current I 0 to change
from I 04 to I 03 (the ON part of the cycle) is

ton ¼ son ln
V critð1þ R=RonÞ � e
V holdð1þ R=RonÞ � e

� �
: ð14Þ

Finally, the oscillation period is given by

T ¼ RonRC
Ron þ R

� �
ln

V critð1þ R=RonÞ � e
V holdð1þ R=RonÞ � e

� �

þ Roff RC
Roff þ R

� �
ln

e� V holdð1þ R=RoffÞ
e� V critð1þ R=RoffÞ

� �
: ð15Þ
4. Discussion

It can be seen from Eq. (12) that a proper selection
of e and R is necessary in order to obtain current
oscillations. The condition involves four switch
parameters, which are not necessarily dependent on
each other. The condition Vhold < Vcrit is observed
whenever conductance bistability occurs, by defini-
tion. In some cases investigated using switching
devices in a sandwich structure [5,7] Vcrit and Vhold

were observed to be proportional to the material
layer thickness, so that these parameters can, at least
in these cases, be controlled. Still, from Eq. (12), it
can be seen that in order to allow for a significant dif-
ference between Vcrit and Vhold, which would result in
a more reliable device operation, a significant differ-
ence between Ron and Roff is desirable.

The oscillator frequency is inversely proportional
to the value of C, so that this is the simplest fre-
quency control parameter. In what regards the
switching device characteristics, the values Ron and
Roff are the most important factors determining
the frequency.

In Fig. 6 the oscillation period T is shown as a
function of e and R. For the circuit to operate as
an oscillator, e must be in the range

V critð1þ R=RoffÞ < e < V holdð1þ R=RonÞ: ð16Þ
This inequality has a solution only if the switch
parameters are such that (Vcrit/Roff) < (Vhold/Ron),
which is equivalent to I 02 < I 03, see Fig. 4(b). This
condition is easily attained since, for a representa-
tive resistance ratio Roff/Ron � 103 and Vcrit/
Vhold � 2. The contour lines shown in the figure cor-
respond to a particular case where Roff/Ron = 20
and Vcrit/Vhold = 5, although these are not typical
switch parameters they make the structure of the
contour lines more visible. For any parameter val-
ues, the oscillator period is infinite along the straight
borders and smaller periods are found as one moves



Fig. 6. The period T as a function of e and R according to Eq.
(15). The switch parameters were taken to be such that Roff/
Ron = 20 and Vcrit/Vhold = 5. Five contour lines are displayed.
Along the borderlines, where e is at the boundary of the range
shown in Eq. (16), the period is infinite. As one moves away from
the borderlines, towards larger values of R and e, the period
decreases monotonically towards the Tmin of Eq. (18).
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away from the borderlines towards larger values of
R and e.

By changing the value of e, for a fixed R, one can
obtain all periods between infinity and a minimum
period, Tmin. The minimum period expression, as a
function of R, is

T minðRÞ ¼
RonRC

Ron þ R

� �

ln
ðV crit=V holdÞð1þ R=RonÞ � ð1þ R=RoffÞ
ðV hold=V critÞð1þ R=RonÞ � ð1þ R=RoffÞ

� �

þ Roff RC
Roff þ R

� �

ln
ð1þ R=RonÞ � ðV hold=V critÞð1þ R=RoffÞ
ð1þ R=RonÞ � ðV crit=V holdÞð1þ R=RoffÞ

� �
:

ð17Þ

In the limit R� Roff, Tmin(R) converges to

T min ! ðRonCÞ ln ðV crit=V holdÞ � ðRon=RoffÞ
ðV hold=V critÞ � ðRon=RoffÞ

� �

þ ðRoff CÞ

� ln
ðRoff=RonÞ � ðV hold=V critÞ
ðRoff=RonÞ � ðV crit=V holdÞ

� �
: ð18Þ

This period is the smallest period that can be
obtained with a given set of switch parameters,
Ron, Roff, Vcrit and Vhold, and a capacitance C.

If, for example, the values mentioned above after
Eq. (16), are used (Roff/Ron � 103 and Vcrit/
Vhold � 2), Tmin � 3RonC, so that using capaci-
tances of the order of a few pF, frequencies larger
than radio frequency identification low frequency
band (�130 kHz) should be possible. It must be
pointed out, however, that this analysis assumes
instantaneous switching, ignoring peculiarities of
the switching process characteristic times related
to, for example, modification of molecular confor-
mation, modification of molecular charge state,
charge emission and capture by traps, etc., which
may also be limiting factors.

5. Conclusion

In summary, we reported the construction of oscil-
lators using poly(1,5-diaminonaphthalene)-based
switches and determined the analytical expression
for the oscillation period, as well as the minimum
allowed oscillation period (corresponding to a
maximum frequency) as a function of oscillator com-
ponents: capacitance, series resistance, switch resis-
tance in the ON- and OFF-states and switch critical
voltages for the ON–OFF and OFF–ON transition.

The theoretical results show that in principle, it is
possible to produce oscillators operating at higher
frequencies, provided that stable materials with
appropriate characteristics can be found.
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Abstract

We investigated the morphological, structural and transport properties of pentacene thin films (20 nm) grown by high
vacuum thermal evaporation on patterned substrates with different interelectrodes distances. X-ray diffraction and atomic
force microscopy show a structure in the so called ‘‘thin film phase’’ with 1–2 lm sized grains. By means of in situ electrical
measurements we found for these films a resistivity value of q = 4.7 ± 0.2 · 104 Xm, that is an order of magnitude lower
than the value reported to date in literature for single crystals of pentacene. This value is not affected by the presence of
grain boundaries. The resistivity is further reduced by a factor 8.9 ± 0.7, 14 ± 1, 2.3 ± 0.3 upon exposure to oxygen, nitro-
gen and ambient air, respectively.
� 2006 Elsevier B.V. All rights reserved.

PACS: 61.66.Hq; 72.80.Le; 68.55.�a; 73.61.Ph; 68.37.Ps

Keywords: Pentacene; Organic semiconductors; AFM; Transport properties; Polycrystalline films
1. Introduction

Molecular electronics is an interesting field of
research aiming at a reduction of cost and dimen-
sions of devices. The potential applications of
organic molecules in nano and microelectronics
industry are the objectives of the scientific and tech-
nological research [1,2]. It is therefore very impor-
tant the investigation and the understanding of the
structural, electronic and transport properties of
thin films of such molecules. In recent years, many
molecules have been extensively studied. Among
these, pentacene (C22H14) seems to be one of the
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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best candidates for several applications (OTFTs,
OLEDs, Schottky diodes, solar cells) [3–8]. This
organic molecule, constituted by a linear chain of
five planar benzenic rings, crystallizes in a triclinic
structure with an herringbone arrangement of the
molecules in the unit cell [9]. Depending on growth
parameters (substrate, substrate temperature, evap-
oration rate, thickness of the film) pentacene
appears in four polymorphs, that principally differ
from one to another for the tilting of the molecules
with respect to the substrates and for the (001)
interplanar distance [10]. Among the various poly-
morphs, due to the tremendous size downscaling
of state of the art electronics, obvious attention
has to be devoted to the polymorph which is stable
in the nanometer thickness range, namely the ‘‘thin
film phase’’. This phase is observed in polycrystalline
.
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thin films (thickness 650 nm) deposited on inert
substrates (passivated Si, HOPG, SiO2, Si3N4, LiF)
[3,12,14–17] with micrometer sized grains. Theoret-
ical and experimental works suggest that it is very
promising for OTFT applications [4,11–13]. The
transport and electronic properties of this phase
are presently a subject of intense investigation. As
far as the transport properties are concerned,
although the room temperature (RT) is quite close
to the critical temperature where the transport
changes from band-like to an hopping regime, nev-
ertheless a band-like transport has been clearly dem-
onstrated for pentacene in the thin film phase at RT
[29]. The different molecular stacking produces a
change in the overlap between the electronic orbitals
belonging to adjacent molecules and this signifi-
cantly modifies the band structure from one poly-
morph to another. Indeed, a theoretical work [11]
shows that the HOMO bandwidth of the thin film
phase is more than four times larger than the one
of the single crystal phase. This increase of the
HOMO bandwidth, combined with the more isotro-
pic mobility in the ab plane, can very likely increase
the conductivity of pentacene in the thin film phase.
Moreover, beside the enlargement of the HOMO–
LUMO bandwidth, recent works show that even
slight changes in the orientation of molecules in
the unit cell can dramatically affect also the
HOMO–LUMO gap, in addition to the above men-
tioned increase of the HOMO and LUMO band-
width [30,31]. Nonetheless, there is still a lack of
fundamental experimental information about the
resistivity of pentacene in the thin film phase. More-
over, in view of technological applications (i.e., air
exposed devices), the influence of oxygen, nitrogen
and ambient air on such physical property has never
been quantitatively investigated.

The focus of this work is to experimentally address
these issues by means of electrical measurements per-
formed on thin films of pentacene in high vacuum and
in controlled atmosphere of O2, N2, and ambient air,
respectively. The role of grain boundaries is also
investigated by using devices with different interelec-
trodes spacing. Ancillary atomic force microscopy
(AFM) and X-ray diffraction (XRD) measurements
were carried out for a morphological and structural
characterization of these films.

2. Experimental details

Pentacene (Aldrich Chemicals) was deposited in
a high vacuum (HV) (base pressure: 1 · 10� 8 Torr)
chamber by vacuum thermal evaporation. The
chamber pressure during the film growth was
2 · 10�8 Torr and the evaporation rate was 1.3 Å/
min (as monitored by a quartz crystal micro-balance
after thickness calibration with AFM measure-
ments). Particular attention was devoted to grow
high purity films by cleaning the substrates and out-
gassing the starting material for 3–4 h at 100 �C
before the film growth. As substrates, we used two
different (hereafter A and B) interdigitated pat-
terned devices, with gold electrodes grown onto
1000 Å SiO2/Si(1 00) (device A) and Si3N4/Si(1 00)
(device B). The thickness of the electrodes is
150 nm (device A) and 80 nm (device B), the inter-
electrodes distance is 5 lm (device A) and 30 lm
(device B) and the length of electrodes is 150 lm
(device A) and 3 mm (device B). Current–voltage
measurements of as prepared samples were carried
out in situ at RT with a Keithley source measure
unit, model number 236. The I/V curves have been
acquired varying every 0.5 s the voltage at steps of
0.05–0.2 V. The evaporation chamber was equipped
with a leak-valve for a controlled inlet of O2 (Air
Liquid 99.99% purity), N2 (Air Liquid 99.99% pur-
ity), and ambient air (60% partial humidity). I–V

curves of the gas exposed devices have been taken
as a function of time after 1 atm pressure was
reached in the chamber. All the electrical measure-
ments have been performed in fluorescent light
ambient illumination. Tapping mode AFM mea-
surements are performed ex situ in air with a Digital
D5000 equipped with Nanoscope IV controller
using commercial silicon nitride cantilevers (cantile-
ver resonance frequency = 70 kHz for ‘‘soft’’
organic samples). The samples have been also inves-
tigated by X-ray diffraction (XRD) using a Siemens
D5000 diffractometer with Cu Ka radiation in the
Bragg–Brentano geometry. Photoemission valence
band spectra of ambient air exposed samples have
been taken at the VUV beamline (Elettra–Trieste)
using synchrotron radiation light (hm = 120 eV) to
investigate the increase of the HOMO bandwidth,
in comparison with previously published data taken
on freshly prepared samples [17].

3. Results

In Fig. 1(a) we show an AFM micrograph of a
film of pentacene (20 nm nominal thickness) depos-
ited on device A. As shown in the image, the dis-
tance between Au electrodes (brighter zones) is of
5 lm. The growth is different on the electrodes



Fig. 1. (a) 10 lm · 10 lm image of a 20 nm nominal thickness film on device A. The brighter zones are the Au electrodes, the dark zone is
the SiO2 substrate. (b) High resolution AFM image of the pentacene crystallites betweeen electrodes showing a terrace structure
as evidenced by the line profile shown in the inset. (c) XRD Bragg-Brentano diffraction pattern of 20 nm of pentacene deposited onto
device A.
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and on the SiO2 substrate. On the oxide surface the
pentacene film grows in a dendritic way with
micrometer sized crystallites, showing a terrace
structure (Fig. 1(b)), while on the metallic surface
(gold electrodes) we can observe no particular struc-
ture with grains of submicrometric dimensions.
Device B shows the same morphology and struc-
tural features, as can be seen in Fig. 2. The samples
have been also studied with XRD. This investiga-
tion is reported in Fig. 1(c). The diffraction pattern
shows three peaks assigned to the (00 l) plane Bragg
reflection and gives a (00 1) interplanar distance of
1.54 nm, in excellent agreement with the one of
the thin film phase of pentacene [10,14]. By combin-
ing the structural and morphological data we claim
that the film grows onto the oxide surface in crystal-
lites in the thin film phase with the c axis perpendic-
ular to the substrate surface. Onto the gold
substrate the film appears to be likely amorphous.
This, of course, does not affect our electrical mea-
surements, since these latter give information about
the conductivity of the polycrystalline film between
the electrodes along the ab plane. The mobility in
molecular crystals is often anisotropic, due to the
typical crystalline arrangement of the molecules
along stacking axes. In pentacene, the mobility is
extremely anisotropic along the three axes for all
the phases, except for the thin film polymorph,
where it is essentially uniform in the ab plane, while
a strong anisotropy remains along the c axis [11].



Fig. 2. 20 lm · 20 lm image of a 20 nm nominal thickness film
on device B. The gold electrode is on the left side of the
micrograph. The inset shows a zoomed-in image of the pentacene
film onto the substrate (right part of the micrograph).

Fig. 4. Density of current (J)–electric field (E) characteristics of
the thin film phase of pentacene. Measurements were performed
in air and under ambient illumination.
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Therefore, the orientation of the ab plane of the
crystallites with respect to the substrate is
unimportant.

Transport properties have been investigated by
means of current–voltage measurements. Prelimin-
ary I/V curves on the A and B devices prior to the
growth of the pentacene film were carried out to
evaluate the intrinsic resistance of the devices, Rs.
In the final configuration the circuit can be schema-
tized as two resistances Rs and Rf in parallel, where
Rf is the film resistance (Fig. 3).

In order to estimate the effects of the grain
boundaries in our film we perform measurements
on differently spaced electrode devices, namely A
and B. In Fig. 4 we summarize the density of current
Fig. 3. Scheme of devices A and B and circuit of the final
configuration of the device.
(J)–electric field (E) results obtained for the mea-
surements performed in ambient air and under
ambient illumination for these samples. We can
observe that the curves for the samples A and B
lie on the same line on the log–log plot, indicating
the same value of conductivity. This indicates that
the change in the number of grains does not signif-
icantly affect the transport properties of our films.
In a recent work Edura et al. show that the inter-
grain resistance is one order of magnitude larger
than the intragrain resistance [19]. If this is the case,
therefore, in our samples the difference in the resis-
tance film should remarkably change as a function
of the interelectrodes distance. Evidently, the penta-
cene grows in a Stransky–Krastanov mode with a
layer by layer growth at the very initial stages of
deposition. As already observed by several groups
[26–28] the transport occurs principally in the first
layers: charges follow percolation paths in these lay-
ers that result more ordered than the remaining
islands, overcoming in this way the grain boundary
effects. By analyzing the ohmic regime and consider-
ing the geometry of our devices, we can determine
the value of the resistivity qf for the pentacene in
the thin film phase. The electrical measurements
performed in air give a resistivity value of
qair = 2.0 ± 0.2 · 104 Xm. This value is of course
useful for device applications, but it can be in prin-
ciple affected by chemical impurities, therefore not
representing an intrinsic property of the film.

To rule out these effects, we perform current–
voltage measurements in HV on freshly prepared



Fig. 5. (a)–(c) Evolution of the density of current (J)–voltage
characteristics of the thin film phase of pentacene after exposure
to pure O2 (a), pure N2 (b), and ambient air (c). (d) HOMO peak
of the thin film phase of pentacene in vacuum (STS measurement)
and after exposure to ambient air (photoemission valence band
spectrum).

Table 1
Resistivity values for the thin film of pentacene after 1 day
exposure to 1 atm different gases and qvacuum/q ratio

q (Xm) qvacuum/q

Vacuum 4.7 ± 0.2 · 104 1
Nitrogen 3.3 ± 0.2 · 104 14 ± 1
Oxygen 5.3 ± 0.2 · 103 8.9 ± 0.7
Ambient air 2.0 ± 0.2 · 103 2.3 ± 0.3
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samples. The results of these measurements are
shown in Fig. 5 (lower curves (black filled squares)
in panels (a), (b) and (c)), where we report the mea-
surements performed on sample B. The resistivity
value in vacuum results to be qvacuum = 4.7 ± 0.2
· 104 Xm. This value slightly (5%) changes for the
different samples analyzed and it is not affected by
changes of the interelectrodes distance, since similar
results are obtained for sample A. Therefore, our
results provide information on the intrinsic physical
properties of the pentacene in the thin film phase,
rather than on trivial intergrain boundary effects
(as already discussed in detail for air exposed sam-
ples). The resistivity value is one order of magnitude
lower than the value reported by Jurchescu et al.
[20] for the single crystal phase. We believe that this
dramatic change of resistivity has to be assigned to
the peculiar changes in the electronic structure of
the thin film phase. In agreement with Troisi and
Orlandi [11], the increase of the HOMO and LUMO
bandwidth has been already demonstrated by our
group by means of scanning tunneling spectroscopy
(STS) measurements on freshly prepared pentacene
thin films in HV [17]. In particular, the experimental
STS plot of the HOMO is reported in Fig. 5
panel (d) (normalized conductance spectrum). Our
estimate for the HOMO bandwidth is 0.7 eV. This
value is not obviously altered by chemical impuri-
ties, although it can be increased by shallow struc-
tural defects such as vertical sliding of the
pentacene molecules, as demonstrated by Kang
et al. [18]. Anyway, the AFM analysis shows a mean
roughness on the terraces of 1.4 ± 0.5 Å. Assuming
this as the mean displacement of molecules, we
obtain, according to the calculation of Kang, an
increase of HOMO and LUMO bandwidth by less
than 100 meV, comparable with typical thermal
broadening effects.

In order to selectively investigate the effects of
chemical impurities or doping due to exposure to
ambient air, we performed also electrical measure-
ments on freshly prepared samples exposed to either
oxygen, or nitrogen, or ambient air. Upon exposing
the samples to 1 atm of the different gases, we
observe that the resistivity tends to slowly decrease
reaching a saturation value in approximately 3 h,
as shown in Fig. 5(a)–(c). In Table 1 we report the
saturation values of the resistivity after 24 h expo-
sure. Both nitrogen and oxygen decrease the film
resistivity by one order of magnitude (namely by a
factor 14 ± 1 and 8.9 ± 0.7 for N2 and O2, respec-
tively). Exposure to ambient air, instead, decreases
this value by only a factor 2.3 ± 0.3, as already
observed for pentacene in the single crystal phase
[21]. Oxygen doping likely causes a lowering of the
hole injection barrier at the pentacene/Au interface
and also increases the density of charge carrier and,
as consequence, the conductivity [22]. We can
exclude that oxygen is chemisorbed by pentacene:
in this case, it would form a chemically stable com-
pound with two carbonyl groups at opposite sides
of the middle ring, namely 6,13-pentacenequinone
(C22H12O2) [23,24]. At variance with what observed
after oxygen exposure, the formation of pentacen-
equinone should reduce the conduction properties
of the film, introducing structural defects that act
as centers of scattering for the charge carriers. This
‘‘oxidized’’ form of pentacene crystallizes in a
monoclinic structure, that has a (00 1) interplanar
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distance of 17.4 Å [25], 2 Å larger than the one of
the pure pentacene in the thin film phase. This
occurrence is quite unlikely, as it is favoured only
upon exposure to UV light and it was not observed
with XRD in our oxygen exposed samples. Oxygen
is therefore present in the thin film as an impurity
and clearly does not form stable compounds with
pentacene.

As expected, the role played by nitrogen is similar
to oxygen: it dopes the thin film, increasing its con-
ductivity. On the other hand, evidently the water
vapour in ambient air plays a competing effect
against doping due to oxygen and nitrogen. In fact,
according to literature [21,23], water tends to form
trapping sites for the injected charges and, there-
fore, strongly reduces the conductivity of the oxygen
and nitrogen doped films. The enhancement of con-
ductivity after exposure to air can be further
explained as follows: not only doping can be
induced by the chemical defects, but even the
HOMO bandwidth can be modified by this kind
of impurities. To estimate this effect (due to the
chemically different molecular environment), we
report in Fig. 5 panel (d) the photoemission spec-
trum of the HOMO state of an ambient air exposed
thin film. Compared with the HV STS measure-
ment, we observe an increase of the HOMO band-
width of 0.3 ± 0.1 eV. This further explains the
enhancement of the conductivity under exposure
to ambient air.

4. Conclusions

We performed electrical measurements to investi-
gate the resistivity of pentacene in the thin film
phase (as checked with AFM and XRD analyses).
We found a resistivity value of qvacuum = 4.7 ±
0.2 · 104 Xm in vacuum and of qair = 2.0 ±
0.2 · 104 Xm in ambient air. These values are not
trivially affected by the inter electrode distances
(grain boundaries effects). Exposure to oxygen and
nitrogen remarkably (by a factor 8.9 ± 0.7 and
14 ± 1, respectively) decreases the resistivity of the
films with respect to the vacuum value. We rational-
ize our results by commenting the relevance of sev-
eral distinct effects, namely: the impurities and
defect states induced by chemical or structural mod-
ification of the film, the exposure to air and ambient
illumination and the specific electronic properties of
this polymorph. Evidently, our results confirm that
pentacene in the thin film phase is an excellent can-
didate in view of OTFT applications.
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Abstract

Whether a polymer in solution exhibits an extended rod-like conformation or a coiled globular form would depend on
its interaction with the solvent. Model charge transport composites of polycarbonate or polystyrene with the hole trans-
port molecule TPD were prepared with various solvents. While the Tg’s of the polymers by themselves are unaffected by the
choice of the solvent, a significant effect is found when films are cast with the polymer and TPD. A larger depression of the
Tg of the polymer and a smaller extent of phase separation of TPD upon annealing were found with the composites pre-
pared with 1,1,2,2-tetrachloroethane than with any other solvent used in this work. Infrared spectroscopy and viscosity
measurements show that the above polymers adopt extended conformation in solution, which enhances the intercalation
of TPD, when films are cast from this solvent. Whereas the previous studies were concerned with the effect of solvent on the
charge transport behaviour of polymers such as polythiophenes, we show that the morphological stability is enhanced
when the polymer adopts an extended conformation. This is further confirmed by the observation that the stability against
phase separation is improved with the cyclohexyl polycarbonate compared to the bisphenol polycarbonate due to the
restricted conformational flexibility of the former.
� 2006 Elsevier B.V. All rights reserved.

PACS: 61.25Hq; 64.75+g; 87.15Nn; 71.20Rv; 81.30Mh; 82.35Lr

Keywords: Charge transport; Photoreceptor; Solvent; Phase separation; TPD
1. Introduction

Xerographic photoreceptors are normally pre-
pared in a dual layer arrangement, consisting of a
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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charge generation layer (CGL) and a charge trans-
port layer (CTL). The latter contains electron donor
or acceptor molecules in a polymer binder. N,N 0-
diphenyl-N,N 0-bis(3-methylphenyl)-[1,1/-biphenyl]-
4,4 0-diamine (TPD) is known to be electron donor
and is extensively used for photocopying devices
in the charge transport layer (CTL), with polycar-
bonate as the binder [1]. The TPD is also used for
electroluminescent devices [2], color organic light
.
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emitting diodes [3], and flat panel display [4]. A
series of papers have been published [5–10] on the
luminescence properties of TPD/polymer devices.
The properties of CTL depend on the type and nat-
ure of the charge transport molecules and their con-
centration. Since the charge transport involves a
hopping mechanism [11,12] it is necessary to maxi-
mize the concentration of the charge transport mol-
ecule in the polymer matrix, and it is common
practice to incorporate 50-wt.% or more of TPD
in polycarbonate. Although it was initially consid-
ered that the polymer binder served merely as a
matrix for the charge transport molecule, Pai and
coworkers showed [13–17] that the polymer does
have a significant influence on the properties of
the CTL. For example, the CTL based on TPD/
polystyrene (TPD/PS) showed higher charge mobil-
ity as compared to the TPD/polycarbonate (TPD/
PC) films [13,14] and this was attributed to the bet-
ter dispersion of TPD with PS than the PC.

Due to the requirement of the rather high loading
of the TPD in the polymer, the phase stability of the
CTL composite is an important factor. Either ther-
mal factors or mechanical abrasion could lead to
partial phase separation and crystallization of
TPD. The crystallization of TPD will also depend
on the Tg of the host polymer used as a binder. In
a series of papers [18–20], we discussed the influence
of the polymer matrix on such phase separation of
the transport molecule upon annealing. This is sim-
ilar to accelerated ageing. It was found that
the molecular flexibility of the polymer, and hence
the glass transition temperature has an effect on
the extent of phase separation [18–20]. Molecular
level interactions between the charge transport mol-
ecule and the polymers were also discussed based on
infrared spectra and the depression of the glass tran-
sition temperature. The differences in charge trans-
port properties were interpreted in terms of the
morphological aspects. It was also shown [19] that
the enhanced charge mobility with polystyrene as
the host polymer could be due to the poor miscibil-
ity of TPD in polystyrene, leading to the profuse
formation of sub-micron sized crystals, and chain-
ing of these crystals.

Solution coating of the transport layer is a com-
mon approach to fabricating devices. The CTL is
usually prepared with dichloromethane (CH2Cl2)
or chloroform (CHCl3) solutions [13–17]. For pho-
toreceptor applications, two different types of poly-
carbonates are used: bisphenol A-polycarbonate
(BPAPC) and cyclohexyl polycarbonate (PCZ)
[21,22]. The effect of casting solvent on the charge
transport properties of polymers such as poly(3,4-
ethylenedioxythiophene) (PEDOT) [23], poly(3-
methylthiophene) [24,25], polypyrroles [26], and
polyanilines [27] has been discussed by a number
of authors. Phenomena such as enhanced ordering
of the polymer enabled by certain types of solvents,
polarity of the solvent, dielectric screening by the
solvent and ion pairing have been used to account
for the observed behaviour.

It is known that polymer solubility is highly
selective, and properties such as the viscosity
depend on the polymer–solvent pair. Intrinsic vis-
cosity is a measure of the polymer chain dimension
in a solvent, and higher viscosity would indicate
rod-like stiff and elongated chain behaviour,
whereas a flexible coil would lead to low viscosity.
Janeczek and Turska [28] reported a helix to ran-
dom coil transition in dilute solutions of BPAPC,
with a binary solvent system of n-propyl alcohol
and 1,1,2,2-tetrachloroethane (Cl2C2H2Cl2). The
intrinsic viscosity decreased as the concentration
of the alcohol increased, and a conformational tran-
sition occurred at a concentration of 30–40% (vol)
of n-propyl alcohol. This is indicative of the chain
collapse to a globular conformation. As we pointed
out in previous publications, the conformational
studies of polycarbonate [29,30] showed that both
extended zig-zag and flat helical conformations are
possible with equal probability for this polymer.

The question then arises as to the effect of such
conformational variability of the polymer, brought
about by the solvent, on the morphological features
of charge transport composites. If we consider that
the shape of the polymer in solution would persist
when cast as a film (in the absence of high shear
or any such perturbation), the morphology of the
resulting film would depend on the solvent used. It
was mentioned before [19] that it was difficult to
obtain stable composite film with dichloromethane
as a solvent in the case of TPD/PS composite,
whereas good quality films were obtained in the case
of TPD/PC system. Here we describe our studies on
the morphological features and phase-separation
behaviour of TPD/BPAPC, TPD/PCZ and TPD/
polystyrene (TPD/PS) composite films prepared
with different types of solvents: dichloromethane
(CH2Cl2), chloroform (CHCl3), toluene, tetrahydro-
furan (THF) and 1,1,2,2-tetrachloroethane
(Cl2C2H2Cl2). Techniques such as the DSC, X-ray
diffraction, polarizing optical microscopy, and vis-
cometry were used.
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2. Experimental

The samples of TPD, BPAPC and PCZ are the
same as used before [18,19] and were courtesy of
Xerox Research Centre of Canada. Polystyrene,
with an average molecular weight of 250,000 (den-
sity = 1.05 g cm�3), was purchased from Across
Organics. Composite films were prepared by dissolv-
ing appropriate mixtures of TPD/BPAPC, TPD/
PCZ and TPD/PS in dichloromethane (CH2Cl2),
chloroform (CHCl3), tertrahydrofuran (THF), tolu-
ene and 1,1,2,2-tetrachloroethane (Cl2C2H2Cl2) of
laboratory grade. Concentrations between 10% and
50% (wt) of TPD in the polymer were used. Films
were coated on a glass substrate using an electrically
driven film coater. Films prepared with CH2Cl2,
CHCl3, THF and toluene were dried at a very low
rate of solvent evaporation at ambient conditions
for 24 h, and then under vacuum for 48 h at 40 �C.
Films prepared in Cl2C2H2Cl2 were initially dried
at ambient condition, and these were then dried
under vacuum at 80 �C for 48 h. The final thickness
of the films was about 10–15 lm.

Thermal analysis was performed using a TA 2010
differential scanning calorimeter (DSC) at a heating
rate of 10 �C min�1 under nitrogen flow
(50 ml min�1). The DSC instrument was calibrated
for temperature and energy with indium and tin ref-
erence samples. DSC thermograms were recorded
with about 8–10 mg of sample. The crystallinity of
the samples was calculated as the ratio of the mea-
sured heat of fusion of the film corresponding to
the melting endotherm of TPD (normalized to the
weight fraction of TPD in the sample), and the heat
of fusion of 100% TPD.

X-ray diffraction measurements were performed
using a Philips automated powder diffractometer
Model PW 1710. Nickel-filtered Cu Ka radiation
(k = 1.54 Å) was used. The MDI Data Scan 3.2 soft-
ware (Materials Data Inc., Livermore, CA) was
used for data collection. The results were analyzed
using MDI Jade 5, to determine the crystallinity
(Xc). The Xc was calculated as the ratio of the inten-
sity under the crystalline peaks above the back-
ground and the total intensity.

Fourier transform infrared (FTIR) spectroscopic
measurements were performed at ambient condi-
tions using a Michelson M120 BOMEM FTIR spec-
trometer. The BOMEM GRAMS/386 software was
used for data collection.

The viscosity measurements were carried out
using a Gallenkamp viscometer at 30 �C, with the
viscometer immersed in a thermostatic water bath
with an accuracy of 0.01 �C. The reduced viscosity
was determined as a function of the polymer con-
centration between 0.05 and 0.25 g dl�1 for all sol-
vents used in this study. Each experiment was
performed in triplicate. The intrinsic viscosity [g]
was determined using the Huggin’s relationship
[31] as follows:

gsp

c
¼ gred ¼ ½g� þ kH½g�2c ð1Þ

Here, gsp, and gred are the specific and reduced vis-
cosity, respectively. The concentration of the solute
(c) is expressed in g/dl. The intercept corresponds to
the intrinsic viscosity and the Huggin’s constant
(kH) is determined from the slope of the curve.

A Zeiss Axioplan polarizing optical microscope
was used to record optical micrographs. The crystal
size was calculated using the Northern Eclipse ver-
sion 6.0 image analysis software.

3. Results and discussion

3.1. Solubility of TPD in the host polymer with
various solvents

The melting temperature of TPD is 171 �C, with
a heat of fusion 17.8 cal g�1. No other transition
was seen in the first DSC scan. A glass transition
temperature of TPD was seen at 63 �C in the second
scan, which is similar to the values of 65 �C and
61 �C reported by Shirota et al. [32], and O’Brien
et al. [33], respectively. The BPAPC, PCZ and poly-
styrene (PS) were amorphous as detected by DSC,
with Tg’s of 154, 184 and 103 �C, respectively.

The thermal properties of the as-prepared films
with 50% TPD are listed in Table 1. The extent of
depression of the glass transition temperature of
the polymer is taken as an indicator of the relative
solubility of TPD in the three host polymers
(BPAPC, PCZ and PS). It is interesting that the
depression of Tg depends on the solvent used for
preparing the films. Fig. 1 shows the measured Tg

as a function of TPD concentration, for the three
polymers, prepared with different solvents. The
BPAPC was not soluble in THF and toluene.
Fig. 1a shows that the addition of 50% TPD in
BPAPC lowers the glass transition temperature to
81 �C when the films were cast from CH2Cl2 and
CHCl3. This is a depression of 73 �C. The films pre-
pared from Cl2C2H2Cl2 showed a significantly lower
Tg of 68 �C (Table 1) for the same concentration of



Table 1
Thermal properties of ‘as-prepared’ composites using various solvents

Solvent TPD/BPAPC: 50/50 TPD/PCZ: 50/50 TPD/PS: 50/50

Tg (�C) Tm (�C) DH (cal/g) Tg Tm DH (cal/g) Tg Tm DH (cal/g)

CH2Cl2 81 96.4 166 0.32 – – –
CHCl3 79.4 166 1.24 86 165.4 0.25 76.9 161 0.05
THF – – – 90.6 164 0.25 79.9 163 3.82
Toluene – – – 92.4 165 0.15 81 167 8.42
Cl2C2H2Cl2 68.5 165.7 0.53 75.8 165.7 0.16 70 – –
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TPD in BPAPC. Fig. 1b shows the variation of Tg

with the concentration of TPD in PCZ. Although
the difference in Tg is negligible with films prepared
with CH2Cl2, CHCl3, THF and toluene, a signifi-
cantly lower Tg is seen in the case of Cl2C2H2Cl2.
With TPD/PCZ: 50/50, the depression of Tg was
found to be 98 �C for CH2Cl2 and CHCl3, 92 �C
for THF and toluene, and 108 �C for Cl2C2H2Cl2.
The difference is especially significant between
Cl2C2H2Cl2 and the rest of the solvents, with con-
centrations of TPD ranging from 10% to 40%. Note
that PCZ is soluble in THF and toluene whereas
BPAPC was not.

The Tg determined for the films of PS and TPD/
PS films prepared from CHCl3, THF, toluene and
Cl2C2H2Cl2, are shown in Fig. 1c. With TPD/PS:
50/50, the Tg is reduced to 80 �C with THF and tol-
uene, i.e., a depression of 23 �C. A larger reduction
of Tg by 26 and 33 �C occurs for the films cast from
CHCl3 and Cl2C2H2Cl2, respectively. Thus, for the
three polymers with TPD, a larger reduction in Tg

is seen with films cast from Cl2C2H2Cl2. For each
of the compositions, the depression of the Tg is
more pronounced in the case of TPD/PCZ than
for TPD/BPAPC and TPD/PS systems. We noted
before that higher the Tg of the host polymer, the
larger is the depression of Tg by TPD (or TTA)
[18]. In the case of TPD/PS system, it was observed
that the films cast in CH2Cl2, CHCl3 and
Cl2C2H2Cl2 were clear and transparent up to 50%
of TPD concentration, whereas the limit was 40%
of TPD in the case of THF as the solvent. The phase
separation begins at much lower concentration of
TPD (e.g. >20%) in PS matrix in the case of toluene
than the other solvents, as discussed in the next
section.

A concern could be raised that these differences
in the depression of Tg could be due to residual sol-
vent in some cases. However, it was found that there
was no difference in the Tg of the polymer by itself,
when films were cast from these various solvents,
and dried under the conditions described above.
Thus, we believe that the differences in the depres-
sion are due to the differences in the conformations
of the polymer in the different solvents, and the
effect of these on the miscibility of TPD with the
polymer. As it was mentioned in the Introduction,
conformational modeling [29,30] showed that the
polycarbonate chain could adopt a number of differ-
ent types of conformations, ranging from extended
zigzag to flat helical, with equal probability. The
former would facilitate a close packing of TPD
with the polymer segment. We show later, with vis-
cosity measurements that these polymers adopt an
extended conformation in Cl2C2H2Cl2.

3.2. Effect of annealing on Tg

Not only does the depression of glass transition
temperature depends on the solvent used, but also
the recovery of the Tg upon annealing these films.
In previous publications, we discussed the anneal-
ing-induced phase separation behaviour of the
charge transport molecule from the host matrices,
and rationalized them on the basis of molecular
interactions and the molecular flexibility of the
polymer. Annealing was performed at a few degrees
below the Tg of the host polymer. We considered
this to be similar to accelerated ageing. Accelerated
thermal treatment has been used by several authors
to study the ageing of polymers and polymer com-
posites [34]. While there might not be a standard
testing procedure to estimate the ageing effect of
charge transport layers (to include the combined
effect of heat, corona charging and other device con-
ditions) we used thermal annealing as a means to
study the phase separation of the hole transport
molecule from the charge transport layer.

Annealing was performed at 120, 130 and 140 �C
between 0.5 h to 4.0 h for TPD/BPAPC: 50/50, and
TPD/PCZ: 50/50 films. Upon annealing these
films at different temperatures and times, phase



Fig. 1. The glass transition temperature is plotted as a function
of TPD concentration for the TPD/polymer composite films cast
in various solvents: (a) TPD/BPAPC, (b) TPD/PCZ and (c)
TPD/PS.

Fig. 2. The recovery of Tg with annealing time at 120 �C for
TPD/BPAPC: 50/50 films cast from CHCl3, CH2Cl2 and
Cl2C2H2Cl2.

Fig. 3. The recovery of Tg with annealing time at 120 �C for
TPD/PCZ: 50/50 films cast from CHCl3, THF, toluene and
Cl2C2H2Cl2.
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separation of TPD occurs, leading to partial recov-
ery of the Tg of the polymer. Fig. 2 compares the
variation of Tg when TPD/BPAPC films prepared
from CHCl3, CH2Cl2, and Cl2C2H2Cl2 were
annealed at 120 �C, as a function of annealing time.
With the latter two solvents, there is a recovery of
only about 10� during the first half hour of anneal-
ing, and no further significant increase occurs with
time. However, with chloroform, the Tg continues
to recover, and after 4 h of annealing, it is 105 �C.
The films were not annealed beyond 4 h. Upon
annealing at higher temperatures of 140 �C for 4 h,
the Tg recovery was higher by about 10�. With an
annealing temperature of 140 �C, after 4 h, the
extent of recovery in Tg was 49 �C for CHCl3 and
21 �C in the case of Cl2C2H2Cl2. Thus, apart from
the depression of Tg of the as-prepared films, the
recovery upon annealing also depends on the sol-
vent used.

The recovery of Tg upon annealing at 120 �C
with time for the PCZ/TPD: 50/50 films cast with
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Fig. 4. X-ray and DSC crystallinity measurements for TPD/
BPAPC: 50/50 composites: (a) X-ray diffraction traces, (b) X-ray
and DSC crystallinities plotted as a function of annealing time for
films cast from CHCl3 and Cl2C2H2Cl2.
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various solvents is shown in Fig. 3. With the film
cast in CHCl3, the maximum recovery of Tg was less
than 10�, which is a third of the maximum recovery
of Tg for BPAPC/TPD with this solvent. The recov-
ery of Tg was even lower (about 5�) for the PCZ/
TPD: 50/50 films made from THF and toluene. In
contrast to those solvents, a sharp increase in Tg

(although only about 15�) was observed during the
first hour of annealing for the film prepared from
Cl2C2H2Cl2. Thus, although BPAPC and PCZ are
homologous polymers, differing only in the substitu-
tion at the isopropyledene carbon, the Tg recovery is
different for the films made with CHCl3.

As mentioned earlier, the Tg of PS is 51 �C and
81 �C lower than the BPAPC and PCZ, respectively.
The phase separation of TPD was observed in TPD/
PS: 50/50 system with the films cast from THF and
toluene. Although the composites prepared in
Cl2C2H2Cl2 were transparent and clear, the film
was brittle, and hence no annealing experiments
were undertaken. Samples prepared from CHCl3in
the case of TPD/PS system with 50% TPD concen-
tration was transparent, clear and less brittle, and
the annealing was performed between 80 and
90 �C. There was an increase in Tg up to 1 h of
annealing time, beyond which the increase in Tg

was negligible. The maximum recovery of Tg was
only about 8 �C for annealing at 90 �C for 4 h. This
can be contrasted with the Tg recovery with films of
PS/TPD made from CH2Cl2, which showed a recov-
ery of 30 �C with the same annealing conditions
[19].

3.3. Effect of solvents on crystallinity of phase-

separated TPD

The crystallinity of phase-separated TPD was
evaluated from the X-ray diffraction and the heat
of fusion. The weight percent of TPD that crystal-
lized out from the host polymer is referred to as
crystallinity in this study. Fig. 4a illustrates typical
changes in the X-ray diffraction profile of TPD/
BPAPC: 50/50 film with annealing. No crystalline
peak is observed with the as-prepared film, which
suggests that the TPD is dispersed in the host poly-
mer at molecular level and no aggregation has taken
place to form crystals that could be detected by X-
ray diffraction. The crystalline peaks due to the
phase separated TPD in BPAPC begin to appear
after annealing at 120 �C for 0.5 h. The intensity
of these peaks increased with the annealing temper-
ature and time. Fig. 4a shows the diffraction pattern
after annealing at 140 �C for 4 h. The crystallinity
calculated from X-ray diffraction and the DSC
methods are shown in Fig. 4b, for TPD/BPAPC:
50/50 films prepared from CHCl3 and Cl2C2H2Cl2.
With the films cast in CHCl3 the crystallinity of
phase separated TPD is about 45–50% with anneal-
ing at 140 �C for 4 h. Small differences in the crystal-
linities measured by the two methods is expected.
The X-ray measurement is static i.e., the sample
was annealed and then the diffraction was per-
formed at room temperature. However, with the
DSC method, the sample is again heated. For the
films cast in Cl2C2H2Cl2, the crystallinity upon
annealing is about 10% lower. As discussed before,
the films cast in CHCl3 showed a much higher Tg

recovery (30 �C) upon annealing at 140 �C for
4.0 h, than that cast from Cl2C2H2Cl2 (Fig. 2).
The extent of crystallinity of phase separated TPD
in films prepared with Cl2C2H2Cl2 is significantly
higher than the Tg recovery. The latter is only about



Fig. 5. Crystallinity of phase separated TPD from TPD/PS: 50/
50 composite plotted as a function annealing time.
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10�, whereas the crystallinity is about 35%. Similar
was the behaviour of the films prepared from
CH2Cl2 i.e., the recovery of the Tg was less than
what could be expected from the crystallinity of
the phase separated TPD [18]. This contrast was
attributed previously [18] to some of the submicron
crystals acting as a plasticizer, and lowering the Tg

of BPAPC.
Annealing of films of TPD/PCZ cast in various

solvents (e.g. CHCl3, THF, toluene and
Cl2C2H2Cl2), with 50% TPD concentration, led to
crystallinity values of less than 10%. This is in
accord with a small Tg as shown in Fig. 3.

Fig. 5 shows the crystallinity of phase separated
TPD upon annealing the PS/TPD: 50/50 film pre-
pared with CHCl3 at 80, 85 and 90 �C. No signifi-
cant crystallinity is detected by annealing at 80 �C.
The crystallinity increases with time upon annealing
at 85 or 90 �C, to about 16%. In contrast, our pre-
vious study [19] showed a crystallinity of about
30% with films made from CH2Cl2, annealed at sim-
ilar temperatures.

Some comments should be made on the films pre-
pared with polystyrene as the host matrix. It is dif-
Fig. 6. Optical micrographs of TPD/BPAPC composites with 50% TPD
140 �C for 4 h; Cl2C2H2Cl2 (c) as prepared film and (d) annealed at 14
ficult to prepare uniform films of TPD/PS with 50%
TPD concentration. With films made from CHCl3
and THF, no endotherm was detected up to 40%
concentration of TPD. However, with toluene as
the casting solvent, phase separation begins from
30% of TPD concentration and a melting endo-
therm (Tm) of TPD was detected at 158 �C. The
concentration, film cast in CHCl3 (a) as prepared, (b) annealed at
0 �C for 4 h.
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Tm increases to 167 �C with a TPD concentration of
50%. The melting temperature of TPD (by itself) is
171 �C. When it is dispersed in a polymer matrix, a
depression of Tm is noted. With BPAPC/TPD or
PCZ/TPD films (prepared with CH2Cl2) in our pre-
vious study, a depression of about 5 �C was noted in
the Tm of TPD. We have previously reported [35,36]
similar depression of the Tm of other small mole-
cules when dispersed in polymer matrices. As seen
in Table 1, in the present study it was found that
the Tm of TPD was 161, 163 and 167 �C for films
of PS/TPD: 50:50, prepared with CHCl2, THF
and toluene, respectively. Thus, the extent of
depression of Tm also depends on the solvent used
in the case of polystyrene.

3.4. Effect of solvent and annealing on the

morphology

As we discussed the effect of solvent used for film
casting on the thermal and phase separation proper-
ties, it is also interesting that the morphology of the
phase separated TPD depends on these factors. The
optical micrographs of as prepared film of TPD/
BPAPC prepared from CHCl3 and Cl2C2H2Cl2,
Fig. 7. Optical micrographs of TPD/PCZ composites with 50% TPD
solvents (a) CHCl3, (b) THF, (c) toluene and (d) Cl2C2H2Cl2.
and annealed at 140 �C for 4 h are shown in
Fig. 6. Certainly the crystal growth would depend
on the temperature and time used for annealing.
We show the morphology corresponding to the as-
prepared films and those annealed at 140 �C for
4 h. Fig. 6a and c show that the as prepared films
are amorphous, although a few tiny crystals
(�10 lm) are observed with both solvents. Upon
annealing at 140 �C for 4 h, needle-like crystals
grow, with average lengths of 1200 and 800 lm,
respectively (Fig. 6b and d), for films cast from
CHCl3 and Cl2C2H2Cl2 (although it is difficult to
see the length clearly from these figures). These crys-
tals seem to grow in clusters from a common center.
On the other hand, the morphology is significantly
different for PCZ based films, as seen in Fig. 7. In
this case, the as prepared films showed an amor-
phous nature for all solvents similar to that of
BPAPC. With annealing at 140 �C for 4 h, the crys-
tal sizes are found to be in the range of 2–500 lm
using CHCl3 as the solvent, and the population of
crystals is far less than that of BPAPC for the same
solvent (compare Fig. 6b and 7a). The average size
of crystals is significantly smaller with films of
TPD/PCZ made from THF (10–100 lm), toluene
concentration, annealed at 140 �C for 4 h. Films cast in various
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(2–50 lm) and Cl2C2H2Cl2 (1–20 lm). In each case
except with toluene, the crystals grow with a needle
shape, and the nucleation density seems to increase
in the order CHCl3, THF and Cl2CH2CH2Cl2. The
crystals are prismatic in the case of toluene.

The micrographs of TPD/PS films are shown in
Fig. 8. No crystals were seen up to 50% of TPD con-
centration in the films prepared from CHCl3
(Fig. 8a) and Cl2C2H2Cl2. However, with the latter,
the films were brittle and no further analysis was
performed. Phase separation begins above 40% of
TPD with THF as the solvent (Fig. 8c), and above
20% of TPD when using toluene (Fig. 8d). The aver-
Fig. 8. Optical micrographs of TPD/PS composites; TPD/PS: 50/50 (a)
in CHCl3), (c) as prepared film in THF, (e) in toluene and (d) TPD/PS
age crystal sizes are 70 and 40 lm, for the morphol-
ogies shown in Fig. 8c and d, respectively. It should
be noted that due to the small sizes of the crystals in
these figures, the films might appear transparent.
The profuse crystallization with PS/TPD: 50/50
with toluene as the solvent is shown in Fig. 8e.
Although the as-prepared film in chloroform does
not show any significant crystallization, whiskers
of crystals develop upon annealing at 90 �C for
4 h. Thus the crystal habits are different, indicating
that the kinetics of phase separation and crystal
growth depend on the solvent used for casting the
films.
as prepared film cast in CHCl3, (b) annealed at 90 �C for 4 h (cast
30/70 in toluene.
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3.5. Infrared spectroscopy

We used IR spectra before to qualitatively infer the
molecular interactions between TPD or tritolylamine
(TTA) with polycarbonates in the films cast from
methylene chloride [18,20]. Certainly, there would
be differences in the absorption frequencies between
the polycarbonate in the solid state and in solution.
In the latter case, the intermolecular interaction
between the polymer chains is replaced to a large
extent by the polymer–solvent interaction. The
absorption spectra would depend on the local confor-
mation of the polymer. This in itself is a specialized
study. However, for qualitative comparison, we
recorded FTIR spectra for BPAPC, PCZ and PS in
the solid state and in solution with the three different
solvents (CH2Cl2, CHCl3 and Cl2C2H2Cl2), at a
concentration of 0.25 g/dl. The specific absorption
bands are discussed for these polymers to illustrate
that conformational differences could exist, depend-
ing on the solvent. Developing detailed correlations
between the peak positions and the conformation of
the polymer is a major study by itself, and is not
attempted here. Some of the absorption frequencies
Table 2
Comparison of some IR peak positions of BPAPC, PCZ and PS polym

Wave number (cm�1)

Assignments BPAPC (solid) BP
(0.2

Aromatic C–H stretch 3059, 3042 305
C@O stretch 1775 177
C–O–C antisymmetric stretch 1365, 1225 126
Aromatic C–H in-plane-bend 1164, 1104 1081, 1015 116

Aromatic C–H out-of-plane-bend 888, 831, 769 707 894

PCZ (solid) PC
(0.2

Aromatic C–H stretch 3058, 3043 2936, 2861 306

C@O stretch 1776 177
C–O–C antisymmetric stretch 1226 125
Aromatic C–H in-plane-bend 1199, 1164 1107, 1014 119

Aromatic C–H out-of-plane-bend 886, 822, 769 898

PS (solid) PS
(0.2

Aromatic C–H stretch 3102, 3082 3060, 3025 3002 306
C@C–C aromatic ring stretch 1600, 1583 1493, 1452 160

Aromatic C–H in-plane-bend 1180, 1155 1069, 1029 125
Aromatic C–H out-of-plane-bend 842, 758, 701 986
are listed in Table 2 for the solid polymer, and the
dilute solution in the above solvents. The peaks at
3059 and 3042 cm�1 in BPAPC and PCZ spectra
correspond to aromatic CH stretch [37]. A single
peak at 3051 cm�1 was observed for BPAPC in
CH2Cl2 solution. This peak is shifted to a much lower
value (e.g. 3031 and 3009 cm�1), in the case of CHCl3
and Cl2C2H2Cl2. A similar difference in the peak shift
is also seen in the case of PCZ and PS in these
solvents.

The band at 1775 cm�1 is due to the carbonate
segment. Varnell et al. [38] used the position of this
absorption peak to determine the conformation of
polycarbonate, in its blend with poly(e-caprolac-
tone). They observed that the carbonyl stretching
vibration at 1775 cm�1 corresponds to the confor-
mation in the (disordered) amorphous state. This
peak shifts to 1768 cm�1 in their work, when the
polycarbonate adopts a conformation similar to
that in the crystalline state. This is the ‘‘preferred
conformation’’ which allows for stretching of the
polymer chain so as to allow interactions of the car-
bonate group with the solvent. In the present work,
this peak is shifted to a lower wave number by 9 and
ers in solid state and in different solvents

APC + CH2Cl2
5 g/dl)

BPAPC + CHCl3
(0.25 g/dl)

BPAPC + Cl2C2H2Cl2
(0.25 g/dl)

1 3031 3009
2 1770 1766
4, 1195 1334, 1231 1339, 1280
4, 1081, 1015 1164, 1081,

1046 1016
1163, 1088, 1015

928, 877, 850 977, 935, 910

Z + CH2Cl2
5 g/dl)

PCZ + CHCl3
(0.25 g/dl)

PCZ + Cl2C2 H2Cl2
(0.25 g/dl)

0, 2981, 2863 3028, 2977
2940, 2896

3007, 2863

3 1771 1765
1, 1197 1231, 1164 1279, 1204
7, 1164, 1014 986 1164, 1108,

1046 1015
1089, 1014, 977

929, 877, 850 933, 910

+ CH2Cl2
5 g/dl)

PS + CHCl3
(0.25 g/dl)

PS + Cl2C2 H2Cl2
(0.25 g/dl)

0, 2991 3014, 2977 3006
2, 1551, 1422 1602, 1581, 1523,

1476, 1424
1602, 1561, 1519 1493,
1453, 1442 1417

3, 1156, 1020 1222, 1046, 1279, 1156, 1089 1029
, 898 929, 877, 850 977, 910
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11 cm�1 in the solutions of BPAPC and PCZ,
respectively in Cl2C2H2Cl2. This indicates that the
conformation of the polycarbonate is stretched (or
extended as in its crystalline state) in this solvent.
The shift of this peak (i.e., carbonate segment)
was insignificant (e.g. 2–5 cm�1) with the other
two solvents.

The band at 1225 cm�1 is attributed to the C–O–
C stretch which shifted to higher wave number by
39, 6 and 55 cm�1 for BPAPC in CH2Cl2, CHCl3
and Cl2C2H2Cl2, respectively. A similar trend is also
observed in the case of PCZ in these solvents. The
peaks in the region from 700 to 1200 cm�1 are due
to the aromatic CH in-plane and out-of-plane bend-
ing vibration of polymers. The peak positions are
again dependent on the solvent. Similar shifts in
absorption frequencies are seen with polystyrene
as well.
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Fig. 9. The reduced viscosity plotted as a function of polymer
concentration (Cp, g/dl) in various solvents.
3.6. Viscosity

We find that when only the polymer is used for
casting the films (without the TPD), the Tg’s of the
polymers are not affected by the solvent used. We
are not aware of any reported case to the contrary
with any polymer. It is also known that when a sol-
vent is used as a diluent, it can plasticize a polymer
and depress its Tg. However, in the present work,
the depression of Tg with TPD concentration
depends on the solvent. If the conformation of a
polymer in a solvent were such that it is extended
(stretched out), an efficient intercalation of the
TPD with the polymer would be possible. This would
then lead to a larger depression of the Tg of the poly-
mer. We noted before that the depression of Tg with
either TPD or TTA is much larger with PCZ than
with BPAPC. The former is more sterically hindered
than BPAPC. It is possible that the molecular
conformation of polycarbonate depends on the sol-
vent, as was found in the studies of Janeczek and
Turska [28].

The effect of the solvent on the configuration of
the polymer was investigated by means of viscosity
measurements. The variation of reduced viscosity
with the solvent is plotted in Fig. 9 as a function
of polymer concentration for various solvents. The
intrinsic viscosity [g] as determined from the inter-
cepts of the curves in Fig. 9, are presented in Table
3. It is seen that the g is significantly higher in the
case of Cl2C2H2Cl2 as compared to the other sol-
vents for the two types of polycarbonates and PS.
The maximum Tg depression was observed for all
composites prepared with this solvent, as seen in
Fig. 1. Fig. 9a and Table 3 show that the [g]
increases in the order CH2Cl2, CHCl3 and
Cl2C2H2Cl2. It is also seen from Table 2, that the
shift of the IR peak position corresponding to



Table 3
Intrinsic viscosity of the polymers in the selected solvents

Solvent Intrinsic viscosity (g) (dl/g)

BPAPC PCZ PS

CH2Cl2 1.1083 1.1821 0.6752
CHCl3 1.3903 1.6016 0.8001
THF – 1.2135 0.7358
Toluene – 0.8584 0.6958
Cl2C2H2Cl2 1.5378 1.8107 0.8374
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C@O stretch decreases in the same order. The same
trend is seen for PCZ in Fig. 9b, and in the shift of
the IR frequency. The [g] for PCZ is higher than
that for BPAPC in each of these solvents. Thus
the polycarbonate chain is more extended in
Cl2C2H2Cl2. While this does not manifest itself in
the Tg of the polymer by itself, it facilitates a more
efficient plasticization by the small molecule in the
presence of TPD. This in turn increases the stability
of the composite against phase separation upon
annealing. Since PCZ is conformationally more
restricted compared to BPAPC, the effect is more
pronounced.
4. Conclusions

We show that the conformation of polycarbonate
and polystyrene is extended when Cl2C2H2Cl2 is
used for film casting. This facilitates the intercala-
tion of TPD, and results in larger depression of
the Tg of the polymer in the composites with
TPD. This in turn reduces the phase separation
upon annealing. The extended conformation of the
polymer in this solvent is confirmed with IR spectra
as well as the viscosity measurements. As noted
before, the work of Janeczek and Turska [28] also
showed the extended (rod-like) conformation of
polycarbonate in Cl2C2H2Cl2, which transitioned
to a coil in mixtures of this solvent with n-propyl
alcohol. Previous studies [23–27] were concerned
with the effect of solvent on the charge transport
properties of polythiophenes, polypyrroles and
polyanilines. In the present study, we focused on
the influence of the film-casting solvent on the sta-
bility of the polymer-charge transport molecule
composite against phase separation. We show that
the extended conformation of the polymer in
Cl2C2H2Cl2 is responsible for this enhancement of
the morphological stability.
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Abstract

A new oligomer of bithiophene and substituted fluorene has been successfully synthesized, exhibiting good FET perfor-
mance. Our results show that devices can be obtained from inkjetted OTFTs and elaborated by direct writing without any
particular pre-patterning or self-alignment techniques. We have also demonstrated the possibility to fabricate inexpensive
OTFTs by direct writing paving the way toward using inkjet printing as the key technology for such applications in plastic
electronics. The ease of this technique allows charts a clear path to flexible electronics.
� 2006 Elsevier B.V. All rights reserved.

PACS: 85.30.�z; 72.80.Le; 81.07.�b; 73.61.Ph; 85.30.Tv

Keywords: Inkjet printing; OTFT; Semiconductor molecular engineering; Gold nanoparticles; Direct writing
Here we describe the direct inkjet printing of
transistors that utilize a semiconducting layer
formed from the oligomers of bithiophene and the
substituted fluorene and source and drain electrodes
formed from gold nanoparticles. Organic materials
are promising candidates to make organic thin-film
transistors (OTFTs) active components for the fab-
rication of low-cost devices for applications such as
radio frequency identity (RFID) tags [1], polymer
electronics [2], and OTFT display backplanes [3].
However, the carrying out of OTFTs does not
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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attain the low-cost expected. Inline mass produc-
tion, where the global process is made in continuous
by one machine as fast as possible, fills this require-
ment. That is to say the integration of processes like
spin-coating, photolithography, e-beam lithogra-
phy, or vacuum thermal evaporation (VTE) steps
[4] will become too expensive.

Direct printing techniques are mentioned to be
one of the key-technologies [5] to complete such
plastic electronics devices. The first existing tech-
nique consists of a pad printing technique in contin-
uous processing [6]. The second approach is based
on flexography technique which requires, as a pre-
ceding step to processing, the fabrication of a solid
master by photolithography [7]. The last approach
.
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is based on drop on-demand inkjet printing (DOD-
IJP) technique. This latter process allows the elabo-
ration of OTFTs, even without (i) patterning
through a shadow- or photo-mask, (ii) drops self-
alignment thanks to a pre-patterning made by pho-
tolithography [8], (iii) etching and cleaning steps.
Nonetheless, the materials used in DOD-IJP must
be present in solution and potentially have high
electrical properties.

Based on the work of Fréchet et al. [9], we
selected well-defined oligomers rather than poly-
mers as the subunit for the semiconducting layer.
We utilized the oligomers of fluorene and bithioph-
ene because their polymers [10] and other related
oligomers [11] have been used extensively in electri-
cal devices [10,11]. Oligomers present many advan-
tages over polymers. For example, a higher degree
of purity in oligomers should allow for a better
opportunity to control the molecular arrangement.
In addition the oligomers are easily processed due
to their solubility and low viscosity.

Scheme 1 shows the synthesis of our target
organic semiconductor (1). The synthesis involves
two sequential Suzuki coupling reactions [12]. The
Scheme 1. Reagents and conditions: (a) K2CO3, Pd(PPh3)4, toluene/H
Pd(PPh3)4, toluene/H2O, reflux.

Fig. 1. (a) Transconductance at VDS = � 100 V and (b) output ch
evaporation (dots in each figure are experimental data).
first coupling differentiates the two bromine atoms
of the bithiophene by reaction with phenylboronic
acid, and the second coupling joins two of these
pieces to the diboronic acid of 9,9-didodecylfluorene
(Scheme 1).

To test 1 for its efficacy in thin film transistors,
we have fabricated thermally evaporated thin films
of it and used a metal mask to define the source
and drain electrodes. The doped silicon wafer serves
as a global back gate for the devices. We deposited
50 nm of 1 followed by the Au electrodes, again by
vacuum evaporation. The channel length (L) was
75 lm and the electrode width (W) was 2 mm.
Fig. 1a and b show the transconductance and tran-
sistor output for a typical device. The mobility
(8 · 10�3 ± 10�3 cm2 V�1 s�1) and threshold volt-
age (below �20 V) are calculated by plotting
jIDSj1/2 versus VG, using the formula [13]: IDS =
(lWCi/2L) Æ (VG � VTH)2 with the capacitance
C = 11.3 nF/cm2 for the gate dielectric layer [14].
The gate dielectriccapacitance (300 nm of SiO2 and
a monolayer of HMDS) comes from measurements
over a range of frequencies [13] and is what would
be expected for a 300 nm thick silicon oxide layer
2O, reflux, (b) 9,9-didodecylfluorene-2,7-diboronic acid, K2CO3,

aracteristics for OTFTs from 1 deposited by thermal vacuum



Fig. 3. Two-probe conductivity measurements of inkjetted and
evaporated gold lines.
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with few defects [14]. These unoptimized result are
consistent with the performance of fluorene-bithi-
ophene based polymeric semiconductors [15,16].

Next we focus on printing the source and drain
electrodes. Here we use nanoparticles of Au [18,19]
and print them on clean silicon wafers coated with
an HMDS self-assembled monolayer. We filtered a
solution of capped gold nanoparticles (3 wt.%)
diluted in toluene/a-terpineol mixing (1.5/1 v/v)
and then printed them with the inkjet setup described
in the experimental section. Wafers were heated at
40 �C during the deposition process and the printed
lines were subsequently annealed at 130 �C for
�1 h under ambient conditions to enhance the con-
ductivity of the gold lines. We can notice shortest
anneal times can be addressed for Au nanoparticles
capped with shorter alkane-thiols chains [18]. The
spatial control of features goes down to 30 lm
without pre-patterning the wafer or conductor self-
alignment techniques [8,10,15]. The cross section of
a line is not uniform in thickness due to a splash-
effect. The printed lines are 1 mm long, 120 lm wide
and 200 nm thick. Fig. 2 shows an optical micros-
copy image of inkjet printed gold lines.

Fig. 3 shows the results of simple two-probe mea-
surements comparing the conductivity from ther-
mally evaporated gold lines and the inkjet printed
lines. The conductivity of printed lines were lower
by around a factor of 3 (from 3 · 104 S/cm and
9 · 104 S/cm) and similar to the results of others
who have printed gold lines from gold nanoparticles
[17,18].

Using these printed lines, we next turned our
attention to printing the oligomer that was synthe-
Fig. 2. Optical microscopy image of inkjet printed gold lines
separated by 71.3 lm, 45 lm and 30 lm, respectively without pre-
patterning or self-alignment on substrates.
sized and tested above. We first filter (MilliporeTM,
200 nm pore diameter) a solution of 1 in 1,2,4 tri-
cholorobenzene (5 mg/mL) and print this between
gold lines that define the source and drain of the
transistor (Fig. 4a). The material was annealed at
140 �C for 30 min under an argon atmosphere.
The printed OTFTs have a channel length (L) of
45 ±5 lm and channel width (W) of 270 lm. The
device exhibits an average field effect mobility of
5.4 · 10�4 cm2 V�1 s�1 and an on/off current ratio
of 6 · 103 at VDS = �100 V (Fig. 4b). The output
characteristics show good saturation and no sign
of significant contact resistance (Fig. 4c). The
threshold gate voltage is below �30 V (Fig. 4b).

In conclusion, a new oligomer has been success-
fully synthesized, exhibiting good FET perfor-
mance. Our results show that devices with good
performance can be obtained from an all-inkjetted
OTFT elaborated by direct writing without any par-
ticular pre-patterning or self-alignment techniques
[8,10,15]. We have also demonstrated the possibility
to fabricate inexpensive OTFTs by direct writing
paving the way toward using inkjet printing as the
key technology for such applications in plastic elec-
tronics. The ease of this technique and the possibil-
ity of organic semiconductor engineering with better
electrical performances allow charts a clear path to
flexible electronics.

Experimental section

The devices made by VTE were measured under
daylight and ambient conditions using an
HP4156C semiconductor analyzer, and exhibiting
a field-effect mobility of 8 · 10�3 cm2 V�1 s�1 with



Fig. 4. (a) Schematic description of OTFT fabrication by printing (DOD-IJP): source, drain (gold nanoparticles) electrodes and 1 as
semiconductor, (b) transconductance at VD = � 100 V and (c) output characteristics of all-inkjet printed OTFTs on insulated silicon
wafer.
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an on/ off current ratio of 6 · 103 at VDS = �100 V
(Fig. 1a).

The synthesis of gold nanoclusters were first
reported by Murray [19]. 1.5 g of tetroactylammo-
nium bromide was mixed with 80 mL of toluene
and added to 0.31 g of HAuCl4:xH2O in 25 mL of
deionized water. AuCl�4 was transferred into tolu-
ene and the aqueous phase was removed.

The DOD-IJP experiment used in the present
study is a custom-build setup, composed of three
parts: (i) DOD-IJP assembly, (ii) X–Y translation
stages, and (iii) a computing system, which com-
mands both the DOD-IJP dispensing device and
the X–Y stages, simultaneously. MicroJetTM print-
heads, drop-on-demand dispensing devices, pro-
vided by Microfab Inc. were employed. The
Piezoelectric DOD used in this apparatus is suited
for dispensing droplets with a diameter of 50 lm
from a range of solvents including water and many
organic solvents. Waveform dispensing controller
generates bipolar pulses which avoids the formation
of satellites droplets during jetting. X–Y translation
stages are driven by a stepper-motor with a resolu-
tion of 1 lm over which is mounted a hotplate used
to heat the predeposited droplets, and to enhance
the continuity of the printed lines. The DOD-IJP
experiment was undertaken in a standard labora-
tory environment at under ambient conditions, with
no temperature or humidity control.
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Murphy, J.M.J. Fréchet, Chem. Mater. 16 (23) (2004) 4783.
[10] N. Stutzmann, R.H. Friend, H. Sirringhaus, Science 299

(2003) 1881.
[11] H. Meng, Z. Bao, A.J. Lovinger, B.-C. Wang, A.M. Mujsce,

J. Am. Chem. Soc. 123 (2001) 9214.
[12] N. Miyaura, A. Suzuki, Chem. Rev. 95 (1995) 2457.



S. Sanaur et al. / Organic Electronics 7 (2006) 423–427 427
[13] Q. Miao, M. Lefenfeld, T.-Q. Nguyen, T. Siegrist, C. Kloc,
C. Nuckolls, Adv. Mater. 17 (2005) 407.

[14] S.M. Sze, Physics of Semiconductor Devices, Wiley-Inter-
science, New York, 1969.

[15] T. Kawase, T. Shimoda, C. Newsome, H. Sirringhaus, R.H.
Friend, Thin Solid Films 438 (2003) 279.

[16] K.E. Paul, W.S. Ong, S.E. Ready, R.A. Street, Appl. Phys.
Lett. 83 (2003) 2070.
[17] Y. Wu, Y. Li, B.S. Ong, P. Liu, S. Gardner, B. Chiang, Adv.
Mater. 17 (2005) 184.

[18] D. Huang, F. Liao, S. Molesa, D. Redinger, V. Subrama-
nian, J. Electrochem. Soc. 150 (2003) G412.

[19] M.J. Hostetler, J.E. Wingate, C.J. Zhong, J.E. Harris, R.W.
Vchet, M.R. Clark, J.D. Longdono, S.J. Green, J.J. Stokes,
G.D. Wignall, G.L. Glish, M.D. Porter, N.D. Evans, R.W.
Murray, Langmuir 14 (1998) 17.



Organic Electronics 7 (2006) 428–434

www.elsevier.com/locate/orgel
Letter

Low-temperature self-assembly of copper
phthalocyanine nanofibers

Shich-Chang Suen a, Wha-Tzong Whang a,*, Fu-Ju Hou b, Bau-Tong Dai b

a Department of Materials Science and Engineering, National Chiao Tung University, 1001 Ta Hsueh Road, Hsinchu 30050, Taiwan, ROC
b National Nano Device Laboratories, No. 26, Prosperity Road I, Science-based Industrial Park, Hsinchu, Taiwan, ROC

Received 26 April 2006; received in revised form 29 May 2006; accepted 30 May 2006
Available online 30 June 2006
Abstract

This paper describes a method for producing 1D organic nanofibers by exploiting intermolecular dispersive forces dur-
ing the self-assembly of CuPc molecules. The average length of these CuPc nanofibers deposited at 100 �C, a temperature
much lower than that required for the synthesis of carbon nanotubes, was ca. 500 nm, with diameters in the range 15–
50 nm. XRD analysis of these nanofibers revealed that they possessed an a phase structure. HRTEM images indicated that
the CuPc nanofibers formed through layered stacking of CuPc molecules. These CuPc nanofibers exhibit field emission
characteristics (with a turn-on field of 13.6 V/lm) and follow Fowler–Nordheim behavior in a manner similar to that
of carbon nanotubes. The stable emission current and relative simplicity of their synthesis suggest a broad range of appli-
cations for CuPc nanofibers in nanoscience and nanotechnology.
� 2006 Elsevier B.V. All rights reserved.

PACS: 79.70.+q; 81.07.Nb; 85.35.; 81.16.Dn; 72.80.Le

Keywords: Field emission; Self-assembly (nanofabrication); Organic semiconductors; Nanofibers; Copper Phthalocyanine
1. Introduction

One-dimensional (1D) nanostructures of inor-
ganic materials continue to attract a great deal of
interest because of their peculiar properties, relative
to those of their bulk counterparts, and great poten-
tial for application [1–5]. Presently, however, the
conditions employed to synthesize such inorganic
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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nanostructures involve the use of high-temperatures
and/or catalysts. Many recent studies have indicated
that organic compounds can form 1D nanostruc-
tures under mild conditions when intermolecular
dispersive forces are exploited in self-assembly pro-
cesses [6–12]. When biased in a vacuum chamber,
most of these nanostructures exhibit excellent field
emission characteristics [10–12]. Copper phthalocya-
nine (CuPc), which has been known for almost a cen-
tury, is a particularly appealing compound for a
variety of applications. For example, its extreme
resistance to chemical and thermal degradation
and its p-type semiconducting characteristics have
led to its use as a hole transport layer in organic
.
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light-emitting diodes (OLEDs) [13] and as an active
layer in organic thin film transistors (OTFTs) [14]. In
addition, the excellent photoconductive properties
of CuPc enable its application in the photoconduc-
tive layers of photocopying machines and solar cells
[15,16]. All of these applications are based, however,
on the electrical characteristics of CuPc in the form
of thin films. To our knowledge, there have been
no previous reports describing the applications of
CuPc as 1D structures. The planar macrocyclic
structure and extended p-electron system of CuPc
molecules suggested to us that they would be good
candidates for forming 1D structures through inter-
molecular p–p stacking interactions. In this study we
prepared 1D CuPc nanofibers and evaluated their
field emission characteristics. We have characterized
these CuPc nanofibers using scanning electron
microscopy (SEM), X-ray diffraction spectroscopy
(XRD), and high-resolution transmission electron
microscopy (HRTEM) techniques.

2. Experimental procedure

The CuPc films were grown through vacuum sub-
limation in a thermal coater at a base pressure of ca.
3 · 10�6 torr. Commercial powders of CuPc were
sublimed onto various substrates, including Al, Ti,
TiN, Au, and SiO2, from a heated crucible. The
temperature of the crucible was ca. 100 �C; the cor-
responding deposition rate, determined using a
quartz crystal microbalance, was 3 Å/s. To study
the effect of the temperature on the film morphol-
ogy, these substrates were maintained at 25, 100,
150 or 200 �C. Structural investigations were
performed using a JEOL JSM-6500 F scanning elec-
tron microscope. Grazing incident X-ray diffraction
was performed using a PHILIPS X’Pert Pro X-ray
diffraction system equipped with a Cu-Ka radiation
source. Contact angles and surface energies were
determined using a KRU}SS GH-100 universal sur-
face tester. The profiles and fine structures of the
nanostructures were imaged and analyzed using a
JEOL JEM-2010 F high-resolution transmission
electron microscope equipped with an Oxford
energy dispersive spectrometer. The field emission
measurements were performed in a vacuum cham-
ber (ca. 10�6 torr) with a cylindrical copper elec-
trode (diameter: 2.2 mm) positioned above the
substrate surface at a distance of 75 lm. A Keithley
237 instrument was used to measure the emission
current of the CuPc nanofibers as a function of
the sweep bias.
3. Results and discussions

The choice of film growth method and the crystal-
line properties and surface energies of the substrates
have profound effects on the surface morphologies
of coated organic thin films [17]. In most cases, the
crystallinity of the substrate strongly affects the crys-
tallinity of the deposited film. The surface energy of
the substrate, which governs the mobility of the
deposited molecules on that surface, determines the
wetting ability of the coated film. Therefore, to
determine the growth conditions necessary to pre-
pare 1D CuPc nanostructures, we deposited CuPc
molecules onto different substrates, namely Al, Au,
Ti, TiN and SiO2, at various temperatures and used
SEM to investigate their morphologies.

Fig. 1(a) and (b) present SEM images of CuPc
films deposited at room temperature onto SiO2

and Au substrates, respectively. Both images display
contiguous granular crystals that possess smooth
morphologies. The mean diameters of the granular
crystals formed on the Au and SiO2 substrate were
both ca. 25 nm. Similar granular morphologies were
exhibited for the films coated on the other substrates
(Al, Ti and TiN), although with different crystallite
sizes. When the substrates were heated above
100 �C, however, we observed totally different mor-
phologies. Fig. 1(c) displays the in-plane island mor-
phology of the CuPc layer on SiO2. In contrast, the
layer deposited onto the Au substrate possessed an
out-of-plane 1D nanofiber morphology (Fig. 1(d)).
The CuPc packing morphologies on TiN were sim-
ilar to those on the gold surface, whereas those on
the Ti and Al substrates were a mixture of both
kinds. The average length of the nanofibers formed
on the gold substrate was ca. 500 nm, with their
diameters falling in the range 15–50 nm. At a higher
deposition temperature, but with the same process
time, the CuPc nanofibers that formed were longer
and had larger diameters, but their density was
lower. Fig. 2 displays the various morphologies of
the CuPc layers deposited at (a) room temperature
and at (b) 100, (c) 150 and (d) 200 �C. For the CuPc
nanofibers deposited on the Au surface at 150 �C,
the average length increased to 1 lm and the mean
diameter expanded to 60 nm.

Contact angle measurements indicate that SiO2

has a higher surface energy (50.7 mJ/m2) than does
gold (39.4 mJ/m2), suggesting that the oxide sub-
strate has a higher concentration of unsaturated
surface bonds, which tend to adsorb molecules to
lower the surface free energy. Therefore, it was



Fig. 1. Top-view SEM images of CuPc layers deposited at room temperature on (a) SiO2 and (b) Au and at 100 �C on (c) SiO2 and (d) Au.
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not unexpected that the deposited CuPc molecules
would have a stronger tendency to cover the whole
SiO2 surface, rather than stack to form out-of-plane
nanofibers.

In the case of the CuPc layer formed on the gold
substrate, the change in morphology that occurred
upon increasing the temperature can be explained
by considering the following equation [18]:

c ¼ c0 1� T
T c

� �n

ð1Þ

where c is the surface energy at temperature T and
c0 is the surface energy at the critical temperature,
Tc; the value of n may be closer to unity for metals.
According to this formula, the surface energy of
the gold substrate decreases as the temperature
increases. This reduction in surface energy weakens
the molecule–substrate interactions, resulting in the
intermolecular p–p interactions becoming domi-
nant. Meanwhile, the high substrate temperature fa-
vors surface diffusion, driving the adsorbed
molecules toward growth at certain nucleation sites,
which are formed owing to the lattice mismatch be-
tween CuPc and Au polycrystalline [19,20]. There-
fore, the CuPc molecules prefer to stack up into
nanofibers, rather than spread out to cover the gold
substrate in a mesh-like film.

The surface energies for Ti, Al and TiN are 37.51,
35.14 and 36.3 mJ/m2, respectively. These values are
similar to – but lower than – the surface energy of
the gold substrate. The CuPc layers on those sub-
strates all exhibit the out-of-plane nanofiber mor-
phology, except that a mesh-like morphology
coexists on the Al and Ti substrates. Although the
lower surface energies should lead to weaker inter-
action forces between the adsorbate and the sub-
strates, these metal substrates are more easily
oxidized than is the gold substrate. We suspect that
the oxygen atoms of the resulting metal oxides react,
or interact noncovalently, with the organic mole-
cules to cause this phenomenon. For the TiN sur-
face, its relative inertness toward oxygen and
columnar crystal morphology combine to form the
out-of-plane nanofiber structure.

Depending on its processing conditions, CuPc
may form one, or a mixture, of many crystal phases,
which are termed the a, b, c, d, e, and x phases [21].
Of the various polymorphic forms, the most com-
mon structures are the a and b phases, which exhibit
slightly different structural and electrical characteris-



Fig. 2. Top-view SEM images of CuPc layers deposited on Au substrates at (a) room temperature and at (b) 100, (c) 150 and (d) 200 �C.

Fig. 3. XRD spectra of CuPc layers deposited on Au substrates at (a) room temperature and (b) 150 �C.
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tics. Films deposited at room temperature exhibit the
a phase, whereas those deposited at higher-tempera-
tures transform into the b phase [22]. Fig. 3(a) and
(b) present the grazing incident X-ray diffraction
(GID) patterns of the CuPc layers deposited at room
temperature and 150 �C, respectively. The incident
angle and the scan step used to obtain both patterns
were 0.5� and 0.02�. The 2h peaks at 38.4�, 44.7� and
64.9� in both patterns are associated with the gold
substrate. The recognizable diffraction peaks of the
CuPc film at (001), (11 0), (4,21), (510), and (520)
in Fig. 3(a) indicate that the CuPc film that we
deposited at room temperature existed in the tetrag-
onal a phase [23]. The diffraction peaks from the
CuPc nanofibers deposited at 150 �C (Fig. 3(b)) are
similar to those arising from the CuPc film, but the
(110) peak is absent. Although, in theory, the crys-
tallinity of a film should be greater after higher-tem-
perature processing, the morphology change (from a
film to fibers) at the higher deposition temperature
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resulted in a rough and discontinuous CuPc layer on
the gold substrate, leading to lower intensities of
some of the diffraction peaks. According to the refer-
ence diffraction peak for a monoclinic b-phase struc-
ture [23], at least three intense peaks should be
present at 7.0�, 9.2� and 23.8�. These peaks are
absent in Fig. 3(b), suggesting that the structure of
the CuPc nanofibers deposited at 150 �C was that
of the a phase.

Fig. 4(a) presents an HRTEM image of a single
CuPc nanofiber (diameter: 16 nm), which was syn-
thesized on a heated gold substrate (100 �C). Unlike
related carbon nanotubes (CNTs), no catalyst
appears at the top of the fiber. This feature was fur-
ther verified after recording the energy dispersive
spectra (EDS), which exhibited no peaks arising
from gold atoms at any point along the entire length
of the CuPc nanofiber. Fig. 4(b) presents a magni-
fied image of the CuPc nanofiber; it exhibits fringes,
suggesting that the CuPc units were stacked in the
growth direction and aligned in a parallel manner.
This high-resolution image indicates that the nanof-
ibers formed through layered stacking of CuPc
molecules. Fig. 4(b) also presents the corresponding
profile analyzed using Fuji Imagegauge software.
The average interlayer distance (4.3 Å) slightly
exceeds the value of 3.8 Å found for the spacing h

between two molecular layers along the stacking
direction of a-CuPc thin films [24], depicted sche-
matically in Fig. 4(c). This difference may be caused
Fig. 4. (a) HRTEM image of a single CuPc nanofiber (diameter: 16 n
contrasted to intensify the fringes, and the corresponding profile analy
CuPc molecules stacked at different inclination angles (u).
by the high aspect ratio of the 1D nanofiber struc-
ture, which suffers more stress and has a larger incli-
nation angle (u 0) of stacking than that angle (u) of
2D smooth thin film structures. Therefore, at a con-
stant interlayer distance d (3.4 Å), a larger inclina-
tion angle (u 0) corresponds to a greater distance h,
according to the cosine relationship.

We performed field emission characterization of
the CuPc nanofibers that we synthesized on a heated
(100 �C) gold substrate; this analysis was performed
under vacuum (5 · 10�6 torr) after placing a cylindri-
cal Cu electrode (diameter: 2.2 mm) 75 lm above the
surface of the sample. The Cu electrode was con-
nected to the source monitor unit (SMU) of a Keith-
ley 237 instrument; the gold substrate under the CuPc
nanofibers was grounded. Fig. 5 presents a plot of the
emission current density J as a function of the applied
field E. The turn-on field required for the CuPc
nanofibers to produce a current density of 10 lA/
cm2 was 13.6 V/lm, a value that is somewhat higher
than the fields required for turning on other previ-
ously reported organic nanofibers [10–12]. The elec-
tron affinity (3.1 eV) of CuPc [25] is much lower
than the work function (5.1 eV) of the gold substrate,
so the energy barrier (ca. 2 eV) that exists at the
metal–organic contact limits electron injection from
the substrate. Consequently, the finite injected elec-
trons require a higher electric field to reach the same
level of emission current. The inset of Fig. 5 displays a
plot of ln (J/E2) as a function of 1/E; this straight line
m). (b) Magnified image of this nanofiber, which has been over-
zed using Fuji Imagegauge software. (c) Schematic illustration of



Fig. 5. Field emission J–E curve of the CuPc nanofibers. Inset:
Corresponding FN plot.
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implies that the field emission from these nanofibers
follows the Fowler–Nordheim (FN) theory [26–28].
Taking into account the work function of bulk CuPc
(3.1 eV), we deduced the field enhancement factor b
of the CuPc nanofibers from the slope of the FN plot
to be ca. 130. Normally, the enhancement factor is
proportional to the length-to-radius ratio (L/r) of a
1D nanostructure [10]. Because the CuPc nanofibers
reported herein possess shorter lengths (500 nm) and
larger radii (50 nm), it is reasonable that they would
exhibit a smaller enhancement factor relative to those
of AlQ3 organic nanowires [10]. Fig. 6 displays the
emission current stability of the CuPc nanofibers
when biased at 1000 V (E = 13.3 V/lm) for 1800 s.
The mean current density was ca. 3 lA/cm2, with a
perturbation within one order of magnitude, which
may arise from the random orientation of the CuPc
nanofibers on the surface. The field emission current
did not decay during the period of the stability mea-
Fig. 6. Emission current stability of the CuPc nanofibers at
constant voltage.
surement, suggesting that these CuPc organic nanof-
ibers are suitable for use in electron emitting devices.
4. Conclusions

In this paper, we describe a simple method for
producing CuPc organic nanofibers at low-tempera-
ture. XRD analysis of these nanofibers revealed that
they possessed a-phase structures; HRTEM images
indicated that they formed through layered stacking
of CuPc molecules. The CuPc nanofibers exhibit
field emission characteristics and follow Fowler–
Nordheim behavior similar to that of CNTs. The
stability of the emission current and the simplicity
of the synthetic process suggest that these CuPc
nanofibers may find a broad range of applications
in nanoscience and nanotechnology.
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Abstract

High performance organic thin-film transistors (OTFTs) incorporated with high dielectric nanoparticles in the dielectric
layers have been demonstrated. The dielectric insulator consists of cross-linked poly-4-vinylphenol (PVP) and titanium
dioxide (TiO2) nanoparticles. In order to obtain highly soluble TiO2 nanoparticles in organic solutions, the surface of
nanoparticles was modified with organosiloxane. Moreover, the concern of higher leakage current, while using the high
dielectric nanocomposite insulators, has been overcome by further applying another poly(a-methylstrylene) layer. As a
result, we have demonstrated low-voltage OTFTs, which can be operated within 10 V.
� 2006 Elsevier B.V. All rights reserved.

PACS: 82.35.Np; 85.30.Tv

Keywords: Organic; Nanoparticle; Dielectrics; Thin-film transistors
Organic thin-film transistors (OTFTs) have been
recognized as promising technology for next gener-
ation electronics due to their unique advantages,
such as light-weight, flexibility, and low-cost fabri-
cation [1–3]. Potential applications include flexible
displays [4,5], radiofrequency identification (RFID)
tags [6], ‘‘smart’’ cards, and other consumer elec-
tronics [7,8]. However, the major challenge to real-
ize the commercialization of related products
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.06.009
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comes from their high threshold and operating volt-
ages, due to the intrinsic low charge motilities of
organic semiconductors. Because the field-induced
current is proportional to the field-induced charge
density, one feasible approach to achieve low-volt-
age operation in OTFTs is to use high dielectric con-
stant (high-j) materials as the gate insulators, which
can afford greater surface charge density at the semi-
conductor-dielectric interface. Several works, espe-
cially those adopting inorganic high-j materials,
have demonstrated successfully the reduction of
the OTFTs operating voltages using this concept
[9,10]. However, these inorganic materials are usu-
ally expensive to fabricate and not compatible with
.
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plastic substrates due to the high-annealing-temper-
ature processes and their fragility.

Using a solution-processable method high-j
polymers can be easily fabricated and used as
dielectrics for OTFTs without the complications
associated with sputtering high-j materials and the
high-temperature annealing [11]. Nanocomposite
materials, consisting of titanium dioxide (TiO2)
nanoparticles and cross-linked poly-4-vinylphenol
(PVP), were dispersed well in organic solvents.
Upon spin-coating and thermal annealing, a com-
posite insulator film was obtained. Due to the lim-
ited solubility of TiO2 nanoparticles, the dielectric
constant only increased from 3.5 to 5.4 after blend-
ing high-j nanoparticles into the polymer matrix. In
this work, surface modified TiO2 nanoparticles with
organosiloxane was used in order to increase the
solubility in organic solvents. With the higher con-
tent of TiO2 incorporated, a dielectric constant
higher than 11 is achieved. More importantly, we
will show that the current leakage problem through
the gate dielectrics can be overcome by further
applying another thin organic polymer insulator.
As a result, we have also demonstrated low-voltage
OTFTs, which can operate within 10 V.

Titanium dioxide exists naturally as three possi-
ble crystal types, namely, rutile, anatase and brook-
ite [12]. In this study, we employed TiO2 with rutile
structure due to its higher dielectric constant
(j = 114) than that of other structures. In addition,
rutile TiO2 has much lower photocatalytic activity;
possible photoreactions can be avoided. Nanocom-
posite dielectric layers, consisting of TiO2 nanopar-
ticles, whose surface was further modified with
organosiloxane (Ishihara Sangyo Kaisha LTD.,
Japan), and cross-linked PVP were prepared for
OTFT gate insulators. PVP (11 wt%) and poly (mel-
amine-co-formaldehyde) methylated (4 wt%), as a
cross-linking agent, were dissolved in propylene gly-
col monomethyl ether acetate (PGMEA), [13] and
Table 1
Electrical parameters of the OTFTs in this study

TiO2 wt% Dielectric constant Mobility lsat (cm2/Vs) Thresh

0 4.3 0.42 �5.2
1 4.8 0.39 �14.4
5 6.7 0.42 �10.9
10 8.5 0.34 �3.3
15 10.8 0.32 +5.9
15%/PaMSb 11.6 0.41 �3.0

a Surface roughness of the dielectric layers.
b PaMS: poly(a-methylstryrene).
blended with different concentrations of TiO2 nano-
particles. The composite solution was then spin-
coated onto indium–tin-oxide (ITO) patterned glass
substrates which were used as gate electrodes. The
thickness of these insulators is �700 nm. Pentacene
was thermally evaporated as the semiconductor
layer. Finally, gold metal was thermally evaporated
through the shadow mask and used as the source
and drain electrodes (top-contact). The channel
length (L) and width (W) are 160 and 2000 lm,
respectively. The film thickness and roughness were
measured by DI 3100 series atomic force micros-
copy (AFM). The current–voltage (I–V) characteris-
tics of OTFTs were measured by a HP 4156 A
semiconductor parameter analyzer. The devices
with metal–insulator–metal (MIM) structure, con-
sisting of different dielectric materials sandwiched
between ITO and Al electrodes, were used for
capacitance measurements. The capacitance mea-
surements were conducted with a HP 4284 A Preci-
sion LCR meter.

For a pure cross-linked PVP film, the dielectric
constant is 4.3 at 1 kHz, which is close to the value
reported earlier [11,14]. From Table 1, we can see
that the dielectric constant increases with the
amount of the TiO2 nanoparticle embedded in the
thin films. For the dielectric film with 15 wt% of
TiO2 nanoparticle, the dielectric constant increased
to 10.8, due to the higher solubility of the organ-
osiloxane surface modified TiO2 fillers, compared
to that reported earlier [11].

The drain–source current (ID) vs. drain–source
voltage (VD) of OTFTs with different TiO2 concen-
trations incorporated in the gate insulators is shown
in Fig. 1. The carrier mobility was calculated in the
saturation regime using the following equation:

IDS ¼ ðWCi=2LÞlðV G � V TÞ2 ð1Þ
where Ci is the capacitance per unit area of the insu-
lator, and VT is the threshold voltage. For the de-
old voltage Vth (V) Surface roughnessa (nm) On/Off ratio

0.30 5 · 104

9.76 4 · 104

16.19 9 · 103

26.99 6 · 103

31.43 1 · 103

13.30 3 · 104
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vice with a neat PVP gate insulator, (Fig. 1a) the
mobility in the saturation region and the threshold
voltage of the OTFT are 0.42 cm2 V�1 s�1 and
�5.2 V, respectively. The on–off ratio is more than
104. With 15 wt% of TiO2 nanoparticles blended
into the dielectric layer, (Fig. 1b) the device exhibits
more than triplet the field-induced current com-
pared with that of the device using the pure PVP
insulator which is attributed to the higher surface
capacitance. Fig. 1 reveals that the drain–source
current increased by increasing the content of
TiO2 nanoparticles in the gate insulators. The
parameters of the dielectric materials as well as
the corresponding electrical characteristics of the
OTFTs with different amount of TiO2 nanoparticles
embedded in the gate insulators are summarized in
Table 1.

On the other hand, we also observe that the
threshold voltage (Vth) decreases and then increases
when more nanoparticles were added (Table 1).
From the surface morphology study by AFM, the
insulator roughness increased with the increasing
concentration of TiO2 blended. Consequently, the
shift of Vth to higher values may be the result of
the insulators surface roughness. The interface
between the organic semiconductor and the insula-
tor is affected by the incorporation of TiO2

nanoparticles.
Additionally, we can also find that the on–off

ratio decreases while the concentration of TiO2

increases (Table 1). Fig. 2 shows clearly that the
device with 15 wt% TiO2 has much higher leakage
current than that with 1 wt% nanoparticles. The
leakage problem is probably due to the low-band
gap of TiO2. In addition, structure defects induced
by the present of high concentration TiO2 might
also result in the higher leakage current, which has
been confirmed from the fact that the surface rough-
ness of the insulators increased with the content of
nanoparticles (Table 1).
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In order to rectify this problem, the insulator
layer was covered with a poly(a-methylstrylene)
(PaMS) layer. Due to the robustness of cross-linked
polymers, the underlayer was not affected by this
process. As shown in Fig. 2, the device off current is
dramatically suppressed after spin-coating �30 nm
PaMS on the nanoparticle/cross-linked PVP insula-
tor. The over-coating of another interfacial layer
can reduce the concentration of surface defects of
the dielectrics and smooth the dielectric surface. In
addition the dielectric constant of the insulator
modified with PaMS is higher than that without
modification. This further supports the fact that
PaMS can inhibit the leakage current and enhance
the dielectric strength of the composite polymer.

On the other hand, the smooth dielectric sur-
face might also induce the formation of a more
orderly crystalline pentacene film, and subsequently,
increase the device mobility as shown in Table 1.
Table 1 apparently shows that the surface roughness
of the dielectric layer affects the device mobility in
the saturation regime. While the concentration of
TiO2 is more than 5 wt%, the mobility drops dra-
matically. The rough dielectric surface probably
interferes with the formation of an ordered crystal
structure. Fig. 3 shows the surface morphology of
pentacene deposited on different dielectrics. In con-
trast to the clear crystal formation on the neat cross-
linked PVP, the grain size of pentacene on the
15 wt% TiO2 filled-PVP film is rather small. The
higher concentration of grain boundary might limit
the charge transport in the organic films. However,
after over-coating the PaMS layer, typical lamella
morphology appears again, which implies the for-
mation of an ordered crystal structure. In summary,
Fig. 3. AFM height-mode images of pentacene deposited on the surfac
15 wt% TiO2 nanoparticles; (c) cross-linked PVP blended with 15 wt% T
layer.
the PaMS layer not only suppresses the leakage cur-
rent by reducing the concentration of defects in the
dielectric layer, but also induces pentacene to form a
more ordered molecular conformation thus main-
taining the high mobility in the conducting channel.

Since the leakage problem has been overcome by
incorporating an interfacial layer, thinner dielectric
layers will be allowed to achieve a greater capaci-
tance value. Fig. 4 shows the output characteristics
for an OTFT with a 270 nm nanocomposite insula-
tor, consisting of one layer of 15 wt% TiO2 filled-
PVP film and another thin PaMS. The dielectric
constant of this composite is 10.5, which is slightly
lower than that of previous one. The device exhibits
mobility of �0.4 cm2 V�1 s�1. The sub-threshold
slope is 1.0 V/decade and the threshold voltage is
�2.9 V. The on–off ratio is more than 3.0 · 104.
e of (a) neat cross-linked PVP; (b) cross-linked PVP blended with
iO2 nanoparticles and further modification with PaMS interfacial
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From Fig. 4, it is apparent that low-voltage OTFTs
can be fabricated by using nanocomposite dielectric
polymers with simple and solution-processable
processes.

In conclusion, high performance organic thin-
film transistors incorporated with high dielectric
nanoparticles in the dielectric layers have been dem-
onstrated successfully. Moreover, the problem of
leakage current of OTFTs, while using the nano-
composite insulators, has been overcome using
over-coat of another thin interfacial layer. This
method offers a feasible and economic way to
deposit gate insulators for OTFTs with high capac-
itance without the complications associated with
sputtering of high dielectric materials and high-
temperature annealing. Finally, one low-voltage
OTFT, which can operate within 10 V, has also
been achieved by this method.
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Abstract

Conductivity of poly (3-hexylthiophene) (P3HT) films was enhanced by blending P3HT with organic semiconducting
molecule dibenzotetrathiafulvalene (DBTTF). Films were fabricated by conventional spin-coating from blended solutions
of P3HT and DBTTF. Enhancement of the conductivity was achieved in the films containing 30–80% of DBTTF. In these
films, large DBTTF crystalline domains of dendrite shapes were observed in atomic force micrographs. Growth mecha-
nisms of dendritic domains are discussed on the basis of viscosity of blended solutions and degree of oversaturation.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Organic field-effect transistors (OFETs) have
attracted growing attention for future electronic
devices [1–4]. Organic crystalline films of small mol-
ecules such as pentacene have been mainly used as
active materials for OFETs, because of their higher
mobility than those of typical polymeric semicon-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.07.012
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ductors. Commonly, highly conductive films of
crystalline small molecules for OFETs have been
fabricated by vacuum deposition techniques. How-
ever, these techniques have drawbacks such as high
cost, fabrication processes at high temperatures,
and most importantly the size limitation, preventing
applications of OFETs to wide areas. On the other
hand, wet process, which is generally used for poly-
mer materials, has been believed to be difficult to
apply small molecules. In this respect, if solution
process could be applied to fabricating OFETs
made of small molecules, technological impacts
would be quite large.
.
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Recently, Russel et al. [5] succeeded in combining
the ease of fabrication process of polymer films with
high performance of small molecules by spin-coat-
ing from blended solution containing polymer and
small molecule. Field-effect mobility in the OFET
having a polymer/small molecule blended channel
was improved by a factor of 10, since the channel
contained small crystals of the small molecules [5].
However, the growth of the small crystals was not
uniform, so that the conductivity of the films was
position dependent on the film surface. Uniform
film formation is indispensable for application to
channels of OFETs. Our aim in this work is to
improve and optimize the wet process introduced
by Russel et al. For the purpose, we used blended
films of dibenzotetrathiafulvalene (DBTTF) and
poly (3-hexylthiophene) (P3HT) (Fig. 1(a)) fabri-
cated from blended solutions with various mixing
ratios (Fig. 1(b)). DBTTF is known as an active
material for OFETs [3,4], possessing high field-effect
Fig. 1. (a) Molecular structures of P3HT and DBTTF. (b) List of
mixed solutions of P3HT solution and DBTTF solution. (c) XRD
patterns of all samples. A Bragg diffraction peak assigned to
(001) of a DBTTF crystal is observed in every sample except for
sample 1.
mobility (1.4 cm2 V�1 s�1) in single crystals grown
from solution [3] and (0.06 cm2 V�1 s�1) in crystal-
line films fabricated by vacuum deposition [4].
Blended films possessing uniform morphology and
conductivity were obtained by carefully adjusting
the mixing ratio of the blended solutions. Moreover,
conductivity of these P3HT/DBTTF films is
enhanced by containing higher conductive DBTTF
crystals than pure P3HT.

2. Experiments

In this work, P3HT [6] and DBTTF were used as
source materials. Molecular structures of P3HT and
DBTTF are shown in Fig. 1(a). P3HT (Mw: 9500)
was purchased from Merck. DBTTF was synthe-
sized in our laboratory and was purified by sublima-
tion for two times. First, we prepared two
chloroform solutions of P3HT and DBTTF; P3HT
solution (0.25 wt.%) and DBTTF solution
(0.5 wt.%). Mixing two solutions, we prepared 9
blended solutions, as listed in Fig. 1(b). From these
9 solutions and a DBTTF solution, we fabricated 10
kinds of films on glass substrates, which were
cleaned by acetone and 2-propanole using ultra-
sonic washing equipment. Spin-coating was per-
formed at 3000 rpm for 20 s.

Contact-mode atomic force microscopy (AFM)
images were recorded using a Seiko Instruments
SPA-300/SPI3800 probe system, equipped with an
SiN cantilever (Olympus, OMCL-TR400PSA-1,
force constant 0.09 N/m, tip curvature radius
�15 nm). X-ray diffraction measurements were con-
ducted using a thin film X-ray diffractometer
(X’Pert-MPD PW3050 Philips). Four-probe I–V

characteristics were measured by a KEITHLEY
4200 semiconductor characterization system. All
experiments were performed at room temperature
in air.

3. Results and discussion

First, we observed X-ray diffraction patterns
from the blended films (Fig. 1(c)) spin-coated on
glass substrates. In the sample 1, because of small
amount of DBTTF, no peak was detected in the dif-
fraction pattern. As the concentration of DBTTF
solution increases over 20%, a Bragg reflection peak
at about 2h = 6.6� (13.5 Å) appeared and grew. This
peak is indexed as (001) by referring the existing
data of DBTTF (monoclinic, P21/c, a = 12.082 Å,
b = 3.955 Å, c = 14.553 Å, b = 114.36� [7]). A series



442 T. Kambayashi et al. / Organic Electronics 7 (2006) 440–444
of diffraction data suggests the increasing crystalline
domains of DBTTF in the films with increasing
DBTTF ratio.

In order to directly observe the formation of
DBTTF crystals, surface morphologies of the
blended films were observed by AFM. Fig. 2 shows
AFM images (10 lm square) of each film surface.
For the films with high polymer binder P3HT solu-
tion over 80%, phase-separated polygon domains
Fig. 2. AFM images of the samples 1–10 shown in Fig. 1(b).
Scanning areas of all images are 10 lm square. Several kinds of
domains, which have different shape and size, are observed
depending on DBTTF ratio.
were observed on homogeneous surfaces. In our
previous work, no polygon domains were observed
in the AFM image of pure P3HT film surfaces [8].
Based on this fact and the present observation,
i.e., the number of polygon domains increases with
increasing DBTTF, the polygon domains and the
flat surface are assigned to DBTTF and P3HT.
When the fraction of DBTTF solution exceeds
30%, the surfaces of the blended films become rough
and dense, small domains begin to appear, as shown
in the AFM image of sample 3. With further
increasing DBTTF fraction, dendrite domains
appear (sample 5) and are converted to seaweed
domains, as observed in [9], i.e., branches and edges
of dendrite domains become wider and blunter
(samples 6, 7 and 8). Finally in the films with higher
fraction of DBTTF solution over 90%, the size of
domains becomes smaller and domains are sparsely
observed (samples 9 and 10). These AFM observa-
tions indicate that size, shape and density of
DBTTF domains depend on the fraction of DBTTF
in the blended solutions. They also depend on
molecular weight of P3HT, i.e., in P3HT (Mw:
20 100), size and density of DBTTF domains
became smaller, and polygonal and dendrite
domains were not observed. It is known that the
shape of branching domains depends on the degree
of oversaturation [9], i.e., when oversaturation
becomes higher, the shape of domains changes from
dendrite to seaweed. Thus, appropriate oversatura-
tion condition is achieved by properly choosing
the blending condition.

Branching DBTTF domains such as dendrite and
seaweed are usually observed under fast growth
conditions. What kinds of factors contribute to
the fast growth condition in the present case? It is
known that crystal growth velocity under oversatu-
ration conditions is generally fast. This must be an
important factor. The other factor is a supplying
rate of reactants to crystal surfaces, which is gov-
erned by the viscosity of solution. High supplying
rate due to lower viscosity gives branched crystal
morphologies than that slow rate due to higher vis-
cosity does. In spin-coating from blended solutions,
viscosity of the blended solutions containing more
P3HT solution is higher, and viscosity of those con-
taining more DBTTF solution is lower. Hence,
branching domains such as dendrite and seaweed
are easily grown using the DBTTF-rich solutions
of lower viscosity. Thus, the two both factors, over-
saturation and low viscosity, lead to the formation
of branching DBTTF domains.
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Next, we measured I–V characteristics of blended
films by the four-probe technique. The results are
shown in Fig. 3. Conductivity was normalized by
the thickness of the blended films. As shown in the
figure, the conductivity of the blended films of lower
fraction of DBTTF solution than 20% is small and
comparable to that of the P3HT polymer film. On
the other hand, when the fraction of DBTTF solu-
tion exceeds 30%, the conductivity of the blended
films is enhanced. In these films, percolation paths
between DBTTF crystals were realized. For films
of higher fraction of DBTTF than 90%, the conduc-
tivity of the blended film decreases abruptly,
although the crystallinity of the films increases, as
shown in Fig. 1(c). The low conductivity is
explained by the lack of percolation paths, which
is clearly seen in the AFM images, i.e., island mor-
phology is observed in the blended films 9 and 10. It
is noted that the enhancement of electric conductiv-
ity also depends on the molecular weight of P3HT,
i.e., the enhancement was smaller in P3HT (Mw:
20100) than that in P3HT (Mw: 9500). We attrib-
uted this difference to the different viscosity of the
two P3HTs.

For discussing the conductivity of nonuniform
films, percolation threshold is important. Usually,
the shape and directional distribution strongly influ-
ence the percolation threshold: smaller percolation
volumes are obtained if length-to-width aspect ratio
of domains is high [10]. Thus, dendrite domains of
DBTTF would be more favorable than polygonal
and seaweed domains for realizing percolation
paths. The density of DBTTF domains in the sam-
ples is also important to realize DBTTF percolation
Fig. 3. Conductivity in the samples 1–10 shown in Fig. 1(b). The
abscissa is the fraction of DBTTF solution in each mixed
solution. All the conductivity values are normalized by each
thickness.
paths because higher conductivity originates from
dense DBTTF domains.

Finally, we have to note the uniformity of the
films used. The conductivity measurements were
conducted in several positions on the sample sur-
faces. The measured conductivity of the blended
films falls in almost the same error bar range as that
of pure P3HT (see left point in Fig. 3). This fact
ensures that the blended films are uniform enough
for the conductivity measurements. Namely, for
the blended films containing lower fraction of
DBTTF solution (less than 20%), the typical crystal
size of DBTTF is less than few lm (see Fig. 2),
which is much smaller than the electrode gap of
about 100 lm, and the density is relatively low.
On the contrary, for the blended films containing
30–80% fraction of DBTTF, the DBTTF crystal size
is large and the density is high. In both cases, the
position independent conductivity results.

In conclusion, when the fraction of DBTTF solu-
tion is between 30% and 80%, blended films show
higher conductivity. The conductivities are insensi-
tive to the mixing ratio in this range and to the mea-
suring position on the whole surface area. This
higher conductivity originates from the size, shape
and density of higher conductive DBTTF domains
in the film, which is closely related to the percola-
tion paths of the DBTTF domains. The morphol-
ogy of the domains varies with DBTTF fraction,
being explained by two factors; viscosity of blended
solutions and degree of oversaturation, which can
be controlled in solution process. By optimizing
the fraction of DBTTF, uniform films were realized.
Thus, the wet process using blended solutions has
advantages in forming crystalline small molecular
films, providing a useful technique for organic
device fabrications.
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Abstract

Pentacene based thin-film transistors (TFTs) have been fabricated using pentacene films grown under various ambi-
ences, such as N2, H2, Ar, He, and high vacuum, to define correlation of the device performance, in particular mobility
properties, to molecular ordering in pentacene films. The field-effect mobility of 0.24 cm2/Vs was obtained from TFTs fab-
ricated under 2 · 10�5 Torr nitrogen ambience, however, the pentacene TFTs fabricated in hydrogen ambience under the
same pressure yielded very poor mobility of 0.008 cm2/Vs. Pentacene films deposited by thermal evaporation at increased
pressure in nitrogen ambience have a high degree of molecular ordering with larger dendritic grains without any surface
modification on silicon oxide dielectric. A clean relation between field-effect mobility and XRD estimated crystallites size
was obtained.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Organic thin film transistors; Pentacene; Deposition ambient conditions; Crystalline size; Molecular ordering; XRD
Recent technological trends draw much attention
to organic thin film transistors (OTFTs). The per-
formance of OTFTs has improved dramatically
lately, and this stands true in particular in regards
to conjugated oligoacenes [1,2]. Pentacene, a
fused-ring polycyclic aromatic hydrocarbon, is con-
sidered as a highly promising material for applica-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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tion in OTFTs due to great mobility and good
semiconducting behavior [1–4]. To this day, penta-
cene-based OTFTs have exhibited the highest
field-effect mobility and have been considered to
be the candidate of choice for replacement of amor-
phous silicon TFTs.

The electronic characteristics of a pentacene thin
film depend on the film’s structure such as molecular
orientation and morphology [1,5,6]. Pentacene films
with various polymorphisms can be fabricated by
changing the deposition conditions, film structure
.
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and polymorphism in bulk and in thin film, both of
which have been an object of experimental and the-
oretical studies [7,8]. Many attempts have been made
to improve the carrier transport properties via sub-
strate modification, depositary conditions, purifica-
tion, or functionalization of these molecular
structures. Formed crystalline film usually features
grain morphology; hence, it is generally believed that
the carrier transport efficiency is increased due to the
well-ordered crystalline structure and/or large grain
size [9].

In this study, we investigated the effects of differ-
ent gas ambience deposition conditions on crystal-
line size, and eventually on the performance of
pentacene-based OTFTs. During the analysis, the
morphology and crystalline size of active layer were
investigated. The trap state of pentacene film depos-
ited under various gas ambience states and depen-
dence on the mobility of OTFTs were also
included and the results were discussed.

Typical bottom-gate pentacene-based TFTs with
top-contact source and drain electrodes were fabri-
cated under the following conditions. Heavily doped
n-type Si(1 11) wafers with a doping concentration of
5 · 1015 cm�3 were used as the substrates and served
as the bottom gate electrode. A 300 nm silicon diox-
ide (SiO2, root-mean-square roughness – 2.5 nm)
layer, grown on the substrate by plasma enhanced
chemical vapor deposition (PECVD), performed
the function of the gate insulator. Next, the penta-
cene film was deposited from the PBN crucible onto
Fig. 1. (a) IDS versus VDS characteristics at various gate biases for a
silicon wafer at N2 ambience of 2 · 10�5 Torr. (b) Measured transfer cu
for VDS = �40 V.
the surface of SiO2 layer at a rate of deposition of
approximately 0.4 Å/s. The film was grown by vac-
uum sublimation at a pressure of 7 · 10�7 Torr and
the substrate was kept at room temperature. The
background pressure of the growth chamber was
equal to 2 · 10�7 Torr. In order to investigate the
film properties of pentacene grown at different ambi-
ence conditions, the growth chamber was filled with
various gases, such as N2, H2, He, and Ar, while the
pressure of the growth chamber was maintained at
2 · 10�5 Torr. The mean thickness of the pentacene
film, ranging from 90 to 100 nm, was calibrated using
an atomic force microscope (AFM, Digital Instru-
ment Multimode SPM AS-12VMF) and monitored
via the frequency shift of a quartz oscillator. Finally,
the gold source–drain electrodes were deposited
upon the surface of the pentacene film to form an
electrode through a shadow mask in order to com-
plete the top-contact OTFT device and create a chan-
nel with length of 140 lm and width of 640 lm. The
electrical characteristics of OTFT devices were mea-
sured by Keithley 4200-SCS semiconductor parame-
ter analyzer in a dark chamber. The structures of
pentacene films were elucidated by X-ray diffraction
(XRD) in a symmetric reflection, coupled (h � 2h)
mode. X-ray diffraction patterns were obtained using
Cu Ka radiation (kKa

= 1.5406 Å) and a wide-angle
graphite monochromator.

Fig. 1(a) shows the electrical output (drain current
(IDS) – drain to source voltage (VDS)) characteristics
of an OTFT device with pentacene active layer
typical pentacene TFT with pentacene film deposited onto SiO2/
rves of pentacene TFTs deposited at various ambience conditions
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grown in an atmosphere of 2 · 10�5 Torr nitrogen
(N2). Fig. 2(b) shows typical electrical transfer char-
acteristics (IDS – gate voltage (VGS)) of OTFT
devices, in which pentacene thin films were deposited
under different ambience conditions, operating in
saturation regime (VDS = �40 V). By fitting the data
to saturation regime standard field-effect transistor
equations, the extracted field-effect mobility (lsat)
and threshold voltage (Vth) of all devices were com-
piled in Table 1. Typically, the field-effect hole mobil-
ity of our device fabricated under high vacuum was
around 0.045 cm2/Vs, with a variation of
±0.02 cm2/Vs, consistent with the fact that the poly-
crystalline pentacene film was grown under room
temperature conditions on a SiO2 substrate, which
had not undergo any surface treatments [1]. Analyz-
ing different conditions, we can note that the penta-
cene film fabricated under nitrogen ambience
exhibits the maximum lsat. However, the pentacene
film that was grown in hydrogen ambience displays
Fig. 2. MicroRaman spectra of pentacene films deposited under
N2, high vacuum, and H2 ambiences. The inset shows the ratio of
the intensity of peak 1154 cm�1 to that of peak 1158 cm�1 as
function of those gases.

Table 1
Performance of OTFTs whose pentacene active layers grow at
various ambiences

Sample ID Ambient
gas

Vth (V) Mobility
(cm2/Vs)

Ion/Ioff

A N2 �20.80 0.236 107

B High vacuum �18.82 0.045 103

C H2 �21.70 0.008 103

D He �23.40 0.052 103

E Ar �21.83 0.093 105
the worst mobility. On the other hand, experimental
devices exhibit similar values of Vth as shown in
Fig. 1(b) and Table 1. Similar Vth behaviors among
the study devices imply that trapping states within
the gate dielectric, at the semiconductor/dielectric
interface and/or in the semiconductor itself, all have
the same level.

The modulated on/off current ratios for experi-
mental devices, taken from log(IDS) versus VGS char-
acteristics, are all included in Table 1. It is worth to
note that the pentacene TFT with higher field-effect
mobility has larger on/off current ratio. Interest-
ingly, the modulated on/off current ratio for device
featuring nitrogen-ambience-grown pentacene film
is approximately 107, which is larger by a factor of
104 when compared to the device with hydrogen-
ambience-grown pentacene film. We believe that
the most significant factor allowing obtaining higher
mobility and on/off ratio is the improved quality of
the deposited pentacene layer achieved through
application of different gas ambience conditions.

Raman spectroscopy is a powerful tool to inves-
tigate the correlation between the intermolecular
couplings and the carrier transports within penta-
cene films [10,11]. A Jobin Yvion LABRAM-HR
single grating monochromator was used to take
Raman shift, whose resolution is below 0.2 cm�1,
referred to 633 nm laser line. Raman spectra, wave-
number ranging from 1140 to 1200 cm�1, were mea-
sured on the pentacene films deposited at various
ambiences, as shown in Fig. 2. The Raman peaks
at 1158 cm�1 and 1177 cm�1 correspond to origi-
nate from the C–H in-plane vibration of single pen-
tacene molecule, respectively. Additionally, the split
of the vibration mode of 1158 cm�1 locates at
1154 cm�1 band as in-phase intermolecular coupling
(twinning) vibrations of different pentacene mole-
cules in a unit cell. Comparing the Raman spectra
of pentacene films deposited at various gas ambi-
ences, the pentacene film grown at nitrogen ambi-
ence shows the strongest 1154 cm�1 band implying
strong in-phase (intralayer) intermolecular interac-
tion between pentacene molecules, on the contrary,
the minimum 1154 cm�1 band appears at that under
hydrogen ambience, as shown in the inset of Fig. 2.
The peak intensity of 1154 cm�1 band for the penta-
cene film grown at high vacuum condition lies in
between those grown under nitrogen and hydrogen
ambiences. Apparently the in-phase intermolecular
coupling of pentacene molecules can be enhanced
at the growth condition of nitrogen ambience. The
improvement of the intermolecular coupling or
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twinning effect is also observed by Robinson et al.
for anthracene crystals grown under nitrogen at
reduced pressure [12]. At the microscopic level, the
carrier transport within a pentacene film was
enhanced by the increment of p-orbital overlap
between pentacene molecules as a result of the
increase of the intermolecular coupling. These
results imply that the optimal p-orbital overlap in
a pentacene film can be obtained through the appro-
priate growth ambience.

Next, we turn our attention to study of the struc-
ture and morphology of the pentacene films grown
at various gas ambience conditions. X-ray diffrac-
tion (XRD) measurements were performed to rate
pentacene films freshly deposited on SiO2 substrates
under different gas ambiences and at the same
growth rate, as shown in Fig. 3. The XRD spectra
of the pentacene films include four major reflections,
in particular, pentacene growth blended with N2

exhibits five clear reflection peaks. The films consist
of only one phase with a first-order diffraction peak
at 5.72 ± 0.05� corresponding to a d0 0 1-spacing of
1.54 ± 0.01 nm, which can be attributed to ‘‘thin
film’’ phase polymorph [13], also see the inset of
Fig. 3. Pentacene thin films have a layered structure
[16] and the calculated interlayer d-spacing is
slightly lower than the length of the pentacene mol-
ecule (�1.62 nm) thus the molecules are slightly
tilted to the substrate plane. According to paracrys-
tal theory [14–16], the Lhkl [the mean dimension of
the crystallites perpendicular to the plane (hk l)]
Fig. 3. XRD spectra of pentacene films grown at high vacuum,
H2, N2, He, and Ar ambiences. The inset is the first-order
reflection (001) obtained from all pentacene films.
and gII (the distance fluctuation between successive
planes of the family (hk l) or second kind of distor-
tions of crystal structure) would be obtained from
XRD data using the following formula:

ðdsÞ20 ¼ ðdsÞ2c þ ðdsÞ2II ¼
1

L2
hkl

þ p4g4
IIm

4

d2
hkl

ð1Þ

where (ds)0 = 2coshdh/k is the overall broadening,
excluding instrumental broadening; k represents
the X-ray wavelength; h is the diffraction angle
and dh is in radians; (ds)c specifies the broadening
associated with the size of the crystalline domain;
(ds)II measures the broadening due to lattice distor-
tions of the second kind; m is the order of the dif-
fraction, and �d2

hkl is the mean spacing between
(hk l) planes. In a pentacene film possessing distor-
tions of second kind or paracrystalline distortions,
the long-range disorder is lost due to polycrystalline
structure with at least two phases. The square of
(ds)0 is plotted versus the fourth power of the order
of diffraction (m4) of each peak (00 l) from the pen-
tacene films. Consequently, Lhkl and gII of thin-film
phase are calculated from the intercept on the ordi-
nate axis and the slope of the straight line deter-
mined by the least-squares method and fitted
according to Eq. (1). A semi-logarithmic plots of
lsat versus the calculated L00l of pentacene films,
grown at various gas ambience conditions, are
shown in Fig. 4; the gII value is also shown in this
figure. The largest crystalline size is found in the
pentacene film grown at N2 ambience. On the
contrary, the smallest domain size appears in the
Fig. 4. Field-effect mobility of pentacene-based OTFTs as
function of the crystal domain size of pentacene films (�900 Å)
grown at different ambience conditions.
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film grown at H2 ambience. Our observations show
a clear linear relation of log(lsat) with crystallites
size L00l obtained with slope of 0.0127 ± 0.0023,
though its physical origin remained unclear at this
stage. On the other hand, we have not observed a
relationship between lsat and gII, implying that the
degree of structural perfection of the crystallites
Fig. 5. AFM images (2 lm · 2 lm) of pentacene films deposited onto
ambiences and (f) field-effect mobility as function of grain size of penta
along the surface normal does not dominate the
transport properties.

Fig. 5 displays atomic force microscope (AFM)
images of pentacene films prepared on SiO2 dielectric
under the different gas ambience conditions
described above. All samples show the grain mor-
phology with slightly different grain size. The image
SiO2 surfaces at (a) high vacuum, (b) H2, (c) N2, (d) He, (e) Ar
cene films surface morphology.
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of pentacene film grown at N2 ambience reveals
larger grains as compared to others. Small grains
are observed in the pentacene film deposited onto a
SiO2 substrate at H2 ambience. Because of the
improved molecular packing at nitrogen ambience
the grain morphology must be affected on the surface
of the pentacene film. Formed polycrystalline film
with grain morphology is generally believed to have
increased carrier transport efficiency due to well-
ordered crystalline structure and/or large grain size.
However, we have not observed clear relation
between lsat and grain size in the samples that were
studied in our experiments, as shown in Fig. 5(f).
Grain boundaries potentially influence mobility
and device characteristics, and our research was
focused on analysis of intrinsic and grain bound-
ary-induced carrier transport and film growth mech-
anisms. Most researchers utilize crystal structure and
grain size to interpret the performance of OTFTs
[1,5,17–19]. However, some reported data is not con-
sistent with the observations presented above. In
some cases, the carrier mobility does not improve
when the grain size is increased and consequently
the grain boundaries significantly decrease
[4,17,20]. Small grain size OTFTs sometimes provide
better performance results as compared to OTFTs
with large grain [17,21]. Comparing with the crystal-
lite size obtained from the analysis of X-ray and the
morphology grain size from AFM measurement, the
crystallite size of the pentacene film correlated closely
with the carrier mobility of OTFTs. The value of the
crystallite size is an overall and average measurement
for pentacene active layer involving the carrier trans-
port path including the field-effect channel near the
dielectric surface and the way from source and drain
electrodes to the channel. On the contrary, the sur-
face morphology of the active layer could not reflect
directly the mechanism of carrier transport.

This research focused on the pentacene films
used as an active layer of OTFTs. The films were
grown upon room temperature SiO2 surface by
sublimation under different gas ambience condi-
tions. (i.e. N2, Ar, He, and H2, at a high vacuum)
All studied pentacene-based OTFTs show a similar
threshold voltage behavior. However, pentacene
grown under N2 gas ambience conditions showed
higher mobility and larger on/off ratios, which
were attributed to the well-ordered crystalline
structure, larger crystallites size perpendicular to
the (00 l) planes and larger grain size. However,
the corresponding grain size does not show any
significant relation to the field-effect mobility. The
obtained results show higher mobility of about
0.24 cm2 V�1 s�1 which is close to one order of
magnitude improvement when compared to film
grown in normal high vacuum conditions. The
result is comparable to that of thermal evaporation
pentacene deposited on octadecyltrichlorosilane
treated SiO2, which shows typical values of 0.1–
1.0 cm2/Vs. We found that there is an easy way
to achieve high performance in OTFTs by deposit-
ing pentacene molecules in N2 ambience. Further-
more, we obtained a clear relationship between
field-effect mobility of OTFTs and crystallite sizes
perpendicular to the (00 l) planes via XRD mea-
surements derived from the samples.
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Abstract

We report time-resolved photoluminescence studies in MEH-PPV films for a wide range of excitation intensities. The
results fit well to a diffusion-limited exciton–exciton annihilation model with an annihilation constant c = (2.8 ± 0.5) ·
10�8 cm3 s�1. This enables us to estimate the exciton diffusion coefficient to be D = (3 ± 1) · 10�3 cm2 s�1. This corre-
sponds to a diffusion length between 5 and 8 nm for one-dimensional diffusion.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Exciton; Diffusion; Solar cell; Photovoltaic; Photophysics; MEH-PPV
1. Introduction

Conjugated polymers show great potential for
applications in photovoltaics because of a high
absorption coefficient (�105 cm�1) in thin films
and ability to transport charge [1–3] combined with
simple processing and hence the scope for low cost
manufacture. Primary photoexcitations in conju-
gated polymers are singlet excitons with the Cou-
lombic binding energy generally accepted to lie
between 0.3 and 1 eV [4–6], although lower values
have been reported [7]. Because of this, charge sep-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.05.009
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aration generally occurs at an interface with another
material at a planar or bulk heterojunction [8–12].
For photovoltaic devices it is essential to convert
excitons into charge carriers, so the transport (by
diffusion) of excitons to the heterojunction is a very
important step in the operation of an organic solar
cell. A widely used method to study exciton diffu-
sion is based on interface quenching in which the
reduction of fluorescence lifetime is studied by a
quenching layer [13–17]. In this method the inter-
face with a quencher should be sharp (no inter-dif-
fusion), and short capture distance as well as high
capture rate at the interface are desirable. It is not
always possible to satisfy all these three conditions.

In this paper we explore an alternative way to
measure exciton diffusion by studying exciton–
.
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Fig. 1. Molecular structure and absorbance spectrum of MEH-
PPV.
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exciton annihilation (or exciton fusion). It occurs
when two excitons in close proximity (within an
annihilation or reaction radius) combine, forming
a higher excited state, which relaxes quickly to the
lowest excited state. As a result, one exciton is lost
into heat. This process occurs when the density of
excitons reaches a sufficient level, usually greater
than 1017 cm�3 [18–21], although this does vary
between materials. We have previously used it to
determine the exciton diffusion coefficient in light
emitting dendrimers [22]. The dynamics of exciton
density is described as a bimolecular process, and
the exciton diffusion coefficient can be calculated
from the annihilation rate provided the annihilation
(or reaction) radius is known.

The use of MEH-PPV in devices is quite exten-
sive, including solar cells [3], light-emitting diodes
(LEDs) [23], and optically pumped polymer lasers
[24]. Consequently, it is extremely beneficial to
understand the processes involved in this polymer
in order to enhance devices fabricated with it. Previ-
ously reported studies have shown a one-dimen-
sional diffusion length of the exciton in MEH-PPV
films in the range of 6–14 nm [9,16,17] using inter-
face quenching methods. This variation can be
explained to some extent by different morphologies
of the bulk films and interfaces used in these studies
as well as by different lifetimes of the mobile intra-
chain excitons. Excitation intensity dependent exci-
ton lifetime has been reported in MEH-PPV films
[25], but quantitative estimates of annihilation
parameters were not given.

We report here quantitative studies of exciton–
exciton annihilation in MEH-PPV films using
time-resolved photoluminescence (PL). PL kinetics
can be described with a time independent annihila-
tion rate, which provides information on exciton
diffusion in the bulk MEH-PPV films without the
complexity of surface effects.

2. Experimental

Fused silica substrates were cleaned by ultrasoni-
cation in acetone for 6 min then in propan-2-ol for
6 min. MEH-PPV films were deposited by spin-coat-
ing from solution in chlorobenzene. The weight
average molecular weight of the MEH-PPV was
320,000 and the polydispersity was 12. Film thick-
ness was calculated from the measured absorbance
(see Fig. 1) using an absorption coefficient deter-
mined by spectroscopic ellipsometry. A thin film of
35 nm was used to ensure no amplified spontaneous
emission (ASE) was present, which could add a fur-
ther decay channel for excitons [26]. Excitation was
by 100 fs pulses at 400 nm with a repetition rate of
50 kHz. For comparison some experiments were
performed using a 5 kHz pulse repetition rate.
Time-resolved PL integrated over the spectral range
of 550–680 nm was measured using a synchroscan
streak camera. The instrumental response function
was �5 ps (FWHM). PL decays were measured
under a vacuum of 2 · 10�5 mbar. The excitation
spot size was measured to have a diameter of
0.5 mm at 1/e2 of the maximum intensity and the
excitation pulse energy was varied using neutral den-
sity filters. The excitation density was calculated
assuming one absorbed photon produces one exci-
ton, which is justified because the chromophore den-
sity is more than two orders of magnitude higher
than the highest excitation density of 1.5 · 1018

cm�3, so that sequential photon absorption is negli-
gible. The excitation density is essentially uniform
through the film as the absorbance of the 35 nm
thick film at 400 nm is only 0.08.

3. Results and discussion

The results of time-resolved luminescence mea-
surements as a function of excitation density are
shown in Fig. 2. The initial PL decay at low excita-
tion density (<1017 cm�3) is close to mono-exponen-
tial with a time constant of 140 ps. This is consistent
with previous literature work [27]. As the excitation
density is increased, the decays become progressively
faster due to exciton–exciton annihilation. At high
repetition rates, accumulated long-lived excitations,
such as triplets and photogenerated charges (pola-
rons) can potentially quench singlet excitons and
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Fig. 2. A range of representative photoluminescence (PL) decays
measured with a 50 kHz pulse repetition rate (top panel).
Excitation densities are given in cm�3. The PL lifetime decreases
with increasing excitation density. The bottom panel shows a
comparison of PL decays measured using the 50 kHz excitation
rate (symbols) and 5 kHz (solid lines) at two different excitation
densities.

Fig. 3. A representative range of linearised results of the
measured PL decays. Excitation densities are given in cm�3.

Fig. 4. Final results for the values of c obtained for each
excitation density. Densities where annihilation was not observed
(n(0) < 1017 cm�3) are not displayed.
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contribute to faster PL decays. We would not expect
this to happen at our repetition rate of 50 kHz, but
to make sure we performed some time-resolved PL
measurements at a lower pulse repetition rate
(5 kHz) for comparison. These measurements gave
similar PL decays at identical excitation densities
(bottom panel in Fig. 2), allowing us to conclude
that quenching by accumulated triplets and polarons
is negligible at these excitation densities and repeti-
tion rates. Exciton–exciton annihilation can be mod-
eled using the following rate equation:

dnðtÞ
dt
¼ �kn� cn2 ð1Þ

which has the solution for time independent c:

nðtÞ ¼ nð0Þ expð�ktÞ
1þ c

k nð0Þ½1� expð�ktÞ� ð2Þ

where n(t) is the exciton density at time t, k = 1/
140 ps�1 is the decay rate with no annihilation and
c is the annihilation rate constant. Eq. (2) predicts
a linear dependence of 1/n(t) on exp(kt), and this
is indeed observed in Fig. 3. The slope of these lin-
earised curves gives the singlet–singlet annihilation
rate constant for the MEH-PPV film. The results
are shown in Fig. 4. c was calculated to be
=(2.8 ± 0.5) · 10�8 cm3 s�1 for the three excitation
densities lower than 5 · 1017 cm�3. There is an
apparent reduction of the annihilation constant at
higher excitation densities, which can be explained
by the non-resolved PL decay due to rapid annihila-
tion of excitons generated within the annihilation
(reaction) radius that can be much faster for non-re-
laxed excitons before dynamic localization [28].
Neglecting rapid annihilation at high densities over-
estimates the initial exciton density used to calculate
the annihilation rate, which then results in lower
values of c. The fact that annihilation kinetics fit
well with time independent c agrees with annihila-
tion data in PPV [18,19] and polythiophene films
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[20] and indicates that exciton diffusion is generally
three-dimensional in polymer films [29]. We also
performed time-resolved PL measurements in a con-
centrated MEH-PPV solution in chlorobenzene
(5 mg/ml), however no sign of exciton–exciton anni-
hilation was observed for excitation densities up to
1 · 1017 cm�3 (calculated from the absorption depth
of 1 mm in solution). The highest excitation densi-
ties showed PL line narrowing and an associated
fast decay component due to ASE (data not shown).
This indicates that exciton annihilation conditions
are difficult to reach in solution.

It is possible to determine the exciton diffusion
coefficient, D, from the measured annihilation rate
using:

c ¼ 4pDRa ð3Þ

where Ra is the annihilation radius of excitons,
which corresponds to the distance at which annihi-
lation is faster than diffusion. This equation is valid
only for diffusion-limited annihilation, where the
exciton has to diffuse a significant distance before
annihilation occurs. This condition is satisfied in
our case. If it were not satisfied, then c would show
strong time dependence, and the plots in Fig. 3
would be nonlinear. Singlet–singlet annihilation is
likely to be dominated by dipole–dipole interaction,
and so Ra = a(Re/Rg)3/2, where a is an average exci-
ton hopping distance identical to a typical inter-
chain distance in MEH-PPV films of � 1 nm, and
Re and Rg are Förster radii for excitation transfer
onto the excited segment and onto the segment in
ground state, respectively. Generally the Förster ra-
dius in organic materials is <5 nm [30], and the
largest reported value of 8 nm was obtained for
the perfectly overlapping PL spectrum of the glassy
phase of polyfluorene with the very strong absorp-
tion of the crystalline phase [31]. Using Re/Rg = 4
we get Ra = 8 nm as the upper estimate, which gives
the lower limit of the diffusion coefficient
Dmin = 2.8 · 10�3 cm2 s�1. This is a factor of 21/2
larger than the reported value in MEH-PPV films
from surface quenching measurements on a 30–
800 ps time scale, where an infinitely large exciton
quenching rate at the interface with polymerised
C60 was assumed [16]. Given the fact that exciton
diffusion slows down in time due to energetic disor-
der [4,20,27], the agreement is acceptable. The diffu-
sion length of the singlet exciton can be calculated
using

Ld ¼ ðdDsÞ
1
2 ð4Þ
where s = 140 ps is the singlet exciton lifetime and d
is the dimensionality used. An approximate value
for the diffusion length in three dimensions, L3D

can be determined from the annihilation data using
the density at which annihilation begins to occur,
found here to be n(0) � 1017 cm�3. Assuming that
exciton diffusion is isotropic the volume sampled
by the exciton can be approximated as a sphere
and the density of these spheres is n(0), so that

4

3
pnð0ÞL3

3D ¼ 1 ð5Þ

This results in L3D� 13 nm, which is in fact the sum
of L3D and Ra, so this value can be taken as an
upper estimate for the three-dimensional diffusion
length. It corresponds to Dmax = 4 · 10�3 cm2 s�1,
which gives a stronger constraint on Dmax than the
surface quenching by TiO2 [17]. Taking this value
and the estimated value of Dmin we obtain
D = (3 ± 1) · 10�3 cm2s�1. The diffusion length,
Ld, depends upon the dimensionality which needs
to be appropriate to the situation being considered.
For exciton diffusion across a film to a planar het-
erojunction or quenching interface, only diffusion
in one direction matters, and so it is the one-dimen-
sional diffusion length (d = 1 in Eq. (4)) which is rel-
evant. Our range of values for the diffusion
coefficient indicates that L1D lies in the range 5–
8 nm.

4. Conclusion

Singlet–singlet annihilation in MEH-PPV films
occurs with a time independent rate and is limited
by exciton diffusion. The diffusion coefficient of sin-
glet excitons is found to be (3 ± 1) · 10�3 cm2 s�1,
which lies in between other reported values. Our
results show that exciton–exciton annihilation mea-
surements are a very useful way of studying exciton
diffusion. For MEH-PPV, the results of the exciton
diffusion measurements are consistent with those
obtained by diffusion to an interface. The three-
dimensional exciton diffusion length is estimated
to lie in the range of 9–13 nm. For direct compari-
son to planar devices and interface quenching, the
one dimensional diffusion length lies between 5
and 8 nm. The fact that the exciton diffusion length
is much shorter than the absorption length currently
constrains organic solar cell design. It provides
opportunities for materials and processing develop-
ment to increase the exciton diffusion length and/or
nanostructured device design to accommodate it.
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Abstract

We report on the fabrication and characterization of the bottom contact organic thin film transistor and inverter based
on a heterostructure of C60 on pentacene. The transistor shows ambipolar transport characteristics with high electron and
hole mobilities of 0.23 cm2 V�1 s�1 and 0.14 cm2 V�1 s�1, respectively. Both the n-channel in C60 and the p-channel in pen-
tacene are stable in N2 atmosphere. After exposure to air, the n-channel is completely degraded whereas the p-channel
keeps working. The inverter exhibits typical transfer characteristics, which are interpreted by the distribution of the accu-
mulated electrons and holes depending on the bias conditions. The combination of the high performance and the bottom
configuration of our devices suggests a potential way to fabricate organic complementary circuits without patterning of
organic materials.
� 2006 Elsevier B.V. All rights reserved.

PACS: 85.30.De; 85.30.Tv; 73.61.Ph; 73.61.Wp

Keywords: Organic semiconductor; Organic thin film transistors; Organic inverter; Ambipolar; Bottom contact; Pentacene; Fullerene;
Current–voltage characteristics
1. Introduction

Organic thin film transistors (OTFTs), with
advantages of low-cost, flexibility and large-area
capability, are attractive for numerous applications
including switching devices for various displays [1]
and components for organic integrated circuits [2].
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.06.001

* Corresponding author. Fax: +81 52 789 2944.
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Most OTFTs reported so far exhibit either n-type
or p-type behavior [1,3], and electron and hole mobil-
ities as high as 0.5 cm2 V�1 s�1 and 1.5 cm2 V�1 s�1

have been demonstrated in fullerene (C60)-based [4]
and pentacene-based [5] transistors, respectively.
However, development of organic complementary
technology, where both n-type and p-type transistors
are incorporated, is essential for achieving efficient
organic integrated circuits with low power dissipa-
tion, good noise immunity and high operational sta-
bility. There are two approaches to this goal. One is
.
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to incorporate separate n-type and p-type transistors
by electrical connection [2,6–8]; the other is to realize
ambipolar charge transport in a single transistor.
The latter has superiorities for device fabrication
such as operation at both positive and negative volt-
ages and simplicity of circuit design. Recently solu-
tion-processed ambipolar OTFTs and organic
inverters using interpenetrating blends [9–11] or
small-bandgap polymer [9] have been reported. As
for organic small molecules, OTFTs based on a het-
erostructure, first reported by Dodabalapur et al.
[12], have exhibited ambipolar transport characteris-
tics [13–15]. The heterostructure consists of two
active layers, one of which is n-type organic semicon-
ductor and the other is p-type. Thus both electron
and hole can be accumulated depending on the
gate bias. Nevertheless, the carrier mobility in the
ambipolar bilayer transistors is quite low (10�6–
10�3 cm2 V�1 s�1) compared with those in the corre-
sponding n-type or p-type transistors, and efforts to
improve the mobility are still needed.

Recently Kuwahara, Kubozono and co-workers
reported ambipolar transistors based on C60/penta-
cene heterostructure with relatively high electron
and hole mobilities (10�3–10�2 cm2 V�1 s�1)
[16,17]. In their devices, however, no ambipolar
behavior could be observed with the top and bottom
contact configurations, and only devices with the
middle contact configuration, which is equivalent
to a top contact for pentacene and a bottom contact
for C60, have shown ambipolar transport character-
istics after annealing in high vacuum (HV). The mid-
dle contact configuration requires electrode
patterning after the deposition of pentacene. Since
pentacene is dissolved to many solvents, photolitho-
graphic etching cannot be employed on already
deposited pentacene film, making such configuration
not practical in device manufacturing [18,19]. Fur-
thermore, the vacuum annealing process also limits
the practicability for real device fabrication.

In this paper we report the fabrication of transis-
tors based on C60/pentacene heterostructure with
bottom contact configuration, which is very similar
with that in Ref. [16], whereas the in situ measure-
ments of our devices in HV have shown significantly
different results. Clear ambipolar transport charac-
teristics were observed in the bottom contact devices
without any annealing treatment, while the electron
and hole mobilities reached the order of
0.1 cm2 V�1 s�1. A bottom contact inverter was also
successfully fabricated by incorporating two C60/
pentacene ambipolar transistors. Such devices have
advantages that (1) the patterning of the electrodes
can be carried out before the deposition of organic
materials, and (2) the simple sequential deposition
of the two organic materials after electrode pattern-
ing completes the device fabrication without anneal-
ing. The devices work in N2 atmosphere as well,
demonstrating the possibility of utilizing this bot-
tom contact configuration in practical devices.

2. Experimental

The heavily doped silicon (Si) wafers with 1 lm
silicon dioxide (SiO2) layers, purchased from Photo
Precision Co., Ltd., were used as the substrates. The
Si and SiO2 act as the gate electrode and the gate
dielectric, respectively. The gold (Au) electrodes,
with thickness of 50 nm, were deposited by thermal
evaporation through a shadow mask on the sub-
strate pre-cleaned by the sequential ultrasonic bath
of acetone and ethanol. The channel length and
channel width were 0.1 mm and 2 mm, respectively.
All the electrodes were connected to vacuum electri-
cal feedthroughs before the deposition of organic
films. Commercially available pentacene and C60

(TCI Co., Ltd.) were used as received. The organic
materials were sublimated by quartz cells in a HV
system, where the base pressure was about
6 · 10�5 Pa and two quartz crystal microbalances
are installed. Both of the microbalances were cali-
brated by UV–visible absorption measurements of
deposited films dissolved in solution. One of the
microbalances (fixed) was used to monitor the films
deposition, and the other one (movable) was used in
advance for setting the tooling factor of the fixed
one. The deposition rates of both materials are
0.1–0.2 Å/s. Both the transistor and the inverter
were fabricated by the successive deposition of
10 nm pentacene and 20 nm C60 on the Au patterns,
with two terminals (drain and source, see Fig. 1) for
the transistor, and with three terminals (supply, out-
put and ground, see Fig. 6) for the inverter. The
in situ electrical measurements were performed at
room temperature just after the fabrication.

3. Results and discussion

3.1. Bottom contact ambipolar OTFTs with C60/

pentacene and pentacene/C60 heterostructures

Fig. 2(a) and (b) shows the drain current (ID) ver-
sus drain voltage (VD) characteristics of a bottom
contact transistor with an active layer of 20 nm C60



Fig. 1. Bottom: schematic device structure of a bottom contact
transistor based on C60/pentacene heterostructure. Top: sche-
matic energy level diagram of C60/pentacene/Au structure.
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on 10 nm pentacene (C60/pentacene heterostruc-
ture), whose schematic device structure is shown in
Fig. 1. In the region of high positive and negative
gate voltages (VG), the transistor show typical out-
put characteristics of an n-channel and a p-channel
OTFT, respectively. ID increases with the magnitude
of VD, with transition from a linear regime to a
saturation regime, and becomes larger at higher
VG. However, in the region of low VG and high
VD, ID increases superlinearly with VD, and becomes
smaller at higher VG. According to our analysis
described below, this phenomenon indicates the
ambipolar charge transport in the C60/pentacene
heterostructure.

The schematic energy level diagram of the C60/
pentacene/Au structure is depicted in Fig. 1, where
the vacuum level (EV) is simply assumed to be
aligned at the interfaces. In this case, the hole injec-
tion barrier is determined by the energy difference
between the Fermi level (EF) of the metal and the
highest occupied molecular orbital (HOMO) level
of the organic material [20]. The actual barrier at
the pentacene/Au interface in ultrahigh vacuum
(UHV) was reported to be 0.5 eV, with the forma-
tion of an interfacial dipole layer [21]. However,
most pentacene-based transistors were fabricated
in HV, and both the reported [1,5] and present
device data suggest that the pentacene/Au contacts
are ohmic. This might be due to the difference
between UHV and HV conditions. Therefore, holes
can be efficiently injected into the HOMO level of
pentacene and form hole accumulation layer at the
pentacene/SiO2 interface. For the electron injection,
the injection barrier from Au into the lowest unoc-
cupied molecular orbital (LUMO) level of penta-
cene, assuming the vacuum level alignment, is high
(1.8 eV) [21]. Even when we consider the reported
large interfacial dipole, there will be still a 1.2 eV
injection barrier [21]. Thus the electron injection
from Au into the LUMO level of C60 through the
LUMO level of pentacene is not probable. Instead,
we propose that electrons are injected from the
HOMO level of pentacene into the LUMO level of
C60 to form electron accumulation layer at the
C60/pentacene interface, while the holes left in the
pentacene layer are transported to the contacts
(see Fig. 1). The mismatch between the LUMO level
of C60 at about 4.4 eV [22] and the HOMO level of
pentacene at 5.0 eV [21] results in a 0.6 eV barrier
for electron injection from pentacene into C60,
which is consistent with the non-linear increase of
ID at low VD observed in Fig. 2(a).

Here we define the grounded contact as the
source contact in an ambipolar transistor. For posi-
tive VG and VD with VD < VG � VT, where VT is the
threshold voltage, the gate electrode is effectively
positively biased with respect to both the drain
and the source contacts. Accordingly, only electrons
are injected and accumulated in the C60 layer, and
holes are depleted in the pentacene layer. In this
voltage range, the device works like an n-channel
transistor, and ID reaches saturation with increasing
VD. For positive VG and VD with VD > VG � VT,
the gate electrode is effectively negatively biased
with respect to the drain contact, but still positively
biased with respect to the source contact. In this
case, holes start to be injected into the pentacene
layer at the drain contact, while electrons are still
injected in the C60 layer at the source contact. Thus
both the electron and the hole accumulation layers
are distributed in the channel depending on the bias
condition. At the site with the same potential as the
gate electrode, electrons and holes will recombine at
the C60/pentacene interface due to the coulomb
attraction (see Fig. 6). As a consequence, either elec-
trons or holes are accumulated in this voltage range,
and there will be no full depletion region through
the entire channel. This explains the superlinear
increase of ID with VD shown in Fig. 2(a). For neg-
ative VG and VD, the current behavior shown in
Fig. 2(b) can be interpreted by the same mechanism.
Actually the ambipolar transistor is equivalent to an



Fig. 2. ID–VD characteristics of a bottom contact transistor with an active layer of 20 nm C60 on 10 nm pentacene, (a) at positive gate
voltages, (b) at negative gate voltages.
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n-channel TFT and a p-channel TFT in parallel. At
the locations where the n-channel is enhanced, the
p-channel is depleted; and vice versa. The simulta-
neous operation of the parallel channels will pro-
duce the same characteristics as those in Fig. 2.

According to the transistor data in the high VG

region, the electron and hole mobilities are esti-
mated to be 0.23 cm2 V�1 s�1 and 0.14 cm2 V�1 s�1,
respectively. These mobilities are close to the best
reported values for bottom contact C60-based [4]
and pentacene-based [19] transistors, suggesting
that the heterostructure of C60 on pentacene does
not degrade the charge transport properties in the
C60 and pentacene layers. Fig. 3 shows the ID versus
VG characteristics of our transistor under various
environments. The non-monotonic change of ID

with jVGj observed in HV can be ascribed to the
ambipolar charge transport discussed above. After
exposure to nitrogen (N2) at atmospheric pressure,
ID is only slightly decreased, and the ambipolar
characteristics remain unchanged. The low sensitiv-
ity to N2 implies that the circuits based on the tran-
sistor can be encapsulated in N2 atmosphere. In
contrast, the VG dependence of ID becomes mono-
tonic after exposing the transistor to air, indicating
the disappearance of the ambipolar characteristics.
The ID versus VG characteristics of a pentacene-
based transistor are presented in Fig. 3, and the



Fig. 3. ID–VG characteristics of the transistor depicted in Fig. 2
under various environments. Data represented by diamonds were
recorded in high vacuum from a pentacene-based (30 nm)
transistor.

Fig. 4. ID–VG characteristics of bottom contact transistors with
different active layers.
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comparison with the characteristics of the ambipo-
lar transistor demonstrates (1) the almost complete
degradation of the n-channel and (2) the mainte-
nance of the p-channel in the ambipolar transistor
after exposure to air. The phenomenon can be
understood in terms of the high sensitivity of the
electron injection and/or transport in C60 thin films
to oxygen (O2) [4,23]. Although there is no detailed
statement about in situ measurements in Ref. [16],
we may speculate that (1) the absence of the ambi-
polar characteristics in their bottom contact transis-
tors might be due to such effect of ambient
atmosphere, and (2) the annealing required for the
appearance of the ambipolar behavior even for their
middle contact transistors was necessary to remove
the O2 molecules in the C60 layer [4,23].

We also fabricated and in situ measured a tran-
sistor with an opposite heterostructure of 20 nm
pentacene on 10 nm C60 (pentacene/C60 heterostruc-
ture), whose ID versus VG characteristics are shown
in Fig. 4. Comparing with the C60/pentacene tran-
sistor, the ambipolar characteristics can be still
observed in this transistor, and we can consider
the similar energetics of the carrier injection with
that for the C60/pentacene transistor. ID in the elec-
tron enhancement mode (low negative VG and posi-
tive VG) is in the same order of magnitude. On the
other hand, the magnitude of ID in the hole
enhancement mode (high negative VG) is about
two orders smaller, implying a much lower hole
mobility in the top pentacene layer. In considering
this difference from the C60/pentacene transistor,
we note that the film structure of C60 on pentacene
can be isotropic owing to its symmetric molecular
structure, hence the C60 layers on pentacene and
on SiO2 may possess similar structure, morphology,
and electron mobility. On the other hand, the film
growth of pentacene is known to be strongly influ-
enced by the surface conditions of the substrate
[19], and the large difference of hole mobility in
the two heterostructures may be ascribed to the dif-
ferent film structure and/or molecular orientation of



Fig. 6. Schematic illustration of the operation principle of the
inverter depicted in Fig. 5. Circles with plus and subtraction signs
indicate holes and electrons, respectively. Capital letters A, B, C,
D represent different working states of the inverter marked in
Fig. 5.
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pentacene on C60 and on SiO2. The severe n-channel
degradation after exposure to air was also observed
in the pentacene/C60 transistor, as in the case of
C60/pentacene, suggesting the O2 diffusion into the
bottom C60 layer through pentacene.

3.2. Bottom contact inverter with C60/pentacene

heterostructure

Using the same fabrication process, a bottom
contact inverter based on the C60/pentacene hetero-
structure could be fabricated by simply modifying
the Au electrodes patterning. The transfer charac-
teristics at positive supply voltage (VDD) and the
schematic device structure of the inverter are shown
in Figs. 5 and 6, respectively. The circuit layout of
the inverter is also presented in Fig. 5. The inverter
exhibits typical voltage transfer characteristics, i.e.
low/high input voltage (VIN) leading to high/low
output voltage (VOUT), with a high gain of about
13, at both positive and negative supply voltages.

In the following, we will give an explanatory view
of the operation mechanism of the inverter using
Fig. 6. In Fig. 6, four different working states,
marked A–D in Fig. 5, are chosen to demonstrate
the realization of the transfer characteristics. The
inverter consists of two identical ambipolar transis-
tors, where the common gate electrode acts as VIN,
and the three Au electrodes play the roles of VDD

(100 V), VOUT, and ground (0 V), respectively.
At state A, VIN is low so that the gate is highly
Fig. 5. Transfer characteristics of a bottom contact inverter with an a
voltage. The circuit layout of the inverter is inserted, T1 and T2 repres
negatively biased with respect to VDD contact, while
there is almost no gate bias with respect to the
ground. Therefore, only hole accumulation occurs
ctive layer of 20 nm C60 on 10 nm pentacene at positive supply
ent the two ambipolar transistors.
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in both of the transistors. Furthermore, the channel
conductance of transistor 1 is much higher than that
of transistor 2, leading to high VOUT close to VDD.

At state B, VIN is increased, and the gate is neg-
atively biased with respect to VDD contact whereas
positively biased with respect to the ground. The
change of VG from the state A reduces the hole con-
centration in transistor 1, and induces the electron
injection at the ground which starts the ambipolar
transport in transistor 2. VOUT is decreased owing
to the modification of the channels conductance.

At state C, the roles of the two transistors are
exchanged with respect to those at state B, and
accordingly VOUT is decreased to a smaller value.
At state D, opposite to the case of state A, high
VIN results in that only electrons are accumulated
in the both transistors, and that the channel conduc-
tance of transistor 1 is much lower than that of tran-
sistor 2. Consequently VOUT is close to 0 V.

In short, the inverter works like a gate controlled
voltage divider. Depending on the voltage configu-
ration, the distribution of the accumulated electrons
and holes can modify the channels conductance of
the two incorporated ambipolar transistors, and
further realize the transfer characteristics.

In an ideal inverter, high and low VOUT should
approach VDD and 0 V, respectively, and the thresh-
old voltage (VTinv) should be equal to the half of VDD.
These are not achieved in Fig. 5. At states A and D in
Fig. 6, it is clearly shown that no ambipolar transis-
tors can be fully switched off during the inverter oper-
ation, and the leakage current from VDD to the
ground results in a relatively low gain [9,17] com-
pared with the organic inverters incorporating sepa-
rate n-type and p-type transistors [7,8]. On the other
hand, the estimated carrier mobilities in our transis-
tors are VG dependent; the electron mobility is lower
and higher than the hole mobility at low and high VG

(not shown), respectively. The variance of the elec-
tron and hole mobilities may lead to (1) a displace-
ment of VTinv from the half of VDD (see Fig. 5); and
(2) a situation that the ratios of the voltage drops
on the two transistors at low and high VOUT are not
in a reciprocal relationship, i.e. states A and D in
Fig. 6 are not inversely equivalent. Similar with the
ambipolar transistors, the inverter was observed to
be insensitive to N2 and highly sensitive to air.

4. Conclusions

The bottom contact transistor and inverter based
on a heterostructure of C60 on pentacene were
fabricated and in situ characterized. The ambipolar
transport characteristics were observed in the tran-
sistor. It is proposed that electrons are injected from
the pentacene HOMO level into the C60 LUMO
level, and move in the C60 layer with electron mobil-
ity of 0.23 cm2 V�1 s�1; and that holes are injected
from the Fermi level of Au into the pentacene
HOMO level, and move in the pentacene layer with
hole mobility of 0.14 cm2 V�1 s�1. The transistor
with an opposite heterostructure of pentacene on
C60 also showed ambipolar behavior, but with
poorer performance, mainly owing to the low hole
mobility in the top pentacene film. The performance
of the transistors is stable in N2 atmosphere,
whereas the complete n-channel degradation was
observed in air probably due to the high sensitivity
of C60 to O2. The typical voltage transfer character-
istics for an inverter were achieved by combining
two C60/pentacene transistors by the analogous fab-
rication process, and the qualitative analysis on the
accumulation and distribution of carriers is given to
interpret the operation mechanism of the inverter.

We emphasize that the bottom contact configura-
tion of the devices may simplify the design and fab-
rication of organic complementary circuits. The
most advantageous aspect is that these devices can
be fabricated by a sequence of (1) electrode pattern-
ing on a gate insulating layer, e.g. by photolithogra-
phy, and (2) simple sequential deposition of two
electronically functional organic layers without
any patterning. The presently observed relatively
high performance, together with the capability of
encapsulation in inert gas, and the possible
improvements by further choice of appropriate
materials, demonstrate the potential usefulness of
this type of devices for future applications.
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Abstract

A series of linear oligomers combining thiophene, phenyl and vinyl units were designed and synthesized to investigate
the influence of the number and sequence of the p-conjugating groups on the stability and performance of organic thin-film
transistors. The optical and electrochemical properties of oligomers in solution were investigated by UV–vis absorption
and photoluminescence spectroscopies, and cyclic voltammetry. High vacuum evaporated thin films were investigated
by optical absorption, X-ray diffraction and AFM, and implemented as p-type semiconducting layers into organic thin-film
transistors (OTFTs). Furthermore, shelf-live tests (under ambient conditions) of the OTFTs based on the distyryl-substi-
tuted oligomer, DS-2T, show that the mobility was almost unchanged for 100 days, indicating a high environmental sta-
bility and the great importance of end-substitution to provide stability against air-oxidation.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years much attention has been attracted
by organic electronics. Organic thin-film transistors
(OTFTs) are in particular a topic of intensive inves-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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tigation [1]. The performance of OTFTs has been
continually improving to the point of now being via-
ble in integrated circuit applications [2]. Organic
transistors will be one of the basic components of
future electronic devices because of their advantages
over conventional inorganic electronics, i.e., as
example hydrogenated amorphous silicon thin-film
transistors, such as low-cost, facile packaging,
attractive appearance, reduced temperature of fabri-
cation and compatibility with flexible substrates.
.
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Nevertheless for low-cost manufacturing, the pro-
cessing needs to be carried out in ambient condi-
tions, which requires the materials to be stable to
ambient environmental effects (i.e., exposure to oxy-
gen). Any precautionary methods to insulate devices
from air would lead to increased cost, thus canceling
the fundamental advantage of using organic materi-
als as a low-cost alternative to their amorphous sil-
icon counterparts. By consequence for the
exploitation of OTFTs in commercial applications,
it is of paramount importance that the active mate-
rials have sufficient air stability to achieve and main-
tain useful functional performance characteristics
without protective encapsulation. Very recently,
several groups reported significant enhancements
of OTFTs stability under ambient conditions in
the case of semiconducting small molecules [3], olig-
omers [4,5] and polymers [6]. Exceptional stability
features were described for acene-thiophene semi-
conductors [4].

The oligothiophene skeleton is among the most
versatile and effective molecular scaffold on which
to base the rational design of organic semiconduc-
tors [7]. However oligothiophene derivatives are
generally recognized to offer only poor air-stability
and the fact is that their OTFTs show rapid perfor-
mance degradation. In a previous work, we reported
a new series of structurally simple and readily avail-
able oligothiophenes end-capped with styryl units,
DS-nT (n = 2, 3, 4), that were used as the semicon-
ducting layer in OTFTs [8]. The devices not only
showed very high field-effect mobility (up to
0.1 cm2/Vs) and on/off ratios (up to 105), but were
Fig. 1. Synthetic routes towards
also found to be exceptionally long-lived (more than
one year of storage) and stable toward continuous
operation, under atmospheric conditions. In the
same conditions octithiophene 8T showed a
decrease of about 70% of its initial mobility value
after 100 days. To our knowledge, compound DS-

4T is the first example of a long-chain oligothioph-
ene derivative that allows to fabricate highly stable
OTFTs with a life of more than 17 months. As
yet, it remains unclear whether the unique behavior
of the DS-nT (n = 2, 3, 4) compounds stems from
the inherent electronic structure of the styryl group
or its connection at the terminal oligomer positions.
End-substitution has been shown to impart oligoth-
iophene semiconductors with enhanced chemical
stability [9]. In an attempt to answer this question,
we decided to investigate analogous systems in
which the regiochemical connectivity of phenyl,
vinyl, and thiophene units is varied. To this end,
oligomers 1 and 2 were synthesized (Fig. 1) and
compared to DS-2T previously published [8,10,11].
We describe herein the optical and electrochemical
properties of 1 and 2 in solution. High vacuum
evaporated thin films were investigated by optical
absorption, X-ray diffraction and AFM, and imple-
mented as p-type semiconducting layers into
OTFTs. The influence of substrate deposition tem-
perature and substrate chemical treatment prior to
organic deposition is described. Interestingly, com-
parable mobility values of �0.02 cm2/Vs are
obtained for both oligomers 2 and DS-2 T while
only DS-2T-based OTFTs show high stability under
ambient conditions.
1, 2 and DS-2T oligomers.
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2. Experimental details

2.1. Synthesis

Cyclohexane, methylenechloride, tetrahydrofu-
rane (THF) were purchased from CarloErba. Tetr-
abutylamonium hexafluorophosphate (TBAPF6)
was purchased from Fluka. Benzylphosphonium
bromide salt, p-xylylenebis(triphenylphosphoniumbro-
mide), potassium t-butoxide and thiophene-2-
carboxaldehyde were purchased from Aldrich.
2,2 0-Bithienyl-5-carboxaldehyde and 5,5 0-diformyl-
2,2 0 bithiophene were prepared according to litera-
ture [12]. Melting points are uncorrected and were
obtained from an Electrothermal 9100 apparatus.
1H NMR spectra were recorded on Bruker AC 250
at 250 MHz.

2.1.1. Typical procedure for the synthesis of 1 and 2

To a solution of thiophene-2-carboxaldehyde or
2,20-bithiophene-5-carboxaldehyde (2.07 mmol) and
p-xylylene-bis(phosphonium bromide) (0.9 mmol)
in 60 mL of anhydrous tetrahydrofurane at 0 �C
under argon, was added t-BuOK (4.14 mmol) por-
tionwise. The mixture was stirred at room tempera-
ture for 10 h. After evaporation of the solvent, the
crude product was dissolved in methylenechloride.
The organic layer was washed with water, dried over
MgSO4, and evaporated to dryness. The product
was purified on a silica gel column eluting with
methylene chloride/cyclohexane (1:4 v/v).

2.1.2. E,E-1,4-bis(2-ethenylthienyl)-benzene (1)

Yield: 77%. Mp 267 �C; 1H NMR (250 MHz,
CDCl3) d: 6.93 (d, 2H, J = 16.05 Hz, 2 · Hethylenic),
7.03 (dd, 2H, J = 3.00 Hz, J = 3.25 Hz, 2 · Hthioph),
7.09 (d, 2H, J = 3.00 Hz, 2 · Hthioph), 7.21 (d, 2H,
J = 3.75 Hz, 2 · Hthioph), 7.27 (d, 2H, J = 16.43 Hz,
2 · Hethylenic), 7.46 (s, 4H, Hbenz). Elemental Analy-
sis calcd for C18H14S2: C, 73.43; H, 4.79; S, 21.78
Found: C, 72.71; H, 4.76; S, 22.53.

2.1.3. E,E-1,4-bis(5-ethenyl-2,2 0-bithienyl)-benzene

(2)
Yield: 67%. Mp 255 �C, 1H NMR (250 MHz,

CDCl3) d: 6.88 (d, 2H, J = 15.75 Hz, 2 · Hethylenic),
6.98 (d, 2H, J = 3.75 Hz, 2 · Hthioph), 6.99 (dd, 2H,
J = 1.25 Hz, J = 3.50 Hz, 2 · Hthioph), 7.08 (d, 2H,
J = 3.75 Hz, 2 · Hthioph), 7.18 (dd, 2H, J = 1.25 Hz,
J = 3.75 Hz, 2 · Hthioph), 7.30 (dd, 2H, J = 1.25 Hz,
J = 3.75 Hz, 2 · Hthioph), 7.29 (d, 2H, J = 16.00
Hz, 2 · Hethylenic), 7.46 (s, 4H, Hbenz). Elemental
Analysis calcd for C26H18S4 Æ 0.5 C6H12: C, 69.56
H, 4.83; S, 25.61 Found: C, 69.32; H, 5.11; S, 25.56.

2.1.4. 5,5 0-Distyryl-2,2 0-bithiophene (DS-2T)
DS-2T was obtained according to a procedure

similar to that described above for the synthesis of
1 and 2, using benzyl(triphenylphosphonium bro-
mide) (2 mmol) and 5,5 0-diformyl-2,2 0-bithiophene
(0.9 mmol).

Yield: 79%. Mp 221 �C; 1H NMR (250 MHz,
CDCl3) d: 6.82 (d, 2H, J = 16.11 Hz, 2 · Hethylenic),
6.89 (d, 2H, J = 3.63 Hz, 2 · Hthioph), 7.01 (d, 2H,
J = 3.63 Hz, 2 · Hthioph), 7.11 (d, 2H, J = 16.43 Hz,
2 · Hethylenic), 7.25-7.41 (m, 10H, Hbenz). Elemental
Analysis calcd for C24H18S2: C, 77.80; H, 4.90; S,
17.31 Found: C, 77.84; H, 5.07; S, 17.81.

2.2. Solution measurements

UV–vis absorption and fluorescence emission
spectra were obtained on a Varian Cary 1E spectro-
photometer and a Varian Cary Eclipse spectrofluo-
rimeter, respectively. Corrected emission spectra
were obtained on diluted solution (CH2Cl2, conc.
<10�5 M) upon excitation at the absorption maxi-
mum wavelength. Cyclic voltammetry was performed
using a BAS 100 Potentiostat (Bioanalytical Sys-
tems) operated with BAS 100W (v2.3) software.
A three-electrode setup based on a Pt working elec-
trode (diameter 1.6 mm), a Pt counter electrode, and
an Ag/AgCl (filled with 3 M NaCl) were used. Tet-
rabutylammonium hexafluorophosphate (TBAPF6)
was used as received as electrolyte (0.1 M). All
experiments were carried out in 1,2-dichlorobenzene
at 20 �C. Ferrocene used as internal standard.

2.3. OTFTs fabrication

The ‘‘top contact’’ configuration (Fig. 2) was
used for the OTFT devices based on 1, 2 and DS-

2T. Highly n-doped silicon wafers (gate), covered
with thermally grown silicon oxide SiO2 (3000 Å,
insulator layer), were purchased from A.C.M
(France) and used as device substrates. In order to
change the surface property of the SiO2 layer from
hydrophilic to hydrophobic, SiO2-covered sub-
strates were treated with a solution of hexamethyldi-
silazane (HMDS). The capacitance per unit area of
either untreated or HMDS-modified silicon dioxide
dielectric layers was 1.2–1.3 · 10�8 F/cm2. The
semiconductor layer was then vacuum deposited
onto the substrates, using an Edwards Auto 306



Fig. 2. Schematic ‘‘top contact’’ configuration used for OTFT measurements.
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apparatus, at a rate of 4–7 nm/min under a pressure
of 1–2 · 10�6 mbar to a nominal thickness of 50 nm
as determined with a in situ quartz crystal monitor.
Substrate temperature (Tsub) during deposition was
controlled by heating the block on which the sub-
strates are mounted. The Au source and drain elec-
trodes (channel length L = 50 lm, channel width
W = 1 mm) were evaporated on top of the organic
thin film through a shadow mask. Current–voltage
characteristics were obtained at room temperature
under ambient conditions with a Hewlett-Packard
4140B pico-amperemeter-DC voltage source. The
source-drain current (ID) in the saturation regime
is governed by the equation:

ðIDÞsat ¼ WCil=2LðV G � V tÞ2 ð1Þ
where Ci is the capacitance per unit area of the gate
insulator layer, VG is the gate voltage, Vt is the
threshold voltage, and l is the field-effect mobility.
The on/off ratio values given in Table 1 were deter-
mined from the current ID at VG = �100 V to the
Table 1
Charge carrier mobility (l), on/off ratio and threshold voltage (Vt) for
substrate temperature on untreated and HMDS-treated silicon oxide s

Material Tsub (�C) Substrates

2 30 SiO2/Si
HMDS-treated SiO2/Si

80 SiO2/Si
HMDS-treated SiO2/Si

DS-2Ta 30 SiO2/Si
HMDS-treated SiO2/Si

80 SiO2/Si
HMDS-treated SiO2/Si

a Results from [8].
current ID at VG = +100 V under a constant
drain-source voltage VD = �30 V. All the data in
Table 1 were obtained by randomly measuring 10
individual OTFTs for each substrate temperature.

2.4. Thin film measurements

UV–vis absorption spectra of thin films were
obtained on a Varian Cary 1E spectrophotometer.
Thin films were vacuum evaporated on glass sub-
strate to a nominal thickness of 50 nm. Substrate
temperature (Tsub) during deposition was the same
as Si/SiO2 substrates, i.e., Tsub = 30 �C or 80 �C.
The optical absorption was measured under a nor-
mal incidence 0� (the normal of the substrate is par-
allel to incident light beam) and an oblique
incidence 60� (an angle of 60� is induced between
the normal of the substrate and the incident light
beam). A dichroic ratio R is measured at absorption
maxima by using R = A60�/A0�, A60� and A0� being
the absorbance under an oblique incidence 60�
OTFTs fabricated with semiconductors 2 and DS-2T at different
ubstrates

l (cm2/Vs) On/off Vt (V)

1–2 · 10�2 1.3–2 · 105 2.8–9.5
1–2 · 10�2 1.7–5.3 · 105 0–2.7
1–2.1 · 10�2 5.2–8.2 · 104 9.2–33
1–2.3 · 10�2 1–3.2 · 104 8.3–10
2–6 · 10�3 1.6–1.9 · 105 4–8
3–9 · 10�3 1.5–3.3 · 105 (�2)–(�7)
1–2 · 10�2 2–2.3 · 105 0–19
1–2 · 10�2 2.1–2.8 · 105 (�1.2)–(�4)



Fig. 3. Optical absorption of 1 (fine line), 2 (thick line) and DS-

2T (dashed line) in CH2Cl2. Inset: Optical emission of DS-2T in
CH2Cl2.

C. Videlot-Ackermann et al. / Organic Electronics 7 (2006) 465–473 469
and a normal incidence 0�. A dichroic ratio of 1
indicates an isotropic arrangement of molecules
with no preferential orientation of molecules on
the substrate. If R > 1, a preferential orientation
occurs during the thin film formation with an
upright orientation of the molecules due to their lin-
ear shape. Such optical analyses give a preliminary
tendency of the molecular orientation in thin films
which is confirmed by further measurement as
AFM measurements. Atomic force microscopy
(AFM) measurements were done on thin films in
air with a Nanoscope III Multimode (Instrument,
Inc.), operating in the tapping mode.

2.5. X-ray diffraction

Thin films of 2 and DS-2T were fabricated by
vacuum deposition in a pressure of 5 · 10�5 Pa
using K-cell type crucible. Si wafer (covered by
SiO2 layer 300 nm thick) was used as substrates
which were kept at room temperature. The deposi-
tion rate and final film thickness were 0.1 nm/s
and 100 nm, respectively. The as-deposited thin
films were characterized using X-ray diffraction in
air using an X-ray diffractometer (Regaku Co.,
ATX-G) which was specially designed for character-
ization of thin films. A parabolic multiplayer posi-
tioned next to the laboratory X-ray source
produces high intensity parallel beam (Cu Ka) using
a HOPG analyzer. The goniometer has not only
usual x/2h axes but also in-plane //2hv axes for
measuring both in-plane and out of plane diffrac-
tion. The details of the diffractometer and character-
ization method were described elsewhere [13].

3. Results and discussion

3.1. Molecular characterization

The electronic absorption spectra of 1, 2 and DS-

2T in methylenechloride solution are given in Fig. 3.
Although they display a broad vibronic structure as
a result of rotational disorder, they appear more
structured than those of parent oligothiophenes,
which can be due to a more planar geometry around
the ethylenic bonds. The more resolved structure of
the fluorescence emission spectrum of DS-2T is
indicative of a more planar geometry in the excited
relative to the ground state. The shorter oligomer 1

shows absorption and emission maxima in the near-
UV region (kabs/kem (nm): 1 375/444) leading to a
high optical band gap value of Eg = 2.99 eV. UV–
vis/fluoresence data point to comparable electron
conjugation pathway in both compounds, 2 and
DS-2T, as indicated by the similar values of the
absorption and emission maxima (kabs/kem (nm): 2

427/484; DS-2T 425/477). Furthermore electron
conjugation pathways are more extended within 2

and DS-2T relative to parent oligothiophenes, such
as 4 T (kabs/kem (nm) = 393/451 nm) leading to sig-
nificantly reduced optical band gap values (Eg

(eV): 2 2.55; DS-2T 2.60; 4T 2.80). Cyclic voltam-
metry (CV) measurement of 1 and 2 shows an irre-
versible and a quasi-reversible oxidation waves
peeking at 1.17 and 1.00 V vs Ag/AgCl, respectively.
The negative shift of oxidation potential for 2 as
compared to 1 correlates with the bathochromic
shift of the optical absorption maxima and reflects
the increase of the number of thiophene rings as
classically described for thiophene oligomers [7].
The application of recurrent potential scans to 1

and 2 leads to the emergence of a new redox system
with the oxidation and reduction waves correspond-
ing to the doping/undoping process of the growing
polymer at the surface electrode (Fig. 4). The CV
curves of corresponding polymers were similar with
an oxidation potential peak at 1.01 and 1.10 V vs

Ag/AgCl for poly(1) and poly(2), respectively. For
comparison, the CV of DS-2T was shown to display
a reversible one-electron oxidation wave corre-
sponding to the formation of the cation radical at
E1/2 = 0.96 V vs Ag/AgCl at a less positive potential
than that recorded for 4T (E1/2 = 1.18 V) [8].
According to CV data, distyryl end groups provide
stabilization against polymerization and oxidation.
The HOMO and LUMO energy levels of DS-2T



Fig. 4. Cyclic voltammogram of 2 at 1 · 10�3 in 0.1 M TBAPF6/
1,2-dichlorobenzene. Inset : (a) Electropolymerization in poten-
tiodynamic condition at v = 100 mV/s and (b) cyclic voltammo-
gram of poly(2) in 0.1 M TBAPF6/CH3CN at v = 100 mV/s.

Fig. 5. Optical absorption of 50 nm-thick films fabricated at
Tsub = 80 �C based on 2 (a) and DS-2T (b) under oblique (thick
line) and normal (dashed line) incidence. Inset: Optical absorp-
tion of 1 as 50 nm-thick film fabricated at Tsub = 30 �C.
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were estimated at �5.32 eV and �2.72 eV, respec-
tively, on using electrochemical and absorption data
[14].

Optical absorption spectra of 1, 2 and DS-2T

50 nm-thick films are shown on Fig. 5. The absorp-
tion spectra exhibit peaks at high energy (200–
280 nm) as found for all oligothiophenes and
originate from the aromatic groups (thiophene and
arene) [7]. The shorter oligomer 1 presents a broad
absorption band (Inset of Fig. 5a) in the 280–
700 nm range with peak maximum at 310 nm and
a low energy shoulder at 437 nm. The shape of the
p! p* transition indicates a poor conjugated
length together with an unless solid state packing
in 1-based thin films. As a contrary, spectra of 2

and DS-2T show almost identical features with nar-
row and intense maximum peaks together with fine
structures at lower energy. Small ipsochromic shifts
are observed for DS-2T (kabs (nm): 2 278/339/438/
474/510; DS-2T 256/331/433/463/498) with any
drastic change in the shape of the p! p* transition
revealing ground state of 2 and DS-2T not being
influence by the sequence of bithiophene and phenyl
groups in the oligomer core. Furthermore the exis-
tence of organized thin films can be demonstrated
by measuring the UV–vis absorption under different
incidence angles [15]. In Fig. 5a and b optical
absorption spectra under 0� and 60� of 2 and DS-

2T-based thin films vacuum deposited on glass sub-
strate at Tsub = 80 �C are shown, respectively. A
dichroic ratio of �2 and �5 was obtained at
339 nm and 331 nm for 2 and DS-2T-based thin
films, respectively. For 2 and DS-2T-based thin
films deposited at Tsub = 30 �C lower dichroic ratio
of �1.5 and �3 were obtained, respectively, reveal-
ing less order in films by decreasing the substrate
temperature. The higher intensity arising under an
oblique incidence 60� indicating that the molecules
are preferentially oriented perpendicular to the sub-
strate with a higher degree of ordering on heated
substrates.

3.2. Thin film morphology

Film microstructure and morphology of vapor
deposited thin films of 2 and DS-2T grown on
SiO2/Si were investigated by XRD and AFM. h-2h
X-ray diffraction spectra of 2 and DS-2T-based thin
films vacuum deposited at 30 �C with a nominal
thickness of 100 nm reveal that both films are char-
acterized by a high degree of texture (Fig. 6). Sharp
and strong reflections up to the nineth order for 2

confirm the high degree of lamellar ordering even
at low deposition temperature. Thin films are con-



Fig. 6. X-ray diffraction pattern of h/2h scan of 2 (top curve) and
DS-2T (bottom curve) films deposited onto SiO2/Si substrates at
Tsub = 30 �C.

Fig. 7. AFM image, scale = 2.9 lm · 2.9 lm (a) and correspond-
ing profile (b) of a thin film based on 2 vacuum evaporated on
SiO2/Si at Tsub = 80 �C.
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sidered by highly oriented poly-crystals having an
interplanar d-spacing of 2.38 and 2.07 nm for 2

and DS-2T, respectively. AFM pictures show the
formation of islands whose size increases with the
substrate deposition temperature. At Tsub = 80 �C,
a terrace-and-step morphology is clearly observed
for 2 (Fig. 7a), an average value of 2.3–2.4 nm being
determined for the steps height which corresponds
to the molecular length (Fig. 7b). In the case of
DS-2T, an island growth with the formation of ter-
races is observed by AFM. Such rod-like molecules
are mainly oriented with their long molecular axes
parallel to the substrate normal as already observed
in the DS-nT series [8]. Consequently, the molecular
orientation in 2 and DS-2T-based thin films is
favorable for efficient charge transport across the
SiO2-semiconductor interface.

3.3. Thin-film transistors and characterization

measurements

OTFT devices were fabricated using the top con-
tact geometry (Fig. 2). Transistor responses were
obtained only for negative bias, which is indicative
that compounds are p-type semiconductors
(Fig. 8a). The devices work in the accumulation
mode with the presence of a well-defined linear
regime at VD < VG followed by a saturation regime
at VD > VG. Fig. 8b shows the plot of the square of
ID,sat taken at VD = �100 V (saturation regime), as
a function of VG. A mobility of 0.015 cm2/Vs and a
threshold voltage of 19 V are obtained from linear
fitting in Fig. 8b and using Eq. (1). The field-effect
mobilities are shown to increase with the substrate
deposition temperature as due to the formation of
better ordered thin films at elevated Tsub (Table 1).
The highest value of the hole mobility (0.023 cm2/
Vs) was obtained for 2 at 80 �C on HMDS-treated
SiO2/Si. HMDS treatment was observed to improve
the mobility and on/off ratio together with a
decrease of the threshold voltage Vt relative to
unmodified samples, in agreement with previous
reports [16]. For the shorter oligomer 1 a low mobil-
ity up to 1.6 · 10�7 cm2/Vs at Tsub = 30 �C on poly-
methyl-methacrylate (PMMA) as insulator layer
was obtained in agreement with the unless electron
conjugation pathway already observed by cyclic vol-
tammetry measurement and optical absorption. In
the same conditions, OTFTs based on 2 gave rise
to mobility values up to 6–7 · 10�3 cm2/Vs [10]
which are comparable with values at Tsub = 30 �C
in Table 1.



Fig. 8. (a) Plot of ID vs VD at various gate voltages VG and (b)
transfer characteristic, [�ID]1/2 vs VD at VD = �100 V, for a DS-

2T-based OTFT device fabricated at Tsub = 80 �C on untreated
SiO2/Si.

Fig. 9. Plots of hole mobilities (l) vs storage days for OTFTs
fabricated at different substrate temperatures on untreated SiO2/
Si with active layers based on: 2 at Tsub = 30 �C (open circle) and
Tsub = 80 �C (full circle); DS-2T at Tsub = 30 �C (open square)
and Tsub = 80 �C (full square).
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OTFT devices based on 2 and DS-2T were stored
over 100 days in the dark under ambient conditions
and device performances were measured periodi-
cally. Fig. 9 illustrates the stability of the hole
mobility values obtained for DS-2T-based films
deposited at two temperatures onto unmodified
SiO2/Si substrates. In contrast, the mobility value
determined under the same conditions for 2 showed
a decrease of about 92% of its initial values after 100
days either at Tsub = 30 �C or at Tsub = 80 �C. Any
p-doping process over time for 2 and DS-2T can be
ruled out at this stage as no change, and especially
no decrease, of the on/off ratio was noticed upon
storage. 2 and DS-2T have relatively comparable
optical band gaps and oxidation potential in solu-
tion leading to the same potential degradation of
OTFTs by air-oxidation according to previous
observations [4,5]. By consequence such decreases
over time of mobility values observed for 2-based
OTFTs compare to DS-2T suggest that the molecu-
lar design and engineering to reach high performing
OTFTs and long-time stability are essential criteria.
Additionally in the series of a,x-distyryl-oligothi-
ophenes [8], the longest oligomer DS-4T showed
the highest stability along with the best electrical
characteristics and the lower oxidation potential in
contrast as previous observation where compounds
with low band gaps and high energy HOMO levels
tend to be easily oxidized and cause degradation
of the resulting devices [5a]. Furthermore, OTFTs
devices based on octithiophene 8T [8] measured in
the same conditions as DS-4T-based OTFTs were
not stable over 17 months confirming the great
importance of the molecular structure on OTFT sta-
bility. The present end-encapsulation of the semi-
conducting oligomers by distyryl groups decreases
considerably the degradation by air-oxidation of
the organic thin film in OTFTs. Therefore, styryl
end-substitutions of oligothiophenes are properly
designed end-cap substituents and offer further
incorporation of solubilizing or self-assembling
groups on the versatile termini benzene moieties
[17].
4. Conclusion

The stability of organic electronics devices, i.e., the
resistance to any atmosphere influences is a crucial
point to avoid an expensive encapsulation which
would render such devices non-viable for all low-cost
high-volume applications. Molecular design and
engineering can open the way to the syntheses of
air-stable molecules. We have developed a simple
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chemical synthesis to end-capped the semiconductors
by less oxidable aromatic groups as styryl ones. The
distyryl-end substitutions on bithiophene permits
to reach high mobility values together with an air-
stability over 100 days. By consequence, distyryl-
oligothiophenes represent a novel class of OTFT
semiconductors that combine good electrical perfor-
mances and exceptional stabilities. The synthesis of
soluble and n-type analogous derivatives is currently
underway for applications in flexible electronics.
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Abstract

The carrier mobilities of two hole transporting organic materials were evaluated by admittance spectroscopy (AS). The
materials were 4,4 0,400-tris{N,-(3-methylphenyl)-N-phenylamino}triphenylamine (m-MTDATA) and N,N

0
-diphenyl-N,N 0-

bis(1,1 0-biphenyl)-4,4 0-diamine (NPB). They were sandwiched in a configuration of anode/organic material/cathode.
The anode was either indium-tin-oxide (ITO) or poly(3,4-ethylenedioxythiophene) doped with polystrenesulphonic acid
(PEDOT:PSS). It is shown that PEDOT:PSS can, respectively, form Ohmic and quasi-Ohmic contact with m-MTDATA
and NPB. Using PEDOT:PSS as the anode, the average hole mobilities of m-MTDATA and NPB were extracted by AS
through susceptance analysis. The results are in excellent agreement with those obtained by an independent time-of-flight
(TOF) technique. With PEDOT:PSS, the application of AS for characterizing carrier mobilities can be extended to hole
transporting organic materials with highest occupied molecular orbital (HOMO) energy levels down to 5.4 eV.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Current driven organic electronic devices, e.g.,
organic light emitting diodes (OLEDs), organic solar
cells, and organic field-effect transistors, are gaining
increasing status. The performances of these devices
depend greatly on both the injection of charge carri-
ers and their transport properties inside organic elec-
tronic materials. There are different experimental
techniques for characterizing charge transport prop-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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erties. Among them, optical time-of-flight (TOF)
technique is, perhaps, the most well-known [1].
However, in TOF, due to the finite photon penetra-
tion depth (typically 0.1–0.3 lm) of the excitation
laser, the sample thickness should exceed 1 lm.
For emerging charge transporters, they are usually
available in small quantities for evaluation, often
because the route for high yield synthesis is being
optimized. Thus TOF appears not to be a practical
method for mobility evaluation in these cases. There
is a clear need to look for an alternative.

An emerging technique, known as admittance
spectroscopy (AS), has been shown to be very useful
.
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for carrier mobility evaluation [2–4]. Compared to
TOF, AS imposes no specific requirements for the
sample thickness. Furthermore, AS offers simpler
experimental setup. For organic materials, AS
based on small signal space-charge-limited current
(SCLC) theory has been used to measure carrier
mobilities. For a device with a structure of anode/
organic material/cathode, with an Ohmic hole con-
tact in the anode and an electron blocking cathode,
one can subject the sample to the sum of a dc volt-
age Vdc and a small ac excitation vac with a fre-
quency f. If organic material is trap-free, with a
dielectric constant e, then the complex admittance
Y(X) can be written in the form [4]:

Y ðXÞ¼ eA
sdcd

X3

2i½0:75~lðXÞ�2 1� exp �i4X
3~lðXÞ

� �h i
þ1:5~lðXÞX� iX2

8<
:

9=
;
ð1Þ

where d and A are the thickness and the area, of the
sample, respectively. In Eq. (1) above, i2 = �1. sdc is
the average hole transit time in the absence of the ac
signal, and X = 2pfsdc = xsdc. The normalized
mobility is defined as ~lðXÞ ¼ lðXÞ=ldc where
ldc = d2/(Vdcsdc) is the dc hole mobility in the ab-
sence of the ac field. Eq. (1) can be derived by apply-
ing Poisson’s and the current continuity equations
to the organic material in the configuration of an-
ode/organic material/cathode. For Eq. (1) to be
applicable to describe hole transport dynamics, the
sample must satisfy the following conditions: (i)
the anode/organic contact must be Ohmic, (ii) the
organic/cathode contact must be electron-blocking,
and (iii) the material should be trap-free. When con-
ditions (i)–(iii) are fulfilled, the current response jac

of the material to vac is a measure of the charge
dynamics at different frequencies. They are related

to the device capacitance C by C ¼ jjacj
xjvac j sin h where

h is the phase difference between jac and vac. At high
frequencies, h = p/2. The measured capacitance is
only contributed by the dipole charges and is equal
to its geometric value Cgeo = ereoA/d. At lower fre-
quency ðf � s�1

dc Þ , the device capacitance is changed
because jac is contributed by the responses of the di-
pole charges as well as the injected free carriers. Due
to the resistive behavior of the injected carriers, the
overall phase difference is reduced, and h < p/2. So,
the device capacitance is reduced. The reduction of
capacitance in frequency domain provides a means
to evaluate the carrier mobility of an organic elec-
tronic material.
To extract the carrier mobility, one can analyze
the imaginary part of the admittance in Eq. (1),
i.e., the susceptance in the frequency domain [4–6].
Specifically, the negative differential susceptance of
the device can be defined as �DB � �2pf(C � Cgeo).
By plotting �DB vs f, a maximum at a characteristic
frequency f ¼ s�1

r can be observed. From Eq. (1)
and computer simulations, the average carrier tran-
sit time sdc is found to be related to sr by [4]:

sdc ¼ 0:56sr ð2Þ
From the known thickness of the organic layer d,
and the electric field E, the carrier mobility ldc =
d/(sdc Æ E) can be extracted.

In previous demonstrations, only hole transport-
ing organic materials (polymeric PPV derivatives
[1,3,5] and small molecular m-MTDATA [4]) with
relatively small highest occupied molecular orbital
(HOMO) energy levels (�5.1 eV) were reported.
However, many hole transporting materials, espe-
cially those for OLED applications, have HOMO
energy levels substantially larger than 5 eV. Thus,
there is a clear need to investigate if AS is applicable
to materials with larger HOMOs. We report below
AS measurements of two phenylamine compounds:
(a) m-MTDATA, and (b) NPB using PEDOT:PSS
as the hole injecting anode. The later material, NPB,
has a relative large HOMO value of �5.4 eV. We
found that when PEDOT:PSS is used as the anode,
the hole mobilities extracted by AS are in excellent
agreement with those from independent TOF mea-
surements. The effect of film thickness to AS mea-
surement will also be discussed.
2. Experimental

Hole-only devices with a general structure of
anode/organic layer/cathode were prepared for this
study. The small molecular m-MTDATA and NPB
were purchased from Syntec. GmbH and E-Ray,
respectively. They were used without further purifi-
cation. The chemical structures are shown in the
insets of Fig. 1. The thicknesses of the organic films
were measured by a profilometer (Tencor Alpha-
step 500). For some devices, pre-patterned ITO on
glass was used as the anode. For other devices, a
50 nm PEDOT:PSS (BAYRON� P VP AL 4083,
H.C. Starck GmbH) was spin-coated on ITO sub-
strate to act as the anode. The PEDOT:PSS layer
was subsequently heated in air at 150 �C for
30 min before organic deposition. In all cases, the



Fig. 1. J–V characteristics of (a) m-MTDATA (735 nm) and (b) NPB (3.70 lm) devices with different anodes. The symbols are
experimental data. The solid lines are computed from the TFSCLC theory in Eq. (3). The chemical structures of m-MTDATA and NPB
are shown in the insets of (a) and (b), respectively.
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ITO substrate was cleaned by a sequence of ultra-
sonic baths and uv-ozone (UVO) treatment.

Details of TOF measurements have been
reported elsewhere [7]. For the current–voltage
and admittance measurements, ITO or PEDOT:PSS
on ITO was used as the anode. The organic layer,
m-MTDATA (735 nm) or NPB (3.70 lm), was
coated on the anode by thermal evaporation. For
all the devices, silver (Ag) was evaporated to form
the cathode contact. The active area of the device
was about 0.036 cm2. The Ag cathode also acts as
an electron blocking contact. Since there is a signif-
icant energy difference between the lowest unoccu-
pied molecular orbital (LUMO) of the organic
materials (2.0 eV for m-MTDATA and 2.5 eV for
NPB) and the work function of Ag (4.3 eV), few
electrons can be injected from the cathode. On the
other hand, the energy barriers for hole injection
at the ITO/m-MTDATA and PEDOT:PSS/NPB
interfaces are much smaller (<0.3 eV). Therefore
the overall current is dominated by the hole current.
The admittances of the devices were measured by
an impedance analyzer (GenRad 1639 RLC Digit-
bridgeTM) as a function of frequency. The achieve
this, an ac modulation of amplitude 50 mV
(f = 102–105 Hz) was superimposed on a dc bias
voltage (0–30 V). Current–voltage measurement
(JV) was carried out with a source-measure-unit
(KEITHLEY 236). All the measurements (J–V,
AS and TOF) were performed at 289 K inside a
cryostat (Oxford) under a vacuum level better than
10�3 Torr.

3. Results and discussion

Fig. 1 shows the measured J–V characteristics
(filled symbols) of hole-only organic devices with a
structure of anode/organic layer/Ag. The solid lines
are the calculated J–V characteristics from trap-free
space-charge-limited current (TFSCLC) theory with
field dependent carrier mobility [8]:

J TFSCLC ¼
9

8
ere0l0 expð0:89b

ffiffiffiffi
E
p
Þ V

2

d3
ð3Þ

where er = 3 is the relative permittivity of the organic
materials, e0 is the absolute permittivity, E is the ap-
plied electric field, V(=E Æ d) is the applied voltage,
and d is the thickness of the organic film. b and l0

are, respectively, the field dependent coefficient
and the zero field mobility. Both parameters are
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obtained independently from TOF technique. For
m-MTDATA devices, Fig. 1(a), the experimental
data for both types of anodes match very well with
Eq. (3). As reported previously [4,9] and shown in
this study, ITO forms an Ohmic contact with
m-MTDATA and the conduction is limited by the
bulk organic film which follows TFSCLC. Obvi-
ously, using PEDOT:PSS as the anode that has
higher work function cannot further increase the
current density. As a result, the J–V characteristics
of both devices coincide with each other. On the
other hand, for NPB devices [Fig. 1(b)], the device
with a PEDOT:PSS anode has a current density
about three orders of magnitude higher than the de-
vice with an ITO anode. The results clearly indicate
that the ITO/NPB device is injection-limited and
deviates substantially from TFSCLC. On the other
hand, the J–V characteristics of PEDOT:PSS/NPB
device is very close to the theoretical TFSCLC in
Fig. 1(b), signifying the PEDOT:PSS/NPB contact
is close to Ohmic.

Next, we demonstrate AS alone can be used to
extract hole mobilities in MTDATA and NPB with
an Ohmic or a quasi-Ohmic contact. Fig. 2 shows
the frequency dependent capacitances of the same
devices in J–V measurements. In order to give a fair
comparison, the same voltage bias Vdc is used and
the measured capacitance C is normalized by the
geometrical capacitance Cgeo = e0erA/d . In the case
of m-MTDATA devices, the general frequency
Fig. 2. Experimentally determined frequency dependent capacitances
dependent capacitances [Fig. 2(a)] are almost identi-
cal for both the ITO and the PEDOT:PSS anode.
The normalized capacitances C/Cgeo go through a
minimum at an intermediate frequency; at high fre-
quencies, the capacitances reach their geometrical
values. In NPB devices as shown in Fig. 2(b), there
are drastic differences between the device with PED-
OT:PSS anode and the one with ITO anode. A well-
defined minimum can be observed in the capaci-
tance only when PEDOT:PSS is used as the anode.
This feature cannot be found in the device with an
ITO anode. In the later case, the capacitance is prac-
tically bias independent for f > 104 Hz.

The extracted average hole mobilities ldc by AS
are compared to those measured by TOF. As dem-
onstrated in Refs. [4–6], the carrier mobility can be
extracted by plotting �DB vs f and from Eq. (2).
Fig. 3(a) and (b), respectively, show the �DB vs f

plots of ITO/m-MTDATA/Ag and PEDOT:PSS/
NPB/Ag devices. For each Vdc, there exists a maxi-
mum at a well-defined frequency fr. This maximum
shifts to higher frequency as Vdc increases. There-
fore, the location of the relaxation peak s�1

r � fr

for each Vdc can be clearly resolved. From Eq. (2),
one can compute sdc and hence the average hole
mobility from ldc = d/(sdc Æ E). The results are sum-
marized in Fig. 4. The filled symbols are hole mobil-
ities derived by AS. The open symbols are hole
mobilities derived by TOF at t1/2, the time that the
current has dropped to half of its value in the
of (a) m-MTDATA (735 nm) and (b) NPB (3.70 lm) devices.



Fig. 3. Negative differential susceptances �DB = �2pf(C � Cgeo) of (a) ITO/m-MTDATA (735 nm)/Ag, and (b) PEDOT:PSS/NPB
(3.70 lm)/Ag derived from measured frequency dependent capacitance data at different voltage biases Vdc. At each Vdc, there exists a
maximum where the position is defined as s�1

r and is related to the average hole transit time by sdc = 0.56 sr.

Fig. 4. Average hole mobility ldc of (a) m-MTDATA (735 nm) and (b) NPB (3.70 lm) devices extracted by admittance spectroscopy
(filled symbols) as a function of anode and TOF at t1/2 (open symbols). The insets show the typical TOF transients of (a) m-MTDATA
(3.5 lm) and (b) NPB (7.6 lm). The average hole transit time sdc can be estimated from the TOF transient at t1/2, the instant the current
drops to one half of the value in the plateau region.
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plateau region. In the case of m-MTDATA devices
as shown in Fig. 4(a), the mobilities extracted by AS
are in excellent agreement with those obtained from
TOF. In case of PEDOT:PSS/NPB devices, as
depicted in Fig. 4(b), the mobilities extracted by
AS match very well with TOF mobilities.
Finally, we want to comment on the effects of
film thickness on AS measurements. In principle,
AS can be used to evaluate carrier mobility for
any arbitrary film thickness because the location
of hole injection can be defined precisely at the
anode/organic interface. To inspect if there is indeed
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any thickness limitation, we apply AS to measure
the hole mobility of m-MTDATA in a configuration
of ITO/m-MTDATA (d nm)/Ag. The thickness d

varies from 735 nm to 230 nm. The results are
shown in Fig. 5. For d > 400 nm, there is practically
no difference between AS and TOF results. How-
ever, as d becomes smaller, the AS results begin to
deviate from the TOF results. Fig. 6 shows the ratio
of AS-derived hole mobility (lAS) to the TOF-
derived mobility (lTOF). For d < 400 nm, the ratio
becomes smaller than 1. At this thickness regime,
there is a clear discrepancy between AS and TOF
results. The origin is not clear to us. One possibility
Fig. 5. The average hole mobilities ldc of m-MTDATA extracted
by AS (filled symbols) with different film thicknesses. The open
symbols are mobilities obtained by TOF.

Fig. 6. Normalized mobilities of m-MTDATA extracted by AS
for different thicknesses at E = 0.32 MV/cm.
may be related to the existence of an interfacial
capacitance at the ITO/m-MTDATA interface. This
interfacial capacitance may arise from charge
exchange between ITO and m-MTDATA. For a
thick film, the bulk capacitance dominates. As the
film thickness shrinks, the interface becomes more
important; the experimentally determined capaci-
tance should then be the series combination of the
interfacial and bulk capacitances. A correct inter-
pretation of AS for thin films will require the delin-
eation of these capacitances and is beyond the scope
of this investigation.
4. Conclusion

We have experimentally demonstrated the valid-
ity of using PEDOT:PSS as an anode in AS to
extract average hole mobilities ldc. Ohmic and
quasi-Ohmic contacts are formed, respectively, at
PEDOT:PSS/m-MTDATA and PEDOT:PSS/NPB
interfaces. The extracted average hole mobilities
by AS are in very good agreement with those
obtained by independent TOF measurements. When
PEDOT:PSS is used as the anode, it is expected that
AS can be applied to evaluate carrier mobilities of
hole transporting organic materials with HOMO
energy levels down to 5.4 eV.
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Abstract

Solution-processed n-type organic field-effect transistors (OFETs) have been fabricated using soluble derivatives of per-
ylene diimide and naphthalene diimide. We report the synthesis of the organic semiconductors and the fabrication of bot-
tom gate OFET devices using solution-processed organic dielectrics. Surface morphology studies reveal films with layered
textures and liquid crystalline-like structure. Devices show field-effect electron mobilities of 10�2 cm2/V s and 10�3 cm2/V s
for N,N

0
-bis-n-butyl-1,4,5,8-naphthalenediimide-NDI under inert conditions and in air, respectively. N,N

0
-bis-(1-pen-

tyl)hexyl-3,4,9,10-perylene diimide-PDI-4 shows mobility of 5 · 10�4 cm2/V s. Organic field-effect transistors based on
N,N

0
-bis(dehydroabietyl)-3,4,9,10-perylene diimide-PDI-1 derivative exhibit ambipolar transport.

� 2006 Elsevier B.V. All rights reserved.

PACS: 85.30.Tv

Keywords: Organic field-effect transistors; Organic dielectrics; Naphthalene diimide; Mobility; N-type; Soluble
1. Introduction

High performance organic field-effect transistors
(OFETs) have been utilized in integrated circuits
[1–3], chemical and pressure sensors [4,5], displays
[6], and memory elements [7,8]. The performance
of these devices depends mainly on the charge carrier
mobility of the organic semiconductor employed.
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.06.010
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The current benchmark material for high perfor-
mance OFETs is based on vacuum-evaporated pen-
tacene films with a field-effect hole mobility as high
as �1–3 cm2/V s [9,10]. However, to meet the
requirement for more advanced logic elements,
materials with high electron mobility, as well as high
hole mobility, are required. Due to technological
and cost effectiveness issues, many research groups
are focussing on soluble organic semiconductors
with hole-only semiconducting properties (p-type).
Air stable high mobility solution-processed electron
transporting organic semiconductors are scarce and
very few OFETs using soluble n-type organic semi-
.
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conductors [11–13] have been realized. The reason is
mainly due to difficulty in synthesis of n-type mate-
rials with an electron affinity that allows the injection
of electrons from stable electrodes in air. The major-
ity of OFETs with high mobility n-type semiconduc-
tors are with vacuum sublimed films [14,15]; with a
few exceptions [16–20]. Solution-processed NDI
with a mobility of 0.1 cm2/V s was first reported by
Katz et al. [16]. Solution-processed air-stable with
two core cyanated PDI derivative as a semiconduc-
tor which exhibit electron mobility of 0.1–
0.64 cm2/V s was reported by Wasielewski et al.
[17]. Marks et al. [18] investigated series of perflu-
oroalkyl and alkyl-functionalized oligothiophene
with electron mobilities as high as of 0.22 cm2/V s
[18]. Phenacyl-quaterthiophene exhibit electron
mobilities as high as 0.51 cm2/V s [19]. Carbonyl
functionalized quaterthiophenes were demonstrated
to be high electron mobility semiconductors with
ambipolar transport [20].

In this paper, we present results on solution-pro-
cessed, high electron mobility (�10�2 cm2/V s)
N,N

0
-bis-n-butyl-1,4,5,8-naphthalene diimide-NDI

OFETs. In addition results of various OFETs based
on soluble perylene derivatives with electron mobil-
ities ranging from 7 · 10�5 to 5 · 10�4 cm2/V s are
obtained on various organic dielectrics. However,
these moblities depend on the film formation qual-
ity. One of the perylene derivatives, N,N

0
-bis-

(dehydroabietyl)-3,4,9,10-perylene diimide, is also
able to transport both electron and holes making
it ambipolar. All these compounds are solution-
processed and some provide successful device oper-
ation at ambient conditions.

2. Experimental

2.1. FET fabrication and characterization

A scheme of the top contact OFET device struc-
ture along with the chemical formulas of respective
gate dielectrics used is shown in Fig. 1a–d. Device
fabrication procedure has been discussed previously
[13]. For capacitance measurements, separate sand-
wich devices were prepared. The obtained dielectric
functions and capacitances are presented in Table 1.
Various organic dielectrics were chosen for different
compounds/solvents in order to optimize film nano-
morphology according to the hydrophobicity and
hydrophilicity of the dielectric/semiconductor inter-
face. Semiconducting films were deposited as
follows:
For device I: 2% (20 mg/mL) NDI solution in ace-
tonitrile was spin-coated on top of PVA; for device
II: 2% PDI-4 solution in chlorobenzene was spin-
coated on top of BCB; for device III: 2% PDI-2 solu-
tion in chlorobenzene was spin-coated on top of
PVA; for device IV: 2% PDI-2 solution in chloroben-
zene was spin-coated on top of BCB ; for device V:
2% PDI-1 solution in chlorobenzene was spin-coated
on top of PVA. The surface morphology and thick-
ness of the dielectrics and the organic semiconductor
films on top of the dielectric materials were mea-
sured with a Digital Instrument 3100 atomic force
microscope and a DekTak Stylus profilometer,
respectively. The top source and drain electrodes,
LiF/Al (0.6/60 nm), were evaporated under vacuum
(2 · 10�6 mbar) through a shadow mask with chan-
nel length, L, of 20 lm and width, W, of 1.4 mm. An
Agilent E5273A Source/Measure unit Unit was
employed for the steady state current–voltage mea-
surements and all measurements were performed
with an integration time of 2 s in steps of 2 V. In
all the devices reported here, parasitic leakage cur-
rent due to the gate electrode was less than 10�8 A/
cm2. All the device processing and measurements
were performed at room temperatures.

2.2. Synthesis

2.2.1. PDIs

The 1-pentylhexyl and 1-butylpentyl substituted
perylene diimide derivatives were prepared using
well-established procedures [21–23]: A mixture of
0.800 g (2.03 mmol) of 3,4,9,10-perylene tetracarb-
oxylic dianhydride, 5.07 mmol of amine, [24] 16 g
of imidazole and 0.35 g (1.89 mmol) of zinc acetate
was heated at 160 �C for 4 h under argon atmo-
sphere. The precipitate was collected by vacuum fil-
tration and washed with a mixture of methanol and
water. Further washing of the precipitate was done
with 2 N hydrochloric acid. The raw product was
then dried at 100 �C for 12 h and further purified
by column separation (silica gel, chloroform).

2.2.2. N,N
0
-bis-(1-butyl)pentyl-3,4,9,10-perylene

diimide-PDI-3

% Yield: 45, colour: red-IR(KBr), (cm�1), m:
2955, 2927, 2861, 1696, 1654, 1593, 1506, 1461,
1434, 1403, 1337, 1251, 1208, 1176, 1121, 1099,
969, 851, 808, 746.

1H-NMR (CDCl3) d: 8.64 (brd, 4H), 8.57 (d,
4H), 5.18 (m, 2H), 2.25 (m, 4H), 1.88 (m, 4H),
1.30 (m, 16H), 0.85 (t, 12H)
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Fig. 1. (a) Scheme of the top contact OFET. Chemical structures of: (b) polyvinyl alcohol (PVA) and (c) divinyltetra-methyldisiloxane-
bis(benzocyclobutene) (BCB) respectively.

Table 1
Summary of the device parameters for various Naphthalene diimide and perylene diimide OFETs with different dielectrics materials

Device Dielectric e C le lh

(nF/cm2) (cm2 V�1 s�1) (cm2/V s)

Device-I PVA 8 1.8 0.012 Not active
Device-I PVA 8 1.8 0.006a Not active
Device-II BCB 2.6 1.2 5 · 10�4 Not active
Device-III PVA 8 1.8 8 · 10�5 Not active
Device-IV BCB 2.6 1.2 3 · 10�5 Not active
Device-V PVA 8 1.8 7 · 10�5 8 · 10�5

The values shown here are an average of at least 10 different devices fabricated under identical conditions and measured at room
temperatures under Ar atmosphere

a Measured in air.
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13C-NMR (CDCl3) d: 164.75, 163.67 (C@O),
1.34.66, 131.94, 131.34, 129.80, 126.64, 124.05,
123.16 (aromatic), 54.91 (C–N), 32.31, 29.37,
22.84, 14.25 (aliphatic).
2.2.3. N,N
0
-bis(1-pentyl)hexyl-3,4,9,10-perylene

diimide-PDI-4

% Yield: 30, colour: red-IR(KBr), (cm�1), m:
2952, 2926, 2859, 1699, 1657, 1594, 1460, 1435,



Table 2
Summary of the redox potential and LUMO–HOMO energy levels of Naphthalene diimide and perylene diimide calculated from cyclic
voltammetry measurements

Dye Eox (eV)a Er1 (eV)b Er2 (eV)c EFc (eV)d LUMO (vs. Fc)eV LUMO (eV) HOMO (eV)

NDI – �0.58 �1.10 0.41 �0.84 �3.57 �6.67
PDI-1 1.67 �0.56 �0.76 0.41 �0.97 �3.83 �6.06
PDI-2 – �0.56 �0.78 0.41 �0.97 �3.83 �6.01
PDI-3 1.62 �0.56 �0.78 0.41 �0.97 �3.83 �6.01
PDI-4 1.63 �0.55 �0.78 0.41 �0.96 �3.82 �6.02

ELUMO = (Er1 � EFc) + 4.8EHOMO = (Eox � EFc) + 4.8
a Eox is the oxidation potential.
b Er1 is the first reduction potential.
c Er2 is second reduction potential.
d EFc is ferrocene internal reference electrode potential (0.39 eV).

Fig. 2. Chemical structure: (a) NDI; (b) N,N
0
-bis-dehydroabietyl-3,4,9,10-perylenediimide-PDI-1; (c) N,N

0
-bis-(1-ethyl)propyl-3,4,9,10-

perylene diimide-PDI-2; (d) N,N
0
-bis-(1-butyl)pentyl-3,4,9,10-perylene diimide-PDI-3 and (e) N,N

0
-bis-(1-pentyl)hexyl-3,4,9,10-perylene

diimide-PDI-4.
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1405, 1337, 1253, 1208, 1176, 1123, 1105, 961, 850,
809, 746.

1H-NMR(CDCl3)d: 8.49 (d, 4H), 8.57 (brd, 4H),
5.15 (m, 2H), 2.24 (m, 4H), 1.86 (m, 4H), 1.30 (m,
24H), 0.84 (t, 12H).

13C-NMR(CDCl3)d: 164.7, 163.7 (C@O), 134.59,
131.97, 131.28, 129.74, 126.57, 124.14, 123.41,
123.12 (aromatic), 54.98 (C–N), 32.55, 31.95,
26.85, 22.76, 14.22 (aliphatic).

2.2.4. N,N
0
-bis(dehydroabietyl)-3,4,9,10-perylene

dimide, PDI-1
% Yield: (70), colour: red, IR (KBR); (cm�1)

2950, 2900, 2850, 1707, 1666, 1580, 1495,
1380, 1315, 1445, 1245, 1160, 1050, 980, 880,
810, 765.

1H NMR (CDCL3): d (ppm) 8.40 (4H, d), 8.47
(4H, d), 7.33 (2H, s), 7.19 (2H, d), 7.03 (2H, d),
4.33 (4H, q), 2.9 (2H, m), 1.4–1.5 (2H, t), 1.4–1.5
(20H, t), 2.8 (12H, s), 1.6 (12H, d).

2.2.5. NDI

The naphthalene N,N
0
-disubstituted imide was

synthesized by condensation of naphthalene
1,4,5,8-tetracarboxylic dianhydride and alkyl pri-
mary amine in the presence of solvent (DMA and
isoquinoline) [29].

The mixture of 1,4,5,8-naphthalene dianhydride
(0.5 g, 1.87 mmol) and butyl amine (0.27 g,
3.73 mmol) was dissolved in 20 ml N,N-dimethy-
lacetamide (DMA) and a few drops of isoqunoline
was added. The temperature was gradually
increased to 160 �C. The mixture was kept at this
temperature for 10 h under argon atmosphere.
The reaction was inspected continuously by thin
layer chromatography. DMA was vaporized by
rotary evaporation using an oil pump. Crude
product was purified by silica gel column
chromatography, using dichloromethane as the
eluent.

2.2.6. N,N
0
-bis(n-butyl)-1,4,5,8-naphthalene diimide,

NDI

% Yield: 80, colour: pink (needle crystals), IR
(KBR); (cm�1), 2950, 1700, 1650, 1580, 1452,
1381, 1250, 1180, 1080, 990, 880, 750.

1H NMR (CDCL3): d (ppm) 8.76 (4H, s), 4.20
(4H, t), 1.74 (4H, m), 1.46 (4H, m), 1,1 (6H, t).

Redox potential and LUMO–HOMO energy lev-
els of all the compounds described are summarised
in Table 2 based on cyclic voltammetry measure-
ments Fig. 2.
3. Results and discussion

3.1. Thin-film nanomorphology

Film nanostructure and morphology were exam-
ined using atomic force microscopy, crossed-polar-
ized microscopy and X-ray diffraction as shown in
Figs. 3–5. The organic dielectric layers with mea-
sured thicknesses of 3.8 lm and 2 lm for PVA
and BCB film respectively were previously found a
surface roughness of <5 nm [20]. OFET mobilities
and other parameters are generally assessed using
top contact FET geometry simply because the appli-
cation of electrodes to the already deposited semi-
conductor films ensures intimate contact over
much of the electrode area [25]. Spin coated films
of NDI on PVA were found to have a layered tex-
ture. Closer inspection revealed crystallite sizes as
large as �2 lm with a rather high surface roughness
of �150 nm (Fig. 3a). X-ray diffraction studies (not
shown here) revealed highly crystalline structure in
the NDI system. PDI-3 films on PVA (Fig. 3b)
formed lamellar-like features with a surface rough-
ness of around 90 nm. The formation of smectic
liquid crystalline phases in PDI has already been
reported [26]. Spin coated films of PDI-2 on PVA
show large elongated needle-like crystallites, some
as long as about 2.5 lm with a surface roughness
of 100 nm (Fig. 4a). PVA is known for its high sur-
face energy, compared to BCB, due to its hydro-
philic nature [25]. When PDI-2 is spin coated on
the hydrophobic surface of BCB, films with even
more elongated needle-like structures are observed
(Fig. 4b). Modification of semiconducting film mor-
phology due to different surface energy among the
organic dielectric has been reported previously
[20]. The film morphology of PDI-4 on BCB is quite
surprising when compared to other derivatives of
PDI (see Fig. 5a). It forms a very smooth, amor-
phous-like film with a surface roughness of less than
15 nm. A PDI-1 film on PVA has similar film mor-
phology with a rather smooth surface (Fig. 5b).
Crossed polarized microscope images of PDI-1 films
on PVA, as shown in Fig. 5c, reveal textured, mac-
roscopic-ordered structures.

3.2. OFET characteristics

Naphthalene diimide (NDI) with its short side
groups and highly crystalline film morphology,
should give rise to high electron mobility. Fig. 6a
demonstrates the output characteristics of an n-



Fig. 3. Tapping mode AFM images (5 lm · 5 lm) of: (a) NDI
film on PVA layer showing terraced growth of individual grains
and (b) PDI-3 on PVA.

Fig. 4. Tapping mode AFM images (5 lm · 5 lm) of: (a) PDI-2
on PVA showing liquid crystalline-like structure and (b) PDI-2
film on BCB showing the elongated liquid crystalline-like
structure.
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channel NDI OFET (device-I). For an applied posi-
tive drain-source voltage, Vds, above a positive gate
voltage, Vgs, a saturated drain current, Ids, is
observed in the range of 2 · 10�6 A for applied
Vgs of 60 V. Transfer characteristics are also shown
in Fig. 6b and demonstrate a quadratic increase of
the Ids (Vgs) with significant hysteresis. The reason
for such hysteresis is assumed to be due to the
charge trapping at the interface of the organic semi-
conductor and organic insulator [13]. A plot of

p
Ids

vs. Vgs is presented in the right scale of Fig. 6b.
From curve (V), we extracted a saturated regime
mobility of 0.012 cm2/V s. and a threshold voltage
Vth of 0 V for NDI using the standard transistor
equation [27] in which there is no correction for con-
tact resistances [28]. On/off ratios (+60 V/0 V) are
�104. The mobility and Vth obtained when devices
are characterized in air are 0.006 cm2/V s and 8 V,
respectively. We have previously shown that NDI
structures are air, thermal, and photo stable. [29].
In addition small hysteresis is observed in Fig. 6b.
A possible reason for such a feature is attributed
to the presence of interfacial traps. The interfacial



Fig. 5. Tapping mode AFM images (2.5 lm · 2.5 lm) of: (a)
PDI-4 film on BCB; (b) PDI-1 film on PVA and (c) Cross
polarized microscopy image of PDI-1 film on PVA at room
temperature.
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Fig. 6. (a) Transistor output characteristics of device I. (b)
Transfer characteristics, left scale: Ids vs. Vgs, Vds = 60 V in Ar
atmosphere (i); Vds = 20 V in Ar atmosphere (ii); Vds = 60 V in
air (iii); Vds = 20 V in air (iv); right scale:

p
Ids vs. Vgs curves of

Vds = 60 V in Ar atmosphere (v); Vds = 20 V in Ar atmosphere
(vi); Vds = 60 V in air (vii) and Vds = 20 V in air (viii). (c)
Saturated field-effect electron mobility le vs. Vgs plot using data
taken from the forward sweeping curves of Fig. 6(b) (i–iv) using
transconductance equation (1).
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traps, rather than the doping of the semiconductor,
are responsible for these effects. The presence of
trap levels in the semiconductor lowers the conduc-
tivity of the material. The ‘‘low threshold voltage’’
behaviour is not related to the thickness of the
dielectric. It should also be noted that these obser-
vations favour the formation of highly conductive
channels at the interface between the polymeric
dielectric and the organic semiconductor [13]. We
also plotted the transconductance with a local
approximation function of Vgs (Fig. 6c) to obtain
(the electron mobility) le, from the equation: [27]

l ¼ 2 L
WC

o
ffiffiffiffiffiffi
Ids

p

oV gs

� �2

ð1Þ

An increase of le with Vgs can be explained using
various models [27,30] and is attributed to the
defect-induced charge traps in the semiconductor
film. The basic assumption is that there is a distribu-
tion of localized states close to the band edge. At
thermal equilibrium, these states are filled up to
the Fermi level. As the absolute Vgs increases, the
Fermi level gradually moves towards band edge as
more of the empty traps become filled due to charge
injection. Accordingly, the ratio of free to trapped
carriers increases, so the effective mobility increases
too. To account for the decrease of the mobility
occurring at high Vgs(PVds), we note that when
the Vgs increases, charges in the conducting channel
tend to accumulate close to the gate/insulator inter-
face. The le obtained here is comparable to the one
obtained by Katz et al. from solution-processed
films of naphthalenetetracarboxylic diimide on
SiO2 dielectrics with mobilities of 0.06–0.1 cm2/V s
depending on the W/L ratio[16]. However, the over-
all performance of our devices versus theirs cannot
be directly compared because of the different device
parameters used such as choice of dielectric, dielec-
tric thickness, gate electrode work function, and W/
L ratio. Like Katz et al. [16], we also found that a
BCB dielectric is not suitable for NDI OFETs.
Finally, we note that the mobilities of our films
are similar to that of an NDI derivative reported
by Waseilewski et al. [17].

We now consider the transistor characteristics of
OFETs with films of perylene diimide derivatives.
Considering the film morphology presented in Figs.
3–5, OFETs based on four compounds were selected
for further testing. First, we considered device II
(OFET with PDI-4 on BCB dielectric). Fig. 7a
shows typical n-channel transistor output character-
istics with a well defined pinch-off as a function of
Vgs. In Fig. 7b, a transfer characteristic is presented
with virtually no hysteresis for different Vds. A le vs.
Vgs plot using Eq. (1) is also presented in the inset.
le is observed to be increasing with Vgs which can be
explained with the concept discussed above in the
case of naphthalene diimide. le of 5 · 10�4 cm2/
V s is four orders of magnitude less than the other
perylene films sublimed on SiO2 dielectrics [15]. Fur-
thermore, we considered the transistor characteris-
tics of PDI-2 and PDI-4 on different organic
dielectrics in Fig. 8a and b. Parameters extracted
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from these devices are presented in Table 1. It is
observed that the le in all of these compounds is
one order of magnitude less than that of PDI-4
and this is presumably related to the smoothness
of the interface (See Fig. 5b).

Perylene diimide derivative: N,N
0
-bis-(dehydroa-

bietyl)-3,4,9,10-perylenediimide-PDI-1 film on PVA
(device-V) shows an ambipolar transport. Fig. 9
shows output characteristics of an ambipolar tran-
sistor with a hole enhancement mode (Fig. 9a) and
an electron-enhancement mode (Fig. 9b). The pres-
ence of a second aromatic ring on the side chain of
PDI-1 might be the cause of ambipolar behaviour
although comparison of the LUMO-HOMO energy
levels shows no significant difference among the
different PDI systems reported here (see Table 2).
Perylene diimides are also attractive for organic
light-emitting transistors [31].

Solution-processed n-type organic semiconduc-
tor devices are inferior to those grown by sophisti-
cated hot wall epitaxy which have electron
mobilities of around 3 cm2/V s [32]. PDI systems
with mobility exceeding 1 cm2/V s are also reported
after the correction of contact resistance [33]. How-
ever these devices are not stable in air. Air stable n-
type semiconductors still remained to be investi-
gated in further detail. However, introduction of
fluorinated or cyanated compounds within an n-
type semiconductor, as shown by Facchetti et al.
[34], seems to be very promising with regard to
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device stability in air. Unfortunately, the suitable
choices of organic materials are limited, especially
for n-type semiconductors.

4. Conclusion

The solution-processed, air-stable organic semi-
conductors discussed here can be useful in devices
and circuits that need electron transport. Naphtha-
lene diimide films show high electron mobility up to
10�2 cm2/V s. Perylene diimide materials have ambi-
polar carrier characteristic which might give rise to
light emitting transistors. We observed experimen-
tally that choice of the organic dielectric materials
is crucial. The structure-property relationship at
the organic dielectric/organic semiconductor inter-
face is also important.
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Abstract

The out-coupling efficiency of organic light-emitting diodes (OLEDs) may be significantly increased by use of a low-
index host material for the organic emitters. We report on modelling undertaken for substrate-emitting and top-emitting
OLED structures and show that up to a 2.5 fold increase in out-coupling efficiency, over that for structures containing a
standard emissive layer, may be achieved in both cases. The relationship between radiation efficiency and refractive index
varies for each type of structure and this is discussed, as is the nature of the electromagnetic (EM) modes supported.
� 2006 Elsevier B.V. All rights reserved.

PACS: 85.60.Jb; 72.80.Le
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1. Introduction

Since their introduction in 1987 [1] much work has
been undertaken concerning organic light-emitting
diodes (OLEDs), with a large amount of this work
centring on the efficiency of such devices. Research
into improving efficiency may be split into two main
branches, optical efficiency and electrical efficiency.
Both of these factors must be considered if one is to
construct an efficient device. Much of the work into
efficiency has concentrated on the electrical aspect,
with huge advances being made. These have included
improvements to hole and electron injection [2–4],
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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and the introduction of phosphorescent materials
[5,6]. However, there is still much scope for further
improvements particularly by way of optical out-cou-
pling efficiency – the amount of light produced within
a device which escapes as radiation. Most of the light
generated within an OLED, typically about 80%, is
trapped, and if this could be recovered the overall
device efficiency could be significantly enhanced. To
date, a number of methods have been investigated
with this aim in mind [7–12]. Here we examine how
reducing the refractive index of the organic host layer
may improve the efficiency with which light is
extracted from the device.

The refractive index of a typical organic emissive
material is approximately 1.7 (dielectric permittiv-
ity, e = 2.89) within the optical regime. A simple
ray model can be used to demonstrate that the pro-
.

mailto:w.l.barnes@ex.ac.uk


L.H. Smith, W.L. Barnes / Organic Electronics 7 (2006) 490–494 491
portion of light lost to these waveguide modes may
be reduced by using an emissive layer whose refrac-
tive index is less than 1.7. For example, considering
a structure consisting of air and an organic layer,
with a refractive index of 1.7, only light emitted
within the cone of ±36� relative to a surface normal
may be radiated into air. However, if the index of
the organic is reduced to 1.5, the radiation cone
increases to ±42�. These escape cones correspond
to 40% and 47%, respectively, of the total power dis-
sipated by the emitter.

Different materials whose refractive indices are
less than 1.7 are now being used as hosts for organic
emitters. A host is a non-emissive material in which
emissive organic molecules may be placed. An
example of such a host is polystyrene (PS) which
is non-polar and produces a high quality film [13];
the ratio of host to emissive molecules used by Yang
et al. [13] was 83:17% by weight. The refractive
index of PS is 1.58 within the visible spectrum and
thus acts to reduce the power dissipated by the emit-
ter into waveguide modes.

Low-index materials may also be used for other
OLED layers. For example, Tsutsui et al. [12] used
an aerogel layer placed between the indium-tin-
oxide (ITO) and silica layers of a substrate-emitting
OLED. Aerogel has a very low refractive index of
1.03, and is almost transparent. Within an OLED,
this layer decreases the amount of power that is lost
to waveguide modes within the thick silica sub-
strate, and as a result the fraction of the total power
radiated is increased.

Here we investigate the use of low-index host
materials within two types of OLED, substrate-
and top-emitters. We focus on the optical out-cou-
pling efficiency and demonstrate the dependence of
this efficiency on the index of the host layer.
Fig. 1. Schematics of the (a) substrate-emitting and
2. Method

The structures considered for this study are illus-
trated in Fig. 1. Fig. 1(a) shows a substrate-emitting
OLED consisting of an aluminium (Al) cathode, a
host layer containing the organic emitters, an ITO
anode and a thick silica substrate. The Al cathode
is considered to be optically thick for the purposes
of the modelling. Fig. 1(b) displays a top-emitting
structure consisting of a composite silver (Ag)/ITO
anode, a host layer containing the organic emitters,
and a composite Ag/ITO cathode. In this structure
the Ag part of the anode is taken to be optically
thick.

We have considered host materials with refrac-
tive indices in the range of n = 1.0! 1.76, which
corresponds to dielectric permittivities off
e = 1.0! 3.1. By way of example, the emitters
placed within the host material are taken to be the
first generation fac-tris(2-phenylpyridine) iridium-
cored dendrimer (Ir–Gl) [14]. For each of the cases
studied here the emission spectrum of Ir–Gl has
been accounted for, with the results weighted
accordingly. The index of the host material is
assumed to be dispersionless over the emission
range (�450–700 nm). When Ir–Gl is used as an
emissive organic material within an OLED it is
often mixed with another material, for example
4,4 0-bis(N-carbazole) biphenyl 3 (CBP). The index
of Ir–Gl and CBP mixed 20:80% by weight [14] at
the peak emission wavelength of 518 nm is 1.76
(e = 3.1). We have chosen to represent the dielectric
permittivities of Al, Ag and ITO by polynomial
functions [15].

To model the structures we make use of a classi-
cal technique which calculates the power lost by an
emissive dipole in a planar multilayered structure
(b) top-emitting OLED structures investigated.
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[16–18]. The emitters are considered as forced,
damped, electric-dipole oscillators. The dipole field
is represented by a sum of plane waves, each wave
being characterised by a different in-plane wavevec-
tor, kx, where kx is the component of the wavevector
parallel to the interfaces. The model allows the
modes of a given structure to be identified and pro-
vides information as to the strength of coupling
between the emitter and these modes [16–18]. It
can also be used to calculate the percentage of the
total power dissipated that may emerge from a
structure as useful far-field radiation. This radiated
percentage is often referred to as the out-coupling
efficiency.

3. Results

For a number of host layer e values within the
range of 1.0! 3.1, the maximum possible out-cou-
pling efficiency has been calculated for the struc-
tures shown in Fig. 1. The optimum dimensions of
both the organic and ITO layers, for each e value,
have been determined to the nearest 5 nm, and the
radiation from this optimised structure calculated.
Plots showing these results are displayed in Fig. 2.

Considering first the substrate-emitters, it may be
seen that the power radiated increases significantly
as the host layer e value is reduced. It is apparent from
the plot that there are two different regimes. The first,
with the organic emissive host layer having eorg =
1.0! 2.1, describes host layers with eair 6 eorg < esilica.
Fig. 2. A plot showing the percentage of the total power radiated
(the optical out-coupling efficiency) for the substrate-emitting (j)
and top-emitting (s) OLED structures.
The second regime, with eorg = 2.1! 3.1, describes
host layers with eorg > esilica.

If the host material has e = 1.0 then the amount
of power radiated from the structure reaches
69.1%. With a value of e = 2.0 this is reduced to
49.4%, and for e = 3.1 only 27.4% of the power is
radiated from the structure. This dramatically dem-
onstrates the potential of lower index host layers to
improve optical out-coupling.

In contrast, the data for top-emitters displays
only one regime, with the radiated power decreasing
as the dielectric permittivity of the host material is
increased. It is the lack of a silica layer which leads
to this result; the organic host layer is now always of
a lower dielectric permittivity than the other struc-
ture layers above it (Ag and ITO). In this case, if
the host material has e = 1.0 then the power radi-
ated form the structure may be 62.7%, falling to
38.7% for e = 2.0% and 24.5% for e = 3.1.

The structure dimensions required for maximum
radiation for each different e value vary greatly. As
the e value of the host material increases, the cavity
thickness decreases. For example, for the substrate-
emitting structure, at e = 1.0 the combined organic/
ITO cavity thickness is 385 nm. However, at e = 2.0
this thickness is 275 nm, and at e = 3.0 it is only
225 nm. This behaviour is expected as higher e – val-
ued materials increase the effective cavity width [19].
A cavity consisting of materials with high e values
has a lower cut-off thickness for waveguide modes
than a cavity comprising low e – valued materials.
For the top-emitting structures the trend is the
same. The combined organic/Ag/ITO cavity thick-
ness for a host layer value of e = 1.0 is 360 nm.
For e = 2.0 this is 195 nm and for e = 3.0 it is
170 nm.

In order to gain an understanding of the nature
of the modes supported by structures incorporating
host layers with differing e values, it is instructive to
examine dispersion diagrams calculated for these
structures. Such dispersion diagrams may be pro-
duced using the oscillating dipole model [16–18]
and display the power dissipated by the emitter as
a function of both kx and angular frequency, x.
Figs. 3(a) and (b) show such plots for e values of
1.06 and 3.0 respectively for the substrate-emitting
structure. The value of e = 1.06 is equivalent to that
of aerogel, a material which might in future perhaps
be used as a host. The value e = 3.0 represents a typ-
ical value for organic emitters. It is evident from the
plots (Figs. 3(a) and (b)) that the two substrate-
emitting systems are very different in nature.



Fig. 3. Dispersion diagrams for the substrate-emitting OLED
structure shown in Fig. 1(a) for � values of the host material of:
(a) 1.06 and (b) 3.0.

Fig. 4. Dispersion diagrams for the top-emitting OLED structure
shown in Fig. 1(b) for � values of the host material of: (a) 1.06
and (b) 3.0. Note that for (a) the z-axis is on a log scale to allow
the highest kx valued SPP mode to be seen.
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Although both structures support two waveguide
modes and one surface plasmon-polariton (SPP)
mode the dispersion of these modes varies, and cru-
cially so does the strength with which the emitter
couples to them. From Fig. 3(a), showing the modes
for a system containing a host with e = 1.06, the
vast majority of the dissipated power lies within
the air light-line. The strong feature within this
region is a leaky waveguide mode and much of the
power lost to this mode emerges from the structure
as radiation. The SPP mode in this case is close to
the air light-line and will lie just to the right of the
host layer light-line. It is the only guided mode
within the structure to which a significant amount
of power is lost. The two waveguide modes, one
TE- and one TM-polarised, are very weak in nature.
This is because the kx values of the photons emitted
in the organic layer are low enough that they are not
reflected by the silica/ITO interface, thus preventing
the formation of a cavity. It may also be noted that
for the same reason, a negligible amount of power is
trapped within the silica layer.

The reasons for a drop in radiated power when a
higher e – valued material is used may be observed
from Fig. 3(b). Using a host with e = 3.0 leads to
sharper, stronger guided modes which account for
much of the dissipated power. This means that less
power is lost to the left of the light-line than for the
structure modelled in Fig. 3(a). A considerable frac-
tion of power is also trapped within the silica sub-
strate in this case as some light produced within
the organic layer has kx values too high to escape
this layer.
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Fig. 4 shows similar dispersion diagrams but for
the top-emitting structure, with (a) and (b) corre-
sponding to host layer e values of 1.06 and 3.0
respectively. As for the substrate-emitting system,
these plots differ greatly from one another. Both
structures support two SPP modes which are cou-
pled with respect to the thin Ag cathode layer and
are both also influenced by the Ag anode interface.
From Fig. 4(a), when e = 1.06, it may be seen that
there is one TM waveguide mode close to the air
light-line and another leaky mode within the light-
line. It is this leaky mode which provides most of
the far-field radiation from this structure and yields
the relatively high out-coupling efficiency. When
e = 3.0, Fig. 4(b), both of these modes lie to the
right of the light-line and hence are trapped modes.
This leads to a lower out-coupling efficiency for this
structure.

4. Conclusions

We have investigated the effects of using a low-
index material as a host for organic emitters within
an OLED. We have considered two types of struc-
ture, substrate- and top-emitting OLEDs. For the
substrate-emitting structure it was shown that the
out-coupling efficiency may be enhanced by up to
2.5 times its value for a standard organic emissive
layer by use of a lower index host material. The rela-
tionship between radiation and e is clearly divided
into two regimes. For the top-emitting structure a
similar 2.6 fold increase in out-coupling efficiency
may also be achieved by use of a host material.

This modelling clearly indicates the desirability
of keeping the refractive index of the emissive layer
as low as possible. This poses a significant materials
challenge since none of the emitting materials to
date have the low index required. As a result emis-
sive molecules would probably need to be dispersed
in a low index host. However, there is then the com-
peting requirement of having a high enough loading
of the emissive guest to achieve the desired electrical
characteristics. If this problem could be overcome
then this material has the potential to increase the
efficiency of OLEDs by more than a factor of two
over the efficiency of current devices.
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Abstract

Discotic liquid crystals can self-align to form one-dimensional semiconducting wires, many tens of microns long. In this
letter, we describe the preparation of semiconducting films where the stacking direction of the disc-like molecules is per-
pendicular to the substrate surface. We present measurements of the charge carrier mobility, applying temperature-depen-
dent time-of-flight transient photoconductivity, space-charge limited current measurements, and field-effect mobility
measurements. We provide experimental verification of the highly anisotropic nature of semiconducting films of discotic
liquid crystals, with charge carrier mobilities of up to 2.8 · 10�3 cm2/V s. These properties make discotics an interesting
choice for applications such as organic photovoltaics.
� 2006 Elsevier B.V. All rights reserved.

PACS: 73.23.�b; 81.16.Dn; 83.80.Xz

Keywords: Discotic liquid crystals; Self-assembly; Electronic transport; Mobility
1. Introduction

Discotic liquid crystals (DLC) are molecules with
a disc-shape core that is conjugated, surrounded by
aliphatic chains to render them liquid-crystalline [1].
The pi-orbitals of the core house delocalized elec-
trons and extend perpendicular to the plane of the
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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disc. Due to the natural tendency of pi-orbitals of
adjacent molecules to maximally overlap, the mole-
cules can self-align into columnar molecular stacks,
resulting in the formation of one-dimensional semi-
conductor wires. Such a wire is surrounded by
entangled aliphatic chains of all the molecules,
forming an insulating sheet around the semicon-
ducting wire. A film of ordered columns is expected
to exhibit a highly anisotropic mobility: very high
compared to disordered organic materials along
the columns and very low perpendicular to the
columns. This is an attractive feature for many
.
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applications, as in most semiconductor devices, be it
transistors, solar cells or light-emitting diodes, it is
the intention to provide electrical conduction in a
single direction, and isolation in perpendicular
directions [1–3].

The mobility of discotic liquid semiconducting
materials is typically determined using time-of-flight
photoconductivity measurements [4,5]. Reports on
space-charge limited current mobilities of these
materials [6], where also charge carrier injection
has to be considered, are scarce. We were not able
to find a combination of both complementary meth-
ods in literature.

In this letter, we present the realization and char-
acterization of semiconducting devices of aligned
discotic liquid crystalline columns between two
planparallel electrodes. Such configuration with
the columns perpendicular to the electrode surfaces
corresponds to the architecture of relevant organic
semiconductor devices such as organic light-emit-
ting diodes and organic solar cells.

2. Experimental

The discotic liquid crystal material we used is
the discotic 2(3), 9(10), 16(17), 23(24)-tetra(2-dec-
yltetradecyloxy)-phthalocyanine, abbreviated H2Pc-
(OC14,10)4, and shown in Fig. 1(a).

The synthesis of the H2Pc(OC14,10)4 molecule is
described elsewhere [7]. Differential scanning calo-
rimetry shows two phase transitions above room
temperature: a transition from the liquid crystalline
columnar rectangular to columnar hexagonal phase
at 333 K, and the transition to the isotropic phase in
the melt at 453 K. A highly ordered liquid-crystal-
line columnar phase can be attained by heating
the material to the isotropic melt and then slowly
Fig. 1. (a) The molecular structure of H2Pc(OC14,10)4, (b)
symmetric sample cell and (c) cross-polarized microscopy of a
filled sample cell shows homeotropic alignment of the DLC.
Three birefringent defect lines and the SiO2 spacers, some of them
indicated by arrows, are also visible.
cooling to room temperature to induce self-align-
ment of molecular stacks. Further interesting prop-
erties of the selected material are that it is
processable from solution, and that the peak
absorption wavelength is between 600 and 700 nm,
quite adequate for photovoltaic applications. In
order to realize films with homeotropic alignment
(i.e., with the column axes normal to the substrate),
we proceeded as follows. Two glass substrates with
indium-tin oxide (ITO) contacts of varying width
were separated by SiO2 beads, chosen 3 or 5 lm
diameter, as shown in Fig. 1(b). The phthalocyanine
discotic was applied to the edge of this sample cell.
Heating to 456 K into the isotropic phase lead to
capillary action, the liquid H2Pc (OC14,10)4 filled
the space between the ITO substrates. The sample
was usually cooled at a rate of 1 K/min to 426 K,
then with approx. 20 K/min back to room tempera-
ture. Optical microscopy with crossed polarizers
revealed a homeotropic alignment of the discotics
between the ITO plates, as seen in Fig. 1(c). The
micrograph also shows birefringent defect lines typ-
ical for homeotropic alignment [8], and SiO2 spac-
ers. One set of samples was prepared with ITO
plates coated with an Octadecyltrichlorosilane
(OTS) monolayer by deposition from vapor phase.
With this pretreatment, the DLC alignment tends
to be homogenous (i.e., column axes parallel to
the substrate) and/or random rather than homeo-
tropic, as indicated by optical microscopy. Measure-
ments of conduction perpendicular to the column
stacking direction were not only performed on the
OTS samples: for verification, we prepared field
effect transistor (FET) samples on SiO2 (100 nm)/
Si/Al substrates with Au bottom-contact. In one
set of samples, the DLC was sandwiched between
a glass plate and the FET substrate (both not
OTS-treated), and aligned homeotropically as
described above. As in FET structures the conduc-
tion channel is along the substrate, and the DLC
was aligned homeotropically, conduction perpen-
dicular to the column stacking direction is looked
at, yielding ideally very low currents. We also tried
to prepare FET structures for measuring the DLC
mobility along the discotic columns by means of dif-
ferent surface treatments, but did not succeed yet. A
second set of FET samples was prepared by spin
coating the DLC from solution (20 mg/ml, solvent:
toluene) on top of Au bottom-contact structures.

On the glass/ITO/DLC/ITO/glass samples, we
performed frequency-dependent capacitance mea-
surements using an HP 4275 LCR meter, and esti-
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mated the device thickness L from the capacitance C

at 1 MHz frequency

L ¼ ee0

C
: ð1Þ

Here, e0 is the vacuum permittivity. In Eq. (1), we
assumed the equivalence of our samples to a parallel
plate capacitor filled with a medium (the discotic)
with a dielectric constant e of 3. This value is a com-
monly used estimate for organic materials. For tri-
phenylenes, e � 2.5 was reported [3]. For
verification of the device thickness, we checked the
SiO2 bead distribution under an optical microscope,
which supplies a lower limit.

The temperature-dependent current–voltage
measurements as well as the FET measurements
were performed using an HP 4156 C parameter ana-
lyzer with the device on a hotstage. The DLC depo-
sition, and the capacitance and current–voltage
measurements were performed in N2 atmosphere,
optical microscopy was done in air. In the time-of-
flight setup [9], pulsed light with a wavelength of
660 nm and a pulse width of 6 ns was obtained from
an LSI nitrogen laser with dye cell attachment. The
photocurrent signals were recorded on an Iwatsu
8132 digitizing storage oscilloscope. An HP 214B
pulse generator was used as a bias voltage source.
The sample was held on a temperature-controlled
metal support in a vacuum chamber.
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Fig. 3. Temperature-dependent current density–voltage charac-
teristics of an H2Pc(OC14,10)4 sample cell (sample thickness
5.0 lm). The shifted zero-crossing of the curve at 433 K temper-
ature is due to hysteresis.
3. Results and discussion

3.1. Space-charge limited current measurements

The space-charge limited current measurements
were performed on the glass/ITO/DLC/ITO/glass
samples. The effect of homeotropic alignment on
the charge transport is demonstrated by the cur-
rent–voltage measurements shown in Fig. 2. A
homeotropically aligned H2Pc(OC14,10)4 sample
cell is compared to a sample with OTS treated
ITO plates, the latter showing a partly homogenous,
partly homeotropic alignment by optical micros-
copy with crossed polarizers. As in this latter sample
the charges partly have to be transported perpendic-
ular to the molecular columns, the current density is
at least two orders of magnitude lower than for the
case of completely homeotropic alignment, indicat-
ing a high electrical anisotropy. From the current–
voltage characteristics, we determined space-charge
limited current (SCLC) mobilities in cases where
the measurements obey the Mott–Gurney law for
trap-free SCLC

j ¼ 9

8
ee0l

V 2

L3
; ð2Þ

where j is the current density at the voltage V, l de-
notes the drift mobility, L denotes the sample thick-
ness, and ee0 the electric permittivity of the DLC.
The temperature-dependent current–voltage mea-
surements of an H2Pc(OC14,10)4 sample cell
(Fig. 3) show the characteristic j / V2 behaviour.
At lower temperatures and intermediate voltages,
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a slope larger than two indicates an energy-distrib-
uted defect state. At higher temperatures, trap-free
SCLC can be observed over the whole voltage range
measured. The mobilities extracted from SCLC
measurements range from 7 · 10�4 cm2/V s at room
temperature to about 4 · 10�3 cm2/V s at 414 K.
The difference of these two values is probably
mainly due to the susceptibility of the SCLC meth-
od to injection barriers [10,11]. The higher one cor-
responds to the true SCLC mobilities, the values
being comparable to SCLC mobilities measured
on CuPc DLC Langmuir–Blodgett films [6].

3.2. Field effect transistor measurements

As we can neither exclude a possible influence of
the OTS monolayer as charge injection barrier, nor
possess the means to properly quantify the influence
of the OTS treatment on the stacking direction of
the discotic columns, we performed measurements
on two different types of FET samples for verifica-
tion (not shown). The first set of samples consists
of a homeotropically aligned DLC sandwiched
between the FET substrate and a cover glass (chan-
nels of 3 lm length and 1 mm width). As the current
in FET structures flows from source to drain along
the surface of the dielectric layer, we were able to
investigate conduction perpendicular to the discotic
columns. The resulting source-drain currents were
of the order of 10�12 A for drain and gate voltages
of up to �40 V. No clear gate voltage dependence,
and thus no transistor action, could be observed.
A second set of FET samples was prepared by
spin-coating the DLC from solution on FET sub-
strates, yielding amorphous films (channels of
10 lm length and 1 mm width). These structures
had very low source-drain currents of the order of
10�10A, but clearly exhibited typical transistor out-
put and transfer characteristics. The latter are
shown in Fig. 4. The shape of the FET characteris-
tics indicates that contact resistances are present,
but not dominant. From the saturation regime, we
determined FET mobilities of about 10�7 cm2/V s.
This low value is mainly due to the disordered nat-
ure of the spin-coated film.

The FET measurements illustrate that charge
transport perpendicular to the DLC columns is lim-
ited mainly by the anisotropic charge transport
properties rather than injection barriers. On basis
of these results we also feel justified to rule out a
dominant contribution of ionic conduction. The
space-charge limited current and FET measure-
ments clearly demonstrate a strong anisotropy of
the charge transport properties, in dependence of
the stacking direction of the discotics.

3.3. Transient photoconductivity

In the time-of-flight transient photoconductivity
measurements, charge carriers were photogenerated
by a laser pulse at one electrode of the glass/ITO/
DLC/ITO/glass device, and drifted to the other
electrode due to an external field. The correspond-
ing displacement current for holes is shown in
Fig. 5. From the measured photocarrier transit time
s, we determined the mobility l using
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l ¼ L2

V s
ð3Þ

where L is the device thickness. For an applied volt-
age V of 30 V, the hole mobilities ranged from
1.0 · 10�3 cm2/V s at 303 K to 2.6 · 10�3 cm2/V s
at 373 K. At 100 V, the hole mobilities were between
(2.6–2.8) · 10�3 cm2/V s. Upon changing the polar-
ity of the external field in order to measure electron
mobilities, the transient photocurrents were too low
to be detected with our setup. For the
H2Pc(OC14,10)4 sample cell with OTS treated ITO
electrodes, we also could not measure any photocur-
rents, supporting the results of the SCLC and FET
methods that the mobility perpendicular to the col-
umns is much lower than along them.
3.4. Discussion

The determined values for the hole mobility
along the DLC columns using the transient photo-
conductivity method agree very well with the mobil-
ities we observed using the SCLC method. As the
dependence of the mobility determined by these
two experimental methods is quite different with
respect to voltage and sample thickness, the agree-
ment indicates that the values for the sample thick-
ness calculated using an estimated dielectric
constant of three are approximately correct. Fur-
thermore, the results support the suggestion that
the lower apparent mobilities observed in the SCLC
experiments at room-temperature are influenced by
contact-limited injection. The H2Pc(OC14,10)4 hole
mobilities determined by us correspond well with
time-of-flight mobilities measured recently on a
CuPc DLC [5]. However, in publication [5] electron
mobilities of a similar order of magnitude were sta-
ted. Similarly, single-crystalline derivatives of pht-
halocyanines show comparable electron and hole
mobilities [12]. As of yet, we were not able to
explain this discrepancy.

We would like to point out that the charge carrier
mobilities presented here were determined by exper-
imental techniques in the low carrier concentration
regime, such as SCLC and TOF. These measure-
ments are more susceptible to charge trapping as,
for instance, FET and pulse-radiolysis time-resolved
microwave conductivity measurements [13], and can
therefore yield orders of magnitude lower
mobilities.

Our measurements comparing charge transport
along and perpendicular to the DLC columns
clearly demonstrate a strong anisotropy of the
charge transport properties, in dependence of the
stacking direction of the discotics.

4. Conclusions

We have fabricated devices of homeotropically
aligned discotic liquid crystal material, and charac-
terized the mobility using time-of-flight photocon-
ductivity and space-charge limited current
measurements. The mobility along the columns of
discotic molecules attains up to 2.8 · 10�3 cm2/V s
in homeotropic alignment and is at least two orders
of magnitude lower for transport perpendicular to
the columns.
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Abstract

We demonstrate a non-destructive, high-throughput, and high-resolution lithographic patterning method to fabricate
organic-semiconductor devices based on UV lithography with the standard equipment of well-established silicon technol-
ogy. The method is applied to fabricate poly(3-hexylthiophene) (P3HT)-based organic thin-film transistors (OTFTs) with
high yield. Patterns with features down to 2 lm are reproducibly demonstrated. We show that a few modifications in the
processing steps are necessary in order to spin-coat photoresist onto P3HT films and to completely remove P3HT residues
on the substrates that have been treated with a self-assembled monolayer. Compared with OTFTs whose P3HT channels
are not patterned, the on/off ratio of the patterned devices is improved by over four orders of magnitude from about 70 to
106, because of the dramatically reduced gate leakage current. The extracted carrier mobility is not only virtually
unchanged after the lithography processes, but also as high as 0.027 cm2/V s. Both the on/off ratio and the mobility are
among the best reported values in P3HT-based OTFTs fabricated and measured in ambient conditions.
� 2006 Elsevier B.V. All rights reserved.

PACS: 81.05.Lg; 85.40.Hp; 73.61.Ph; 85.30.Tv; 73.40.Cg

Keywords: Conducting polymer; Lithography; P3HT; Organic thin-film transistors
1. Introduction

Since the first report of metallic conductivities in
polyacetylene in 1977 [1], the industrial and aca-
demic interest in what is now known as ‘‘plastic
(opto-)electronics’’ has grown rapidly. A number
of distinctive advantages, particularly the poten-
tially very low cost enabled by solution-processable
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.07.009
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conducting polymers, make organic devices real
competitors for amorphous-silicon-based devices,
and a huge market share has been envisioned in
the future. Among the most promising applications
are flexible displays and disposable radio-frequency
identification tags (RFIDs). For these applications,
remarkable progresses have been made in organic
thin-film transistors (OTFTs) [2–8], photodiodes
[9,10], and light-emitting diodes [11–15]. One of
the necessary steps in the development of OTFTs
is the patterning of the active semiconducting mate-
rial. This is required in order to reduce leakage
.
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currents, crosstalk between individual devices,
unwanted parasitic capacitance, and to increase
the much-needed operational speed (current devices
mostly operate around or below KHz frequencies).
The most common patterning techniques developed
so far include screen printing [16], ink-jet printing
[17,18], lithographic stamping [19,20], photochemi-
cal crosslinking [21], and nanoimprint [22–24].
Despite these methods, conducting polymers in
OTFTs reported to date are often not patterned,
largely because of the lack of non-standard equip-
ment and methods. Even though ink-jet printing is
one of the most promising choices for future organic
electronics, it is a serial process and the achievable
feature dimensions are limited by the size of the
droplets, which is typically around tens of micro-
meters [25].

Ultraviolet (UV) photolithography is a well-
established technology in the silicon electronics
industry, and has been used to manufacture �100-
nm-sized structures with very high yield and
throughput. It is desirable to extend the technology
to plastic electronics because of the availability of
the standard equipment and established lithography
processes in industry and university laboratories.
Even though UV lithography has been used to pat-
tern small-molecule semiconductors [26], it was
reported that some common chemicals used, such
as acetone, could affect the carrier mobility. How-
ever, little has been reported about applications of
UV lithography for patterning conjugated polymers
such as the well-studied regioregular poly(3-hexyl-
thiophene) (rr-P3HT) [7,27]. Recently, we developed
an additive lithographic technique, by coating a
P3HT film on a patterned photoresist film and then
performing lift-off in a mixture of one part of ace-
tone and four parts of methanol [28]. The method
can be applied generally to both small molecules
and conducting polymer materials since UV expo-
sure to the conducting polymer film was prevented
throughout the lithography processes. P3HT struc-
tures as fine as 1 lm were fabricated with high yield.
However, P3HT solutions had to be made using a
special solvent, xylene, rather than common sol-
vents such as chloroform, toluene, etc., in order to
avoid reactions between the solvent and photoresist.
This led to a rather low hole-mobility in P3HT of
about 5 · 10�4 cm2/V s, as would be expected since
the carrier mobility in P3HT is sensitively dependent
on the choice of solvent [29,30].

Here we develop a new method based on UV
lithography, which is a subtractive approach for
patterning P3HT. Since the photoresist is applied
after the P3HT film has been completely dried,
any P3HT solvent can be used. As a result, the
extracted carrier mobility in the fabricated OTFTs
reaches 0.027 cm2/V s. An on/off ratio as high as
106 is also obtained. Although excellent perfor-
mance was achieved earlier in unpatterned P3HT
OTFTs in controlled environments [30,31], the
mobility and on/off ratio reported in this work are
among the best in P3HT-based OTFTs fabricated
and measured in ambient conditions. Another
important advantage of the subtractive process is
the ability to pattern the organic film without the
need to expose the substrate to any chemicals, which
may be crucial if a self-assembled monolayer
(SAM), e.g., hexametyldisilazane (HMDS) or n-
octadecyltrichlorosilane (OTS), is adopted to
improve the OTFT performance. The method also
offers better-defined pattern edges, because the
removal of unwanted P3HT areas is by etching (dis-
solving) rather than by mechanical tearing which
typically results in edges bending upward with sharp
features. A rough edge is not important for most
organic devices but can become problematic for
micron- or nano-sized structures. We show patterns
as small as 2 lm are produced with high yield. We
fabricate bottom-contact P3HT OTFTs and find
over four orders of magnitude improvement in the
on/off ratio and gate leakage current over the
OTFTs whose P3HT channels are not patterned.
The mobility in the saturated regime is found to
be virtually unchanged before and after the P3HT
patterning, confirming that no obvious degradation
of the material quality has been induced during the
processes. Our results also reveal that the poor on/
off ratios of unpatterned P3HT-based OTFTs fabri-
cated in air are mainly a result of the (vertical) gate
leakage current rather than (in-plane) spurious cur-
rent within the P3HT film.

2. Experiments

Conventional bottom-contact OTFTs were fabri-
cated in order to test the field-effect carrier mobility
before and after patterning, and hence identify any
degradation of P3HT during the lithography.
Highly-doped silicon wafers with a thermally-grown
SiO2, 61 nm thick as determined by separate
capacitance measurements, were used as the sub-
strates. Gold source and drain electrodes, 50 nm
thick, were evaporated and then defined by the stan-
dard photolithography and lift-off. A self-assembled
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monolayer, OTS, was employed in some of the sub-
strates to improve the interface between SiO2 and
P3HT. The OTS deposition was carried out by
immersing the substrates in 10�3 M of OTS in cyclo-
exane at a temperature of 5 �C for an hour, followed
by baking at 200 �C for 10 min in order to remove
water molecules and to finish the OTS polymeriza-
tion. Regioregular P3HT (more than 98.5% head-
to-tail coupling) was obtained from Aldrich, and
reduced by hydrazine. P3HT solutions of 1% weight
in p-xylene or 1,2,4-trichlorobenzene (TCB) were
spun at 4000 rpm for 120 s onto the substrates,
which led to films about 20 nm thick on bare SiO2

and about 50 nm on SiO2 treated with OTS due to
different surface hydrophobicities. The OTFTs were
annealed at 100 �C for 1 h in nitrogen gas flow in
order to improve the degree of crystallinity of the
P3HT films and hence also the carrier mobility
[32]. Since we found that the high boiling-point sol-
vent TCB led to a higher carrier mobility [33], the
results made from TCB-based P3HT solutions are
presented here. Xylene-based P3HT solutions
Fig. 1. Schematic diagrams of the lithographic processes to pattern a P3
(B) photoresist S1813 spun onto the P3HT layer after being warmed at
photolithography; (D) after the development of the photoresist; (E) th
(Ea) or oxygen plasma ashing (Eb); (F) the photoresist stripped off wit
yielded to a lower carrier mobility but produced
very similar results in terms of the pattern defini-
tion. Apart from SiO2 substrates, some experiments
were also performed on mica, which showed very
similar pattern definitions.

The patterning processes mainly consist of spin
coating photoresist onto a P3HT film, development
of the photoresist, and the removal of P3HT in the
so-uncovered areas, as sketched in Fig. 1. The pho-
toresist S1813 from the Microposit S1800 series,
purchased from Shipley, was chosen, which is
among the most commonly available photoresists
and can be processed with well-established methods.
However, since the photoresist was designed to coat
hydrophilic surfaces, it was not possible to spin coat
S1813 directly onto the P3HT film, which has a
highly hydrophobic surface. We therefore warmed
up the S1813 in a sealed bottle on a hotplate at
90 �C, and then immediately spun at 4000 rpm for
60 s onto the P3HT film (Fig. 1(B)). The increased
temperature reduced the surface tension of the pho-
toresist solution [34], which was evidenced by the
HT film: (A) P3HT film formed by spin coating onto the substrate;
90 �C; (C) the photoresist exposed by UV as in the conventional

e uncovered P3HT layer removed by either wet etching in xylene
h acetone and methanol.
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clear improvement of the wettability and the much
better coverage on the P3HT film surface. The
obtained photoresist layer thickness was 1.5 lm, as
measured with a Tallystep profilometer. In compar-
ison, the photoresist thickness is about 1.3 lm if is
spun onto a normal SiO2 substrate under the same
spin-coating conditions, which reflected the differ-
ence in the surface hydrophobicity.

After spin-coating photoresist the sample was
soft-baked on a hotplate at 40 �C for 10 min. We
found that a baking temperature higher than
90 �C normally led to the cracking of the P3HT film,
when it was covered by the S1813, which could be
due to a difference in the thermal expansion and/
or possible relaxation of an incompletely-dried
P3HT film when the remaining P3HT solvent con-
tinued to evaporate off the film. The photoresist
was then exposed to UV light through a mask
(Fig. 1(C)), followed by the development in a 1:1
solution of Microposit developer, also purchased
by Shipley, and deionised water (Fig. 1(D)). The
P3HT in the areas that were covered by the mask
during the UV exposure was not damaged by the
UV light. Although it has been reported that UV
radiation at high doses could crosslink P3HT
molecules and make the film insoluble [35], our
experiments showed that P3HT in the areas that
were exposed could still be removed unless an
OTS surface treatment had been carried out on
the substrate. This suggests that the typical exposure
(about 150 mJ/cm2) was not enough to cause serious
cross-linking. Furthermore, the photoresist on top
of the P3HT film might have absorbed much of
the UV light. The P3HT film in the areas that pho-
toresist was removed during the development was
then etched (dissolved) in xylene for 5 s
(Fig. 1(Ea)), followed by a rinse in acetone, which
stopped the xylene etching and stripped off the pho-
toresist (Fig. 1(F)). The sample was then rinsed in
methanol and blow-dried with anhydrous nitrogen,
leaving only the patterned P3HT structures on the
substrate.

Xylene was chosen as the etching solvent because
of its high boiling point. The low evaporation rate
assured that not much P3HT residual was formed.
We also investigated other high-boiling-point sol-
vents, namely TCB and chlorobenzene, but they
typically led to a serious undercut of the P3HT film,
most likely due to the swelling of the photoresist
and the diffusion of the solvents between layers,
which hampered the resolution of the proposed
method. These high-boiling-point solvents, how-
ever, could be used to prepare P3HT solutions, even
though they were not suitable in the etching process.

It was found that the P3HT film was not com-
pletely removed by xylene if the substrate had been
functionalized with OTS. In this case the P3HT film
in unwanted areas was removed by a quick oxygen-
plasma ashing after the development of the photore-
sist (Fig. 1(Eb)). The chamber pressure during the
ashing process was kept at 60 mtorr with an oxygen
flow of 50 sccm. The sample was ashed for 30 s at a
power of 30 W. The photoresist was then stripped
off with acetone and rinsed in methanol as in
Fig. 1(F).

Fig. 2 shows the microphotographs of grid-like
patterns that were transferred to a P3HT film.
The sizes of the holes (brighter areas) are 10 lm,
5 lm, and 2 lm in Fig. 2(B)–(D), respectively.
The 2 lm grid shows dots instead of squares,
which was due to the limit of our lithography
equipment rather than a problem during the pro-
cess, since it can also be seen in the patterned pho-
toresist S1813 in Fig. 2(A). The difference in the
contrast between the patterned P3HT and pat-
terned S1813 was due to the large difference in
the film thicknesses: about 50 nm for P3HT and
1.5 lm for the photoresist.

One of our test devices, consisting of a 10 lm-
wide Hall-bar structure fabricated on a mica sub-
strate, is shown in Fig. 3. The Au ohmic contacts
in Fig. 3(A) were defined by the conventionally
photolithography followed by lift-off, and a
20 nm-thick P3HT active layer was patterned using
the above lithographic method. Fig. 3(B) is an
atomic-force microscope (AFM) image of the
P3HT bar, which shows that the obtained P3HT
structure had smooth edges. This is in contrast to
P3HT structures produced by the lift-off (additive)
lithographic method [28], which typically results in
edges bending upward with sharp features because
the removal of unwanted P3HT areas is by mechan-
ical tearing rather than by etching (dissolving).

Fig. 4 shows the sketches (A and C) and the trans-
fer characteristics (B and D) of two OTFTs, one
without and the other with the P3HT patterning.
As can be seen from the layouts, after patterning,
the OTFT channel width was slightly reduced from
2.3 mm (A) to 2.0 mm (C), in order to simplify the
mask alignment. The channel length was 75 lm in
both OTFTs, as defined by the distance between
the two ohmic contacts. Photos of the devices could
not be taken since the OTFTs were much bigger than
the largest optical field of our microscope. Without



Fig. 3. (A) Microphotograph of a 10 lm P3HT Hall bar with
Au ohmic contacts; (B) AFM image of the P3HT bar in the
center.
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patterning the P3HT film, the on/off ratio of the
device was only about 70 as shown in the transfer
characteristic in Fig. 4(B). The output characteristic
of the device is plotted in Fig. 5(A), which was
clearly dominated by the gate leakage current. The
leakage current was in the order of lA within the
ranges of the negative gate and source-drain voltages
in our experiments. This means that the low on/off
ratio in Fig. 4(B) was mainly due to the gate leakage
current, which is understandable because it was inte-
grated over the entire P3HT film area on the sub-
strate. The large leakage current also means that
the threshold voltage of the unpatterned OTFT
was not around �7 V. Furthermore, it was observed
that doped P3HT films caused the leakage current
through a silicon oxide substrate to increase by a
few orders of magnitude [36]. This might explain
the large leakage current observed here, since the
P3HT film was slightly doped during our fabrication
in air as evidenced by the positive threshold in the
patterned P3HT OTFT in Fig. 4(D). The leakage
Fig. 2. Optical microscope photographs showing grid-like patterns transferred into a 50-nm-thick P3HT layer: (A) patterned photoresist
on the P3HT film; (B) 5 lm P3HT grid; (C) 2 lm P3HT grid; (D) 10 lm P3HT grid. The imperfect squares of the 2 lm P3HT grid were due
to the limit of the resolution of our lithography equipment rather than a problem during of P3HT patterning, because the same was seen in
(A) with photoresist.



Fig. 4. Sketches and transfer characteristics of two P3HT OTFTs: (A) schematic diagram of an unpatterned OTFT (the large size of the
device made it difficult to take a photo of the complete OTFT with an optical microscope); (B) Transfer characteristic of the OTFT in (A),
showing a very low on/off ratio of about 70, mainly due to the gate leakage integrated all over the P3HT film; (C) sketch of a different
device after UV patterning of the P3HT film; (D) the transfer characteristic of the patterned OTFT in (C) showing a significantly improved
on/off ratio of over 106. The drain voltage was �25 V in the both measurements, in order to ensure the saturation of the OTFTs. The
dotted lines are the linear fittings of the square root of the drain current as functions of the drain voltages, used to extract the carrier
mobility.
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may also be a result of undesired P3HT residuals at
the sample edge formed during the spin coating step.
Finally, our unoptimized oxide growth process
might lead to a higher leakage current than indus-
try-standard oxide. Nevertheless, the patterning
technique has allowed us to reduce the leakage and
obtain high on/off ratios.

The OTFT transfer characteristic after pattern-
ing is plotted in Fig. 4(D). The on/off ratio was dra-
matically improved from 70 to about 106 due to the
reduction of the P3HT film coverage, which was
confined only between the source and drain elec-
trodes. The output characteristics of the OTFTs
with and without patterning are shown in
Fig. 5(A) and (B), respectively. In Fig. 5(A), the gate
leakage current could be even larger than 80 lA at
zero VD for negative gate voltages. The measure-
ments were carried out in ambient conditions and
in dark at room temperature. The dramatic reduc-
tion in the gate leakage current in the OTFT with
a patterned P3HT channel, which largely deter-
mines the off current and consequently also the
on/off ratio, is hence evident. The results in Figs. 4
and 5 were reproduced in tens of devices that we
fabricated and tested. The obtained mobility varied
from 0.02 to 0.03 cm2/V s because of the slight unin-
tentional differences in the process conditions.

We note that previous unpatterned P3HT-based
OTFTs that were fabricated and measured in air
generally showed poor performance, similar to that
in Fig. 4(B). Doping in ambient environments was
often regarded as a key reason. Our results suggest
that the main cause could actually be the high
gate-leakage current if the device was not patterned.
By using proper photolithography to define the
P3HT channel, we show that high-performance
OTFTs can be fabricated and measured in ambient
conditions.
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OTFT with the P3HT film not patterned; (B) an OTFT with a
patterned P3HT channel. The unpatterned device showed a very
strong gate leakage much higher than the saturated drain current
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To extract the hole mobility, lh, standard OTFT
transport theory was used with the relation between
the drain current, ID, and the gate voltage, VG,
given by:

ID ¼
1

2
lhC0

W
L

V G � V THð Þ2;

where VTH is the threshold gate voltage, C 0 is the
capacitance per unit area of the gate dielectric,
and W and L are the width and length of the tran-
sistor channel, respectively. The mobility, deter-
mined by a linear fitting of the square root of the
drain current versus the gate voltage curve, was vir-
tually the same in the unpatterned OTFT
(0.025 cm2/V s) and in the patterned device
(0.027 cm2/V s). This demonstrates that no obvious
degradation in the electrical properties of the P3HT
film occurred during the entire process. The use of
acetone and methanol thus does not seem to affect
the carrier mobility of the conducting polymer spun
from TCB onto OTS-modified substrates, which is
different from the reported influence on small-mole-
cule semiconductors such as pentacene [26]. The
slight increase in the mobility in the patterned de-
vice could well be due to a small amount of doping
in air, and the resulted additional carriers could
screen and/or neutralize some of the charge traps
in the P3HT film [37].

3. Conclusions

To conclude we have demonstrated a non-
destructive method to pattern P3HT thin films based
on UV lithography. The method was successfully
applied to the patterning of P3HT OTFTs. Electrical
measurements showed a dramatic improvement in
the on/off ratio, by over four orders of magnitude,
from about 70 to 106. The extracted mobility in the
saturation regime was virtually unchanged at about
0.027 cm2/V s, which is among the highest hole
mobilities in P3HT-based OTFTs that were fabri-
cated in ambient conditions. We also show that it
was mainly the gate leakage current rather than the
spurious current within the P3HT film that resulted
in the poor performance of unpatterned OTFTs.
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Abstract

Conjugated semiconducting block copolymers are interesting organic materials for possible photovoltaic device appli-
cations because of their capability to form self-organized nanostructures and the tunability of their electronic and optical
properties as a function of the relative lengths of the constituent monomers. In this work, we report the results of our inves-
tigation of polymer bulk heterojunction photovoltaic devices based on the block copolymer [MEH-PPV]-co-[biphenylene
vinylene] derived from the widely used poly[2-methoxy-5-[2 0-ethyl-hexyloxy]-1,4-phenylene-vinylene] (MEH-PPV) as an
electron donor material in conjunction with the common electron acceptor molecule [6,6]-phenyl C61 butyric acid methyl
ester, a soluble derivative of C60. We find that the morphology and photovoltaic characteristics of these devices are
strongly influenced by the blend concentration and thickness of the electro-active organic layer. Our initial results demon-
strate that a power conversion efficiency of 2.4% is achieved with these materials.
� 2006 Elsevier B.V. All rights reserved.

PACS: 72.80.Le; 73.50.Pz; 83.80.Uv; 85.65.+h

Keywords: Block copolymer; Organic; Photovoltaic; Bulk heterojunction; MEH-PPV; C60
1. Introduction

Organic photovoltaic devices have the potential
to revolutionize the production of solar cells by
offering an inexpensive and versatile alternative to
inorganic semiconductors currently available [1–3].
The allure of lightweight, flexible and mechanically
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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robust devices allows imaginative applications from
photovoltaic coated building exteriors to wearable
power sources printed onto clothing. However,
despite the wide variety of material systems studied
to date, the progress in achieving device perfor-
mance comparable to those of the inorganic photo-
voltaic devices [4] remains elusive. Challenges such
as thermal and chemical instability and the rela-
tively low-power conversion efficiencies represent
significant hurdles toward fruition.

The device physics of organic photovoltaic
devices based on blends of semiconducting
conjugated polymers and fullerenes results from
.

mailto:dbromero@lps.umd.edu


Fig. 1. Comparison of the dark and illuminated current versus
voltage characteristics for a device with x = 0.57 C60 molar
fraction. The photovoltaic characteristics of this device are:
VOC = 0.88 V, JSC = 4.92 mA/cm2, FF = 0.47, gP

ext ¼ 2:4% using
AM1.5 direct solar simulator with Pin = 92 mW/cm2. The inset
shows the chemical structures of MEH-PPV-co-biphenylene
vinylene and PCBM molecules investigated in this work.
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the complex interplay of disorder-induced morpho-
logical and electronic structure modification in the
blend [1–3]. The modification results from the
well-established phenomenon that charge separa-
tion in these devices occurs at the interface of the
heterojunction formed by the donor–acceptor
molecular complex [5]. Unlike the conventional sili-
con-based photovoltaic device associated with a pn-
junction formed by a sharply defined interface, the
donor–acceptor heterojunction is randomly distrib-
uted over the entire electro-active layer of the
organic photovoltaic device [1–3,6,7]. The photovol-
taic characteristics of these devices will, therefore,
be strongly influenced by the relative concentration
of the donor and acceptor molecules. This is
because the localized fluctuations in the donor–
acceptor concentration can lead to variations in
the electrical, optical, and structural properties of
the device.

In this work, we explored the use of a block
copolymer poly[2-methoxy-5-[2 0-ethyl-hexyloxy]-
1,4-phenylene-vinylene], derived from the widely
used MEH-PPV, blended with [6,6]-phenyl C61
butyric acid methyl ester (PCBM), a soluble deriv-
ative of C60, for fabricating organic polymer bulk
heterojunction photovoltaic devices. Recently,
semiconducting block copolymers have attracted
attention for possible organic optoelectronic appli-
cations due to their ability to form self-assembled
nanostructures and the tunability of their elec-
tronic and optical properties as a function of the
relative lengths of the constituent monomers [8].
Furthermore, blending C60 with similar polymers
has been shown to dramatically increase their
photo-oxidative stability [9]. The steady improve-
ment in device characteristics that has accompa-
nied the tuning of a variety of controllable
parameters in our measurements suggests that this
system might represent a foundation for a viable
technology. We investigate the effects of the rela-
tive concentration of the donor–acceptor mole-
cules and film thickness on the photovoltaic
characteristics of devices using blends of the
MEH-PPV block copolymer and PCBM as the
organic active layer.

2. Experimental

The chemical structures of the molecules investi-
gated in this work are shown in the inset to Fig. 1.
Chlorobenzene was used as a solvent for these
organic materials because an earlier report [10]
showed that highly homogeneous films can be
spun-cast using this solvent. Since the relative con-
centration of the MEH-PPV block copolymer:
PCBM is a critical parameter in our investigation,
we developed a simple procedure that allows for an
accurate determination of the molar fraction of C60

in the blend. Separate solutions of the MEH-PPV
copolymer and PCBM in chlorobenzene were pre-
pared and stirred at 80 �C for a few days. The
solutions were then filtered using a 1 lm filter.
To determine their new concentrations, a small
amount of the filtered solutions was weighed to
estimate the weight of the solvent. The solvent
was then allowed to evaporate and the weight of
the remnant organic material was measured. This
procedure yielded approximately 0.45% for the
concentration of both filtered solutions. Blends
with different relative concentrations of MEH-
PPV copolymer: PCBM were prepared from
appropriate combinations of the filtered solutions.
We chose to express the relative concentration of
C60 and copolymer as the molar fraction x of
C60. Film thickness variations were determined
using a similar technique. In this case, a solution
with molar fraction 0.69 was diluted with addi-
tional solvent to make thinner films or subjected
to further solvent evaporation to make thicker
films. These solutions with identical molar frac-
tion were then weighed before and after the
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chlorobenzene was evaporated, yielding weight per-
cents between 0.4 and 2.5. We expressed the thick-
ness in terms of concentration of the organic
molecules in solution. Typical values for all of
these experiments were of order 1%.

The devices were fabricated using indium-tin-
oxide (ITO) coated glass substrates purchased from
Delta Technologies with sheet resistance of
�2 ohms per square as the transparent conducting
electrode for hole-injection. The ITO was photo-
lithographically patterned on the glass substrate
by means of wet chemical-etching techniques. A
layer (�100 nm) of PLED grade Baytron
poly[3,4-ethylenedioxythiophene]:poly[styrenesulfo-
nate] (PEDOT:PSS) followed by the organic active
layer (�150 nm) was spin-cast onto the ITO glass
substrate in an inert nitrogen atmosphere inside a
glove box. Both the PCBM and the MEH-PPV
block copolymer are commercially available prod-
ucts from American dye source. The electron-
injecting contact consisted of a patterned layer of
�2 nm thick lithium-flouride (LiF) followed by
�100 nm of aluminum (Al) deposited on top of
the organic layer by shadow mask thermal evapo-
ration. The electrically active area of the fabricated
devices is 2 mm · 2 mm. In the initial experiments
that included the stoichiometric data, the samples
were covered with an aluminum foil to minimize
photo-oxidative degradation and moved to an
external evaporator for top electrode fabrication.
Later samples were prepared using an evaporator
contained within the glove box. This upgrade
resulted in a significant improvement in the device
characteristics.

The photovoltaic characteristics of the devices
were extracted from the current versus voltage
characteristics under illumination from an
AM1.5 direct solar simulator with �92 mW/cm2

intensity.
Fig. 2. Representative atomic force microscopy images as a function
(a) x = 1, (b) x = 0.43, (c) x = 0.26, (d) x = 0. The scale of all four im
3. Results and discussion

Fig. 2 shows representative atomic force micros-
copy scans of devices with varying blend composi-
tion. The MEH-PPV copolymer: PCBM blend
exhibits a granular morphology that changes sys-
tematically with the relative concentration of the
two species. The pure C60 device (x = 1) shows the
appearance of amorphous large clusters (�1 lm).
These clusters transform into relatively uniform fine
grains (�100 nm) at intermediate values of x. This
relatively ordered clustering disappears and is
replaced by an inhomogeneous morphology in the
pure polymer film (x = 0). Similarly, it is apparent
that connected islands also form in the blends at
intermediate molar fractions and increase in density
as x is decreased. Such complex morphology is an
inherent characteristic of polymer blends [11] and
earlier works [10,12] have indicated improvements
in the optical and electrical characteristics of
organic electronic devices as a function of the mor-
phology. We examine the effects of this morpholog-
ical variation on the photovoltaic characteristics of
organic photovoltaic devices fabricated from the
MEH-PPV copolymer/C60 blends.

The spectral dependence of the incident photon
to current conversion efficiency (IPCE) is shown in
Fig. 3 for three representative devices. The spectra
are compared to the absorbance spectrum of the
pure MEH-PPV copolymer. For each device, the
peaks in the IPCE spectrum are shifted to shorter
wavelengths when compared to the MEH-PPV
copolymer absorbance peak. The x = 0.6 device dis-
plays a single peak near k = 486 nm. The peak for
the x = 0.8 device appears to move to shorter wave-
length while the x = 0.1 device manifests two peaks,
one at shorter wavelengths and the other close to
the absorbance peak of the MEH-PPV copolymer.
These results suggest the formation of a donor–
of C60 molar fraction for four different photovoltaic devices:
ages is shown in the right frame.



Fig. 3. Spectral dependence of the incident photon to current
conversion efficiency (IPCE) for three representative devices. The
absorbance for the pure MEH-PPV copolymer film is also shown
for comparison. The inset plots the IPCE at k = 486 nm as a
function of the C60 molar fraction.
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Fig. 4. Dependence of the photovoltaic device characteristics on
the C60 molar fraction. (a) Open-circuit voltage and short-circuit
current density, (b) Power conversion efficiency and fill factor.
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acceptor complex in the copolymer/C60 blend that is
responsible for the IPCE maximum near k =
486 nm. The density of this donor–acceptor com-
plex is optimum around x = 0.4–0.6, the range of
C60 molar fractions in which the IPCE is maximum
as depicted in the inset to Fig. 3. We note that this
range of concentration corresponds to the case of
approximately one C60 molecule bound to the
polymer repeat unit. This is highly suggestive of sig-
nificant photodoping at intermediate blend concen-
tration. The electron transfer from the polymer to
the C60 leads to the creation of mobile hole polarons
that enhances the charge transport along the
polymer chain.

Fig. 1 displays the dark and illuminated current
versus voltage (I�V) characteristic from a device
with x = 0.57. From these curves, we extract the
photovoltaic characteristics of the device. The
open-circuit voltage, VOC, is the voltage intercept
at zero current. The short-circuit current density,
JSC, is the current intercept at zero voltage. The fill
factor, FF, is calculated as FF = (VJ)max/(VOCJSC)
where (VJ)max is the maximum electrical power
density that is generated by the device [2]. A prac-
tical figure of merit for photovoltaic devices is the
external power conversion efficiency, gP

ext, defined
as the ratio of the maximum electrical power den-
sity generated in the device to the incident light
intensity [2],

gP
ext ¼

ðVJÞmax

P in

¼ V OCJ SC

P in

FF:
Fig. 3 summarizes the values of VOC, JSC, FF,
and gP

ext derived from the devices with different x.
The plot shows the strong dependence of gP

ext on x.
The pure MEH-PPV copolymer device (x = 0) man-
ifests a weak photovoltaic effect. While there is sig-
nificant VOC (�0.82 V) in this device, JSC (�0.1 mA/
cm2) is very small. The low value of JSC is due to
radiative recombination dominating over the charge
separation process with much of the latter taking
place near the PEDOT:PSS/MEH-PPV copolymer
interface. On the other extreme, pure PCBM device
(x = 1), similarly shows no photovoltaic effect in
either VOC or JSC. At intermediate x, gP

ext increases
significantly with a maximum of 1% near x = 0.6.
We note that the maximum gP

ext does not appear at
x = 0.5 which corresponds to the case of one C60

molecule for each repeat unit of the MEH-PPV
copolymer in which charge separation is expected
to be optimal. This suggests that a higher concentra-
tion of C60 molecules is necessary for better electron
transport in the blend to achieve maximum gP

ext.
In general, the open-circuit voltage is determined

by the built-in voltage associated with the band-off-
set at the electrode/organic layer interface as well as
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the diffusion of the separated charge carriers in the
device [13]. In Fig. 3 we find that VOC is essentially
constant (VOC � 0.85 V) for x < 0.7 then decreases
to VOC = 0 V for the pure C60 device. The fact that
VOC is nearly the same for a wide-range of blend
concentration indicates that the contribution of
charge diffusion to the open-circuit voltage is negli-
gible in organic photovoltaic devices. Therefore,
proper engineering of the interfaces can lead to
higher VOC in these devices.

Fig. 3 shows that the x dependence of gP
ext mimics

that of JSC. The short-circuit current is determined
by a three step process: (1) exciton creation, (2) exci-
ton diffusion towards the donor–acceptor junction
for charge separation, and (3) charge transport to
and collection at the electrodes [1]. These processes
are expected to be strongly dependent on the thick-
ness of the organic layer in the photovoltaic devices.
Fig. 4 shows the photovoltaic device parameters for
a series of films of different weight percent prepared
from the same x = 0.69 mixture. We note the dra-
matic effect of varying this parameter producing
devices with gP

ext up to 1.7%. Measurements of the
resultant thickness range with a Dektak stylus pro-
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Fig. 5. Dependence of the photovoltaic device characteristics on
the organic solution weight percentage. (a) Open-circuit voltage
and short-circuit current density. (b) Power conversion efficiency
and fill factor.
filer indicated that these samples varied in thickness
by nearly a factor of two from 120 nm to 210 nm
over the range of weight percents from 0.4 to 2.25.
Note that in polymer-based bulk heterojunction
photovoltaic devices, the charge separation effi-
ciency is close to unity since the excitons are created
close to the heterojunction and the concomitant
charge-transfer process is very fast [1,5]. Thus, the
thickness dependence of gP

ext that we observe is most
likely a result of the competition between the exci-
ton creation and charge collection efficiencies in
the photovoltaic devices. For the devices with a thin
organic layer, a larger fraction of the incident light
is not absorbed, which results in a reduced produc-
tion of charge carriers. On the other hand, poor
transport in the devices with thick active layer inhib-
its the separated holes and electrons from reaching
the electrodes in order to represent a measurable
current. Thus, the optimum thickness seen in
Fig. 4 represents a compromise between these two
mechanisms to maximum power conversion effi-
ciency in the devices (Fig. 5).

4. Conclusion

In summary, we have investigated the depen-
dence of the photovoltaic properties of conjugated
block copolymer: C60 based photovoltaic devices
on the relative concentration of donor–acceptor het-
erojunctions. We find that the best performance is
exhibited by devices with a C60 molar fraction of
0.6. This concentration is slightly higher than the
ideal concentration for optimal charge separation
which corresponds to one C60 per polymer molecu-
lar repeat unit. Furthermore, control of the active
layer thickness also produced significant gains in
power conversion efficiency. These results by no
means represent an exhaustive investigation of a
rather large phase space of controllable device
parameters. The potential to ‘‘tune’’ the peak
absorption wavelength by varying the composition
of the copolymer provides an additional method
for adjusting device performance. We expect that
further refinement of this system will lead to contin-
ued improvement and perhaps even a technologi-
cally usable design.

Acknowledgements

This work is supported by the Polymer Program
at the Laboratory for Physical Sciences under the
Organic Polymer Photocell Technology project.



R.P. Barber Jr. et al. / Organic Electronics 7 (2006) 508–513 513
References

[1] C. Brabec, V. Dyakonov, J. Parisi, N.S. Sariciftici (Eds.),
Organic Photovoltaics: Concepts and Realization, Springer
Series in Materials Science, 2003.

[2] H. Hoppe, N.S. Sariciftci, J. Mater. Res. 19 (7) (2004) 1924.
[3] S.E. Shaheen, D.S. Ginley, G.E. Jabbour, Mater. Res. Soc.

Bull. 30 (1) (2005) 10.
[4] S.F. Baldwin, Phys. Today 55 (2002) 62.
[5] N.S. Sariciftci, L. Smilowits, A.J. Heeger, F. Wudl, Science

258 (5087) (1992) 1474.
[6] G. Yu, J. Gao, J.C. Hummelen, F. Wudl, A.J. Heeger,

Science 270 (5243) (1995) 1789.
[7] J.J.M. Halls, C.A. Walsh, N.C. Greenham, E.A. Marseglia,
R.H. Friend, S.C. Moratti, A.B. Holmes, Nature 376 (6540)
(1995) 498.

[8] G. Hadziioannou, Mater. Res. Soc. Bull. 27 (6) (2002) 456.
[9] H.W. Sarkas, W. Kwan, S.R. Flom, C.D. Merritt, Z.H.

Kafafi, J. Phys. Chem. 100 (13) (1996) 5169.
[10] S.E. Shaheen, C.J. Brabec, N.S. Sariciftci, F. Padinger, T.

Fromherz, J.C. Hummelen, Appl. Phys. Lett. 78 (6) (2001) 841.
[11] G. Malliaras, R. Friend, Phys. Today 58 (2005) 53.
[12] T. Nguyen, B.J. Schwartz, J. Chem. Phys. 116 (18) (2002)

8198.
[13] G.G. Malliaras, J.R. Salem, P.J. Brock, J.C. Scott, J. Appl.

Phys. 84 (3) (1998) 1583.



Organic Electronics 7 (2006) 514–520

www.elsevier.com/locate/orgel
Effect of side chain length on molecular ordering and
field-effect mobility in poly(3-alkylthiophene) transistors

Yeong Don Park, Do Hwan Kim, Yunseok Jang, Jeong Ho Cho,
Minkyu Hwang, Hwa Sung Lee, Jung Ah Lim, Kilwon Cho *

Department of Chemical Engineering, Polymer Research Institute, Pohang University of Science and Technology, San 31 Hyoja-dong,

Nam-gu, Pohang, Gyungbuk 790-784, Republic of Korea

Received 21 February 2006; received in revised form 21 July 2006; accepted 24 July 2006
Available online 14 August 2006
Abstract

The effect of alkyl side chain length on the molecular ordering and electrical properties of regioregular poly(3-alkylthi-
ophene) (P3AT)-based field-effect transistors (FETs) was investigated using P3ATs with various alkyl side chain lengths
(–(CH2)nCH3, n = 3, 5, and 7) as active materials. The inner structures and surface morphologies of the P3ATs thin films
fabricated on an insulator substrate were characterized, and the electrical properties of FETs based on these films were
correlated with the structure and alkyl chain length of the P3ATs. The FET based on poly(3-butylthiophene), which
has the shortest alkyl side chains among the three P3ATs considered, showed the highest field-effect mobility, possibly
because the film formed from molecules with short butyl side chains had a higher density of p-stacked ordered structures
in the charge transport region.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Side chain length; Field-effect transistors; Poly(3-alkylthiophene)
1. Introduction

The high field-effect mobility, stability and solu-
tion processability of regioregular poly(3-alkylthi-
ophene)s (P3ATs) has stimulated considerable
interest in the utilization of these fascinating poly-
mers as the active materials in organic field-effect
transistors (OFETs) [1–15]. In particular, previous
studies have shown that a preferential supramolec-
ular two-dimensional ordering of the P3AT chains
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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with high regioregularity gives rise to a high
field-effect mobility [10] of up to 0.3 cm2 V�1 s�1,
a value approaching that of single crystalline
oligothiophenes.

Many factors affect the structures of P3AT films
and the electric properties of FETs based on these
films: molecular parameters such as regioregularity
[3], molecular weight [16] and side chain length
[17–25], and processing conditions such as solvent
power [6], film thickness [26], doping level [27] and
the method used to form the film [28]. For P3ATs,
one of the key factors is the alkyl side chain length
which greatly affects the solubility of these polymers
in organic solvents. P3ATs with long alkyl side
.
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Fig. 1. Tapping mode atomic force microscope (AFM) topo-
graphy and phase images of (a) P3HT thin film without
annealing; (b) P3BT thin film annealed at 250 �C for 20 min,
domain size: 15–20 nm; (c) P3HT thin film annealed at 235 �C for
20 min, domain size: 20–25 nm; and (d) P3OT thin film annealed
at 205 �C for 20 min, domain size: 25–30 nm. Upper half
represents topograph images and lower half represents phase
images for each samples.
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chains are highly soluble, which facilitates the fabri-
cation of transistor devices by solution processing.
However, for linear alkyl chains, the field-effect
mobility is expected to decrease with increasing
chain length due to the isolated nature of the alkyl
substituents. Several groups have examined the
effect of side chain length on the thin film structures
and electrical properties of P3AT thin films in TFTs
[20–24]. Despite this previous work, the role of the
alkyl side chains is poorly understood and the corre-
lation between the film structure and FET electrical
properties has not been systematically studied. In
the present study, we systematically characterized
the inner structures and surface morphologies of
thin films of P3ATs with three side chain lengths
(alkyl = butyl [P3BT], hexyl [P3HT], octyl
[P3OT]), and evaluated the electrical performances
of FET devices based on these P3ATs. In addition,
we determined the correlation between the thin film
structure and electrical properties of the FETs
according to the side chain length of the P3AT.

2. Experiments

The regioregular P3ATs used in this study,
P3BT, P3HT, and P3OT, were obtained from the
Rieke Metals Incorporation. The molecular weights
of the alkylthiophenes had almost same values
(Mn = 45–50 kg/mol). The coupling ratio of head–
tail to head–head and tail–tail was estimated to be
about 93% by NMR integration.

A highly doped Si substrate was used as the tran-
sistor substrate as well as the gate electrode. A ther-
mally grown silicon dioxide (SiO2) layer of thickness
300 nm acted as the gate dielectric. A simple spin-
coating method was used to fabricate regioregular
P3AT thin films of thickness 100–110 nm. Films of
P3BT, P3HT, and P3OT were spin-coated from a
1 wt% solution in chloroform (CHCl3) onto SiO2/
Si substrates and then subsequently annealed for
20 min at 250 �C, 235 �C, and 205 �C, respectively,
after which they were cooled at a rate of 3 �C/min.
All solutions were filtered through a 0.45 lm pore
size poly(tetrafluoro ethylene) membrane syringe fil-
ter before use. Au electrodes of thickness 170 nm,
functioning as source and drain electrodes (channel
length 40 lm and channel width 800 lm), were
deposited on top of the P3AT films by evaporation.

An atomic force microscope (Digital Instruments
Multimode) operating in tapping mode using a sili-
con cantilever was employed to characterize the sur-
face morphologies of the samples. FT-IR spectra
with a resolution of 1 cm�1 were recorded using
a Bruker IFS 66v/S model spectrometer. Film
thickness was determined using an ellipsometer
(M-2000 V, H.A.Woollam Co., Inc.). Grazing-inci-
dence X-ray diffraction (GIXD) and X-ray reflectiv-
ity measurements were performed at the 3C2, 4C2
and 8C1 beamlines, respectively, at the Pohang
Accelerator Laboratory (PAL), Korea.

3. Results and discussion

Fig. 1 shows AFM topographic and phase images
of P3AT thin films on insulator substrates (Si/SiO2)
[29,30]. Before annealing, the spin-coated film shows
featureless characteristics (Fig. 1(a)). However, after
annealing by slow heating to the melting tempera-
ture above the order–disorder transition tempera-
ture of the P3AT backbone chain, followed by
slow cooling, peculiar morphologies indicative of
nanoribbon structures with the width of 20–40 nm
are observed in the phase images (Fig. 1(b)–(d)).
These randomly oriented rodlike nanoribbons are
formed spontaneously during the crystallization
process after heating the film to above the order–dis-
order transition temperature (P3BT: 250 �C, P3HT:
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235 �C, P3OT: 205 �C). The width and shape of the
nanoribbons vary depending on the alkyl chain
length because the alkyl side chains have a crucial
effect on the structures formed during crystalliza-
tion. For the P3BT thin film, the nanoribbons are
narrow and straight. For the P3HT and P3OT thin
films, by contrast, the nanoribbons are broader and
denser than those observed for the P3BT thin film.
To elucidate the inner structures of the nanoribbons,
we analyzed the P3BT, P3HT and P3OT thin films
using grazing incidence X-ray diffraction (GIXD),
X-ray reflectivity, and FT-IR.

In the present study, the morphology of the top
surface of the P3AT thin films was studied by
AFM and the molecular ordering that prevails
throughout the films was determined from X-ray
measurements [31,32]. The reflectivity data, pre-
sented in Fig. 2, were obtained at room temperature
after annealing above the order–disorder transition
temperature for 20 min. The reflectivity patterns of
the thin films all show both Kiessig fringes and
Bragg peaks. Kiessig fringes are caused by interfer-
ences between beams reflected at the air-polymer
and polymer-substrate interfaces, respectively.
Because the locations of the Kiessig fringes depend
on the film thickness, the total thickness of the film
can be derived from the distance between adjacent
maxima of the fringes [33]. All of the polymer films
deposited on insulator substrates were found to
have thicknesses in the range 100–110 nm. For each
film, the film thickness determined by X-ray reflec-
tivity was approximately the same as that measured
by ellipsometry.
Fig. 2. X-ray reflectograms for P3AT thin films on a silicon
substrate. The inset shows Kiessig fringes peaks for P3AT thin
films as a function of the angle of incidence, h.
For the P3BT, P3HT, and P3OT thin films, the
second Bragg peak is observed in addition to the
first Bragg peak. These peaks are caused by a peri-
odic density modulation perpendicular to the sur-
face and are indicative of the formation of an
ordered phase. The correlation lengths of the
ordered phases of P3BT, P3HT and P3OT, as deter-
mined from the position of the Bragg peak, were
12.5 Å, 16.1 Å, 19.8 Å, respectively. In the case of
the P3OT thin film, however, the intensities of the
Bragg peaks dramatically decrease. Since the
P3BT, P3HT and P3OT films have almost the same
thickness (i.e., 100–110 nm), but different side chain
lengths, the films will have different numbers of lay-
ers in their ordered structures. In other words, the
P3AT with the shortest alkyl side chains, P3BT, will
have a greater number of ordered domains than the
other P3AT thin films. As a result, the intensities of
the Bragg peaks decrease as the alkyl side chain
length increases.

To examine the molecular orientation as a function
of side chain length, we studied the microstructure
of the annealed P3AT films using grazing-incidence
X-ray diffraction (GIXD) [19]. The orientations of
the P3AT chains with respect to the insulator sub-
strate were studied for the in-plane and out-of-plane
modes. Similar orientations of the ordered domains
with respect to insulator substrate were identified for
all three films (Fig. 3), specifically, the preferential
Fig. 3. Grazing incidence wide-angle X-ray scattering images
representing the two-dimensional distribution of scattered CuKa
X-rays from spin-coated, 100–110 nm thick P3AT films on a
SiO2/Si substrate. The vertical (horizontal) axes correspond to
scattering out of (in) the plane of the film. (a) P3BT, (b) P3HT, (c)
P3OT, and (d) schematic representation of the edge-on structure
in P3AT.
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orientation of the ordered domains was with the
(100)-axis normal to the substrate. The interlayer
spacing of the ordered phases of P3BT, P3HT and
P3OT, as determined from the position of the Bragg
peak, were 12.5 Å, 16.1 Å, 19.8 Å, respectively. The
interlayer spacing increased linearly with the alkyl
chain length. The (010) reflection was not observed
in the pseudo-out-of-plane direction (Fig. 3), indi-
cating that the preferred orientation of the p-stack
is in the plane of the sample (the edge-on structure)
as shown schematically in Fig. 3(d) [10].

To investigate the conformation of the alkyl side
chains as a function of side chain length, we mea-
sured infrared vibrational spectra of the P3AT thin
films [34]. Fig. 4 shows typical FT-IR absorption
spectra in the CH stretching region as a function of
the alkyl chain length. When the hydrocarbon chains
are predominantly in the all-trans conformation,
which represents a centrosymmetric arrangement
of the methylene groups, the dominant features of
the FT-IR spectra are the symmetric and asymmetric
methylene vibrations at 2851 and 2919 cm�1, respec-
tively. These characteristic peaks exhibit an upward
shift as the ordered, mainly trans-conformation
chain structures transform into disordered structures
with increasing gauche defects. The Fig. 4 indicates
that the alkyl chains of the P3AT thin films are not
all-trans conformation, but they are distinguished
from band positions.

In the FT-IR spectrum of the P3BT thin film in
Fig. 4, four sharp and intense bands are observed
at 2861, 2870, 2932, and 2956 cm�1, which are
assigned to the CH2 symmetric, CH3 symmetric,
Fig. 4. Infrared absorption spectra of P3BT, P3HT, and P3OT
films. The vertical bars mean two sharp and intense bands
observed at 2855, and 2929 cm�1, which are assigned to the CH2

symmetric and CH2 asymmetric stretching bands of P3OT thin
film, respectively.
CH2 asymmetric, and CH3 asymmetric stretching
bands, respectively. These band positions and the
spectral profiles are known to be sensitive to the
change in the packing of the alkyl chains. Inspection
of the positions of these four peak, ms(CH2),
ms(CH3), mas(CH2), and mas(CH3), as a function of
alkyl chain length reveals that ms(CH2) and mas(CH2)
shift to lower wavenumber with increasing alkyl side
chain length. These results suggest that the packing
of the alkyl chains attached to the P3AT backbone
change from a less ordered configuration to a trans
zigzag conformation as the alkyl side chain increase
in length. We can speculate that the increase of the
alkyl side chain length at the 3-position in P3ATs
leads to enhanced side chain ordering. The intensi-
ties of ms(CH3) and mas(CH3) decreases as the alkyl
side chain length increases. This decrease in the
intensities of ms(CH3) and mas(CH3) implies the rela-
tive number of –CH3 functional group which is
directly related to the number of ordered layers
which form with the perpendicular orientation of
the P3AT chains. The layers in the ordered P3OT
thin film are thicker than those in the P3BT film,
because the latter polymer has shorter side chains.
Thus, for the three P3AT thin films studied here,
all of which have similar film thickness, the number
of layers in the thin film will increase with decreas-
ing side chain length.

To determine the relationship between alkyl side
chain length and field-effect mobility, the field-effect
mobilities of the regioregular P3ATs were measured
using a top-contact thin-film FET geometry. Heav-
ily doped Si wafer was used as a gate electrode, and
SiO2 (thickness 300 nm) was used as the gate insula-
tor (capacitance = 10.8 nFcm�2). Thin films of
P3BT, P3HT, and P3OT were then spin-coated
from 1 wt% P3AT solutions in chloroform at
3000 rpm, and annealed at 250 �C, 235 �C and
205 �C for 20 min, respectively. Gold was deposited
as a source and drain electrode on the P3AT thin
film. No additional energy barriers are introduced
with this method, as the conducting polythiophene
layer forms ohmic contacts with the gold layers.

Fig. 5 shows typical source-drain current (IDS) vs
source-drain voltage (VDS) plots at various gate
voltages for the regioregular P3AT FETs operating
in accumulation mode. The average field-effect
mobility of each transistor was calculated in the sat-
uration regime (VDS = �80 V) by plotting the
square root of the drain current versus the gate volt-
age (Fig. 6) and fitting the data to the following
equation [7–9].



Fig. 6. Transfer characteristics [(�IDS)1/2 vs. VG at VDS = �80 V]
with respect to alkyl side chain length.

Fig. 5. Electrical characteristics of P3AT FETs: Current–voltage output characteristics of a 40 lm (length) by 800 lm (width) transistor.
(a) P3BT, (b) P3HT and (c) P3OT.

Table 1
Average mobility values obtained from the transfer curve of the
P3BT, P3HT, and P3OT FETs

P3BT P3HT P3OT

Mobility (·10�3) cm2 V�1 s�1 10 5.4 0.52
On/off ratio 200 250 150

Fig. 7. Schematic representation of the internal structures of (a) P3BT
insulator.
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IDS ¼
WCi

2L
lðV GS � V TÞ2

where Ci = 10.8 · 10�9 Fcm�2, W = 800 lm, and
L = 40 lm.

Table 1 shows the the field-effect mobilities for
the systems with different side chain lengths. The
field-effect mobility of the P3BT system
(0.010 cm2 V�1 s�1) is about 20 times greater than
that of the P3OT system (5.2 · 10�4 cm2 V�1 s�1).
This difference may be due to the different number
of perpendicularly oriented layers with respect to
the insulator substrate in the P3BT and P3OT thin
films. Specifically, the perpendicularly oriented lay-
ers enable the charge carrier to transport in the
two-dimensional conjugation direction [3], result-
ing in a higher field-effect mobility for P3AT films
with more layers in the charge transport region. As
previously noted, the P3BT thin film contains more
layers in its ordered structure compared to the
other P3ATs thin films in a few nanometers of
the semiconductor near the interface between the
semiconductor and insulator (Fig. 7), and hence
and (b) P3OT at the interface between the semiconductor and
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the P3BT thin film will have more opportunities to
transport the charge carrier at the interface
between the semiconductor and insulator. Previous
work has shown that the alkyl side chains in unan-
nealed P3AT films act as insulators, which inter-
feres with inter-chain hopping [21]. The insulating
portion has a large impact on the way the P3AT
chains pack, which in turn has a significant effect
on the field-effect mobility. And Jenekhe et al.
has shown hexyl side chain is optimum for charge
transport because of better self-organization in
poly(3-heylthiophene) compared to other polymers
[24]. Therefore the hole mobility as a function of
alkyl chain length showed the highest value for
poly(3-hexylthiophene). However, we have shown
here that in the annealed P3AT film, the side chain
ordering is improved as the increasing alkyl side
chain length.

4. Summary

The inner structure and surface morphologies of
a P3BT, P3HT, and P3OT thin films on insulator
substrates were characterized, and the electrical
properties of FETs based on these polymers were
correlated with the structure and alkyl side chain
length of the P3ATs. Thermal annealing of the thin
films above the order–disorder transition tempera-
ture of the P3AT allowed the P3AT molecules to
rearrange into an ordered structure. X-ray reflectiv-
ity and GIXD studies of the P3BT, P3HT, and
P3OT thin films indicated that the inner part of each
thin film had a well-ordered, multilayered structure
with an edge-on orientation. Furthermore, analysis
of FT-IR spectra revealed that the side chains in
the thin films became more ordered as the length
of the alkyl side chain increased, indicating that
the alkyl side chain assists in the ordering of the
P3AT backbones.

The charge carrier transport behavior in P3BT,
P3HT and P3OT was investigated by fabricating
thin film transistors based on the P3ATs and char-
acterizing their properties. The hole mobility was
found to decrease with increasing alkyl chain
length, with the hole mobility for P3BT
(0.010 cm2/(Vs)) being 20 times greater than that
for P3OT. This result suggests that the side chain
length greatly affects the electrical properties of
P3AT-based devices. As the alkyl side chain length
was decreased, the P3AT thin film showed an
increased number of ordered structures in channel
region.
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Abstract

A key prerequisite for fabricating opto-electronic devices with organic molecules is to control the molecular growth
mode. In this work we present an ellipsometric study of the templating effect of 3,4,9,10-perylene tetracarboxylic dianhy-
dride (PTCDA) on the growth mode of metal free phthalocyanine (H2Pc). The difference in the anisotropic dielectric func-
tion between the H2Pc films grown on bare glass or silicon substrates compared to the anisotropic dielectric function of
H2Pc films grown on PTCDA indicates a drastic change in molecular orientation. From the strong in-plane/out-of-plane
anisotropy the average molecular tilt angle of H2Pc was found to be around 52� for the films grown on bare substrates and
around 25� for H2Pc films grown on PTCDA. A splitting in the H2Pc Q-band was observed for the H2Pc films grown on
PTCDA which indicates a deviation from the perfect H2Pc a-phase crystal.
� 2006 Elsevier B.V. All rights reserved.

PACS: 81.15.Ef; 68.55.Jk

Keywords: Ellipsometry; Anisotropy; Dieletric function
1. Introduction

The development of organic electronics pro-
gressed rapidly in this decade and organic photovol-
taic cells are regarded as one of the future high
potential molecular electronic applications with
the advantage of low cost production of printable
and flexible devices [1]. Among novel research sub-
jects for improving photovoltaic cell efficiencies,
such as the development of low band-gap materials
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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and device structures, especially controlling the
molecular orientation has a great potential for
improving the electrical and optical properties of
organic films because the anisotropic molecular
orbitals contribute to carrier transport and visible
light absorption [2]. Nevertheless, only few attempts
to control the molecular orientation have been
made for the application of photovoltaic cells
because most organic semiconductors are difficult
to be controlled in their molecular orientation on
substrate surfaces of glass and metal oxides due to
a weak adsorbate-substrate interaction [3].

It was recently reported using X-ray studies [4]
and a combination of X-ray and infrared (IR) [5]
that 3,4,9,10-perylene tetracarboxylic dianhydride
.
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(PTCDA) template layers can control the stacking
direction of H2Pc and phthalocyanine derivative
films parallel to the surface of a glass substrate.
Such a molecular templating technique is one of
the easiest methods for fabricating device structures.
Moreover, the orientation of the H2Pc molecular
plane formed on PTCDA is beneficial for photovol-
taic cell applications because the stacking direction
of the p orbitals predominantly contributes to car-
rier transport and optical absorption [2]. Especially
for this specific device application it is very impor-
tant to know the optical properties (or the dielectric
function) of the active organic layers. In this work
these properties were determined using spectro-
scopic ellipsometry, which is a non-destructive and
very surface sensitive technique. The structural as
well as the orientational changes within the H2Pc
layers can be detected from the magnitude of the
optical anisotropy.

2. Experiment

H2Pc and PTCDA layers were deposited on glass
(Corning 7059) and SiO2/Si (00 1) substrates by
organic molecular beam deposition (OMBD) at a
base pressure of 1.5 · 10�9 mbar. The organic source
materials were purified three times by gradient subli-
mation and were charged into Knudsen cells. The
glass substrates were cleaned in ultrasonic baths of
acetone and ethanol and then dried in nitrogen flow
before being loaded into the OMBD chamber. The
SiO2/Si structure was fabricated depositing SiO2 on
Si(001) wafers by electron beam evaporation. After
a PTCDA template layer was grown, thick H2Pc lay-
ers were deposited on it. The sample holder was held
at room temperature during all deposition processes.
The deposition rate was measured using a quartz
oscillator close to the substrate holder and was main-
tained below 0.1 Å/s.

Ellipsometric measurements were performed
using a variable angle spectrometric ellipsometer
(VASE, J.A. Woollam Co. Inc.). In order to deter-
mine the thickness and optical properties of the sam-
ples, the measurements were carried out in a large
spectral range, from 0.73 to 5 eV, with a 0.02 eV
energy step. Measuring the samples at incidence
angles around the Brewster angle of the substrate
increases the sensitivity of this technique. The sam-
ples on glass substrates were measured at several
angles of incidence, between 55� and 70� with a step
of 5�. The measurements for the SiO2/Si substrates
were performed between 65� and 75� with the same
step. In addition, the transmittance of the organic
layers on glass substrates was also measured.

In ellipsometry the change in the polarisation
state of light is measured after reflection on a sam-
ple. The relation between the amplitudes of the
reflected Er and incident Ei electric field can be writ-
ten in the Jones matrix formalism as

Erp

Ers

� �
¼ rpp rsp

rps rss

� �
Eip

Eis

� �

The diagonal elements of the Jones matrix repre-
sent the change of amplitude and phase of the p-
and s-components, while the off-diagonal elements
describe the transfer of energy from the p-compo-
nent to the s-component and vice versa. For isotro-
pic samples or anisotropic uniaxial samples with
in-plane isotropy the off-diagonal elements of the
Jones matrix are zero. In this case the change in
the polarization state can be described in terms of
the ellipsometric parameters W and D. The ellipso-
metric parameters are related to the ratio of Fresnel
reflection coefficients rpp and rss by

q ¼ rpp

rss

¼ tan W expðiDÞ:

For the evaluation of the ellipsometry spectra a
model which describes the interaction of light with
a specific sample structure has to be taken into con-
sideration. A detailed description of the ellipsome-
try principles and theory can be found in Ref. [6].

3. Results

3.1. Single layers

In order to assess the in-plane anisotropy, all
samples were measured at different azimuthal
angles. The measurement revealed that the ellipso-
metric spectra are independent of the azimuthal
angle. This indicates that all samples have in-plane
isotropy. However, due to their intrinsic molecular
anisotropy and their crystalline growth it is known
that H2Pc [7,8] and PTCDA form anisotropic layers
[9,10]. Therefore, an out-of-plane optical anisotropy
was considered when modeling the optical response
of the organic layers. In this case the in-plane contri-
butions are equal, i.e. ex = ey = ek, while the out-
of-plane one, perpendicular to the substrate surface,
ez = e?5 ek is different. As the transmission mea-
surements were performed at normal incidence,
these data can be used to determine ek for the films
deposited on transparent substrates.
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The first step in data evaluation is thickness
determination. For an accurate determination of
the thickness the optical properties of the substrates
are taken into account. The optical response of the
silicon reference substrate was simulated using the
existent dielectric function in the data base for sili-
con [11] and for the silicon oxide [12]. The thickness
of the silicon oxide was found to be 31 (±0.02) nm.

The dielectric function of the glass substrate was
determined from a reference ellipsometric measure-
ment. During the fit the data from both ellipsometry
and transmission measurements are considered.
Especially for anisotropic samples this procedure
is particularly useful in lowering the correlation fac-
tor between the floating parameters used to simulate
the in-plane and out-of-plane contributions.

The film thicknesses of the organic layers were
determined in the transparent range of the material
where the optical properties are described by the
Cauchy dispersion relation:

nðkÞ ¼ Aþ B

k2
þ C

k4
;

where n is the film refractive index and k is the wave-
length. In the numerical fitting procedure A, B, C

and the film thickness are floating parameters. Usu-
ally A and B are enough to describe the optical dis-
persion in the transparent range and C is set to zero.
For uniaxial anisotropic films two sets of Cauchy
relations are used to describe the optical properties
in a direction parallel with the film surface and per-
pendicular to it, respectively. The thicknesses ob-
tained from the ellipsometric data evaluation are
presented for the layers on glass in the transmittance
plots and in Table 1 for the layers on SiO2/Si.

After the thickness determination the transmis-
sion spectra can be used to determine ek. Consider-
ing an isotropic model the simulation of the
ellipsometric spectra using the extinction coefficient
determined from the absorption together with the
Kramers–Kronig consistent refractive index does
Table 1
The thicknesses of the single layers determined from ellipsometry
in the transparent range of the H2Pc and PTCDA films on SiO2/
Si substrates

Substrate Material Thickness/nm

SiO2/Si H2Pc 36.7 ± 3.4
18.3 ± 1.7
11.2 ± 1.1

SiO2/Si PTCDA 10 ± 1
0.5 ± 0.4
not provide satisfactory agreement with the experi-
mental data. Therefore an uniaxial model has to
be considered for the ellipsometric data. In this
model two sets of dielectric functions are used to
model the sample properties in the directions paral-
lel and perpendicular to the sample surface. In order
to have a Kramers–Kronig (KK) consistent solu-
tion, the imaginary part of the dielectric function
is simulated using Gaussian oscillators while the real
part is solved employing the KK relation. In order
to reduce the correlation between parameters during
the fitting procedure, three samples with different
thicknesses are considered in the model together
with their transmission data. The validity of this
evaluation holds as long as the organic films have
the same optical properties regardless of the film
thickness. In Fig. 1 the simulated and experimental
transmittance data of the H2Pc films on glass sub-
strates are plotted. The reference glass transmit-
tance is also shown.

The anisotropic dielectric function of H2Pc is
presented in Fig. 2. As all transmission measure-
ments were performed at normal incidence, the sim-
ulation of the transmittance spectra is done using
the in-plane components. The shape of the absorp-
tion bands is in agreement with previous reports
[9,13] and indicates that the films consist of a-phase
H2Pc with its well known herringbone structure
[7,8]. Taking into account that the absorption fea-
tures in the presented spectral range are induced
by p–p* transitions, which are polarized in the
Fig. 1. Transmittance spectra of H2Pc layers on glass substrates.
For comparison the transmittance of the glass substrate is also
plotted. The continuous lines represent the model simulation of
the transmittance using the in-plane component of the dielectric
function.



Fig. 3. The real and imaginary parts of the dielectric function of
the PTCDA films deposited on glass and SiO2/Si.

Fig. 2. The real and imaginary parts of the dielectric function of
the H2Pc films deposited on glass and SiO2/Si.
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molecular plane, an average molecular orientation
can be deduced from the differences in the extinction
coefficient between the xy (in-plane) and the z (per-
pendicular) contribution [9]. Considering in a first
approximation that the H2Pc is planar and the over-
all absorption intensity is the result of a scalar prod-
uct between the electric field vector and the
transition dipole, the average orientation of the
molecules with respect to the substrate was found
to be �52�. This indicates that the growth mode
of H2Pc is a-phase with the molecular stacking axis
oriented parallel with the substrate surface. Due to
the reduced ellipsometric sensitivity for the out-
of-plane component [14] we estimate a possible
error in the tilt angle determination of ±4�. While
we consider that we detect the right anisotropy
magnitude, the error is estimated from the slightly
different solutions that can be obtained for the
out-of-plane component.

A similar analysis procedure was applied for the
H2Pc films grown on the silicon oxide/silicon sub-
strates. The in-plane dielectric function was found
to be identical with the one presented in Fig. 2.
The out-of-plane component was slightly different
leading to a tilt angle of �53�. As the in-plane com-
ponent of the dielectric function is identical for the
H2Pc films grown on glass with the one of H2Pc
films grown on silicon substrates and the difference
in the out-of-plane component is within the error
limits we consider that these films exhibit similar
growth modes.

These findings are in agreement with recent stud-
ies of H2Pc orientation studied by infra-red reflec-
tion absorption spectroscopy (IRRAS) [5], X-ray
diffraction [15] and consistent with previous results
derived from ellipsometry for CuPc [10].

A similar analysis was performed for PTCDA
molecules grown on glass and silicon oxide/silicon
substrates. Fig. 3 shows the anisotropic dielectric
function of PTCDA. In Fig. 4 the corresponding
experimental transmittance spectra of PTCDA on
glass and the corresponding model simulation are
presented. The difference in the imaginary part of
the dielectric function between the in-plane compo-
nent and the out-of-plane one indicates that the
molecules lie flat on these substrates [5]. The shape
of the in-plane dielectric function is in agreement
with previous reports [16,17].

3.2. Heterostructures

In the ellipsometric data evaluation of the hetero-
structures H2Pc/PTCDA/substrate, the previously
determined dielectric function was used for the
PTCDA layer. The thicknesses of the PTCDA lay-
ers were estimated from transmission measure-
ments, in the range where PTCDA has its strong
absorption feature and H2Pc has a very low absorp-
tion. With the PTCDA thickness fixed, the previ-
ously described ellipsometric procedure was
applied to find the H2Pc thickness. Compared to
H2Pc single layers a good data simulation was
obtained only if surface roughness was considered
in the model. Again the thicknesses obtained for
the layers on the glass substrates are presented in



Fig. 4. Transmittance spectra of PTCDA layers on glass
substrates. For comparison the transmittance of the glass
substrate is also plotted. The continuous lines represent the
model simulation of the transmittance using the in-plane com-
ponent of the dielectric function.

Fig. 5. The real and imaginary parts of the dielectric function of
the H2Pc films deposited on PTCDA.
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the transmittance figures, while the thicknesses for
the layers on SiO2/Si are summarized in Table 2.

Fig. 5 shows the anisotropic dielectric function of
the H2Pc layer deposited on PTCDA. As can be
seen the in-plane component now is stronger than
the out-of-plane one suggesting that the H2Pc mol-
ecules have a considerably lower tilt angle with
respect to the substrate. This is most likely due to
the strong interaction of the PTCDA p orbitals with
the p orbitals of the first monolayer of H2Pc, which
leads to a templating effect [4,5,15]. Applying the
procedure described above, a �25� average tilt angle
was calculated for the molecular orientation. This
value is very close to the 27� value deduced from
IRRAS [5] and in agreement with a crystalline
growth of H2Pc with the stacking axis perpendicular
with the substrate surface, since the angle between
Table 2
The thicknesses of the organic layers in the heterostructures:
H2Pc/PCTDA/Substrate determined from the simulation of the
ellipsometry spectra using the dielectric functions from figs. 3
(PTCDA) and 5 (H2Pc)

Substrate PTCDA
Thickness/nm

H2Pc

Thickness/nm Surface
roughness/nm

SiO2/Si 7.5 19.6 7.9
13.3 16.5 2.5
10.4 5 1.2

SiO2/Si 5.1 25.3 12.5
5.9 9.5 8.3
3.8 5.5 7.8
the normal to the molecular plane and b-axis is
26.5�.

Fig. 6 shows the transmittance data of the H2Pc
films on PTCDA layers thicker than 6 nm and the
model simulation. The total thickness of the H2Pc
layers is indicated. In ellipsometry the surface
roughness is modelled using an effective medium
approximation with 50% voids. The total thickness
thus is calculated by adding the surface roughness
divided by 2. As can be seen in Fig. 6 the model
Fig. 6. Transmittance spectra of H2Pc layers on PTCDA/glass
substrates with PTCDA thickness higher than 7 nm. For com-
parison the transmittance of the glass substrate is also plotted.
The continuous lines represent the model simulation of the
transmittance using the in-plane component of the dielectric
function.



Fig. 8. Comparison between the in-plane imaginary dielectric
function of H2Pc on glass and SiO2/Si and the in-plane imaginary
dielectric function of H2Pc on PTCDA.
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simulation matches perfectly for the thick H2Pc lay-
ers, but a small deviation in the transmission data
can be noticed for the 7 nm H2Pc layer. This devia-
tion was also observed in the ellipsometric spectra.
This is an indication that the thin H2Pc layer has
a small deviation in the optical constants, when
compared to thicker layers. The difference is proba-
bly due to a small difference in the molecular pack-
ing [15], as the structure of the first H2Pc
monolayers have a deviation from the a-phase
H2Pc due to the templating effect of the PTCDA.

The same model was applied successfully to H2Pc
layers grown on PTCDA layers with thicknesses
lower than 1.4 nm. This proves that even a very
small thickness of PTCDA is sufficient to induce
the template effect. Fig. 7 shows the transmittance
data for these layers grown on the glass substrate.
Also in this case a small deviation from the experi-
mental data was noticed for the 34 nm H2Pc layer.
As this layer is the thickest, it seems to support a
small molecular reorientation with the increasing
thickness. However, for this layer a higher uncer-
tainty in calculating the PTCDA layer thickness
was noticed due to the small value, probably less
than 0.3 nm.

The data evaluation for the SiO2/Si substrate was
more difficult because it was hard to estimate
the thickness of the PTCDA layer beneath H2Pc.
The previous determined dielectric functions of the
H2Pc on PTCDA and of PTCDA on glass were used
to determine the thickness. This evaluation gave a
Fig. 7. Transmittance spectra of H2Pc layers on PTCDA/glass
substrates with PTCDA thickness less than 2 nm. For compar-
ison the transmittance of the glass substrate is also plotted. The
continuous lines represent the model simulation of the transmit-
tance using the in-plane component of the dielectric function.
very good simulation of the ellipsometric spectra
in the measured spectral range, indicating that the
films on SiO2/Si substrates have the same optical
properties like the ones on glass substrates.

Fig. 8 shows the imaginary part of the in-plane
dielectric function for the H2Pc layers grown on
glass and SiO2/Si substrates, compared with the
one of the films grown on PTCDA. Besides the
higher values for H2Pc grown on PTCDA due to
the lower tilt angle with respect to the substrate,
which demonstrate the template effect induced by
PTCDA, a splitting of the Q-band can be observed.
The splitting is also visible in the transmission mea-
surements. While the difference can be attributed to
the observation of the optical properties of the a-
phase H2Pc in different crystal direction, the split-
ting can also be a sign of a small deviation from
the perfect H2Pc a-phase crystal. As the degree of
overlapping of the H2Pc p orbitals changes the
shape of the Q-band thus making it possible to dis-
tinguish between the different crystalline forms of
H2Pc [7,8], the possibility that PTCDA induces a
deviation from the perfect a-phase crystal has to
be taken into consideration [15,18].

4. Summary

The optical response of H2Pc layers grown on
SiO2/Si and glass substrates and on PTCDA were
determined using spectroscopic ellipsometry. Due
to the intrinsic anisotropy of the H2Pc and PTCDA,
the optical anisotropy was considered when model-
ing the optical response of organic layers. For a
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H2Pc layer grown on a glass substrate, the tilt angle
of H2Pc molecule with respect to the substrate sur-
face was found to be 52� while its angle for H2Pc
deposited on PTCDA layer was estimated to be
approximately 25�. Such variation of the H2Pc
molecular orientation is consistent with IR-RAS
and XRD results reported previously [5] and is
caused by the van der Waals intermolecular interac-
tion between PTCDA and H2Pc at the heterointer-
face. The simulated results of transmittance
spectra, which were calculated from the in-plane
components of the dielectric functions, match per-
fectly with the experimental results. While the lower
orientation angle of the H2Pc on PTCDA increases
the light absorption efficiency, the overlapping of
the p orbitals in a direction perpendicular to the film
surface should also decrease the electrical resistance
in this direction. This effect could thus be useful for
the organic solar cells construction.

The splitting of the Q-band that was observed in
both transmission and the imaginary part of the in-
plane dielectric function for H2Pc/PTCDA hetero-
structure might be caused by a small deviation from
the perfect a-H2Pc crystal. Therefore, the reliable
optical parameters of H2Pc films grown on glass
and PTCDA can be determined from the simulation
of ellipsometric spectra proving that this technique
can be a useful tool for improving the structural
and optical properties of the organic films.
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Abstract

Pentacene-based organic thin-field transistors (OTFTs) with bottom-gate, top-contact architecture were fabricated on
alumina substrates. The devices were divided into two sets, depending on whether pentacene was deposited on bare alu-
mina or on alumina modified with a fatty acid self-assembled monolayer (SAM). Previous analysis have shown that the
modification of alumina with SAMs result in a substantial decrease of the size of the grains in hte polycrystalline films.
Careful parameters extraction, including an original determination of the threshold voltage, and contact resistance extrac-
tion through the transfer line method (TLM), allowed us to estimate the gate-voltage dependent mobility in both series.
The mobility is found to first increase at low bias, and then decrease at higher gate voltage (mobility degradation). The
latter behavior is explained through an estimation of the distribution of charges across the accumulation layer, in which
the pentacene film is modeled as a stack of dielectric layers, the distribution being calculated using basic equations of elec-
trostatics and thermodynamics. A good agreement was found when the mobility in the layer next to the insulator was
assumed to be negligible as compared to that in the bulk of the film. The initial rise of the mobility is interpreted in terms
of multiple trap and release (MTR) with a distribution of traps located in the grain boundaries. Interestingly, the mobility
corrected for both contact resistance and mobility degradation is found around 3 cm2/V s for pentacene deposited on bare
alumina, and 5 cm2/V s when pentacene is deposited on SAM modified alumina. We conclude that the smaller grains
grown on modified alumina are more regular, and hence less defective, than the larger grains deposited on bare alumina.
� 2006 Elsevier B.V. All rights reserved.

PACS: 72.20.Jv; 73.40.�c; 73.61.Ph; 85.30.Tv; 68.55.Ln

Keywords: Organic field-effect transistors; Self-assembled monolayers; Mobility extraction; Transfer line method; Multiple trapping and
release
1. Introduction

Gate-voltage dependent mobility is now a well-
recognized feature in organic thin-film transistors
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.07.011
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(OTFTs) [1–4]. Most usually, mobility is found to
increase with gate voltage. Two useful models for
accounting for this are the multiple trapping and
release (MTR) and variable range hopping (VRH).
The basic assumption of MTR [3,4] is a distribution
of states localized in the energy gap close to the
transport band edge. These states are liable to trap
.
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the charge carriers injected into the channel of the
transistor, thus reducing the current. When increas-
ing the gate voltage, the Fermi level moves towards
band edge as more of the empty traps are filled by
injected charge. Accordingly, the ratio of free to
trapped carriers increases, and so does the channel
conductivity, which is interpreted in term of an
increase of the effective mobility. The VRH model
[2] also assumes a distribution of localized levels;
it proposes that transport occurs via hopping in that
distribution. Like with the MTR model, the gate-
voltage dependent mobility is explained through
the filling of the lower energy states, so additional
carriers occupy higher energy states, which demand
lower activation energy to hop to the next site.

More recently, a reverse behavior has been
reported, where the mobility decreases with gate
voltage [5–7]. It is worth pointing out that a similar
trend has been identified for long in conventional
silicon-based metal-oxide-semiconductor field-effect
transistors (MOSFETs) [8], where it is attributed
to various scattering agents in the vicinity of the
insulator interface, namely charged centers, surface
phonons and surface roughness. A usual way to
describe this behavior is to introduce the so-called
‘‘mobility degradation factor’’ h, which in its sim-
plest formulation leads to a mobility that looks like

l ¼ l0

1þ hðV G � V TÞ
; ð1Þ

where VG is the gate voltage and VT the threshold
voltage.

We have previously shown [5] that the structure
of pentacene films vapor deposited on alumina
(Al2O3) is drastically changed by modifying the sur-
face of the oxide with a self-assembled monolayer
(SAM). On bare alumina, we observed a two-
dimensional growth of the first monolayer followed
by a three-dimensional process with larger grains,
while films on SAM-modified alumina were made
of grains of smaller dimension. In this paper, we
report on new gate-voltage dependent measure-
ments that bring evidence for field-induced mobility
degradation on pentacene deposited on both sub-
strates. A model for charge distribution in the chan-
nel, based on the layered structure of the pentacene
film, is developed to account for this feature. It is
found that the mobility in the molecular layer close
to the insulator–semiconductor interface is substan-
tially lower than that in the bulk of the pentacene
film. For the latter, the mobility is interpreted in
terms of the MTR model. The respective trap-free
mobility and trap distribution in bare and SAM-
modified devices are discussed under the perspective
of the corresponding structure of the films.

2. Experimental

The OTFTs where fabricated on highly doped
p-type silicon wafers that acted as the gate electrode
of the device. The insulator (Al2O3) was grown in a
homemade vacuum chamber by bombarding an alu-
minum target with oxygen ions under reduced pres-
sure (�1 Pa). The growth rate in this unusual
deposition technique is very low, thus resulting in
highly dense and smooth films, with a root-mean
square (RMS) roughness, as measure by atomic force
microscopy (AFM) profiling, comparable to that of
the underneath silicon substrate (0.2 nm). The thick-
ness of the Al2O3 layer was 100 nm and its capaci-
tance 75 nF/cm2. Before pentacene deposition or
modification, the alumina substrates were cleaned
in pure sulfuric acid, rinsed in deionized water and
blown dry in a flux of argon. Self-assembled mono-
layers of eicosanoic acid CH3(CH2)18COOH were
deposited by dipping the substrate during 45 min.
into a solution in benzene. Silanes (e.g., octadecyltri-
chlorosilane OTS) are commonly used on silicon oxi-
des. However, a fatty acid (in our case, eicosanoic
acid) was preferred to silanes because it more readily
assembles on alumina. We note that, because the
length of the alkyl chain is comparable in OTS and
eicosanoic acid (18 and 19 carbon atoms, respec-
tively), the robustness of the corresponding SAMs
is equivalent, as was checked by contact angle mea-
surement and surface IR spectroscopy [5]. 30 nm of
pentacene (Aldrich, used as received) was vapor
deposited at a base pressure of 10�5 Pa at a rate of
0.01 nm/s on substrates kept at room temperature.
Source and drain electrodes were made of 20 nm
thick gold evaporated through a shadow mask with
channel lengths ranging between 5 and 40 lm. The
current–voltage characteristics were recorded under
ambient condition with a Karl Suss manual probe
station and a Keithley 4200 semiconductor charac-
terization system.

3. Multi-layer model

The multi-layer model takes advantage of the
layer structure of vapor deposited molecular films
with rigid molecules like pentacene or the oligothi-
ophenes. A first version of the model has been pub-
lished recently [9]. However, we discovered that this
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first version contained an inappropriate formulation
of Gauss’s law (see Eq. (A.2)), which is corrected
here. Note that this initial mistake only resulted in
quantitative changes, while the general conclusions
of the model were preserved.

Pentacene molecules can be viewed as rigid rods,
which in the solid state assemble parallel to each
other, thus forming parallel layers, the thickness of
which equals the length of the molecule (minus a
small correction to account for a tilt angle). Because
Fig. 1. Distribution of charge carriers in a 30 nm (20 ML) thick
pentacene film with an insulator capacitance of 75 nF/cm2. From
top down: VG = 1 V, 5 V and 25 V.
(1) each molecule cannot bear more than one ele-
mental charge carrier and (2) the charge practically
extends all over the molecule [10], we assimilate the
pentacene film to a stack of n dielectric layers of
thickness d, each layer carrying a uniform density
of carriers ni. The layers are numbered starting from
the insulator side. The calculation of the charge dis-
tribution is detailed in the Appendix. It does not
lead to an analytical expression, but rather to Eq.
(A.10) that relates the charge in layer i to that in lay-
ers (i + 1) to n.

Two additional equations were used to perform
the numerical calculation. The first one derives from
a product of Eq. (A.9) and gives the potential at the
insulator–semiconductor interface

V 0 ¼
kT
q

ln
n1

nn
; ð2Þ

while the second one gives the total charge in the
film.

qntot ¼ q
Xn

1

ni ¼ CiðV G � V 0Þ: ð3Þ

Here, we have assumed VT = 0. In pentacene, the
thickness of a monolayer, as determined by X-ray
diffraction, is 1.54 nm [11], so a 30 nm thick layer
roughly contains 20 monolayers. Fig. 1 shows the
distribution of charge carriers at three different gate
voltages: 1, 5 and 25 V. It clearly appears that as VG

increases, the charge concentrates in the first layer.
At this stage, it is worth pointing out that our

calculation only refers to the distribution of the
total (free and trapped) charge in the semiconduc-
tor. No assumption was made on how these charge
moves; in particular, we stress that the presence in
the insulator of charges (fixed and mobile) and
dipoles only acts on the mobility and threshold volt-
age, not on the charge distribution.

4. Results

4.1. Structure of the evaporated films

The effect of the eicosanoic acid SAM on the
structure of the pentacene layer has been extensively
studied in our previous works [5]. It appeared that
on bare Al2O3, the growth starts two dimensional
and then turns to three-dimensional with larger,
though loosely connected grains, while on SAM
modified substrates, the growth is three-dimensional
all along, with much smaller grains. The situation is
schematically depicted in Fig. 2. Note that the



Fig. 2. These cartoons are schematic view of the structure of
vapor deposited pentacene on (a) bare and (b) eicosanoic acid
SAM modified Al2O3. In (a), a two-dimensional layer of medium-
sized (�200 nm) grains is topped by larger three-dimensional
islands (average diameter 1 lm). In (b) the size of the grains is
reduced to 50 to 100 nm, while the growth process is three-
dimensional all along.

Fig. 3. These curves are representative of the linear-regime in our
devices. Top panel: drain current vs. gate voltage at a drain
voltage of �0.2 V. Middle panel: first derivative (linear trans-
conductance); this curve is often claimed to be proportional to
the mobility. The lower panel illustrates the method used to
estimate the threshold voltage. It shows the second derivative of
the drain current. The threshold voltage corresponds to the first
peak (VT = �1.0 V).
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actual number of layers in our films is significantly
higher than what drawn in the figure, so that the dis-
ruption between grains only occurs far from the
insulator–semiconductor interface.

4.2. Parameters extraction

Extracting the mobility and threshold voltage of
an OTFT from its current–voltage characteristics is
a crucial step for any modeling of the device opera-
tion. The most widespread technique uses the satu-
ration current, which is predicted by simple models
to be proportional to (VG � VT)2, so that plotting
the square root of the current as a function of the
gate voltage would give a straight line from which
both parameters can be estimated. However, this
method presents two major drawback: It cannot
be corrected for contact resistance, and it is blind
to gate-voltage dependence.

Another common method uses the first deriva-
tive of the linear-regime current Eq. (4) as a func-
tion of gate voltage (the so-called linear-regime
transconductance.)

ID ¼
W
L

lCiðV G � V TÞV D: ð4Þ

However, for a gate-voltage dependent mobility the
exact expression of the linear-regime transconduc-
tance is

oID

oV G

¼ W
L

CiV D lþ ðV G � V TÞ
ol

oV G

� �
; ð5Þ

so that the method is only valid when the second
term in brackets can be neglected, that is, for a
slowly varying mobility (which seems to be only
the case with single crystals [12].) Be this condition
not fulfilled, the resulting mobility would be overes-
timated when mobility increases with gate voltage,
and underestimated when it decreases. The problem
is illustrated in the middle panel in Fig. 3, where it
can be seen that the linear transconductance pre-
sents strong variations, and eventually becomes neg-
ative at high gate bias.

Our method includes a separate extraction of the
threshold voltage from the linear regime, which then



Fig. 4. Gate voltage dependent mobility of the same device as in
Fig. 3. The mobility is calculated form Eq. (4) where VT is
estimated with the second derivative method illustrated in the
bottom panel of Fig. 3.

532 M. Mottaghi, G. Horowitz / Organic Electronics 7 (2006) 528–536
allows for estimating the mobility without any der-
ivation step. The sequential steps of the method are
detailed as follows.

4.2.1. Threshold voltage

The threshold voltage is defined as the point
above which significant drain current flows. In con-
ventional MOSFETs, it is understood as the transi-
tion point between weak and strong inversion. In
the OTFT, which operates in the accumulation
regime, the change is between depletion and accu-
mulation. As the threshold voltage is of fundamen-
tal importance for circuit modeling, numerous
methods have been developed to extract its value
in conventional MOSFETs [13]. Interestingly,
extraction is mostly done at low drain voltages,
where the device operates in the linear regime. The
technique we have selected for this work determines
VT from a double derivation of the drain current at
low drain voltage with respect to the gate voltage
[14]. This method was preferred because it was
claimed to be insensitive to both mobility degrada-
tion and contact resistance. A representative exam-
ple is given in Fig. 3 for a SAM modified device.

With this method, VT could be extracted for each
device. Of the 12 devices without SAM and 13
devices with SAM used in this work, we obtained
a threshold voltage of (1.2 ± 0.4) V in the former
series and (�1.2 ± 0.1) V in the latter one. We note
that VT is shifted by around �2.4 V by the presence
of the SAM, and that the dispersion of the data is
less pronounced in SAM modified devices, which
can be explained by stating that, owing to its
reduced surface energy, SAM-modified alumina is
less liable to contamination than bare alumina.

Once VT is known, the gate-voltage dependent
mobility is directly calculated from Eq. (4), which
does not requires any derivation. The result is
shown in Fig. 4. for the same sample as in Fig. 3.

4.2.2. Contact resistance

Contact resistance Rs is becoming a major issue
as the performance of OTFTs improves. There are
two main methods for extracting Rs: Four-point
measurements [6,15,7] and the transfer line method
(TLM) [16–19]. Although the latter is less reliable
because it requires measurements on different
devices, the contact resistance of which may vary
from sample to sample, we used this second method
because it is less technologically demanding. We
used four channel lengths L (5, 10, 25, and
40 lm), and two to four devices for each channel
length. The width normalized resistance in the linear
regime is given by

RW ¼ RsW þ
L

lCiðV G � V TÞ
: ð6Þ

Because the threshold voltage was independently
known for each device, Eq. (6) could give both the
contact resistance and gate-voltage dependent
mobility. In practice, we measured the transfer char-
acteristic of each sample at low drain voltage
(VD = �0.2 V) and then used a linear regression
method to estimate the gate-voltage dependent Rs

and l. Data are shown in Fig. 5; we recall that they
result of 12 different devices for the bare alumina
series and 13 devices for the SAM-modified series.
Note that the contact resistance is very similar for
both series, which is consistent with the fact that
we used a top-contact geometry, so that the contacts
are little affected by the nature of the insulator–
semiconductor interface.

It is worth pointing out that, while the data of the
SAM-modified devices are in good agreement with
our earlier report [5], there is some discrepancy as
for the devices made on bare alumina. In our earlier
work, we reported a significantly lower mobility
that tended to increase all along with the gate volt-
age. The discrepancy was identified as coming from
a defective surface cleaning, as was checked by com-
paring devices prepared according to the old clean-
ing process to the new one. In the latter case, the
alumina substrates were introduced in the evapora-
tion chamber immediately after etching with pure
sulfuric acid; waiting for roughly one hour (as was
the case in the old process) resulted in a substantial
degradation of the characteristics.



Fig. 5. Gate-voltage dependent mobility (a) and contact resis-
tance (b) as deduced from the transfer line method on pentacene
films deposited on bare and SAM-modified alumina. The upper x

axis in (a) shows the surface density of injected charge.

Fig. 6. Variation of the bulk mobility as a function of gate
voltage.
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4.3. Estimation of the bulk mobility

In all cases, the gate-voltage dependent mobility
shows a decrease at high gate voltage. To account
for this effect, we assume that the mobility is sub-
stantially lower in the region close to the insula-
tor–semiconductor interface than in the bulk of
the film. The above developed multi-layer model
was used to account for this degradation of the
mobility. The effective mobility of the semiconduc-
tor is derived by identifying the film to parallels lay-
ers of mobility li:

leff ¼
Xn

1

li
ni

ntot

: ð7Þ

If the mobility in the first layer can be neglected in
front of that in the bulk of the film, we have

leff ’ lb 1� n1

ntot

� �
; ð8Þ

where lb is the bulk mobility.
In practice, the steps of the calculation were as fol-
lows: (1) from Eqs. (A.10), (2) and (3), the density of
charges ni in each layer of a 20 layer-thick pentacene
film (permittivity: e = 3e0, room temperature, thick-
ness of a layer d = 1.5 nm, insulator capacitance
Ci = 75 nF/cm2) was numerically calculated as a
function of gate voltage; (2) The variation of
(1 � n1/ntot) as a function of gate voltage was found
to be nicely fitted to an empirical function of the form
(1 + VG)�C where C = 0.71; (3) The resulting gate-
voltage dependent bulk mobility is shown in Fig. 6.
These curves will be discussed in the next section.

5. Discussion

The most prominent finding of our modeling is
that the mobility in the layer next to the insulator
is significantly lower than that in the bulk of the
film. We note that this is in agreement with what
found by measuring the mobility as a function of
the thickness of the film; it was reported that the
mobility steadily increases with film thickness, with
bulk mobility only occurring above six layers [20].

The first point to discuss is: Why is mobility degra-
dation so rarely observed in organic transistors [6,5]?
The answer is in the amount of charge induced in the
channel. Most OTFTs use gate dielectrics with a typ-
ical capacitance of 10 nF/cm2, and gate voltages up
to a few tens of volts, which represents a maximum
density of charge carriers of a few 1012 cm�2; this is
almost one order of magnitude lower than the magni-
tude used in this work (up to 1.3 · 1013 cm2, see
upper x-axis in Fig. 4). Devices with high gate dielec-
tric capacitance are usually designed to work at low
voltage, so that here too the density of charge in
the channel remains moderate [21–23]. The reason
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why mobility degradation is only observed in few
occasions is thus simply that the gate voltage is not
(or cannot be, because of, e.g., limitation due to
dielectric strength) pushed up to values where the
phenomenon occurs.

A second important question is the origin of low
mobility in the first layer. A likely explanation stems
from the nature of our gate dielectric, namely, alu-
mina. There is now strong evidence for that mobility
in OTFTs depends on the material used as gate
dielectric. In particular, mobility decreases when
the dielectric constant increases [24,12], so alumina
(dielectric constant �8–9) is not favorable in that
respect. What our result suggests is that the decrease
of the mobility is the more important as one gets
closer to the insulator–semiconductor interface; this
seems in good agreement with the model of Veres
and coworkers that invokes the role of dipole
moments in the insulator [24], the effect of which
decreases when getting farther from the insulator.
It is worth pointing out that the thickness of a
SAM does not appear sufficient to weaken mobility
degradation, in contrast to what reported with
ultra-thin polymer layers [25]. Accordingly, it can
be expected that mobility degradation will be of les-
ser extent in devices involving low dielectric con-
stant insulators.

As for the bulk mobility, Fig. 6, we note that it
first increases with gate voltage, and then levels off
at a magnitude that can be viewed as the grain (sin-
gle crystalline) mobility. According to the MTR
model, the initial increase corresponds to the filling
of the traps in the grain boundaries. The fact that it
takes longer to fill the traps in the SAM modified
devices is consistent with smaller grains (average
diameter ranging between 50 and 100 nm, as com-
pared to around 1 lm on bare alumina). That is,
grain boundaries occupy a larger part of the film.
On the other hand, the grain mobility is higher in
smaller grains (ca. 5 cm2/V s) than in larger ones
(ca. 3 cm2/V s), meaning that large grains are more
defective than small ones. Such a conclusion could
account for the now well-documented fact that the
mobility of pentacene decreases when grain size
increases [26,27], which is at variance with what usu-
ally found in polycrystalline semiconductors.

6. Conclusion

We have determined the gate-voltage dependent
mobility in pentacene films vapor deposited on bare
and SAM-modified alumina. Raw data were cor-
rected for contact resistance and mobility degrada-
tion. This was done with the help of an original
parameter extraction method, and the use of a
model to estimate the distribution of charge in the
conducting channel, in which the pentacene film is
depicted as a stack of dielectric layers. The thus
extracted bulk mobility was found to first increase,
then level off at a value that is interpreted as the
grain mobility. Following the MTR model, the ini-
tial increase is attributed to the filling of traps
located in grain boundaries. In films deposited on
SAMs, made of small grains, the density of traps
associated to grain boundaries is higher, while the
mobility within the grains is larger than in the large
grains found in films grown on bare alumina. In
other words, large grains present more defects than
small ones, which is in agreement with the well-doc-
umented fact that high mobility in pentacene is
associated with small grains.
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Appendix A. The multi-layer model

The organic semiconductor film is modeled as a
stack of n dielectric layers of thickness d, where
the density of charge ni is assumed to be uniform.
This is valid in the low injection regime because
(1) no more than one charge per molecule is injected
and (2) the injected charge practically extends all
over the molecule [10]. Let Fi and Vi be the value
of the electric field and potential at the borderline
between the ith and (i + 1)th layers. Because ni is
constant, F varies linearly with distance:

F ¼ ai
x
d
þ bi; i 6

x
d
6 iþ 1: ðA:1Þ

Applying Gauss’s law to the ith layer gives

F i�1 � F i ¼
qni

e
: ðA:2Þ

where q is the elemental charge and e the permittiv-
ity of the semiconductor. Summing up Eq. (A.2)
from i + 1 to n and setting Fn = 0 leads to
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F i ¼
q
e

Xn

iþ1

nj: ðA:3Þ

The electric field at both sides of the ith layer writes

F i�1 ¼ aiði� 1Þ þ bi ðA:4Þ
and

F i ¼ aiiþ bi: ðA:5Þ
From Eqs. ((A.3)–(A.5)), ai and bi are calculated as

ai ¼ F i � F i�1 ¼ �
qni

e
ðA:6Þ

and

bi ¼ F i � aii ¼
q
e

ini þ
Xn

iþ1

nj

 !
: ðA:7Þ

In turn, the electrical potential V is obtained by inte-
grating F = �dV/dx between x

d ¼ i� 1 and x
d ¼ i.

�
Z i

i�1

dV ¼ d
Z i

i�1

F
x
d

� �
d

x
d

� �
;

V i�1 � V i ¼
qd
e
� ni

2

x
d

� �2

þ ini þ
Xn

iþ1

nj

 !
x
d

" #x
d¼i

x
d¼i�1

¼ qd
e

ni

2
þ
Xn

iþ1

nj

 !
: ðA:8Þ

Thermal equilibrium between the layers gives us the
following additional relation between the densities
of charge:
ni

niþ1

¼ exp
q

kT
V i � V iþ1ð Þ

h i
: ðA:9Þ

Inserting Eq. (A.8) in Eq. (A.9), we finally obtain

ni ¼ niþ1 exp
q2d
ekT

niþ1

2
þ
Xn

iþ2

nj

 !" #
: ðA:10Þ
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Abstract

We used ultraviolet photoelectron spectroscopy (UPS) to investigate the energy level alignment at contacts between
pentacene and Ag(111) in the presence of interfacial 6,13-pentacenequinone (PQ). Depending on the metal pre-coverage
with PQ, we found evidence for three distinctly different interface morphologies and molecular orientations, accompanied
by significant changes of the energy level alignment. Consequently, the hole injection barrier between pentacene and
Ag(111) varied between 1.1 eV (pristine Ag) and 0.45 eV (5.4 nm PQ pre-coverage on Ag). In addition, our UPS results
suggest that PQ can act as deep trap for electrons in a pentacene matrix. Depending on the exact mutual orientation of PQ
and pentacene, the depth of these traps can be in the range of 0.2–0.75 eV.
� 2006 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph; 73.40.Lq; 79.60.�i

Keywords: Organic semiconductor; Interface; Photoelectron spectroscopy; Electronic structure
1. Introduction

Conjugated organic materials receive consider-
able attention due to their huge potential for the
use as active layers in novel (opto-)electronic appli-
cations, such as thin film field effect transistors
(FETs) [1–3] or light emitting diodes (LEDs) [4–
8]. In addition to application-oriented studies, sig-
nificant efforts are directed towards an understand-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.07.010

* Corresponding author. Tel.: +49 30 2093 7819; fax: +49 30
2093 7632.

E-mail address: norbert.koch@physik.hu-berlin.de (N. Koch).
ing of fundamental physical properties of organic
molecular crystals and thin films, particularly with
regard to the nature of charge transport and
charge carrier mobility. In order to assess the
intrinsic mobility of charge carriers, samples of
exceptional high purity are needed [9]. Besides
structural defects, chemical impurities can signifi-
cantly complicate the evaluation of intrinsic mate-
rial properties [10]. Particularly, chemical defects
can act as deep charge carrier traps. Pentacene
(PEN) is one of the most intensively studied molec-
ular materials, since it holds great potential for
application in FETs (due to its higher sublimation
.
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temperature compared to smaller oligoacenes), and
high charge carrier mobilities have been reported
for thin film [11,12] and single crystal samples
[13]. In this context, the presence of 6,13-pentacen-
equinone (PQ) in a pentacene matrix has been
identified as a ‘‘key’’ chemical defect lowering car-
rier mobility [13]. Moreover, in order to measure
charge carrier mobilities, or to fabricate FETs,
contacts between the organic material and metal
electrodes are ubiquitous. The importance of the
energy level alignment at organic/metal interfaces
has been pointed out in many studies [14,15].
One may speculate that some PQ is formed on
the surface of PEN crystals due to photo-oxida-
tion, as, e.g., was shown for tetracene single crys-
tals [10]. If that were the case, the energy level
alignment at interfaces between PEN and metals
may be altered significantly by the presence of
interfacial PQ.

The aim of the present work was to investigate
the energy level alignment between pentacene and
pentacenequinone, and the effects of PQ presence
on the interface energetics between an electrode
material (Ag) and PEN. Using photoemission spec-
troscopy, we show that PQ can act as deep trap (up
to ca. 0.75 eV) for electrons in PEN, and that inter-
facial PQ can significantly influence the hole injec-
tion barrier between PEN and Ag. Furthermore,
we highlight the importance of mutual molecular
orientation at organic/organic hetero-interfaces.
We find evidence for a molecular orientation depen-
dent energy level alignment, which may be generally
the case at organic/organic heterojunctions. Only
few interfaces of this type have been studied until
now [16–20], despite their obvious importance.

2. Experimental

Ultraviolet photoelectron spectroscopy (UPS)
experiments were performed at the end-station of
the Flipper II beamline at Hasylab (Hamburg, Ger-
many) [21]. Sample transfer between the prepara-
tion and analysis chambers (base pressure:
4 · 10�9 and 2 · 10�10 mbar, respectively) pro-
ceeded without breaking ultrahigh vacuum (UHV)
conditions. Prior to the deposition of the organic
materials, the Ag(111) single crystal substrate was
cleaned by repeated Ar-ion sputtering and anneal-
ing cycles until a clear low-energy electron diffrac-
tion pattern could be observed. The SiO2 substrate
(native oxide) was cleaned by sonication in metha-
nol and acetone before placement in the UHV sys-
tem, and heated to 300 �C in vacuo prior to the
deposition of organic materials. Pentacene (Aldrich)
and pentacenequinone (Aldrich) (both purified by
vacuum sublimation once before use) were evapo-
rated from resistively heated pin-hole sources. The
chemical structures of both molecules are shown
in Fig. 1. The mass-thickness was monitored with
a quartz crystal microbalance. No correction was
made for possible differences in sticking coefficients
on quartz and Ag. UPS spectra were recorded with
a double-pass cylindrical mirror analyzer, set to an
energy resolution of 150 meV (80–20% intensity
drop at the Ag Fermi-edge). The photon energy
was set to 22 eV. The secondary electron cutoff
(for determination of sample work function and
molecular ionization energy) was measured with
�3 V sample bias.

3. Results and discussion

The energy level alignment of pentacene (PEN)
on polycrystalline Ag has been reported before
[22,23]. In Fig. 1a we briefly summarize our results
obtained for PEN on Ag(111). For a nominal cov-
erage (hP) of 15 nm, the peak derived from the PEN
highest occupied molecular orbital (HOMO) is cen-
tered at a binding energy (BE) of 1.5 eV. The
HOMO low-BE onset is found 1.1 eV below the
Ag Fermi energy (EF); this value corresponds to
the hole injection barrier (HIB) at the interface. At
lower hP, this value for the barrier approaches
1.0 eV, which is attributed to more efficient photo-
hole screening close to the metal surface, observed
for essentially all metal/organic interfaces without
strong chemical interactions [14,15]. The sample
work function (/) changed from 4.45 eV for pristine
Ag(111) to 3.95 eV for 15 nm PEN, inferred from
the change in kinetic energy of the secondary elec-
tron cutoff (SECO) shown in the inset of Fig. 1a.
Due to the weak interaction between Ag and
PEN, this interface dipole is attributed to the
‘‘push-back’’ effect of electrons spilling out into vac-
uum for the clean Ag surface [14,24,25]. The ioniza-
tion energy (IE) of PEN was determined to be
5.0 eV for this sample. A physisorption-like interac-
tion between Ag and PEN can be assumed since no
charge-transfer (e.g., from Ag to the PEN lowest
unoccupied molecular orbital) induced new spectral
intensity can be seen below the HOMO-derived
peak. The first few layers of PEN are most likely
oriented with their long molecular axes parallel to
the Ag surface [26], however, a change to an almost
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vertical orientation of PEN molecules at higher hP

can be expected [27].
The evolution of photoemission spectra for PQ

deposited on Ag(111) is shown in Fig. 1b. For a
PQ coverage (hPQ) of 27 nm we attribute the emis-
sion feature centered at 3.4 eV to be derived from
the PQ HOMO. The onset is found 2.6 eV below
EF; this value also corresponds to the HIB. As
expected, spectra at lower hPQ are shifted towards
lower BE (due to better screening efficiency, see
above), such that the HIB equals 2.4 eV for
hPQ = 0.3 nm. The sample work function changed
from 4.45 eV for pristine Ag(111) to 3.9 eV, very
similar to PEN/Ag(11 1). This points towards a sim-
ilarly weak interaction between PQ and Ag, which is
further supported by the lack of photoemission fea-
tures in the energy gap of PQ throughout the depo-
sition sequence. The IE for PQ in the 27 nm thick
film is 6.5 eV.

It is reasonable to assume that also the first few
layers of PQ are oriented with their long molecular
axes parallel to the Ag surface, supported by the
fact that the photoemission (PE) intensity of the
substrate (close to EF) is already substantially
quenched at hPQ = 0.3 nm. For higher hPQ, a transi-
tion towards vertically inclined PQ molecular is pos-
sible. Furthermore, island growth of PQ after
monolayer formation can be proposed, since close
inspection reveals that the reduction of the photo-
emission signal from the substrate is less efficient
for coverages beyond 0.3 nm. Even for hPQ = 27 nm
a low PE intensity can be seen at EF.

In order to investigate the influence of the pres-
ence of PQ on the energy level alignment at inter-
faces between Ag and PEN, Ag(1 11) surfaces
were pre-covered with PQ layers of three different
thicknesses before the deposition of PEN.

The lowest PQ pre-coverage of only 0.05 nm
(denoted as ‘‘case 1’’ in the following) has negligible
influence on the observed energy levels of PEN films
on Ag(111) (see Fig. 2a). The HOMO-onset for the
PQ sub-monolayer is found at 2.35 eV below EF.
For case 1, the sequence of spectra for different film
thicknesses of PEN is virtually identical to that
obtained for PEN deposited on clean Ag(11 1).
Already at low hP, a clear PE signature of the
PEN HOMO is visible, with the center at 1.45 eV
BE and the low BE-onset at 1.0 eV. Increasing hP

leads to the expected screening-related shift towards
higher BE, and the position of the HOMO-onset
reaches 1.15 eV for hP = 7.5 nm. Consequently, the
offset between the HOMOs of PQ and PEN is
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1.35 eV at low hP and 1.2 eV at high hP. Note that
the lineshape of the HOMO-derived peak at mono-
layer-range coverage (ca. 0.3 nm) is rather symmet-
ric, and becomes only slightly asymmetric for higher
coverages. The lineshape of monolayer PEN/
Ag(111) resembles that reported for PEN on highly
oriented graphite [28,29], indicating flat-lying PEN
molecules. Since a finite PE intensity at EF is still
observed for hP = 7.5 nm, we conclude that PEN
growth results in the formation of multilayer
islands, with a few uncovered patches of Ag being
present. The overall lineshape and peak intensity
ratios of the high coverage PEN film corresponds
well to PE spectra obtained for PEN samples where
the long molecular axis of PEN is oriented parallel
to the substrate surface [28,29]. The total change
in the SECO position for this sequence is 0.55 eV,
i.e., a final / of 3.9 eV is obtained.

Increasing the PQ pre-coverage of Ag(111) to
0.2 nm (ca. one monolayer, denoted as ‘‘case 2’’)
leads to a remarkable change in the energy level
position and morphology of subsequently deposited
PEN films (Fig. 2b). The HOMO-onset for PQ is
found at 2.4 eV BE. In contrast to case 1, the inten-
sity of PEN-derived spectral features is lower at
comparable nominal hP. In addition, the lineshape
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of the HOMO-derived PE feature is highly asym-
metric, and the intensity ratios of individual features
from PEN are rather different in comparison to
Fig. 2a. PE spectra of this kind have been reported
for PEN samples, where the long molecular axis is
almost perpendicular to the substrate surface, e.g.,
pentacene films on SiO2 [28,29]. For these two rea-
sons, we conclude that the same molecular orienta-
tion of PEN prevails in the present sample. Virtually
no PE intensity at EF is observed for hP = 3.2 nm,
suggesting a close-packed molecular film. Most
strikingly, the HOMO-onset of PEN is now found
at 0.45 eV BE (hP = 3.2 nm, corresponding to ca.
two upright standing molecular layers of PEN),
i.e., ca. 0.7 eV lower than for PEN/Ag(111) and
PEN/0.05 nm PQ/Ag(111) (case 1). Consequently,
the HOMO-offset (DHOMO) between PQ and PEN
for this sample is 1.95 eV. The total change in the
SECO position for this sequence is 0.5 eV, i.e., a
final / of 3.95 eV is obtained, resulting in an IE of
4.4 eV.

In the third set of experiments, Ag(111) was pre-
covered with 5.4 nm PQ prior to the deposition of
PEN Fig. 2c, ‘‘case 3’’. Since at this PQ coverage
multilayers are present, the HOMO-onset for PQ
is found at 2.45 eV BE. The spectra obtained for
PEN on top of this PQ layer do not resemble any
of the two former cases. Rather than just a single
new spectral feature between the PQ HOMO and
EF, we now observe two features, centered at ca.
0.85 eV and 1.35 eV BE. The low BE onset of these
features is 0.45 eV below EF at low coverage, and at
0.55 eV for hP = 22 nm. It is unreasonable to
assume that a chemical reaction between PEN and
case 1 

case 3 

Fig. 3. Schematic morphology and molecular orientation for (a) PEN o
on 5.4 nm PQ/Ag(111), and (d) for PQ on 3.2 nm PEN/0.2 nm PQ/Ag
PQ leads to the splitting of the PEN HOMO-
derived feature at low BE. Rather, a more complex
organic/organic heterolayer morphology, in con-
junction with the molecular orientation dependent
energy level alignment shown for the two previous
cases, case 1 and case 2, can be invoked to explain
the spectra of Fig. 2c. In fact, these spectra can be
reproduced by a superposition of spectra obtained
for case 1 [PEN on 0.05 nm PQ/Ag(111); which is
virtually identical to PEN on pristine Ag(11 1)]
and case 2 [PEN on 0.2 nm PQ/Ag(111)]. This is
demonstrated in Fig. 2d, where the experimentally
obtained PE spectrum for PEN on 5.4 nm PQ/
Ag(1 11) is compared to the sum of appropriately
scaled bottom-most spectra from Fig. 2a (contribu-
tion from Ag substrate subtracted) and Fig. 2b.
From this we conclude that the nominally 5.4 nm
thick PQ film on Ag(111) must be discontinuous,
exposing some bare Ag areas. Interestingly, this
was not the case for the 0.2 nm PQ film on
Ag(1 11), where only one type of PEN energy levels
was seen. A possible explanation for this could be a
morphology change for PQ on Ag(111) after the
completion of a monolayer. Details shall be investi-
gated in future studies. We note that a similar wet-
ting-dewetting transition at about monolayer
coverage was observed for another molecular sys-
tem: coronene on ZnO [30].

Schematics of the three sample morphologies
proposed above, including deduced relative molecu-
lar orientation, are depicted in Fig. 3a–c.

In order to further investigate the impact of rela-
tive molecular orientation at organic/organic het-
erojunctions on the interface energetics, PQ was
case 2 

case 4 

n 0.05 nm PQ/Ag(111), (b) PEN on 0.2 nm PQ/Ag(111), (c) PEN
(111). Dark: PQ, light: PEN.
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deposited onto the closed PEN layer existing on
0.2 nm PQ pre-covered Ag(111) (denoted as ‘‘case

4’’). The starting point thus was the sample whose
PE spectrum is shown as bottom-most in Fig. 2b,
i.e., case 2. Increasing the PQ coverage (hPQ) on this
sample leads to an attenuation of PEN features
(most notably seen for the PEN HOMO in
Fig. 4), and at hPQ = 16 nm the spectrum resembles
mostly that of PQ, except for a still weak emission
originating from the PEN HOMO (centered at ca.
0.8 eV BE). This obvious PE signature of PQ (to
be compared with Fig. 1b) becomes clearer after
subtraction of an appropriately scaled PEN spec-
trum. The resulting spectrum is indicated by PQ*

in Fig. 4. Notably, the HOMO-onset of this PQ
layer grown on PEN is at 1.95 eV BE, in contrast
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Fig. 5. Summary of experimentally observed energy level diagrams of PE
case 4. Case 3 is a mixture of (a) and (b). The open symbols for the LUM
larger uncertainty because possible quadrupole terms in the charge pol
to the 2.6 eV obtained for PQ of comparable thick-
ness on pristine Ag(111). This energy difference of
0.65 eV parallels that obtained for the PEN on pris-
tine and differently PQ pre-covered Ag surfaces of
ca. 0.7 eV, as recognized by comparing Fig. 2a–b.
DHOMO (between PQ and PEN) for PQ on 3.2 nm
PEN/0.2 nm PQ/Ag(111) is thus 1.95 eV –
0.45 eV = 1.5 eV. Interestingly, within the error-
bar due to screening effects (± 0.1 eV), this value
is very similar to those found for PEN and PQ
grown separately on Ag(111) (ca. 1.5 eV; Fig. 1a
and b) and PEN grown on 0.05 nm PQ/Ag(111)
(1.35 eV; Fig. 2a; case 1). All these values are mark-
edly smaller than the DHOMO values measured for
case 2 (PEN on 0.2 nm PQ/Ag(111)) and one of
the components of case 3 (PEN on 5.4 nm PQ/
Ag(111)), which were 1.95 eV (Fig. 2b) and
2.00 eV (Fig. 2c), respectively.

A summary of all energy level alignment scenar-
ios observed in the study of PEN/PQ hetero-inter-
faces on Ag(111) is shown in Fig. 5. In this figure,
the ionization energies and binding energy values
for the HOMO levels have been measured. The
position of the pentacene LUMO level (i.e., electron
transport level) was estimated by using the transport
gap of 2.2 eV [31,32] instead of the optical gap.
However, these values posses a large error bar, since
changes in molecular polarization cannot readily be
assessed for these level (see detailed discussion
below). For PQ, only the optical gap is known
(ca. 2.94 eV [33]). The position of the electron trans-
port level was estimated by assuming a similar dif-
ference between optical and charge transport gap,
i.e., 0.4 eV, as reported for pentacene [31,32].
Fig. 5 displays clearly that PQ incorporated into a
PEN matrix can act as deep trap for electrons, with
trap depths ranging from 0.2 to 0.75 eV in our
PQ PQPEN PENAg

N and PQ hetero-layers on Ag(111). (a) case 1, (b) case 2, and (c)
O levels were chosen broader than the HOMO levels to reflect a

arization energy are not known (see text).
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simple model, depending on mutual orientation
(compare according morphologies from Fig. 3).

While molecular orientation behavior can be
rather complicated on metal surfaces, as pointed
out above, we have also chosen a substrate, where
molecular orientation is the same for mono- and
multilayers, i.e., silicon oxide. An almost standing
orientation of PEN and PQ on SiO2 is well docu-
mented [33–35]. In a first step, 20 nm PQ were
deposited onto SiO2 (bottom curve in Fig. 6a). Then
1.5 nm PEN were deposited on top (top curve in
Fig. 6a), and photoemission features of both mate-
rials can be distinguished. The HOMO-offset was
1.4 eV, again very close to the value obtained for
case 1 (PEN on 0.05 nm PQ/Ag(111)). No change
in the position of the secondary electron cutoff
was observed (inset of Fig. 6a). Fig. 6b shows a
schematic representation of the sample morphology
and molecular orientation. We propose that non-
interacting PEN and PQ (residing side-by-side like
in Fig. 3a), as well as PEN/PQ heterostructures
where molecules are growing on each other as
depicted in Fig. 6b, exhibit DHOMO of ca. 1.4 eV.
Thus, only for the case where PEN molecules grow
in an almost perpendicular orientation relative to
PQ (Fig. 3b and c) a larger DHOMO of 1.95 eV
(Fig. 2b) is found.

As evident from Fig. 5, the IE of pentacene
depends dramatically on molecular orientation,
i.e., this value changed from ca. 5.0 eV (lying config-
uration) to ca. 4.4 eV (almost standing), for both
monolayer and multilayer range. A similar trend
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(b) Schematic morphology and molecular orientation for PEN/PQ/SiO
of IE has been observed before for pentacene on
highly oriented graphite [36] and a,x-dihexylsexithi-
ophene on Ag(111) [37]. The strong and in this
magnitude unexpected changes in IE may be related
to the intermolecular screening of a hole expressed
as the charge polarization energy P [32]. This
screening is known to depend on the local state of
aggregation and therefore also on the crystal struc-
ture as for instance seen in a rigid shift of all spectral
features by 0.3 eV between the structural modifica-
tions of a- and b-perylene [38].

In order to explain the IEs of the pentacene films,
we performed calculations of the charge polariza-
tion energy (P) for a number of different pentacene
cluster model systems, consisting of N molecules.
We included the principal term for the interaction
between an excess localized charge on one molecule
with electrical dipoles induced on surrounding mol-
ecules (Pid) [32] and a correction term for the inter-
action between the induced dipoles (Pdd) [39]:

P id ¼
XN�1

k¼1

e2

2r6
k

X
i;j

biðbijrjkÞ2 ði; j ¼ 1; 2; 3Þ ð1Þ

P dd ¼
X
k<l

e2�a2

r3
kr3

l r3
kl

~rk~rl
3

r2
kl

ð~rk~rklÞð~rl~rklÞ
� �

ð2Þ

where e is the elementary charge, ~rk and ~rl are the
vectors between neutral molecules k and l and the
molecular ion, and ~rkl is the distance between two
neutral molecules. bi are the main components of
the tensor of molecular polarizability a along the
main axes of the molecule (values for pentacene
eposition of 1.5 nm of PEN (top). Inset: secondary electron cutoff.

2. Dark: PQ, light: PEN.
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taken from Ref. [40]), and bij are the respective co-
sines of angles of inclination between the bi and
the axes of the pentacene molecular crystal. While
Pid was thus evaluated taking into account the
anisotropy of a, Pdd was obtained using the average
isotropic molecular polarizability �a.

An almost square cluster of 25 molecules
arranged in a planar conformation (in the following
referred to as model 1) was used to approximate P

for the experimental case 1. Since an ordered mono-
layer structure of pentacene/Ag(11 1) is not known,
we used a close-packed structure proposed for pen-
tacene/Au(11 1) [41], where a = 5.76 Å, b = 15.3 Å,
c = 79.1�. Another simple model cluster was com-
posed of a single molecular sheet consisting of 23
pentacene molecules in the ab-plane of a pentacene
polymorph obtained by vapor transport (a = 6.266
Å, b = 7.775 Å, c = 14.53 Å, a = 76.47�, b =
87.68�, c = 84.68�) [42]. This cluster (model 2) was
used to evaluate P for an almost standing pentacene
layer (corresponding to the experimental case 2). In
both models, the excess charge was placed at the
center of the cluster, thus including somewhat more
than next-nearest neighbor interactions.

As expected, Pid for model 1 (0.64 eV) was smal-
ler than that of model 2 (2.54 eV). Accordingly, Pdd

showed the same trend, yielding values of 0.01 eV
for model 1 and 1.79 eV for model 2. Since Pdd acts
opposite to Pid, resulting values for P for the two
models are rather similar, i.e., P k ¼ 0:63 eV for
model 1 and P? = 0.75 eV for model 2. Taking into
account the different distance of the lying and stand-
ing monolayer from the metal surface in the exper-
iments one should add up to 0.2 eV to the value of
P k [40,43]. Additional calculations for other model
lying monolayer geometries yielded similar results.
Consequently, the sum of molecular ion polariza-
tion by induced dipoles and dipole–dipole interac-
tions is inadequate to explain our experimental
observations regarding the change in IE. Higher-
order correction terms may be needed, e.g., the
interaction between the charge and permanent
quadrupole moments [32], which can amount to sev-
eral tenths of an eV for pentacene [44]. However,
without an exact knowledge of the true structure
of our pentacene thin films this term cannot be eval-
uated reliably. Regarding, the position of the
LUMO in Fig. 5, substantial quadrupole terms in
the expression for the polarization energy [32]
would not lead to a change in the width of the trans-
port gap. Rather, these contributions would simply
shift the energy levels rigidly with respect to the vac-
uum level. Moreover, the existence of substantial
energy band dispersion in pentacene thin films
[29,36] may preclude the applicability of the above
simple model for P [40].

As an alternative explanation for the observed
differences in IE, pentacene in case 1 may not exhi-
bit any far-range structural order, resulting in signif-
icantly smaller polarization than for any highly
ordered system (like case 2) [36].

4. Conclusion

We have investigated the influence of pentacene-
quinone at interfaces between pentacene and
Ag(111) on the energy level alignment. Three differ-
ent pre-coverages of PQ on Ag(111) led to three
markedly different interface energetics scenarios. (i)
Submonolayer hPQ did not change the energy level
alignment between PEN and Ag(111) compared to
the case of PEN on the pristine metal surface. (ii)
ca. one monolayer coverage of PQ on Ag lowered
the hole injection barrier between PEN and
Ag(111) by 0.7 eV. (iii) Multilayer hPQ resulted in
a mixture of the two former cases. These differences
were explained by different mutual molecular orien-
tations at the investigated organic/organic hetero-
junctions, accompanied by changed intermolecular
coupling, and possibly different charge polarization
energies for the two different pentacene polymorphs.
Furthermore, our photoemission results show that
PQ can form deep traps for electrons in a PEN
matrix, with depths ranging from 0.2 eV to
0.75 eV, depending on molecular orientation.
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Abstract

Solid state dye-sensitized solar cells were fabricated using polydiacetylene as the hole transport material. The polydi-
acetylene was incorporated into the nanoporous TiO2 film by solution casting of an amphiphilic diacetylene and subse-
quent in situ polymerization. Polydiacetylenes as prepared via solid state polymerization are crystalline, exhibiting high
charge carrier mobility. Our preliminary experiments demonstrated a short-circuit current density of 3.73 mA/cm2 and
an overall power conversion efficiency of 0.62% under AM 1.5 illumination (100 mW/cm2).
� 2006 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph; 73.63.Bd; 82.47.Jk
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1. Introduction

Dye-sensitized nanocrystalline (nc) TiO2 solar
cells (DSSCs) have attracted significant attention
due to their potential as a high-efficiency and low-
cost alternative to conventional inorganic solar cells
[1]. The prototype devices using liquid electrolytes
achieved power conversion efficiencies up to 10%
under AM 1.5 illumination (100 mA/cm2) [2]. Their
practical applications, however, are limited by the
problems associated with corrosion due to a reactive
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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electrolyte and leakage of the liquid electrolyte.
Therefore, numerous efforts have been attempted
to replace the liquid electrolyte with a solid state
hole transport material (HTM) [3–10].

Semiconducting polymers are regarded as prom-
ising HTMs due to their low-cost, tailorability and
processability [8]. However, the efficiencies of solid
state DSSCs using polymeric HTMs have been quite
low compared to those devices using nonpolymeric
HTMs. There are two main reasons for their poor
performance: (1) poor electronic contact between
the dye molecules and polymeric HTMs due to
interface dewetting and incomplete integration of
the bulky polymer molecules with the TiO2 nanop-
ores; (2) low hole mobility for polymeric HTMs
.
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due to the disordered arrangement of their molecule
chains. In order to introduce the conjugated poly-
mer into the void of the nanoporous TiO2 film,
Saito et al. employed in situ chemical and photo-
electrochemical polymerizations [9]. Their devices
using in situ prepared poly(3,4-ethylenedioxythi-
ophene) (PEDOT) as the HTM performed the best
with a reported short-circuit current density (Jsc)
of 2.3 mA/cm2 and overall power conversion effi-
ciency (g) of 0.53% [10].

In the present work, in situ solid state polymer-
ized polydiacetylene (PDA) was used as the HTM.
PDA/silica nanocomposite films have been prepared
by self-assembly, using polymerizable diacetylenic
surfactants as both structure-directing agents and
monomers [11]. It was expected that the amphiphilic
diacetylene (DA) monomers would form a highly
ordered, crystalline structure in the nanoporous
TiO2 film. Such a dense packing of the monomers
is essential for the topochemical solid state polymer-
ization [12]. There are a number of advantages in this
case. Firstly, this method improves the incorpora-
tion of the bulky polymer molecules into the TiO2

nanopores. Secondly, PDAs as prepared via solid
state polymerization are highly crystalline, exhibit-
ing high charge carrier mobility about 103 larger
than those of partially crystalline or amorphous con-
jugated polymers [13]. Thirdly, the desired intimate
contact of the HTM with the dye may be provided
by the formation of hydrogen bonding between
them. Finally, this approach is simple and incorpo-
rates minimum impurities compared to chemical or
photoelectrochemical polymerizations.

Regardless of the HTMs used, the efficiencies of
solid state DSSCs are still low in comparison to
the liquid electrolyte-based DSSCs. Interfacial
charge recombination is suggested to be the main
loss mechanism [14].
Fig. 1. Device structure.
2. Experimental

The structure of our photovoltaic devices is
shown in Fig. 1.

A compact TiO2 layer was deposited onto a Fluo-
rine-doped Tin oxide (FTO) coated glass substrate
(Hartford Glass, TEC-15, sheet resistance 15 X/sq)
by a sol–gel process [15]. The dense TiO2 layer acts
as a hole-blocking layer (HBL) between the FTO
and HTM, preventing electron–hole recombination.
A nanoporous TiO2 film (Degussa, P25) approxi-
mately 3 lm thick was then spin coated onto the
compact TiO2 layer. The P25 nc-TiO2 paste was pre-
pared in a manner similar to ‘‘Method B’’ described
by Nazeeruddin et al. [2]. After sintering at 450 �C
for 30 min, the TiO2 electrode was sensitized with
cis-dithiocyanato-N,N-bis(2,2 0-bipyridyl-4,4 0-dicar-
boxylic acid)-ruthenium(II) (Ru–N3, EIC Laborato-
ries) by soaking overnight in a 0.3 mM solution of
mixed acetonitrile/tert-butanol (50:50/V%) at room
temperature. The resulting colored films were typi-
cally rinsed with absolute ethanol and dried under
flowing nitrogen. A 0.05 M amphiphilic diacetylene
(DA) solution of 10,12-pentacosadiynoic acid
(PCDA, Alfa Aesar), was prepared in mixed acetoni-
trile/tetrahydrofuran (50:50/V%). A small amount
of 4-tert-butyl pyridine (tBP) was added into the
DA solution with the concentration of about
0.07 M. The DA-PCDA monomer solution was then
drop cast onto the dye-coated TiO2surface. The
polymerization was carried out via ultraviolet irradi-
ation (254 nm) for 10 min. Since the top surface of
the nc-TiO2 layer may not be fully covered by the
PDA, a thin but continuous film of regioregular
poly(3-hexyl-thiophene) (P3HT, Aldrich) was spin
coated from chloroform as the electron-blocking
layer (EBL). Finally, a gold layer of approximately
40 nm thick was deposited as the hole-collecting
electrode by thermal evaporation under vacuum.
The whole device was annealed at 80 �C for 10 min
under Argon before testing.

The PDA morphology characterization was per-
formed via an optical microscope (Unitron ME-
2097) in combination with a color video camera
(Sony SSC-C350). The photocurrent–voltage (J–
V) characteristics were measured using a source
meter (Keithley SMU 2400) in conjunction with a
computer. The AM 1.5 illumination (100 mW/
cm2) was simulated by the use of a xenon lamp
(Oriel 1000 W) and appropriate filters. The photo-
current action spectrum was obtained with a 150 W
xenon lamp (Photon Technology) coupled to a
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monochromator (Digikrom 240). Incident light
intensity was measured with an optical power meter
(Newport 835) coupled to a photodiode. The pho-
tocurrent was collected on a digital multimeter
(Keithley 169 DMM). The active area of all devices
was set as 0.25 cm by 0.25 cm with a window.

3. Results and discussion

As shown in Fig. 2(a), upon polymerization, the
DA-PCDA monomer results in a PDA with a car-
boxylic acid side group. Fig. 2(b) is the UV–vis
absorption spectrum of a PDA-PCDA film on a
glass slide. This polymerized film shows the charac-
teristic absorption in the visible region, whereas the
unpolymerized film has no absorption in the visible
region. The optical anisotropy of this PDA-PCDA
R1 R2

R1 = (CH2)11-CH3

R2 = (CH2)8-COOH
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Fig. 2. (a) Solid state polymerization of DA-PCDA. (b) UV–vis ab
Micrographs of PDA-PCDA in a dye/nc-TiO2 film.
film was also observed via polarizing microscopy.
Upon drop casting onto the N3-coated nc-TiO2,
the DA-PCDA molecules penetrated into the nanop-
ores, and their carboxylic acid groups may hydrogen
bond with the remaining two carboxylic acid groups
on the Ru–N3 molecule [16]. (We expect that hydro-
gen bonding is occurring between the DA and dye,
although we have no spectroscopic evidence at this
time.) As the solvent evaporated, the DA-PCDA
molecules organized into an ordered and densely
packed structure inside the TiO2 nanopores. After
ultraviolet irradiation, the film became visually dar-
ker. This can be attributed to the formation of the
PDA-PCDA, which is blue in the absence of
Ru–N3. This color change also confirmed that the
DA-PCDA molecules were sufficiently ordered and
packed to permit polymerization. The micrograph
R1

R2

n

700 800

m)
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sorption spectrum of PDA-PCDA on a glass slide. (c) and (d)
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in Fig. 2(c) shows the PDA-PCDA domains inside
the N3/nc-TiO2 film. At the higher magnification,
shown in Fig. 2(d), it can be seen that the large
domains in Fig. 2(c) are composed of disoriented
microstructures, which could be due to the combina-
tion of the TiO2 nanoparticles with the surrounding
PDA-PCDA. However, the disordered arrangement
of these microstructures may result in a reduction of
the charge transport properties of the PDA. Further
morphology studies are in progress. In addition, it
should be noted that the PDA-PCDA underwent a
solvatochromic blue to red transformation when
applying the P3HT from chloroform. This could
also cause an undesired absorption overlap of
PDA-PCDA with Ru–N3.

The schematic energy level alignment of the com-
ponents of this device is illustrated in Fig. 3. The
components have been chosen to reduce the energy
barrier to charge transfer, transport and collection.
The HOMO level of the PDAs is approximately
�5.5 eV [17], slightly higher than the HOMO level
Fig. 3. Schematic illustration of energy level alignment.
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Fig. 4. (a) Current–voltage characteristics
of Ru–N3 (�5.6 eV [16] or �5.7 eV [18]) and lower
than the HOMO level of regioregular P3HT
(�5.1 eV [19]). Therefore holes can be transported
without a potential barrier. Due to the presence of
the HBL, the holes cannot reach the FTO electrode
from the HTM. Similarly, due to the presence of the
EBL, the electrons cannot reach the gold electrode
from the nc-TiO2, either. In addition, an ohmic con-
tact is formed at the Au–P3HT interface.

Fig. 4(a) shows the photocurrent–voltage charac-
teristics of a typical cell. Under AM 1.5 illumination
(100 mW/cm2), the cell achieved a Jsc of 3.73 mA/
cm2, open-circuit voltage (Voc) of 0.51 V, fill factor
(FF) of 0.31 and g of 0.62%. The photocurrent
action spectrum (IPCE) is shown in Fig. 4(b). The
given values are not corrected for the reflection
and absorption losses caused by the FTO-coated
glass substrate and the glass slide for mounting
the cell. The IPCE curve resembles the absorption
spectrum of the Ru–N3 dye, but exhibits relatively
small values in the range of 500–550 nm. It can be
preliminarily concluded that the observed photocur-
rent arises from the photoinduced electron transfer
from the dye. Part of the incident light is absorbed
and/or scattered by the PDA and does not contrib-
ute to the photocurrent. In addition, the low FF of
0.31 indicates that the photovoltaic performance of
this cell is limited by the increased series resistance,
which can be partly attributed to the disoriented
arrangement of the PDA microstructures in the
nanoporous TiO2 film.

Regioregular P3HT exhibits hole mobilities
between 10�4 and 0.1 cm2 V s�1, depending on the
regioregularity of the polymer and the degree of order
within the film [19]. It can also work as a HTM in solid
state DSSCs. For the purpose of comparison, some
cells were fabricated with no PDA-PCDA and just
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P3HT spincoated on top. The test results show that
their photovoltaic performance is poor, extremely
unstable, and significantly dependant on the thick-
ness of the nc-TiO2 film. Their efficiencies decayed
quickly during the test. For a thin nc-TiO2 film
(1.5 lm), the steady-state efficiency was 0.22%; for a
thick nc-TiO2 film (2.9 lm), the steady-state effi-
ciency was only 0.10%. Both are much lower than
the efficiency of 0.62% for a cell with both PDA and
P3HT (nc-TiO2 film: 2.9 lm thick).

In principle, semiconducting polymers can func-
tion as a sensitizer and HTM at the same time. A cell
was constructed using PDA-PCDA in place of Ru–
N3. Here the photovoltaic performance was extre-
mely poor and the negligible photocurrent arises
from the band-gap excitation of TiO2 at 400 nm,
indicating that the PDA-PCDA cannot function as
a light sensitizer. This observation agrees with the lit-
erature [17], where Sariciftci et al. reported the
absence of photoinduced electron transfer from
PDA to C60 and attributed the reason to the rela-
tively large exciton binding energy of PDAs, up to
0.5 eV. In this case, the short PDA exciton lifetime
should be taken into account as well.
4. Conclusions

Our preliminary results show that in situ solid
state polymerized PDA-PCDA can serve as a hole
transport material, but not a light sensitizer, for
solid state DSSCs. Since many parameters of the
cell assembly have not yet been optimized, further
improvement of the photovoltaic performance is
expected. In particular, future work will focus on
improving the PDA-PCDA microstructure orienta-
tion, inhibiting interfacial charge recombination
and reducing the parasitic PDA absorption.
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Abstract

Polariton effects in a model molecular crystal with several molecules in the unit cell are described within a semiclassical
formalism taking complete account of the strong electrodynamic coupling between excitons and the photon field. Explicit
formulas are derived for the specific cases of two and four molecules in the unit cell, and applied to calculate numerically
the absorption spectrum of the sexithiophene crystal. The input data are almost entirely non-empirical, based on the results
of previous calculations. The electroabsorption (EA) signal of the crystal is calculated as the difference between the absorp-
tion spectra at non-zero and at zero electric field, without any a priori assumptions regarding the shape of the individual
EA fingerprints. The results confirm the previous conclusion that an isolated Frenkel exciton always yields a first-derivative
EA signal, regardless of its intensity, and that this conclusion is not affected by polaritonic effects. For the specific case of
sexithiophene, the experimental absorption spectrum is well reproduced, but the EA signal of the Frenkel states, in spite of
full inclusion of polariton couplings, is underestimated by orders of magnitude. The results demonstrate that a satisfactory
theoretical reproduction of the sexithiohene EA spectrum is possible only when low-energy charge-transfer states are
included, as was done in a recent paper.
� 2006 Elsevier B.V. All rights reserved.

PACS: 71.35.Cc; 71.36.+c; 78.20.Ci; 78.20.Jq
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1. Introduction

Theoretical description of intramolecular (Fren-
kel) excitons in molecular crystals was comprehen-
sively addressed in the sixties and seventies of the
past century [1,2]. The fundamental characteristics
of the excitons, such as the Davydov splitting, band-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.08.004
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width and absorption spectrum, were derived and
amply discussed.

The results obtained then are nowadays consid-
ered classic and are widely used for interpretation
of experimental data. However, for a long time
the main thrust of experimental research was
focused on optical transitions of moderate or low-
oscillator strength. As a consequence, one of the
classic conclusions went to oblivion: namely, the
orientational dispersion of exciton energies at
the centre of the Brillouin zone, resulting from the
.
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long range of the dipolar interaction and giving rise
to the directional dependence of the transition ener-
gies. In fact, the effect is marginal for weak transi-
tions, since its size depends on the square of the
transition dipole moment.

As the transition dipole moment governs also the
interaction of the excitons with photons, its large
value gives rise to another peculiar effect, sometimes
confused with the former one because of their con-
comitant occurrence. When the coupling with pho-
tons is strong enough, quasiparticles of a new kind
are formed [1,2]. These quasiparticles, called polar-
itons, are coherent superpositions of excitons and
photons, and are characterized by a forbidden gap
in the energy spectrum, observed as a ‘‘stopping
band’’ of metallic reflection. The appearance of
the stopping band is often accompanied by dramatic
intensity redistribution between different vibronic
transitions [2].

The recent extensive experimental studies [3–6]
have prompted some questions concerning the fin-
gerprint of intense electronic transitions in electro-
absorption (EA) spectroscopy. According to the
standard interpretational paradigm [7,8], any iso-
lated non-degenerate Frenkel exciton (regardless
of its intensity) gives rise to the EA signal propor-
tional to the first derivative of the corresponding
absorption band. Contradicting this view, a new
paradigm was later proposed [3–6], based on the
ad hoc assumption that for a strong electronic tran-
sition the transition dipole moment (i.e., an off-
diagonal matrix element of the dipole moment
operator) behaves much in the same way as the
permanent dipole moment (a diagonal matrix ele-
ment of the dipole moment operator), which moti-
vated the claim that the corresponding EA signal
should have second-derivative shape. This postu-
lated behaviour was presented as a consequence
of electrodynamic coupling, peculiar to polariton
states [3].

Specifically, this latter approach led to the con-
clusion that the electroabsorption spectrum of crys-
talline sexithiophene (T6) is dominated by Frenkel
transitions [3–6], contrary to the results of quantita-
tive calculations based on a microscopic Hamilto-
nian, which attributed a major part of the
observed EA spectrum of T6 to charge-transfer
(CT) states [9]. In view of the presumably crucial
role of CT states in the context of (opto)electronics,
the interpretational problem that has ensued, in
addition to its fundamental impact, has also poten-
tial ramifications for applied research.
In order to resolve this controversy, the classic
approach developed in the sixties of the past century
[1,2] has recently been employed to study the conse-
quences of electrodynamic polariton effects for elec-
troabsorption spectroscopy, without invoking any
arbitrary assumptions regarding the shape of exci-
ton EA fingerprints [10]. The results have confirmed
the standard paradigm, assigning to any non-degen-
erate Frenkel transition a first-derivative electroab-
sorption signal.

However, this conclusion was derived for a
model crystal with only one molecule in the unit
cell. Although the validity of the derivation is gen-
eral, for the sexithiophene crystal confrontation of
the results with experimental spectra and with the
results of the treatment based on the ad hoc postu-
late mentioned above is impeded by the specific cir-
cumstances due to the fact that this crystal contains
several molecules in the unit cell. The objective of
the present paper is to bridge this gap by extending
the derivation of Ref. [10] for a crystal with four
molecules in the unit cell. The approach is illus-
trated by numerical calculations for the sexithioph-
ene crystal.

2. Sexithiophene crystal and its spectra

The a-sexithiophene crystal is known to have two
polymorphic forms [11,12]. The high-temperature
polymorph is monoclinic (space group P21/a) and
contains two molecules in the unit cell. Its herring-
bone structure largely resembles the archetypal
anthracene crystal [13,14]. This form of T6 is of les-
ser interest in the present context, since the most
reliable experimental spectra [3,4,15,16] which are
addressed in our numerical calculations, have been
measured for the low-temperature polymorph.
However, for the sake of completeness the main for-
mulas will be derived also for the high-temperature
phase with two molecules in the unit cell.

The structure of low-temperature a-sexithioph-
ene polymorph is also monoclinic (space group
P21/n) with four molecules in the unit cell, arranged
in two pairs. The distance between the centres of
mass of the molecules within each pair is smaller
than 5 Å, while the distance between the molecules
from different pairs exceeds 20 Å. The intense lowest
molecular excited state, polarized along the long
molecular axis (1Bu) is split into four components,
of which two, ag and bg, are dipole-forbidden. The
upper Davydov component (bu state) carries almost
all the oscillator strength of the molecular excita-
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tion; as the long axes of sexithiophene molecules are
almost perpendicular to the crystallographic b-axis,
the lower Davydov component (au state) is very
weak and can be detected only at low-temperatures.
These two components can be selectively probed by
light polarized parallel to c 0 and b crystallographic
direction, respectively.

For light polarized along the b crystallographic
axis both absorption and electroabsorption spectra
are available [3,4,17]. In the low-energy range, i.e.,
below about 2.5 eV, the absorption spectrum exhib-
its a set of sharp and well resolved features starting
at about 2.27 eV. The electroabsorption spectrum in
this energy range follows very closely the first deriv-
ative of the absorption spectrum. These features
were attributed to the au and ag Davydov compo-
nents and to their vibronic replicas borrowing inten-
sity from the intense upper Davydov component
[18].

Starting from about 2.5 eV the absorption spec-
trum exhibits broad and intense bands at about
2.6 eV and 2.76 eV. The electroabsorption signal is
a series of overlapping features, readily recognizable
as second-derivative shapes, but not directly attrib-
utable to the bands observed in the absorption spec-
trum. The provenance of these features is subject of
the controversy described in the introduction. Cal-
culations based on a microscopic Hamiltonian [9]
assigned these features to CT states. In the papers
of Weiser and collaborators [3,4,17] a new postulate
was invoked, stating that because of polaritonic
effects electroabsorption signal of a strong Frenkel
transitions follows the second derivative of the
absorption spectrum. It allowed the authors to
ascribe the signal above 2.5 eV to Frenkel states.
This new postulate was based only on intuitive
arguments and no derivation was presented to sup-
port it.

In fact, the classical theory of the coupling of
photons to excitons for molecular crystals contain-
ing one molecule per unit cell and one molecular
transition [10] shows that although polaritonic
effects play some role in the absorption spectra of
strongly absorbing crystals, the electroabsorption
spectra follow the first derivative of the absorption,
irrespective of the oscillator strength of the transi-
tion under consideration. In the present paper the
treatment is generalized for crystals containing sev-
eral molecules in the unit cell (2 and 4), and the con-
stituent molecules may have multiple molecular
transitions polarized along the same molecular axis.
This generalization allows us to calculate the
absorption and electroabsorption spectra of the
a-sexithiophene crystal.

3. Excitons in crystals with several centrosymmetric
molecules per unit cell

In the classical consideration of the coupling
between a molecular exciton of frequency x0u and
oscillator strength fu, located at site s, and the radi-
ation field [2], the transition dipole moment
~dsu ¼ h0j~dsjui is represented by a classical oscillating
point dipole ~dsuðtÞ. Its equation of motion in the
electric field ~E0ð~rs; tÞ:

o
2

ot2
þ x2

0u
~F
� �� �

~dsuðtÞ ¼
e2fuð~F Þ

me
d̂sud̂su �~E0 ~rs; tð Þ; ð1Þ

is solved in conjunction with Maxwell’s equations
which describe the driving fields. d̂su stands for a
unit vector pointing along ~dsu.

In our previous paper [10], we solved the Eq. (1)
for the molecular crystal containing one centrosym-
metric molecule per unit cell, subjected to static elec-
tric field ~F and interacting at the same time with the
monochromatic field of the light wave of frequency
x. The same general approach will be adopted here,
and some results will be used directly.

After the Fourier transformation from time to fre-
quency domain the equations corresponding to zero
frequency and optical frequency decouple from each
other (Eqs. (22)–(25) of Ref. [10]). Therefore, at the
level of classical electrodynamics, the static electric
field does not contribute at the frequency of optical
fields. However, it does affect the optical phenomena
by modifying the molecular excitation frequencies
and oscillator strengths, which is readily accounted
for by quantum-mechanical perturbation theory
(Eqs. (3) and (9) of Ref. [10]), reconstituting the
familiar square dependence of the energies on electric
field strength, governed by static polarizability.

We presently rewrite the results concerning the
part of the field that is relevant to optical phenom-
ena (Eqs. (24) and (25) of Ref. [10]) with two small
changes. As we are dealing with crystals with several
molecules in the unit cell it is now convenient to
split the site index into two parts s = (n,b), where
n labels the unit cells and b denotes the site within
the unit cell. We also omit the index D, which was
previously used to denote the optical Fourier com-
ponent of all dynamical quantities, since static
quantities do not appear in this paper. Then, the rel-
evant equations read:
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X
mc

1dnmdbc þ 4pabðxÞ � Tnb;mc

� �
�~P mc

¼ ix
c

abðxÞ �~A ~rnb

� �
; ð2Þ

r2 þ x2

c2

� 	
~Að~rÞ ¼ i

4p
c

x~P?ð~rÞ; ð3Þ

where ~Að~rÞ is the vector potential, ab(x) is a polariz-
ability tensor of the molecule located at site nb:

4pabðxÞ ¼
e2

mev0

X
u

fu
~F
� �

x2
0u
~F
� �
� x2

d̂bud̂bu; ð4Þ

the dipole tensor Tnb,mc describes the interaction of
two point dipoles located at the distance
~Rnb;mc ¼~rnb �~rmc from each other

Tnb;mc ¼
v0

4p
~Rnb;mc



 

�3
1� 3bRnb;mc

bRnb;mc

� �
1� dnmdbc

� �
;

ð5Þ
and site-polarization (divided by unit cell volume v0)
is given by

~P nb ¼
1

v0

X
u

~dnbu: ð6Þ

Following the classic monograph [2], Eqs. (2) and
(3) are first solved in the limit ~Að~r; tÞ ¼ 0, i.e., in
the absence of light waves. This yields the frequen-
cies of Coulombic excitons as the roots of the
equation:

det 1dbc þ 4pabðxÞ � Tbcð~kÞ








 ¼ 0; ð7Þ

where

Tbcð~kÞ ¼
X

m

Tnb;mc exp i~k � ~rnb �~rmc

� �h i
ð8Þ

is the Fourier transform of the dipole tensor.
For a crystal consisting of molecules with all

transitions polarized along the same molecular axis
(d̂b for molecule on bth position in unit cell) the sec-
ular determinant assumes the simpler form

det dbc þ 4paðxÞT bcð~kÞj ¼ 0



 ð9Þ

where

aðxÞ ¼ d̂b � abðxÞ � d̂b ð10Þ
and

T bcð~kÞ ¼ d̂b � Tbcð~kÞ � d̂c: ð11Þ
The secular Eq. (9) can be further simplified for cer-
tain special directions in ~k-space by using the sym-
metry group of the wave vector. This will be done
in Sections 5 and 6 for a monoclinic crystal with
two and four molecules per unit cell.
4. Polaritons in crystals with several centrosymmetric
molecules per unit cell

For an infinite crystal and finite driving trans-
verse electric field, the vector potential ~Að~r; tÞ is
assumed in the form of a plane wave:

~Að~rÞ ¼ ~A0 exp ði~k �~rÞ; ð12Þ
where~k is a vector from the first Brillouin zone and
~A0 is perpendicular to ~k. Following Philpott [2], we
disregard the coupling of excitons with wave vector
~k to photons with wave vector~k þ ~K, where ~K is any
reciprocal lattice vector (different from the null vec-
tor). This approximation holds well in the visible
and ultraviolet range.

After the Fourier transformation to ~k-space,
Eq. (3) is solved for ~A0; subsequently the result
is substituted into (Fourier transformed) Eq. (2).
This yields the following secular equation as the
condition for the existence of non-trivial solutions
for polarization:

det ðn2 � 1Þ 1dbc þ 4pabðxÞ � Tbcð~kÞ
h i




�4pabðxÞ � ð1� k̂k̂Þ


 ¼ 0: ð13Þ

Again, the secular determinant assumes a simpler
form for molecules with all transitions polarized
along the same direction:

det ðn2 � 1Þ dbc þ 4paðxÞT bcð~kÞ
h i




� 4paðxÞ
X2

i¼1

ðd̂bêiÞðd̂cêiÞ





 ¼ 0; ð14Þ

where ê1, ê2 are two orthogonal light polarization
versors; n ¼ cj~kj

.
x is the (unknown) refractive in-

dex, which may be found by solving Eq. (14).
After adding some phenomenological damping

(cu), the polarizability becomes complex:

aðxÞ ¼ e2

mev0

X
u

fu
~F
� �

x2
0u
~F
� �
� x2 � ixcu

; ð15Þ

and so does the refractive index. Its imaginary part
can then be related to the extinction coefficient,

eðx;~kÞ ¼
2xIm nðx;~kÞ

h i
c

ð16Þ

which yields the (observable) absorption spectrum
of the crystal. The electroabsorption spectrum is
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then readily calculated as the difference between the
absorption spectra for non-zero and zero electric
field.

5. Crystal with two molecules per unit cell

As has been mentioned above, the excitonic (9)
and polaritonic (14) secular equations can be further
simplified for certain directions of~k. Let us consider
a monoclinic crystal with two molecules in the unit
cell, such as the high-temperature T6 polymorph,
taking into account only the transitions polarized
along the long molecular axis. The two molecules
in the unit cell are related to each other by a screw
axis parallel to the crystallographic b direction. The
symmetry implies the following relations for dipole
sums (the ~k-dependence of the dipole sums is omit-
ted for clarity):

T 11 ¼ T 22 ð17Þ
T 12 ¼ T 21: ð18Þ

For the states with~k parallel to the b axis or lying in
the ac plane, the exciton dispersion relation (9) splits
into two separate equations – one for the states
polarized along the b axis (i.e., states of symmetry
A, plus sign in the following equations) and another
for the states polarized in the ac plane (states of B

symmetry, minus sign in the following equations):

1þ 4paðxÞT�ð~kÞ ¼ 0; ð19Þ
where the lattice sums are given by

T�ð~kÞ ¼ T 11ð~kÞ � T 12ð~kÞ: ð20Þ

The polariton dispersion relation (14) can be sim-
plified in a similar way, giving rise to two separate
equations for the states of A and B symmetry,
which can be easily solved to yield the refractive
indices:

n2
�ðx;~kÞ ¼ 1þ 2paðxÞðêk �~d�Þ2

1þ 4paðxÞT�ð~kÞ
; ð21Þ
1þ 4paðxÞT 11ð~kÞ 4paðxÞT 12ð~kÞ 4paðxÞT 13ð~kÞ
4paðxÞT 12ð~kÞ 1þ 4paðxÞT 11ð~kÞ 4paðxÞT 14ð~kÞ
4paðxÞT 13ð~kÞ 4paðxÞT 14ð~kÞ 1þ 4paðxÞT 11ð~k
4paðxÞT 14ð~kÞ 4paðxÞT 13ð~kÞ 4paðxÞT 12ð~kÞ












where

~d� ¼ d̂1 � d̂2 ð22Þ

and êk is the light polarization versor. ~d� lies in the
ac plane and ~dþ is parallel to the b axis.

The dipole sums T1i can be split into the analytic
and non-analytic part [2,19]:

T 1ið~kÞ ¼ t1ið0Þ þ ðk̂ � d̂ iÞ2: ð23Þ

which gives rise to a similar ~k-dependence of the
symmetry-adapted dipole sums T±, and ultimately
to the orientational dependence of the exciton ener-
gies and of the refraction index.
6. Crystal with four molecules per unit cell

The focus of this paper is on the low-tempera-
ture polymorph of the a- sexithiophene crystal,
which is monoclinic and contains four molecules
in the unit cell. The treatment is again restricted
to the transitions polarized along the long molecu-
lar axis of the molecule. The molecules within the
unit cell are labelled in the following way: assum-
ing that the c 0 axis is directed vertically, molecules
1 and 2 are located in the upper half of the unit
cell, and are related to each other by the two-fold
screw axis parallel to the b crystallographic direc-
tion. The pair of molecules 3 and 4, located in
the lower part of the unit cell, is related to pair
1–2 by inversion. Owing to symmetry, only 4 out
of 16 products of the form (11) are independent
(for clarity the explicit ~k dependence of dipole
sums is now omitted):

T 11 ¼ T 22 ¼ T 33 ¼ T 44; ð24Þ
T 12 ¼ T 21 ¼ T 34 ¼ T 43; ð25Þ
T 13 ¼ T 31 ¼ T 24 ¼ T 42; ð26Þ
T 14 ¼ T 41 ¼ T 23 ¼ T 32: ð27Þ

The exciton dispersion relation may be derived from
the equation:
4paðxÞT 14ð~kÞ
4paðxÞT 13ð~kÞ

Þ 4paðxÞT 12ð~kÞ
1þ 4paðxÞT 11ð~kÞ












¼ 0: ð28Þ
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The matrix on the left-hand-side of Eq. (28) is read-
ily diagonalized by the similarity transformation
with the matrix:

U ¼

1 1 1 1

1 1 �1 �1

1 �1 �1 1

1 �1 1 �1

0
BBB@

1
CCCA; ð29Þ

leading to four independent exciton dispersion
relations:

1þ 4paðxÞT ið~kÞ ¼ 0 ð30Þ
where i = 0 ±, ± and

T 0�ð~kÞ ¼ T 11ð~kÞ � T 12ð~kÞ þ T 13ð~kÞ
� T 14ð~kÞ; ð31Þ

T�ð~kÞ ¼ T 11ð~kÞ � T 12ð~kÞ � T 13ð~kÞ
� T 14ð~kÞ: ð32Þ

For the states with wave vector ~k lying in the ac

plane or parallel to the b direction, the polaritonic
dispersion relation (14) can be simplified in the same
way as the excitonic dispersion relation. The resul-
tant transition dipoles are:

~d0� ¼ d̂1 � d̂2 þ d̂3 � d̂4 ¼ 0; ð33Þ
~d� ¼ d̂1 � d̂2 � d̂3 � d̂4: ð34Þ
~d� is contained in the ac plane and ~dþ is parallel

to the b axis. The~d0� states are mute in optical spec-
tra as they carry no net transition dipole moment.
As in the case of two molecules per unit cell, for ~k
lying in the ac plane both ~dþ and ~d� states are
observable and for~k parallel to the b direction only
the ~d� state is observable.

For the light polarization versor lying in the ac

plane or parallel to the b axis, also the polariton
dispersion relation splits into four independent
equations, which can be solved for the refractive
indices.

For obvious reasons, the first two equations, for
the states with vanishing transition moment ~d0�,
produce the refraction coefficient n = 1 (no refrac-
tion). The second pair of equations, for states with
transition dipoles along ~d� yields:

n2
�ðx;~kÞ ¼ 1þ paðxÞðêk �~d�Þ2

1þ 4paðxÞT�ð~kÞ
: ð35Þ

Like in the case of two molecules per unit cell, due
to non-analyticity of the dipole sums, the energies
of Coulombic excitons and the polaritonic effects
depend on the direction of wave vector ~k.

It is readily seen that Eqs. (35) and (21) are for-
mally identical. Therefore one can use the simpler
model of the crystal with two molecules per unit cell
to simulate the absorption and electroabsorption
spectra of the more complex crystal with four mol-
ecules per unit cell, provided that the transition
moments and the lattice sums are properly recalcu-
lated according to Eqs. (31)–(34). In effect, the for-
malism developed in this paper affords a unified
description of both sexithiophene polymorphs and,
if needed, may in the future be applied for the
high-temperature phase.

7. Numerical calculations for a-sexithiophene single

crystal

All the input data necessary for calculations of
absorption and electroabsorption spectra of the sex-
ithiophene single crystal are available in the litera-
ture. The geometry of the simulated experiment is
identical with the one described by Weiser and col-
laborators [3,4,17] and so is the static electric field of
23 kV/cm. Dipole tensors for a-sexithiophene crys-
tals were calculated by Munn et al. [20]. Other
parameters are essentially the same as those used
previously in the interpretation of the experimental
electroabsorption spectrum of the a-sexithiophene
single crystal [9]. For the sake of simplicity, we take
into account only one low-lying electronic transition
of the sexithiophene molecule, polarized along the
long molecular axis, located at 2.50 eV, and
endowed with the transition dipole moment of
2.1 eÅ. The exciton transition is accompanied by a
vibronic progression in the most prominent sexithi-
ophene normal mode of frequency 0.18 eV, with the
assumed Franck–Condon displacement parameter
of 1.2 (corresponding to the Huang–Rhys factor
of about 0.7). The polarizability change upon exci-
tation is 80 Å3 for both states and the damping
parameter (c) is tentatively set to 0.25 eV.

With these input parameters, the absorption
spectrum was calculated using Eqs. (16) and (35).
Then the field-modified values of transition energies
and oscillator strengths were evaluated using Eqs.
(3) and (9) of Ref. [10], and applied to calculate
the absorption spectrum at the electric field of
23 kV/cm. Subsequently the electroabsorption sig-
nal was calculated as the difference between the
absorption spectra at non-zero and at zero electric
field.



Fig. 1. c 0-polarized absorption spectra of the a-sexithiophene
single crystal. Solid line – calculated, dotted line – experimental
(main panel – Ref. [15], inset – Ref. [16]).
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The calculated c 0-polarized absorption spectrum
is shown in Fig. 1 and compared with the experi-
mental spectrum of Ref. [15], obtained from the
crystal reflection spectrum by the Kramers–Kronig
transformation. The agreement is very satisfactory.
Especially noteworthy is the (correctly reproduced)
accumulation of absorption intensity in the high-
energy region, just below the position of the longitu-
dinal exciton; this feature is a manifestation of
polariton effects.

In the crucial energy range between 3 eV and
3.5 eV, the above experimental spectrum differs
from that measured directly in absorption experi-
ment, published by the same authors [3,4] and later
confirmed by Loi et al. [16]. In the following, we use
as reference the spectrum of Loi et al., since it exhib-
its no effects of crystal misalignment or imperfec-
tion, perceptible in the low-energy part of the
Möller and Weiser spectrum, where some intensity
leak from c 0 to b polarization is rather obvious. In
contrast, no such effect is observable in the results
of Ref. [16], where the spectra in the two polariza-
tions are clearly distinct.

The difference between the spectrum measured
directly [3,4,16] and that obtained from the reflec-
tion spectrum [15] should probably be attributed
to the different experimental technique. At the very
least, the resolution of the applied equipment was
probably different; also the Kramers–Kronig trans-
formation might smear out some fine structure.
We tentatively mimic the difference in resolution
by changing the width of absorption resonances in
our calculations from 0.25 eV to 0.10 eV. The inset
in Fig. 1 compares the calculated c 0-polarized spec-
trum with that of Ref. [16]. It is readily seen that,
apart from the weak low-energy onset, the salient
features of the absorption spectrum are well repro-
duced. The anomalously high-intensity at high-
energies is correctly accounted for. The approxi-
mate position of the calculated 0–0 band agrees
reasonably well with the absorption maximum
observed at about 2.6 eV. The vibronic progression
that follows is a bit too pronounced, but this was
to be expected since the broadening of the reso-
nances with increasing energy has been disregarded
in the model; its inclusion would blur the vibronic
structure at higher energies. The neglected part of
vibronic interactions would also contribute to the
overall diffuse shape. In addition, the interaction
with charge-transfer (CT) states is bound to mod-
ify the transition energies and probably also the
intensities, although these effects, governed by
(rather small) CT integrals are unlikely to show
up prominently in c 0-polarization, dominated by
intense, strongly interacting transitions. Assuming
that, ultimately, the peak just above 3 eV would
be turned into diffuse background, the anoma-
lously high-intensity at high-energies qualitatively
agrees with the trend observed in the experimental
spectrum; quantitatively, the calculations some-
what exaggerate this general tendency. However,
one can hardly attach quantitative significance to
this discrepancy in view of the striking difference
between the published experimental spectra
[15,16] in that energy range (Cf. the main panel
and the inset of Fig. 2).

Although the spacing between the peaks at
2.6 eV and about 2.78 eV is evidently overestimated,
in view of the overall simplifications of the model
this discrepancy seems to be a minor one: in order
to avoid direct fitting of the spectrum, a generic
value of 0.18 eV is taken for the effective vibrational
frequency, the dipole tensor is calculated [20], not
adjusted to fit the experimental data, and only one
electronic state per molecule is explicitly included.

Absence of the low-energy features (starting at
about 2.3 eV) is no surprise either: as has been dem-
onstrated by detailed calculations [18], the corre-
sponding transitions are vibronically induced
satellites deriving from the (extremely weak) b-
polarized au Davydov component and from the ag

Davydov component which, according to Eq. (33),



Fig. 2. Electroabsorption spectra of the a-sexithiophene single
crystal. Solid line – calculated (c 0-polarized), broken line –
calculated (b-polarized, magnified by 104), dotted line – experi-
mental (b-polarized).
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carries no intrinsic transition dipole moment. As
vibronic coupling is not included in our present
model (the low-frequency vibrations that mediate
this coupling are completely ignored), these states
are predicted to be mute.

The calculated position of the 0–0 line in polariza-
tion b is reasonably well reproduced. Confrontation
of the shape of the b-polarized absorption spectrum
with experiment is pointless; owing to the very small
transition dipole of the corresponding Davydov
component, it exhibits no polariton effects, while
the structure of the corresponding transition is deter-
mined by low-frequency vibrations, which are out of
our present scope. Altogether, within the inherent
limitations of the applied model the agreement
between the calculated and experimental absorption
spectra is pretty satisfactory, which is readily seen in
the intense c 0 polarization.

Unfortunately, direct comparison is not possible
for electroabsorption, since for this polarization
and energy range no experimental EA spectrum is
available in the literature. However, the same crystal
misalignment and/or imperfections that gave rise to
the intensity leak from the c 0-polarized to the b-
polarized absorption spectrum in Refs. [3,4] should
have affected the EA spectrum in an analogous
way. This allows one to use the b-polarized electro-
absorption spectrum [3,4] to look for potential
manifestations of polaritonic effects. The same meth-
odology was implicitly adopted in the original
papers [3,4], where the features detected in the
b-polarized EA spectrum were assigned to the strong
c 0-polarized bu exciton.

It should be noted marginally that interpretation
of the weak EA signal observed in polarization b at
about 2.3–2.4 eV [3] is beyond the scope of the pres-
ent paper. For this signal, deriving from the weak
vibronically induced bands mentioned above, polar-
iton effects have never been suggested and the origi-
nal explanation of Ref. [3] is indubitably valid. The
present paper is focused on the signal starting at
about 2.5 eV, because of its controversial
provenance.

Fig. 2 shows the calculated c 0-polarized EA sig-
nal of the T6 crystal (solid line), compared with
the experimental b-polarized electroabsorption
spectrum (dotted line). The amplitude of the calcu-
lated signal is evidently about an order of magni-
tude smaller than that actually measured. One
should bear in mind that the former is strictly c 0-
polarized, while the latter represents only the frac-
tion of c 0-polarized intensity which is spilt into
polarization b. Assuming the ‘‘leak’’ of as much as
10% (which would imply pretty strong crystal mis-
alignment or imperfection), the simulated b-polar-
ized spectrum would have to be reduced by
another factor of ten. As the scale of the calculated
absorption spectrum agrees quite well with that
actually observed (vide supra), in order to reconcile
the disparate amplitudes of the EA signal the polar-
izability change between the ground and excited
state of the molecule would have to be increased
by about two orders of magnitude with respect to
the value assumed in our calculations. The applied
value of 80 Å3 is typical for molecules of compara-
ble size; a value ten times larger would be difficult
to justify, and larger by a factor of 100 would be
inconceivable. Hence, the signal of the transitions
observed in c 0-polarized absorption is far too low
to rationalize the experimental b-polarized EA spec-
trum of sexithiophene.

Moreover, the predicted signal shape is also in
dramatic conflict with the observed one. Obviously,
it consists of a sequence of first-derivative curves
located at the positions of the resonances observed
in absorption. Contrary to the recently invoked
hypothesis [3], there is no indication of any sec-
ond-derivative contributions. It should be empha-
sized that the present model completely accounts
for the polariton effects of exciton–photon coupling;
their manifestation in the predicted absorption spec-
trum is evident. The EA signal of Fig. 2 has been
directly calculated as the difference between the
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absorption spectra at zero and non-zero electric
field; its shape is a result, not an assumption – in con-
trast to the second-derivative shape, postulated in
Ref. [3]. As demonstrated by Fig. 2, this postulate
was physically invalid.

The extremely weak b-polarized absorption of
the almost forbidden au Davydov component gives
rise to the signal shown in Fig. 2 as the broken line
(magnified by 104). It is again much weaker than the
experimentally observed features, has a different
shape and a different location.

This clearly demonstrates that in order to ratio-
nalize the observed electroabsorption spectrum of
the sexithiophene crystal it is necessary to invoke
another set of states, which need not be very intense
in absorption but must exhibit a strong EA signal of
approximately second-derivative shape. These are
the nearest-neighbour charge transfer (CT) states.
As has already been shown [9], the absorption bands
due to the eigenstates of CT parentage appear in
polarization b, practically coinciding with the posi-
tion (2.6 eV) of the Frenkel transition observable
in polarization c 0 (the corresponding vibronic repli-
cas also coincide, as the vibrational frequency is the
same). Tentative data available for quaterthiophene
(T4) suggest that in that crystal the coincidence is
not nearly as perfect as it is for T6, although in
other respects the two systems are quite similar. A
more detailed study of the T4 case will be under-
taken in a forthcoming paper.

For T6, the b-polarized absorption spectrum in
the relevant energy range has already been theoret-
ically reproduced in considerable detail, along with
the corresponding EA signal [9]. The calculations
were based on a microscopic Hamiltonian, derivable
from the total many-electron Hamiltonian of the
crystal. The input data were mostly estimated from
independent calculations, with a minimum set of
adjustable parameters. The achieved agreement with
experiment was very good. Until now, the interpre-
tation proposed at that time coexisted with the alter-
native one, invoking polariton effects as the possible
source of the observed second-derivative EA signals
[3]. In the present paper we have demonstrated that
polariton effects, although clearly operative in T6
and rather spectacular in its absorption spectrum,
do not explain the features observed in electroab-
sorption. This leaves the quantitative interpretation
of Ref. [9] as the only one that is compatible with
experimental data, and further confirms the crucial
role of CT states in spectroscopy of the sexithioph-
ene crystal.
8. Conclusions

This work confirms our recent result [10] that
polariton effects in Frenkel exciton spectra do not
give rise to second derivative shapes of the electro-
absorption signal, contrary to the ad hoc postulate
of Ref. [3]. For the specific case of sexithiophene,
it is demonstrated here that the EA spectrum of
the low-energy Frenkel states, calculated with com-
plete inclusion of polariton effects, dramatically dif-
fers from the experimental one. Even if one makes
liberal allowance for (possibly) inaccurate parame-
trization, the resultant electroabsorption amplitude
is much lower than observed; moreover, the shape
of the calculated spectrum bears no visual resem-
blance to the experimental spectrum. This rules
out the possibility that the polariton effects alone
could explain the b-polarized absorption and elec-
troabsorption spectra of the T6 crystal.

The sexithiophene EA spectrum is plausibly
rationalized if charge transfer excitations are taken
into account. In that case, quantitative reproduction
of the experimental spectrum was achieved based on
a well founded model Hamiltonian and parametri-
zation [9]. The present results supplement those of
Ref. [9] by suggesting that in this particular crystal
the coincidence of some absorption features
observed for different light polarizations may be
accidental and misleading, with the c 0-polarized
spectrum dominated by Frenkel excitons strongly
coupled to the radiation field and the CT states con-
tributing in the b polarization practically at the
same energy. It cannot be ruled out that some c 0-
polarized states of CT parentage, which only mar-
ginally contribute to the absorption spectrum since
their weak absorption is masked by the intense
Frenkel contribution, may be crucial for c 0-polar-
ized electroabsorption signal in the energy range
between 2.5 eV and 3.2 eV. This would resemble
the situation encountered, e.g., for polyacenes,
where the sensitivity of the CT states to electric field
compensates their weak optical absorption. At the
present moment this issue cannot be finally settled,
since for the relevant energy range no experimental
c 0-polarized EA spectrum of a sexithiophene single
crystal is available in the literature; we hope that
it will be measured in the future. Likewise, a com-
parative study of the spectra of other oligothioph-
enes might be instrumental in unraveling the
coincidences mentioned above. Further theoretical
work in this direction is underway and new experi-
mental findings would be invaluable.
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Abstract

The propagation properties of the emitted light from oligothiophene crystals are discussed. The internal reflectivity at
the interface between the crystal and an isotropic ambient medium has been derived, allowing to discuss the effect of self-
waveguiding of the emission on the basis of the components of the material dielectric tensor.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Over recent years, organic semiconductors have
been studied as possible substitutes to inorganic
materials for the wide range of applications in
micro- and opto-electronic devices. The abundant
choice of starting organic materials and possible
chemical substitutions allow tuning of their proper-
ties in the solid state. By such means, organic light
emitting diodes [1] and organic solid-state lasers
[2,3] have the potential to provide light over a broad
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.08.003
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range of wavelengths throughout the visible and the
near infrared range and to replace inorganic ones
for a wide variety of uses, such as illumination [4],
memories [5], and excitation sources for bio-diag-
nostics [6]. Both amorphous and crystalline organic
semiconductors can be effectively employed for real-
izing devices with relatively low cost on a variety of
substrates, including flexible plastic sheets [5] by soft
processing and lithography methods [7]. In particu-
lar, the feedback effect, which is required for achiev-
ing lasing action from compounds providing
stimulated emission, could be accomplished by sev-
eral different geometries [8–15].

Among conjugated molecules in their crystalline
phase, amplified spontaneous emission and stimulated
.
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Fig. 1. Images of 4T single crystal (a few hundred nanometers
thick) under the optical microscope.
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emission have been reported for octithiophene [16]
and sexithiophene [17] crystals with the relevant
result that emitted radiation has been observed in
a cone oriented normal to the main molecular tran-
sition dipole in the crystal plane itself. Other
authors recently observed stimulated emission at
the edge of the crystal without emission from inside
at all in polycrystalline phases of other conjugated
molecules [18], similarly as reported for needle-
shaped crystals of sexiphenyl grown on top of
potassium chloride substrates [19,20]. The relevance
of the crystal and molecular structures and crystal
quality is chiefly responsible for these peculiar
observations. In fact, these systems exploit the nat-
ural packing of the molecules that provoke collec-
tive excitonic emission to predominate rather than
utilising and optimising the isolated molecular emis-
sion in a non-interacting system. In such interacting
aggregates, the emission can be concentrated into
only one or two replicas, which in some cases can
even lead to super-radiant emission [21,22], and
counters against any destructive interference
between one and two-particle emissions that leads
to a reduction of their intensities compared to the
corresponding isolated molecular emissions [23].
However, the advantages of organic materials are
not yet fully exploited. The following experimental
results and the requirement of an interpretation
based on a comparison with theoretical modelling
indicate the importance of studying single crystals
and films with controlled structural and morpholog-
ical properties.

In this paper, we discuss the propagation of the
emitted light in quaterthiophene single crystals and
the effect of self-waveguiding after deriving and sim-
ulating the internal reflectivity at the interface with
an isotropic medium. Quaterthiophene is taken as
a prototype system with molecules aligned parallel
to each other in a direction almost perpendicular
to the crystal face.

2. Experimental

Oligothiophenes (nT) were synthesized according
to standard procedures. Single crystals were grown
as thin flakes with monoclinic crystallographic
structure following the procedure reported in Ref.
[24]. Since different names can be found in the liter-
ature for the axes of the unit cell, for the sake of
clarity we denote the monoclinic axis as b axis and
the longest axis as c axis for all the crystals of the
oligothiophene family. The accessible face for opti-
cal measurements is along the ab plane. The sample
thickness ranges from few hundreds of nm to few
lm as measured by a Digital Instruments Nano-
scope IIIa MMAFM equipped with a J-type scan-
ner and a Digital Instrument Dektak 8 profiler.
Prior to optical measurements, single crystals were
selected by homogeneously extinguishing light
under crossed polariser and analyser. Indeed, when
light is impinging at normal incidence and is either
a or b linearly polarized, the transmitted light by a
single crystal maintains its polarization since b is
a principal axis of the dielectric tensor and a lies
in the ac principal plane [25].

Images of the sample have been taken with an
optical microscope Olympus SZX12. In addition,
fluorescence micrographs of the printed patterns
were collected by a Leica fluorescence inverted
microscope fitted with a monochrome camera Axio-
Cam MR (Zeiss). Fig. 1 shows an image of a 4T
crystal under the optical microscope either in fron-
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tal (a) or lateral (b) view. This image shows the typ-
ical growth mode as thin flakes of olighothiophene
crystals.

Photoluminescence emission (PL) measurements
were performed at room temperature with a home
made apparatus equipped with a nitrogen cooled
charge-coupled-device detector and a Xe lamp as
excitation source. The spectra were corrected for
the instrument spectral response.

3. Results and discussion

Resonance interactions in oligothiophene solids
are known to split the lowest singlet molecular tran-
sition into two optically accessible transitions of au

and bu symmetry with dipole moments parallel
and perpendicular to the monoclinic b axis, respec-
tively [26]. The direction L of the stronger transition
moment to the bu state lies in the ac plane at an
angle a to the normal c* axis to the ab face and in
the case of 4T a is about 27�. As far as the emission
at temperature T = 0 K is concerned, a model has
been proposed recently [21] for oligothiophenes
which considers the origin of the luminescence from
the bottom of the au band. The resulting emission is
b polarised and can be clearly detected at low tem-
perature [22]. The 0–0 line is predominantly b polar-
Fig. 2. Photoluminescence spectra of 4T, 5T, 6T, and 7T single
crystals as measured at room temperature with 3.5 eV excitation
energy.
ised and is very sensitive to structural defects since
they interrupt the coherence, which scales with the
number of molecules contributing to the exciton.
On the contrary, the room temperature spectrum
is mainly ac polarized and dominated by broad vib-
ronic replicas and only a very weak 0–0 line strength
as shown in Fig. 2 for single crystals of several mem-
bers of the oligothiophene family.

The observation of the emitted light at room tem-
perature at the edge of the crystal without emission
from inside at all, as reported by several authors in
the literature [16,17], confirms its ac polarization.
By contrast, b polarized light propagates inside the
crystal in the ac plane (i.e., perpendicularly to the
corresponding transition moment). The propagation
of light is transverse since b is a principal axis of the
dielectric tensor [25] and it is described by the ordin-
ary refractive index n̂bðxÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
êbbðxÞ

p
where êbbðxÞ is

one of the components of the dielectric tensor. For
4T, the complex dielectric tensor has recently been
reported [27]. In the coordinate system given by
the a, b, and c* axes of 4T, it can be written as

eðxÞ ¼
êaaðxÞ 0 êac� ðxÞ

0 êbbðxÞ 0

êac� ðxÞ 0 êc�c� ðxÞ

2
64

3
75; ð1Þ

and its components are reported in Fig. 3. The real
part of n̂bðxÞ varies between about 1.5 and 1.6 for
energies below 2.5 eV where the room temperature
emission of 4T is found. From Snell’s law, the limit
angle hlim for total internal reflection at the crystal/
air interface is about 40�, which implies that b polar-
ized light emitted at an angle to the surface normal
lower than hlim is expected to be transmitted
through the crystal/air interface and hence it should
be observed emitting from the surface of the 4T
crystal plate. This can be calculated considering that
the wave vector is obtained by solving Fresnel’s
equation [28]:

k̂2 ¼ ðx=cÞ2n̂2
b; ð2Þ

with the assumption that the projection ka of the
wave-normal vector k̂ along the a 4T axis on the sur-
face is real. Transmitted and reflected waves are
found by imposing standard boundary conditions
at the surface and the reflectivity calculated as the
ratio of the time averaged reflected energy flux to
the incident flux. Each flux is given by the averaged
component normal to the surface (i.e., along the c*

axis of 4T) of the corresponding Poynting vector,
i.e., by Sc� ¼ Re c

4p E � H �
� �

c�
[29]. We note that



Fig. 3. Real (a) and imaginary (b) parts of the components of the
4T complex dielectric tensor (1) with respect to the coordinate
system given by the a, b, and c* axes of 4T, as reported in Ref.
[27].

Fig. 4. Sketch of the oligothiophene unit cell, of the direction L

of the transition moment, and of the wave-normal vector k of the
emitted light impinging on the crystal/air interface.
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since the plane of incidence is a principal plane for
the b polarization, there is a single reflected wave,
which is ordinary and b polarised [25].

We now consider the emitted light polarized in
the ac plane along L. The perpendicular to the
planes of constant phase of the emitted light is along
the real part of the wave-normal vector k̂ and repre-
sents the direction of light propagation [28,30]. It
lies in a plane perpendicular to the direction L of
the transition moment L as sketched in Fig. 4: a is
the inclination of the transition moment L to the
surface normal, b is the dihedral angle between the
plane ac and the plane of incidence, the latter being
formed by the surface normal and the direction of
propagation of the emitted light inside the crystal
(b = 0� corresponds to ac as plane of incidence).
The angle of incidence on the crystal/air interface
(angle between Re(k̂Þ and the surface normal) can
be deduced from geometrical considerations; it is
given by

gðbÞ ¼ arccos � sinðaÞ � cosðbÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2ðaÞ þ cos2ðbÞ sin2ðaÞ

q
2
64

3
75; ð3Þ

and its value is reported in Fig. 5 as a function of b.
In this context, we only consider k̂ in the ac prin-

cipal plane (b = 0�) and we demonstrate that emit-
ted light is totally internally reflected at the crystal
surface. Even if a complete description would
require the calculation of the reflectivity for all the
angles b, we underline that b = 0� is a particularly
relevant case since for increasing b the angle g of
incidence on the interface increases, thus making
the total internal reflection more probable. A defin-
itive analysis of the light propagation for other
directions of propagation becomes more complex
since the plane of incidence onto the crystal/air
interface is no longer a principal plane and a mixing



Fig. 5. Angle of incidence on the crystal/air interface calculated
using Eq. (3) for the L polarized emitted light and for the different
planes of incidence indicated by b.

Fig. 6. Reflectivity of the crystal interface with an isotropic
medium with refractive index namb calculated as described in the
text for L polarized emitted light and considering ac as plane of
incidence.
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of the p and s polarized waves occurs after internal
reflection.

The procedure we use is similar to the one
described previously for b polarised waves: we
assume that ka is real and find the corresponding
k̂c� by solving Fresnel’s equation, which for ac

polarisation reads

ec�c� k̂2
c� þ 2eac�kak̂c� þ eaak2

a þ ðx=cÞ2e2
ac�

� ðx=cÞ2eaaec�c� ¼ 0; ð4Þ

where eaa, ec�c� , eac� are the components of the dielec-
tric tensor reported in Fig. 3 in the coordinate sys-
tem given by the a, b, c* axes of 4T [28]. By
choosing an appropriate value of ka we are able to
obtain the desired direction of propagation. Consid-
ering that we are far from the region of absorption
and that the direction of propagation of the incident
wave lies in the corresponding principal plane
orthogonal to L, the incident wave can be consid-
ered as an ordinary wave, even if we have assumed
a real ka. Once the incident wave vector and polar-
isation are known, we can compute the reflectivity.
As with the b polarised wave case, there is only
one ac polarised reflected wave since there is no mix-
ing between s and p polarized waves after reflection.
However, the reflected wave does not propagate in
the principal plane for the ac polarization and it is
therefore extraordinary. Fig. 6 shows the calculated
reflectivity as a function of energy at the 4T inter-
face. For namb = 1, the emitted light propagating
in the ac plane is totally reflected at the crystal/air
interface in the whole energy range and self-wave-
guided along the plates.

This result has to be compared with the conclu-
sions of a previous work where we discussed the
directional dispersion observed in p polarized
absorption spectra of 4T taken with ac as plane of
incidence for incident light travelling in air [28,31].
We found that by varying the angle of incidence a
fraction of the directional dispersion can be probed
between the transverse xT and longitudinal xL

angular frequencies of the L polarized transition.
In the limiting case of purely transverse excitation
of the optical transitions, a band centred at the
transverse frequency xT in absorption and the typ-
ical stopping band between xT and xL is expected.
However, transverse propagation of the light inside
the crystal cannot be achieved due to intrinsic limits
of the refraction at the air/4T interface. Also for
energies below �hxT, the spectral range of interest
for the emission, the transverse propagation of light
(with the electric field along L) is not achievable
as a consequence of refraction at the air/crystal



Fig. 7. Image of a few hundreds nm thick 4T crystal taken with a
fluorescence microscope.
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interface. In a complementary way, total internal
reflection at the 4T/air interface of the emitted light
which is polarized along L is another aspect of the
same phenomenon, namely the light is unable to
escape across the crystal/air interface. If the trans-
verse component was accessible then due to the
reversibility of the light path across an interface
the emission would also be able to escape.

Similarly as for namb = 1, we have also calculated
the internal reflectivity at the crystal interface with
an isotropic medium with refractive index
namb = 1.6, shown in Fig. 6. In this case, a fraction
of the emitted light is transmitted through the inter-
face and light is expected to emerge from the top of
the crystal plate.

Finally, in our crystals another outcoupling path
can occur, as light is expected to be transmitted
through the surface when defects (such as stacking
faults) are present, which can influence the light
propagation. These can be seen as the bright points
or striations in Fig. 7 which shows the image of a
few hundreds nm thick 4T crystal taken with a fluo-
rescence microscope.

4. Conclusions

The propagation of the emitted light in quaterthi-
ophene crystals has been described on the basis of
the material dielectric tensor. Fluorescence polar-
ized in the ac plane has been found to be self-wave-
guided along the plates. In the framework of
organic lasers, and especially distributed feedback
devices, combining both stimulated emission and
waveguiding along the crystal slab is crucial for
achieving an effective laser action. The line-narrow-
ing, resulting from amplified spontaneous emission
assisted by the waveguiding effect, is indeed an
important prerequisite for lasing.

The effect is strongly affected when the crystal is
in contact with high refractive index media. In par-
ticular, the outcoupling of guided modes providing
laser emission can be accomplished by the subse-
quent engraving of periodic gratings by means of
lithographic processes. The resulting periodic varia-
tion of the effective refractive index can induce
Bragg scattering along the crystal slab. The varia-
tion of the external refractive index or the litho-
graphically-induced tuning of the effective
refractive index along the slab directly affect the
waveguiding/outcoupling relative efficiency. We
believe therefore that structuring optical gain
organic crystals is a promising candidate route for
the realization of efficient organic semiconductor
lasers.

Since the waveguiding effect is also strongly
affected when defects are present, the analysis of
the emitted light from the crystal can be also
exploited in a sensor to reveal substances with high
enough refractive index, as a probe to study the con-
tact between the crystal and another medium, inde-
pendently of the excitation process, which may be
by electrical or optical pumping, in the latter case
independent of the energy, polarization, and direc-
tion of the excitation source.
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Abstract

We report enhanced field-effect mobility of hexafluoro-copper phthalocyanine (F16CuPc) transistors made by soft con-
tact lamination. In this way, the damage to organic semiconductor during conventional vacuum deposition of metal elec-
trodes can be avoided. The injection of charge carrier from metal electrodes into semiconductor layer can be improved.
Combined with surface chemical treatment of the dielectric layer, an enhanced charge carrier mobility, ca. 0.08 cm2/Vs
for F16CuPc devices is achieved, higher than the typical value of 0.03 cm2/Vs for devices made by direct metal deposition
methods.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Organic transistor; Soft lamination; n-Channel; Mobility
1. Introduction

Driven by the need of organic complementary
metal-oxide (CMOS), much progress has been made
to obtain high performance n-channel organic semi-
conductors, including C60 and its derivatives [1–5],
copper hexafluoro phthalocyanine (F16CuPc), [6,7]
perylene and its derivatives [8–12], oligothiophene
and its derivatives [13,14]. By far F16CuPc is among
the most widely used n-channel materials due to its
relatively high mobility (i.e., 0.03 cm2/Vs), superb
air stability, and readily commercially available. A
top-contact device configuration is typically used
to fabricate thin film transistors, in which the
source/drain metal electrodes are deposited by vac-
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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uum evaporation through a shadow mask. How-
ever, the evaporated metal could diffuse into the
organic semiconductor as well as cause chemical
degradation to the organic material resulting in a
higher contact resistance [15–21]. Therefore, the
overall device performance may be compromised,
hindering the potential for high operating speed
for organic CMOS circuitry. Although bottom con-
tact configuration may avoid the above problems,
such devices generally have inferior performance
than top contact devices due to poor morphology
of organic semiconductors grown on the rough sur-
face of electrodes [22,23]. Soft contact lamination
technique thus becomes the best choice [24–30].
In this approach, source and drain metal elec-
trodes are first formed on an elastomeric substrate,
such as polydimethylsiloxane (PDMS). The devices
were completed by the conformal contact of such
.

mailto:zbao@stanford.edu
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electrodes with the substrate which already has a
gate electrode, a dielectric layer and a semiconduc-
tor layer. Combined with other device improvement
procedures such as multiple purifications of the
organic semiconductor and surface chemical treat-
ment of the substrates, we demonstrated that the
device performance for the n-channel F16CuPc tran-
sistor can be further improved.

2. Experimental

F16CuPc was purchased from Aldrich Inc. The
purification was carried out by three consecutive
vacuum sublimations using a three-temperature-
zone furnace (Lindberg/Blue Thermo Electron
Corporation). The three temperature zones were
set to be 320 �C, 295 �C and 200 �C and the vac-
uum level during sublimation was 10�6 Torr or less
while the starting material was placed in the first
temperature zone. Highly doped n-type Si (100)
wafers (<0.004 X-cm) with a thermally grown dry
oxide layer (capacitance per unit area Ci = 10 nF/
Si (n++) gate

FCuPc

SiO2

Side view

F16CuP

Source (Au)

SiO2

Si (n++) 

PDMS
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Source (Au)
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b

Fig. 1. (a) Soft contact lamination for F16CuPc TFTs and (b) to
cm2) as gate dielectric were used as substrates.
After the substrates were cleaned with acetone
and followed by isopropyl alcohol (IPA), they were
further treated with n-octadecyl triethoxysilane
[C18H37Si(OC2H5)3, OTS, obtained from Aldrich
Chem. Co.]. Details for the OTS treatment are as
follows: a drop of pure OTS was loaded on top
of a preheated glass plate (�100 �C) inside a reac-
tor. The reactor was immediately evacuated for
1 min (�25 mmHg) then the valve to vacuum was
closed. The SiO2/Si substrates were left in the reac-
tor heated to 110 �C for at least five hours to give
a hydrophobic surface. Finally, the substrates were
baked at 110 �C for 15 min, rinsed with isopropa-
nol and dried with a stream of air. As shown in
Fig. 1a, F16CuPc thin films (45 nm thickness) were
vacuum-deposited on Si/SiO2 substrates through a
shadow mask (7 mm · 20 mm) at elevated temper-
ature of 125 �C with a deposition rate of 1.0 Å/s
at 10�6 Torr.

Top-contact devices with soft contact laminated
electrodes were fabricated as follows: first, gold
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contact electrodes (40 nm thickness) were deposited
onto the substrate besides the organic semiconduc-
tor films through a shadow mask (channel width/
length = 4000 lm/200 lm) to match the drain and
source electrodes on PDMS stamp. Separately,
source and drain gold electrodes (40 nm thickness)
were deposited on a PDMS elastomeric substrate
using the same drain/source shadow mask. Sec-
ondly, the devices were completed by placing such
electrodes on PDMS onto a substrate with a gate
electrode, a dielectric layer and the semiconductor
layer as shown in Fig. 1a. Note that portions of
the source/drain electrodes were intentionally left
uncovered by the PDMS stamp in order to leave
enough room for probing during the electrical tests.
The top contact configuration is thus achieved, as
shown in Fig. 1b. In addition to gold, other metals
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tested as the soft contact electrodes. Both silver
and aluminum electrodes were deposited by thermal
evaporation while ruthenium was deposited by
sputtering.

3. Results and discussion

The electrical characteristics of OTFT devices
were measured using a Keithley 4200-SCS semicon-
ductor parameter analyzer. Key device parameters,
such as charge carrier mobility (l), on/off current
ratio (Ion/Ioff) and the threshold voltage (Vth), were
extracted from the drain–source current (Ids)–gate
voltage (Vg) characteristics. Typical current–voltage
characteristics of F16CuPc TFTs with Au elec-
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conventional methods are shown in Fig. 2a and b,
respectively. It can be seen that the general features
of IV curves for devices made by both lamination
and conventional methods are similar. After averag-
ing over forty devices, the averaged mobility achieved
is 0.08 cm2/Vs (standard deviation of 0.0046 cm2/
Vs), the on/off ratio is about 105, and the threshold
voltage is about �23 V. The mobility obtained this
way is close to three times that of the typical value
of F16CuPc TFTs (i.e., 0.03 cm2/Vs averaged over
forty devices, standard deviation of 0.0036 cm2/Vs)
made by conventional top-contact method. It is also
higher than the previously reported results for soft
contact lamination [26].

The device statistics can be seen in Fig. 3a and b.
For comparison, as shown in Fig. 2(c), the source
and drain current Ids is plotted as a function of
the gate voltage (Vg) for both the laminated device
and the device made by conventional top-contact
method. Mobility, on/off ratio and threshold volt-
age for different substrate temperatures during thin
film deposition are summarized in Table 1a for soft
contact lamination using gold electrodes. It can be
seen that, for F16CuPc films deposited at room tem-
perature, the improvement of charge carrier mobil-
ity is only marginal: mobility increased from
0.0045 cm2/Vs to 0.0056 cm2/Vs. The on/off ratios
are 4.4 · 104 and 1.2 · 105 for lamination and con-
ventional methods, respectively. The corresponding
threshold voltages are 29.4 V and 34.2 V, respec-
tively. For elevated substrate temperature of
125 �C, the mobility increased from about
0.03 cm2/Vs to 0.08 cm2/Vs. The on/off ratios are
3.5 · 105 and 3.3 · 105 for lamination and conven-
tional methods, respectively. The corresponding
threshold voltages are �23 V and 21 V, respectively.
It is unclear why the threshold voltages of the lam-
inated devices prepared with F16CuPc deposited at
this temperature were much more negative than
the others. The value quoted here is averaged over
forty devices with a standard deviation of 5.21 V.
It has been reported that electron traps of hydroxyl
OH groups can cause the shift of threshold voltage
Vth [31]. Also structural and chemical imperfections
in the semiconductor can produce deep traps and
therefore shift Vth [32]. Organic thin film morphol-
ogy and dipole from self-assembled monolayer
(SAM) can also affect Vth [33]. In our case, it is
unclear exactly what mechanism plays a major role.
It could be possible that lamination procedure itself
would somehow introduce charge traps at the
metal/organic interface and therefore cause the shift
of Vth. For example, the different degree of diffusion
of metal into organic layer for both lamination and
conventional lamination methods might cause dif-
ferent interface barrier [34] and therefore different
threshold voltage for the devices.

It was also suggested by Horowitz et al. that the
conventional method of calculating threshold volt-
age may not be accurate for devices with significant
contact resistance, which is typically the case for
organic transistors. They suggested extracting
threshold voltage using the transconductance
change (TC) method [35] by plotting the second
derivative of the drain current as a function of gate
voltage Vg in the linear region at low applied
source/drain voltage Vds [36]. Vth is then given by
the corresponding Vg for the peak position of the
curve. Since TC method is insensitive to contact
resistance, the threshold voltages obtained this
way are more reliable. We also calculated Vth using
this method. In most cases, Vth obtained by TC
method are smaller compared to previous results.
The averaged threshold voltage for laminated and
evaporated Au electrode are about 14 V and 18 V,
respectively, comparing to �23 V and 21 V using
extrapolation method. This indicates that the differ-
ence in threshold voltage calculated using previous
method may be a result of the large difference in
the contact resistance, which is indeed the case as
discussed below.

In soft contact lamination process, the bonding
between the metal electrodes and organic semicon-
ductor is in the form of van der Waals forces [24].
Therefore, damages to the semiconductor due to
pressure and heat can be avoided. The improved
quality of the devices made by soft contact lamina-
tion can be directly seen in the lower contact resis-
tance. In our case, the estimated contact resistance
is about 3.68 · 105 X for laminated devices, less
than devices made by conventional method (ca.
1.091 · 106 X), indicating improved contact between
metal electrodes and organic semiconductor layer
using soft contact lamination method. The contact
resistance was extrapolated from the plot of resis-
tance versus channel length (see Fig. 3c) [37].

Various other metals were also used as soft
contacts in order to investigate the effect of metal
work function. Metals such as silver, aluminum
and calcium have lower work functions (4.7 eV,
4.1 eV and 2.9 eV, respectively) compared to gold,
which should lead to better alignment against the
LUMO level (4.4 eV) of F16CuPc [38,39]. Thus,
one would potentially be able to achieve better
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Table 1a
Mobility, on/off ratio and threshold voltage for laminated F16CuPc TFTs using gold electrodes for different substrate temperatures during
thin film deposition

S/D electrode 25 �C 125 �C

Laminated Direct evaporation Laminated Direct evaporation

Au
Mobility (cm2/Vs) 4.5 · 10�3 5.6 · 10�3 0.082 0.030
On/off ratio 4.4 · 104 1.2 · 105 3.5 · 105 3.3 · 105

Vth (V) 29 34 �23 (14) 21 (18)

N/A, not measured.
Note: Threshold voltages obtained by transconductance change (TC) method are listed in parenthesis.
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device performance using these metals as source/
drain electrodes for the transistors. However, these
low work function metals are reactive and prone
to oxidation, the overall device performance is thus
compromised. The top-contact devices with direct
evaporation of aluminum onto F16CuPc results in
very low mobilities of 8 · 10�4 cm2/Vs due to reac-
tion between Al and F atoms [21]. The correspond-
ing mobility using silver as top-contact electrodes is
3.5 · 10�4 cm2/Vs. The mobility, on/off ratio and
threshold voltage results for laminated F16CuPc
TFTs using aluminum, silver and ruthenium elec-
trodes are summarized in Table 1b. The laminated
devices always had better performance than the
ones with direct metal evaporation onto F16CuPc,
but are still not as good as with higher work func-
tion and more inert gold electrodes. For example,
using aluminum as soft contact electrodes, for sub-
Table 1b
Device parameters for laminated F16CuPc TFTs using aluminum, silver
deposition rates during thin film deposition

Electrodes Substrate temperature

50 �C 80 �C

Deposition rate (Å/s) of F16CuPc

0.1 0.2

Laminated Direct evaporation Lamina

Al
Mobility (cm2/Vs) 3.7 · 10�3 N/A 4.9 · 10
On/off 1.4 · 104 8.3 · 10
Vth (V) 20 18

Ag
Mobility (cm2/Vs) N/A N/A
On/off N/A N/A
Vth (V) N/A N/A

Ru
Mobility (cm2/Vs) N/A N/A
On/off N/A N/A
Vth (V) N/A N/A

Note: Threshold voltages obtained by transconductance change (TC) m
strate temperature of 50 �C and a slow deposition
rate of 0.1 Å/s for F16CuPc, the laminated devices
show carrier mobility of about 0.0037 cm2/Vs, lower
than the gold electrode counterpart. The on/off
ratio and threshold voltage are in the same order
as the devices laminated using gold electrodes. For
substrate temperature of 125 �C and a deposition
rate of 1.0 Å/s for F16CuPc, the laminated devices
show carrier mobility of about 0.06 cm2/Vs, still
lower than the gold electrode counterpart. The on/
off ratio and threshold voltage are 1.26 · 106 and
30 V, respectively. Partial oxidation of the alumi-
num electrodes may prevent them from having good
contacts with semiconducting layer. When using sil-
ver soft contact electrodes, for substrate tempera-
ture of 125 �C and a deposition rate of 1.0 Å/s for
F16CuPc, the laminated devices show carrier mobil-
ity of about 0.021 cm2/Vs. The on/off ratio and
and ruthenium electrodes for various substrate temperatures and

125 �C

1.0

ted Direct evaporation Laminated Direct evaporation

�3 N/A 0.061 8.0 · 10�4

3 1.3 · 106 5.9 · 104

30 (21) 28 (25)

0.021 3.5 · 10�4

8.7 · 103 1.7 · 103

7 (9) 25 (21)

0.066 0.019
3.0 · 104 3.8 · 103

7 (6) 18 (21)

ethod are listed in parenthesis.
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threshold voltage are 8.7 · 103 and 7.12 V,
respectively.

We also used another high work function metal
ruthenium (5.5 eV). Its work function is slightly
higher than that of gold (i.e., 5.1 eV). The best
obtained charge carrier mobility for soft contact
Ru electrodes is about 0.066 cm2/Vs, while for
direct evaporation the mobility is 0.019 cm2/Vs.
The on/off ratio is 3 · 104, and the threshold voltage
is 7 V. Comparison of the current–voltage charac-
teristics for F16CuPc TFTs made by soft contact
lamination using aluminum, silver and ruthenium
can be seen in Fig. 2d.

As shown in Fig. 4, F16CuPc TFTs with Au elec-
trodes made by both soft contact lamination and
evaporation methods show good air stability. Both
charge carrier mobility and on/off ratio do not
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Fig. 4. Air-stability measurements of F16CuPc TFTs with Au electrode
ratio as a function of time. Square: Au electrodes made by lamination
triangle: the relative humidity of the ambient lab environment.
decrease very much after the devices being stored
in ambient lab environment for 1 month.

4. Summary and conclusions

We obtained electron mobility as high as
0.08 cm2/Vs for F16CuPc TFTs made by soft con-
tact lamination using gold electrodes. The dielectric
layer was treated with OTS so as to reduce charge
trapping before depositing the purified organic
semiconductor. Interface engineering such as soft
contact lamination used in our case can further
enhance device performance by improving the
charge carrier injection from metal electrodes into
semiconductor layer. This approach makes it possi-
ble for high speed operating of organic CMOS
circuitry.
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s: (a) charge carrier mobility as a function of time and (b) on/off
method; circle: Au electrodes made by evaporation method; and
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Abstract

Luminescent materials based on 3,4-ethylenedioxythiophene (EDOT) and dihexylfluorene were designed. EDOT–fluo-
rene–EDOT molecule, C3, was synthesized in high yields by a Stille cross-coupling reaction. The formylation of EDOT
units yielded C4 molecule and a subsequent coupling reaction of C4 with a Wittig reagent produced C5. Electrochemical
and optical experiments allowed us to accurately determine the energy level diagram corresponding to these three new mol-
ecules. Finally, in order to compare the electroluminescent behaviour of the bricks C3, C4 and C5, a simple monolayer
OLED structure [ITO/PEDOT-PSS(50 nm)/Cx(50 nm)/Ca(100 nm)/Al(100 nm)] was designed. In the case of C5, energetic
barriers at both interfaces were significantly reduced. For these reasons, devices based on C5 exhibit very high luminance
values of approximately 1000 Cd/m2 at low applied voltage (below 10 V) with a turn-on voltage of 4.5 V. Maximum quan-
tum and luminous efficiencies of 0.3 Cd/A and 0.1 lm/W are reported. According to the basic single layer structure, such
values are very promising if C5 is used as emissive material in a multilayer-device.
� 2006 Elsevier B.V. All rights reserved.

PACS: 78.60.Fi; 78.40.Me; 71.20.Rv; 82.45.Wx

Keywords: Fluorene; 3,4-Ethylenedioxythiophene; Electroluminescence; OLED
1. Introduction

Since the mid-80s, considerable research efforts
have been carried out in the field of organic light-
emitting devices to obtain brightness and operating
voltages suitable for commercial applications [1–4].
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.09.004

* Corresponding author. Tel.: +33 5 40 00 84 88; fax: +33 5 40
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Nowadays, the highly efficient organic light-emit-
ting diodes (OLEDs) represent an attractive alterna-
tive to conventional inorganic LEDs in the field of
flat panel displays manufacturing as well as lighting
[5–9]. Recently, much attention has been focused on
thiophene derivatives-based linear p-conjugated
oligomers and particularly on 3,4-ethylenedioxythi-
ophene (EDOT), the latter monomer being used as a
building block in several multi-ring systems due to
its unique properties such as electrochromism
.
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[10,11] and photoluminescence [12]. Moreover,
PEDOT derivatives have interestingly been
described as low band gap polymers easing positive
charge injection and transport [13,14]. Besides,
among the other conjugated polymers, polyfluo-
renes (PFs) have emerged as the most promising
candidates for OLEDs [15]. PFs present numerous
advantages such as high luminescence quantum effi-
ciencies, high hole mobility and thermal stability.
They are also widely investigated for the develop-
ment of blue light-emitting materials. Furthermore,
the 9,9-dialkylfluorene class of oligomers and poly-
mers has shown enhanced solubility and process-
ability of p-conjugated segments. However, PFs
have a poor spectral stability because they are
known to form fluorenone [16] and excimers [17]
in the solid state, implying a quenching of fluores-
cence and giving an irreversible color emission
change from blue to green. Many groups have asso-
ciated the EDOT and fluorene molecules in a same
heteroaromatic structure in order to improve the
injection of holes in the resultant material. Some
syntheses of association-based copolymers through
palladium-catalyzed Suzuki reaction [18] or by
dehalogenative polycondensation involving zero-
valent metal coupling [19] have already been
described.

Reynolds and coll. have reported the synthesis of
such copolymers by electropolymerization [20] and
Stille coupling [21], from a molecule composed of
a central didecylfluorene and EDOT-based hetero-
cycles symmetrically placed on each side. Polymer
light-emitting diodes were prepared with these poly-
mers (ITO/polymer/LiF/Ag/Al device) showing
luminance around 2.1 cd/m2 [18b] and band gap
close to 2.15 eV [21]. These electroluminescent
results showed these polymers as promising candi-
dates in PLEDs.

With a similar strategy, we designed a series of
rigid molecular bricks combining a central dihexyl-
fluorene blocked on each side by one functionalized
(or not) EDOT unit. It is noteworthy that such
functional bricks are aimed to be subsequently used
in coupling reactions with functionalized coil poly-
mers in order to synthesize rod–coil systems and
to investigate the propensity of the latter to form
self-assemblies with original optoelectronic proper-
ties. Similarly to the approach developed by Larmat
et al. [20] we have synthesized the molecule bis-
(3,4-(ethylenedioxy)thien-2-yl)-9,9 0-dihexylfluorene
(BEDOT-HF) (C3) by Stille coupling from 2,7-dib-
romo-9,9-dihexylfluorene and 2-(trimethylstannyl)
EDOT (see Scheme 1). This molecule was then func-
tionalized in incorporating carboxaldehyde (C4)
and vinyl-ester (C5) moieties. The synthesis and
the characterizations of BEDOT-HF and its deriva-
tives are reported hereafter. Optical, electrochemical
and electroluminescence properties of each molecule
were studied. OLEDs based on these 3 ‘‘bricks’’
were also investigated. We especially demonstrated
that the optical properties and electronic stability
of these molecules are very sensitive to the function
attached to the ‘‘bricks’’.

2. Results and discussion

2.1. Synthesis and characterization of conjugated

‘‘bricks’’

The syntheses of a series of conjugated molecular
‘‘bricks’’ C3, C4 and C5 bearing fluorene and
EDOT moieties are described hereafter (see Scheme
1). First, starting materials C1 and C2 were
obtained as follows. 2-Trimethyltin-3,4-ethylenedi-
oxythiophene C1 was synthesized by stannylation
of EDOT with trimethyltin chloride in the presence
of n-Buli. In order to avoid the formation of distan-
nyl-EDOT, the reaction was performed under dilute
conditions ([EDOT] = 8.8 · 10�2 M). Besides, 2,7-
dibromo-9,9-di-n-hexylfluorene C2 was easily
obtained by alkylation of 2,7-dibromofluorene with
1-bromohexane using a NaOH aqueous solution as
reductive agent and tetrabutylammonium chloride
as a catalyst. Then, the synthesis of C3 was first
achieved via a nickel(II) chloride catalyzed Grig-
nard cross-coupling between C1 and C2 using an
entrainment procedure with Mg0 turnings and 1,2-
dibromoethane. Yields obtained by this way were
not enough satisfactory and one decided to use pref-
erentially the Stille coupling method. This reaction
has been efficiently used to design a whole class of
original and tunable electro-active conjugated mole-
cules, oligomers or polymers [22–25]. Compounds
C1 and C2 were thus allowed to react through a
Stille cross-coupling using Pd(PPh3)4 as a catalyst
to give C3. The latter was then purified by silica
gel chromatography and crystallized in hexane to
get final product with a good yield (70%). The struc-
ture of the molecule C3 was confirmed by electro-
spray ionization. A value of m/Z = 614.4 was
obtained, in good agreement with the theoretical
value. Afterwards, the formylation of the com-
pound C3 was readily realized in the presence of
n-BuLi and DMF, leading (BEDOT-HF)-di(CHO)
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(C4) in 80% yield after purification by chromatogra-
phy on silica gel (eluent = dichloromethane).
Finally, the aldehyde functions of C4 were allowed
to react at 140 �C with (ethoxycarbonylmethylen)-
triphenylphosphoran (Wittig compound) to quanti-
tatively yield the product C5. After purification by
chromatography on silica gel (eluent = toluene/
ethyl acetate (50/50) (v/v)), C5 was characterized
by 1H NMR (see Fig. 1) showing a majority of
the cis-form isomer.

2.2. Optical properties of the ‘‘bricks’’ C3, C4 and C5

The absorption spectra of molecules C3 to C5 in
dilute CHCl3 solution (10�5 M) are shown in
Fig. 2a. Results are summarized in Table 1. In solu-
tion, C3, C4 and C5 exhibit comparable absorption
spectra. Indeed, they show a relatively broad absorp-
tion peak with an absorption maximum attributed to
p–p* transition and a shoulder to the higher wave-
length. A noticeable red shift in the absorption max-
imum (from 359 nm to 430 nm) is observed after
each functionalization step. This result can be due
to two phenomena: the extension of the conjugation
length and the changes of the HOMO–LUMO levels
as electron withdrawing groups are attached to C3

(i.e. aldehyde and vinyl ester).
Regarding the fluorescence analysis (Fig. 2b), the

spectrum of C3 shows a wide peak with an emission
maximum at 418 nm and three shoulders at higher
wavelengths. The stronger peak at 418 nm and the
first shoulder at 442 nm can be assigned to vibronic
side bands and precisely to 0–0 band and 0–1 band
respectively [26]. The two other shoulders (489 and
521 nm) seem to correspond to other species, likely
formed due to the instability of C3 towards oxygen.
It is noteworthy that EDOT-base derivatives are
very sensitive to light and give rise to photooxida-
tion [27]. The large spectral covering of C3 leads
to a pale blue emission. The other ‘‘bricks’’ exhibit
similar behaviours with well-defined structure indi-
cating a precise backbone in the excited state and
offer a blue–green emission. The maximum emission
of C4 and C5 were found respectively at 462 nm and
486 nm.

Solid films on glass were prepared by thermal
evaporation under vacuum (10�6 mbar). UV–vis
spectra are shown in Fig. 3. Compared to the corre-
sponding solution absorption spectra, the film
absorption spectra were nearly the same for the
compound C4 and C5. No additional peak can be
observed. It is believed that the adopted conforma-
tion prevents the arrangement of molecules under
aggregate forms. Concerning C3, the absorption
spectrum was red-shifted of about 21 nm and the
absorption maximum was shifted of about 10 nm.
Such a bathochromic shift can be explained by a
parallel alignment of the conjugated backbone (J-
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aggregates). C3 may have a higher ability to crystal-
lize and thus create more important intermolecular
interactions in the solid state favoring coplanar
arrangements of the aromatic rings. From the onset
wavelength of absorptions, optical gaps of each
molecule have been calculated (Table 1). These



Table 1
UV–vis absorptions and electrochemical properties

Sample Absorption in CHCl3 Absorption film Oxidation onset Reduction onset Energy levels (eV) Eg
a (eV) Eg

b (eV)

kmax (nm) kmax (nm) (V vs Ag) (V vs Ag) HOMO LUMO

C3 359 369 0.81 – �5.14 �2.11a 3.03 –
C4 410 411 1.16 �1.52 �5.49 �2.81 2.66 2.68
C5 430 431 0.94 �1.47 �5.27 �2.86 2.54 2.41

a Estimated from the onset wavelength of optical absorption of the thin solid film.
b Calculated according to the equation: ELUMO = EHOMO + Eg.
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values will be compared afterwards with electro-
chemical data.

2.3. Electrochemical investigations of the ‘‘bricks’’
C3, C4 and C5

Cyclic voltammetry (CV) studies of compounds
C3 to C5 in solution, have been carried out in
CH2Cl2 solution containing tetrabutylammonium
hexafluorophosphate (nBu4NPF6) (0.1 M) as elec-
trolyte (see Fig. 4).

All the molecules exhibit non-reversible pro-
cesses. For molecule C3, the onset of oxidation
starts at 0.81 V with a peak at 0.98 V (Ea

p vs Ag).
The oxidation waves for C5 and C4 are successively
shifted to positive potentials for C5 (onset: 0.94 V,
Ea

p ¼ 1:08 V vs Ag) and C4 (onset: 1.16 V,
Ea

p ¼ 1:33 V vs Ag) due to the presence of electron
withdrawing groups (i.e. vinyl-ester or aldehyde
respectively). Besides, as it could be expected from
electron rich molecule, the reduction was not
observed for C3 within the solvent limit, indicating
that its reduction occurred at very low potentials.
The onset of the reduction starts at � 1.47 V
(Ec

p ¼ �1:65 V vs Ag) and at �1.52 V (Ec
p ¼

�1:58 V vs Ag) for C5 and C4 respectively which
results in band gaps of DECV(C5) = 2.41 eV and
DECV(C4) = 2.68 eV relatively well matching the
optical band gaps (DEopt.(C5) = 2.54 eV and
DEopt.(C4) = 2.66 eV) determined on thin solid
films. According to these redox data, the incorpora-
tion of electron withdrawing moieties onto molecule
C3 has a predominant influence on the electronic
properties of C5 and C4, whereby both, oxidation
and reduction are positively shifted. It has to be
noted that the functionalization of C3 not only
affects the HOMO–LUMO levels but also increases
its stability towards its oxidative polymerization. In
fact, as already described by Reynolds and coll. [20],
an electropolymerization of C3 at the electrode with
the formation of a dark blue film has been observed.

The energy levels (vs vacuum) of the frontier
orbitals HOMO and LUMO of the three molecules
C3, C4 and C5 directly correlate to the redox pro-
cesses. They are calculated from the onset of oxida-
tion (Up) and reduction (Un) according to the
following equations reported by de Leeuw, EHOMO

(eV) = �(Up + 4.4 + E(Ag+/Ag)/SCE) and ELUMO

(eV) = �(Un + 4.4 + E(Ag+/Ag)/SCE) [28]. For that
purpose, E(Ag+/Ag)/SCE was determined with
respect to the ferrocene/ferricinium couple and
found equal to �0.07 V. HOMO and LUMO values
are reported in Table 1. A corresponding energy
level diagram is depicted in Fig. 5a. To evaluate
the performance of the molecules C3 to C5 in
light-emitting diodes, the HOMO and LUMO levels
are compared to the electrode work functions com-
monly used for the fabrication of such devices.

The substitution of molecule C3 by electron with-
drawing groups lowers the HOMO and LUMO lev-
els. This effect is more pronounced for C5 which
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seems to be the most in adequacy with the elec-
trodes. In this case, the increase in conjugation has
to be taken into account. The LUMO level has been
lowered down to �2.86 eV to ease the injection of
electrons and the HOMO level has been raised up
to �5.27 eV to maximize the injection of holes.

2.4. OLEDs characterizations

In order to compare the electroluminescent
behaviour of the bricks C3, C4 and C5, a simple
monolayer OLED structure was designed (see
Fig. 5b).

The device structure was ITO/PEDOT-
PSS(50 nm)/Cx(50 nm)/Ca(100 nm)/Al(100 nm).
Indium tin oxide, commonly used as a transparent
electrode, was covered with a layer of poly(3,4-ethy-
lenedioxythiophene) doped with poly(styrene sulfo-
nate), known as PEDOT-PSS. This buffer layer is
commonly used in OLEDs to improve the injection
of holes from the ITO to the HOMO level of the
organic material and increases device performances
[29]. Calcium has been chosen as cathode material
to achieve a good injection of electrons in the
LUMO levels of the organic material because of its
very low work function (�2.9 eV). The calcium layer
was capped with an aluminum layer and such devices
are made and characterized under inert nitrogen
atmosphere (O2 and H2O < 0.1 ppm). The charac-
teristics of the OLEDs are listed in Table 2 and the
luminance–voltage curves (L–V) are shown in Fig. 6.

C3-based OLEDs exhibit low luminance values,
i.e. 6 Cd/m2 at 11.3 V. A low voltage threshold of
6 V was observed, indicating a good injection of
charge carriers in C3. According to the band dia-
gram (Fig. 5a), holes injection from PEDOT-PSS
(�5 eV) to the HOMO of C3 (�5.14 eV) is more
facilitated than the injection of electrons from Ca



Table 2
Characteristics of OLEDs from C3, C4 and C5

OLED Luminance max (Cd/m2) Quantum efficiency max (Cd/A) Luminous efficiency max (Lm/W)

C3 6.1 9.7 · 10�4 2.8 · 10�4

C4 2.2 4.3 · 10�4 4.1 · 10�4

C5 1013 0.3 0.1
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(�2.9 eV) to its LUMO (�2.11 eV) because of a
huge energetic barrier at the C3/Ca interface. The
electroluminescence (EL) spectra have been
recorded right after the OLED was turned on for
the very first time (Fig. 7). A pale blue–green emis-
sion with chromaticity coordinates (CIE 1964)
X = 0.18 and Y = 0.45 was observed. In fact, the
EL spectrum showed a major green peak at
500 nm with a tiny blue shoulder located at
426 nm. The latter is consistent with the band-gap
value of C3. While EL spectra were recorded after
10 s of operation, the color shifted from blue–green
to greenish emission with X = 0.24 and Y = 0.53.
The blue peak has been reduced during operation
and the major green contribution was emphasized
with a more pronounced vibronic structure. Such
a vibronic structure with a typical Huang–Rhys
behaviour is commonly observed in polymer-based
OLEDs [30]. It is believed that a current flow in
the device can induce a polymerization from EDOT
groups of C3 to form dimers and/or trimers that
emit a green light due to the enhancement of the
conjugation length. The EL spectra measured one
minute right after the device was turned on, also
shows a green component. It is believed this peak
appeared faster than the time needed to perform
the EL measurement (below 2 s).

C4-based devices present poor performances.
Very low luminance values are obtained (maximum
2 Cd/m2 at 25 V), with a high voltage threshold, i.e.
15 V (Table 2). The EL spectrum was not recorded
considering the weakness of the signal and the very
fast degradation of the device (only few seconds).
The behaviour of C4 is due to the detrimental effect
of the electron withdrawing aldehyde groups that
lower the HOMO level down to �5.49 eV and thus
make difficult the injection of holes. In addition,
aldehyde groups can act as electron traps.

In the case of C5, energetic barriers at both inter-
faces were significantly reduced. For these reasons,
devices based on C5 exhibit very high luminance
values of approximately 1000 Cd/m2 at low applied
voltage (below 10 V) with a turn-on voltage of
4.5 V. Maximum quantum and luminous efficiencies
are reported in Table 2. 0.3 Cd/A and 0.1 lm/W
have been respectively recorded. According to the
basic single layer structure, such values are very
promising if C5 is used as emissive material in a
multilayer-device. As shown in the EL spectrum of
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C5 (Fig. 7), a green emission with chromaticity
coordinates X = 0.38 and Y = 0.55 is observed with
a maximum at 530 nm. Contrary to devices based
on C3 and C4, this OLED was found very stable
and did not degrade while operating for hours. Both
the EL spectrum and the emitted color were
unchanged under the charge carrier flow.

3. Conclusion

A series of conjugated bricks C3, C4 and C5

composed of a central dihexylfluorene blocked on
each side by one functionalized (or not) EDOT unit
were synthesized efficiently by coupling reactions.
These molecules show specific electronic and optic
characteristics. It is noteworthy that the incorpora-
tion of electron withdrawing moieties (i.e. aldehyde
or vinyl-ester groups respectively for C4 and C5)
not only prevents the polymerization of the brick
C3 but also affects the redox processes and therefore
the HOMO–LUMO levels. We have demonstrated
that the incorporation of vinyl-ester groups on C3

giving rise to compound C5 improves markedly
the OLED device performance with a high EL effi-
ciency and low driving voltage. Intensive studies
on the electroluminescent, holes and electrons-
transport properties of these materials in multilayer
OLED devices are in progress for getting higher per-
formance. Moreover, the bricks C4 and C5 have
been reacted to coil polymers and the optoelectronic
characteristics of the resulting coil–rod–coil block
copolymers are currently under investigation.

4. Experimental

4.1. General

1H NMR spectra were recorded on a Bruker
AC400 spectrometer operating at 400 MHz and
the samples were dissolved in CDCl3. UV–vis spec-
tra were measured in the spectral range of 200–
700 nm in chloroform solutions, and recorded on
a Varian Cary 3E UV–visible Spectrophotometer.
UV–vis spectra of the films were measured in the
spectral range of 200–700 nm, and recorded on a
Varian Cary 3E UV–visible. Fluorescence spectra
were recorded on a SAFAS Spectrofluorometer flux
spectrometer. The cyclic voltammetry measure-
ments were performed with a Tacussel apparatus
(PGSTAT10) at room temperature with a scanning
rate of 100 mV/s. The analysis of the sample solu-
tions were carried out in CH2Cl2 (HPLC grade,
Fisher Scientific) containing 0.1 M of tetrabutylam-
monium hexafluorophosphate (nBu4NPF6) as sup-
porting electrolyte in a one-compartment cell
equipped with three electrodes. The working anode
was platinum, the counter-electrode a platinum wire
and an Ag/AgNO3 reference electrode were used.
ESI (electrospray ionization) analysis was per-
formed with an ions trap thermo LCQ type spec-
trometer. The reactions were carried out by the
procedures described below.

4.2. Materials

Trimethyltin chloride (1 M in hexane), 3,4-ethy-
lenedioxythiophene (EDOT), n-butyllithium (n-BuLi),
N-pivaloyl-o-toluidine, 2,7-dibromofluorene, 1-bro-
mohexane, sodium hydroxide, tetrabutylammonium
chloride hydrate, tetrakis-(triphenylphosphin)-palla-
dium(0) [Pd(PPh3)4] and (ethoxycarbonylmethylen)-
triphenylphosphoran were purchased from Aldrich.
EDOT and DMF were stirred with CaH2 overnight,
and distilled prior to use. n-BuLi was filtrated and
titrated prior to use, with N-pivaloyl-o-toluidine
by the method described by Suffert [31]. The other
products were used as received without further
purification. THF was dried and distilled over
CaH2 and sodium/benzophenone respectively. Tol-
uene and xylene were used as received without fur-
ther purification. All reactions were carried out
under a dry nitrogen atmosphere, using flame-dried
glassware.

2-Trimethyltin-3,4-ethylenedioxythiophene (C1).
EDOT (3 g, 21.1 mmol) was dissolved in THF
(240 mL), and the solution was cooled to �78 �C.
n-Butyllithium (13.2 mL, 21.1 mmol) was slowly
added drop-wise, and the mixture was kept under
stirring at �78 �C during 1 h. Then, trimethyltin
chloride (21.1 mL, 21.1 mmol) was added at
�78 �C via a syringe and the yellow mixture was
allowed to warm to ambient temperature with stir-
ring for 24 h. At the end of the reaction, water
(100 mL) was added to the mixture which became
orange. The phases were separated, and organic
layer was extracted from the aqueous layer with
ether. All the organic layers were then washed with
water, subsequently dried over Na2SO4 and concen-
trated to give a brown viscous liquid. After, the
product was crystallized in hexane in order to
remove the residual EDOT and to give a brown
solid (4.6 g, yield = 71%). 1H NMR (CDCl3):
d = 6.57 (s, 1H, CH), d = 4.17 (s, 4H, OCH2-
CH2OH), d = 0.35 (s, 9H, Sn(CH3)3).
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2,7-Dibromo-9,9-di-n-hexylfluorene (C2). 2,7-Dib-
romofluorene (3 g, 9.26 mmol), 1-bromohexane
(13 mL, 92.6 mmol), tetrabutylammonium chloride
(300 mg), toluene (17 mL) and aqueous NaOH solu-
tion (14,81 g, 0.37 mol in 31 mL of distilled water)
were stirred vigorously under reflux overnight. The
purple reaction mixture was allowed to cool to
room temperature and was extracted with toluene.
The extracted organic layer was washed with water,
dried over Na2SO4 and concentrated to give a yel-
low liquid. The product was purified by distillation
in order to remove 1-bromohexane in excess and
then by column chromatography on silica gel using
hexane as eluent, to obtain yellow crystallized solid
(4.3 g, yield = 94%). 1H NMR (CDCl3): d = 7.55–
7.46 (6H, Ar), d = 1.93 (4H, CH2), d = 1.16–1.07
(12H, CH2), d = 0.81 (6H, CH3), d = 0.61 (4H,
CH2).

Bis(3,4-ethylenedioxythiophene)-9,9-di-n-hexylflu-

orene (C3). Compound C2 (1 g, 2.03 mmol), com-
pound C1 (1.363 g, 4.47 mmol) and [Pd(PPh3)4]
(0.1 g, 0.089 mmol) were introduced in a flask,
purged with nitrogen and kept under vacuum for
1 h. After, the products were dissolved in THF
(60 mL) and the mixture was stirred under reflux
for 30 h. Then, the reaction mixture was allowed
to cool at room temperature and THF was removed
by evaporation. Purification by chromatography on
silica gel (hexane/ethyl acetate = 90/10 (v/v)) affor-
ded the molecule as a brown liquid. Then, the prod-
uct was precipitated from hexane as a yellow
powder (0.87 g, 70%). 1H NMR (CDCl3):
d = 7.72–7.62 (6H, Ar (2)), d = 6.31 (s, 1H, CH 1),
d = 4.35–4.29 (d, 4H, OCH2CH2OH), d = 1.98
(4H, CH2(2)), d = 1.13–1.05 (12H, CH2 (2)),
d = 0.76 (6H, CH3 (2)), d = 0.68 (4H, CH2 (2)).
ESI (high resolution): m/Z = 614.4.

(Bis(3,4-ethylenedioxythiophene)-9,9-di-n-hexyl-

fluorene) – dicarboxaldehyde (C4). Compound C3

(1 g, 1.63 mmol) was dissolved in THF (40 mL),
and the solution was cooled to �78 �C. n-Butylli-
thium (6.7 mL, 10.7 mmol) was slowly added
drop-wise, and the mixture turning under a red–
brown color, was kept under stirring at �78 �C dur-
ing 1 h. Then, DMF (0.62 mL, 8.13 mmol) was
added at �78 �C via a burette and the mixture
was allowed to warm to ambient temperature with
stirring for 24 h. At the end of the reaction, water
(30 mL) was added to the mixture. After, the phases
were separated and the yellow organic layer was
extracted from the aqueous layer with ether. All
the organic layers were then washed several times
with water, subsequently dried over Na2SO4 and
concentrated. The product was then purified by
chromatography on silica gel using CH2Cl2 as elu-
ent, leading to a yellow solid (0.87 g, yield = 80%).
1H NMR (CDCl3): d = 9.96 (2H, CHO), d = 7.84–
7.71 (6H, Ar (2)), d = 4.46–4.43 (4H, OCH2CH2O),
d = 1.99 (4H, CH2(2)), d = 1.14–1.05 (12H, CH2

(2)), d = 0.76 (6H, CH3 (2)), d = 0.69 (4H, CH2 (2)).
Divinyl(bis(3,4-ethylenedioxythiophene)-9,9-di-n-

hexylfluorene)-diester (C5). To a solution of the
above aldehyde C4 (1 g, 1.49 mmol) dissolved in
50 mL of xylene, was added (ethoxycarbonylmethy-
len)-triphenylphosphoran (1.55 g, 4.47 mmol). The
whole mixture was stirred under ‘‘reflux’’ (at
140 �C) during 7 h. Then, the reaction mixture
which became dark orange, was allowed to cool at
room temperature and xylene was removed by cry-
odistillation. Purification by chromatography on sil-
ica gel (toluene/ethyl acetate = 50/50 (v/v)) afforded
the molecule as a yellow solid (1.15 g, yield = 95%).
1H NMR (CDCl3): d = 7.75–7.65 (6H, Ar (2); d,
2H, CH), d = 6.22 (d, 2H, cis-CH), d = 5.63 (d,
2H, trans-CH), d = 4.38 (4H, OCH2CH2O),
d = 4.24 (q, 4H, CH2O), d = 1.99 (4H, CH2(2)),
d = 1.32 (t, 6H, CH3), d = 1.14–1.05 (12H, CH2

(2)), d = 0.76 (6H, CH3 (2)), d = 0.69 (4H, CH2 (2)).

4.3. Device fabrication and characterization

Organic light-emitting diodes were fabricated on
ITO (indium–tin oxide) substrates on glass covered
with a 50 nm-thick layer of poly(3,4-ethylenedioxy-
thiophene) doped with poly(styrenesulfonate)
(PEDOT-PSS) deposited by spin coating at
5000 rpm. This conducting polymer layer was
annealed at 80 �C under rotary pump vacuum for
1 h. Then, the active layer (C3, C4 or C5) was ther-
mally evaporated under secondary vacuum
(10�6 mbar). The deposited thickness (50 nm) was
monitored using a piezoelectric balance set-up
inside the vacuum chamber close to the substrate
holder. Bi-layer cathodes of calcium (100 nm-thick)
and aluminium (100 nm-thick) were then sublimed
through a shadow mask. All investigated devices
have an active area of 10 mm2. Samples were then
stored and characterized under inert atmosphere in
a nitrogen glove box (O2 and H2O < 1 ppm). Con-
tacts were taken using a prober (Karl Suss PM5).
Current–voltage–luminance (I–V–L) curves were
recorded using a Keithley 4200 SCS coupled with
a photodiode calibrated with a Minolta CS-100

luminancemeter. Electroluminescence (EL) spectra
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were investigated using an Ocean Optics HR2000

Spectrometer.
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Abstract

This paper presents a process to manufacture all-polymer field effect transistors in a bottom gate configuration where all
electrodes – including the gate electrode – are patterned using an excimer laser in combination with a scanning unit. This
technique yields channel lengths of 10 lm between the source and the drain electrodes. Being a combination of a scanning
and a single shot patterning process it is a promising candidate for an industrial process with a resolution of 10 lm and an
operational throughput of at least 6 cm2/s.
� 2006 Elsevier B.V. All rights reserved.

Keywords: Laser patterning; P3HT; Thin-film transistors; Bottom gate
1. Introduction

One of the most interesting features of organic
electronics is the possibility to realize disposable
electronics due to its low-cost potential. In order
to fully enjoy the low-cost feature, simple and
cost-effective process technologies are key require-
ments for the fabrication of organic electronic
devices.
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2006.09.005
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Since the first papers describing completely
organic field effect transistors (FETs) [1] appeared
in 1994, several all-organic thin-film transistors have
been reported during the past decade. Based on
these devices, interesting applications like ring-oscil-
lators [2,3], a four-bit parallel-to-serial converter [4]
or RFID-tags [5] were presented. Most of these
organic field effect transistors (OFETs) are realized
with simple and cheap patterning techniques, for
example screen-printing [6], ink-jet printing [7],
micro-contact printing [8], laser-induced thermal
imaging [9] or direct laser patterning [10], represent-
ing the required simple and cheap key technologies
.
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for a plastic electronics industry. These examples
illustrate that, apart from the simplicity and hence
low-cost attributes of these technologies, other fac-
tors such as high throughput, small device dimen-
sions and compatibility to current fabrication
processes have to be taken into account.

Direct laser patterning offers the potential for
inexpensive and flexible patterning. The concepts
incorporating laser based patterning techniques
range from direct patterning of organic semi-con-
ductors [11] over assistance in printing processes
[12] to structuring of source and drain electrodes
in a top gate configuration [10] or opening a trench
for vertical-channel transistors [13].

In this paper, we present a process that was
developed to manufacture all-polymer field effect
Fig. 1. (a) Setup of the Scanning Excimer Laser Cleaning Unit (SELC
electrode. (b) Principle of the shot and the scanning mode.
transistors in a bottom gate configuration. By
employing an excimer laser system that uses a com-
bination of a scanning and a shot patterning process
the possible degrees of freedom in fabrication are
increased so that all electrodes – including the gate
electrode – are patterned by this laser system.

2. Laser structuring unit

The patterning of the electrode structures was
accomplished with a laser system that was originally
designed and employed for surface cleaning pur-
poses. This prototype – called Scanning Excimer
Laser Cleaning Unit (SELCU) – consists of the
Excimer Laser Lumonics PM 848 followed by an
variable attenuator, a beam homogenizer, a field-
U) used to pattern both the source/drain electrodes and the gate
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lens, two galvo scanners and finally an F-Theta lens
(80 mm in diameter, front lens is 66 mm in diameter
at a length of 40 mm) [14]. The setup of the actual
cleaning unit is depicted in Fig. 1a. The key element
is a beam forming and scanning unit. To improve
the laser beam quality for homogenous irradiation
of samples, a beam homogenizer was developed,
which forms a rectangular cross section with a
top-hat profile. This system can operate in a shot
and a scanning mode (Fig. 1b). The scanning area
is defined by the maximal cross section dimension
of the beam (�8 mm · 24 mm, hence 24 mm), the
maximal angular travel (±10�), the diameter of the
input and output of the F-Theta lens (lens diameter
input 50 mm, output 66 m), the focus of the F-Theta
lens (F = 200 mm, 3:1 zoom factor) and the distance
between F-Theta lens and surface to scan (�300
mm). These parameters would allow for a scanning
area of up to 150 mm · 150 mm using an ideal axis
formed round beam. Due to the rectangular shape
and its dimensions the effective area will be reduced
down to 70 mm · 70 mm. In scanning mode the
beam is focused down to 2 · 2 mm2 and directed
across the surface by a beam scanner, which uses
two galvano mirrors. The scanning rate and conse-
quently the deflection of the beam is adapted to
the pulse repetition rate (up to 1 kHz) and therefore
Fig. 2. Simplified process flow: (1) glass substrate with CPP 105D – p
NOA74 and (3) source and drain electrode from laser patterned CPP
conductor P3HT. Additionally to the process flow two magnified imag
allows for extremely fast automated processing. An
accurately controlled beam positioning together
with the top-hat profile ensures a very homogenous,
uniform and reliable irradiation of each surface ele-
ment with almost identical laser fluence.

In order to process large areas, the beam moves
step by step to adjacent sites of action where the
scanning speed is adapted to the pulse frequency
of the excimer laser. The whole setup is computer
controlled so that exact and highly reproducible
positioning is possible. For structuring the
poly(ethylenedioxythiophene)/polystyrenesulfonate
(PEDOT/PSS) layer of the gate electrode the laser is
routed over the layer and thus ablates material leav-
ing a thin gate structure on the glass substrate.

3. Fabrication of all polymer FETs

Fabrication of all polymer FETs starts with the
formation of the gate electrode on a glass substrate.
This is done by spin-coating filtered (PVDF 0.45 lm
pore size) PEDOT/PSS in the formulation CPP
105D from H.C. Starck with 2000 rpm for 10 s. This
formulation of PEDOT/PSS was chosen due to its
high conductivity in comparison to other PEDOT/
PSS formulations and its good adhesion, especially
on glass. After spin-coating, the sample undergoes
atterned in the scanning mode (2) followed by the gate dielectric
105 in the shot mode. (4) The last layer consists of the semi-

es ((a) optical, (b) AFM) of the 10 lm channel are displayed.
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a hot-plate annealing for about 10 min at 80 �C. For
the formation of the gate electrode, the SELCU is
set to a fluence of 1500 mJ/cm2 since lower values
left remains of CPP105D on the glass substrate.
Subsequently, the laser beam is moved across the
surface by the x- and y-scanner so that large areas
are ablated and only one small stripe of CPP
105D with a length of 2.6 cm and a width of
0.35 mm remains. The next process step is the depo-
sition of the insulating layer of NOA74 (filtered
PTFE 0.2 lm pore size) diluted in n-methylpyrroli-
done (NMP) – ratio-one-to-one. This material is
Fig. 3. (a) Output and (b) transfer characteristics of an all p
spin-coated for 60 s at 6000 rpm resulting in a
1.2 lm layer. NOA74 is then cured under an UV-
lamp (253.7 nm) for approximately 1 h. The result-
ing film has a dielectric constant of 5.46 at
10 MHz and an average roughness of 15 nm. The
next layer – as a preparation for the source and
drain electrodes – is again spin-coated from filtered
CPP 105D and structured in shot mode. As men-
tioned before, a positive chromium mask is inserted
into the first focal point and the pattern on the mask
is projected onto the CPP 105D layer on the insulat-
ing NOA74 layer. This patterning technique is being
olymer transistor with an NOA-NMP gate dielectric.
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strongly supported by the ductile surface properties
of the optical adhesive. The image projection of 1:3
reduces the actual size of the square mask and
results in a channel length of 10 lm. The best results
are obtained using 200 shots at a repetition rate of
200 Hz and with fluences between 150 and 200 mJ/
cm2. For the semi-conducting layer poly(3-hexylth-
iphene) (P3HT) – 0.5 weight percent in CHCl3
(99.9%+ purity, <0.01% H2O) – is filtered (0.2
PTFE lm pore size) and spin-coated (3 s at
800 rpm, 10 s at 2000 rpm) on the electrode struc-
ture. Residues of the solvent are removed with a
temperature treatment at 120 �C for 60 min in vac-
uum. The resulting thickness of the P3HT layer is
50 nm on average, determined by profilometry on
a flat glass surface. After preparation the devices
were characterized in a glove box using an Agilent
parameter analyzer 4156C. Fig. 2 shows a simplified
process flow.

Evaluation of measured transistor characteristics
in the saturation regime yields mobilities around
4.2 · 10�4 cm2/Vs, on–off-ratios of 1.82 · 102 and
threshold voltages of approximately 33 V. Fig. 3
depicts the exemplary output and transfer charac-
teristics of one of the fabricated transistors. The well
known phenomena in full-organic thin-film transis-
tors – lacking adequate saturation at high drain cur-
rents and non quadratic increase of the saturation
drain current with the gate bias – are also observed
along with these devices. The latter can be explained
by a gate voltage dependence of the mobility,
whereas the lacking saturation at high drain volt-
ages is attributed to a parallel resistance. Both
effects have also been observed in inorganic transis-
tors with organic semi-conductors and in hybrid
transistors from earlier studies [15].

4. Summary and conclusion

All polymer FETs employing a laser system were
presented. The laser system allows for precise and
quick structuring of gate source and drain elec-
trodes in a bottom gate configuration. With a
throughput of 6 cm2/s, this method certainly
enables a route towards a roll-to-roll process – espe-
cially in connection with ink-jet printing or doctor
blading. The FETs – with a mobility of
4.2 · 10�4 cm2/Vs – were produced at a minimum
feature size of 10 lm.

In order to take a closer look at a possible of a
practical application in a reel-to-reel process the
given setup has to be compared with commercially
available systems such a dry printing system [9].
These direct write systems employ an infra-red
diode laser and require one tenth of the laser flu-
ence. They are suitable to write over 1 m2 area.
On the other hand, due to the conversion of light
to heat, which enables the dry printing process, only
certain materials can be processed [9]. In contrast,
taking one of the most prominent features of the
ablation process into account – namely fact that
the energy transfer from the ablation site to the
adjacent material is negligible – a precise shaping
(see AFM image in Fig. 2b) of almost any kind of
material is possible even metal films can be shaped
at a reasonable laser fluence, e.g. 50 nm gold on
NOA74 at 120 mJ/cm2. In doing so, no influence
of the process parameters for example on the con-
ductivity of polymers can be observed. Moreover,
this precise material processing allows not only for
the removal of material but also for certain process
steps, such as the cross linking of functional poly-
mers [16].

The fact that an F-Theta lens is used renders it
possible to set aside the employment of movable tar-
get. The financial expenditure of an F-Theta lens is
less than for x–y planar motors at a comparable
precision.
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Abstract

Based on the model of thin-film transistors in which the active layer is treated as two-dimensional, the effects of traps
are studied. It is shown that when abundant discrete trap states are present, the field-effect mobility becomes temperature
dependent. In case the traps are distributed exponentially in energy, a Meyer–Neldel rule for the temperature dependence
of mobility and current results. When also the mobile states are distributed in energy, in the so-called band-tail states, the
mobility is no longer thermally activated.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Organic materials for electronic components are
beginning to find commercial applications in con-
sumer electronics where they serve as low cost alter-
natives for traditional materials. The description of
the electronic behavior is still under debate while the
products are already for sale. However, for
increased control over the behavior, it is important
to determine what are causing the properties and
limitations of the final devices. An important
1566-1199/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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organic electronic device is the thin-film field effect
transistor (TFT), used in, for instance, switching
elements in active matrix displays. Note that
recently it has been shown that organic TFTs,
because of the improved quality and accompanying
ambipolar character of conduction, can also be the
light emitting element [1,2]. Traditionally, these
devices have been described by the metal-oxide-
semiconductor field-effect-transistor (MOS-FET)
model [3], including those devices made of organic
materials [4], since this type of device is well estab-
lished and described and the behavior at first glance
is very similar to that of TFTs. There are however
some features that are difficult to explain in the
MOS-FET framework. One of the things that
.
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deserve extra attention is the temperature depen-
dence. Currents and charge-carrier mobilities of
MOS-FET devices based on silicon are basically
independent of temperature. On the other hand,
TFTs based on organic materials do normally not
show this characteristic; complicated temperature
dependencies are often observed and reported.

Probably, the most remarkable feature of TFTs
is the fact that, normally, the active layer is non-
compatible with the substrate in terms of crystallo-
graphic properties. Often, the thin active layer has a
different lattice parameter compared to the underly-
ing insulating material (see Fig. 1 for a cross-section
of a TFT). Take as an example a TFT made of sil-
icon grown on top of silicon oxide. Especially the
first mono-layers of silicon are impossible to grow
with a well-defined crystallographic structure. Inev-
itably, many defects are created. In fact, the silicon
becomes amorphous. Generally speaking, since the
material of the active layer has a lattice mismatch
compared to the insulating layer, defects are
unavoidable. These defects can be electrically active
and can, for instance, trap free charges that would
otherwise contribute to external currents. Thus,
these traps, normally distributed over the entire
bandgap of the semiconductor, can cause severe
modifications of the electronic properties of the
device. In the current work, we will show how traps
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Fig. 1. (a) Cross-section of a TFT device with the names of
parameters and variables used in the current work. (b) Repre-
sentations of Eq. (3) with parameters as in Table 1 and
L = 10 lm and W = 1 cm.
change the temperature dependence of the parame-
ters of TFTs. Moreover, as we will show, the tem-
perature dependence can shed light on the density
of states involved in electronic conduction.

One special case of temperature dependence is
the Meyer–Neldel Rule (MNR) [5]. The MNR is
an observation which states that the magnitude of
a process is dependent on a certain parameter, but
that the dependence disappears at the iso-kinetic
temperature. This behavior is truly cross-disciplin-
ary as it is found back in many processes in nature,
such as diffusion and conduction. Although not lim-
ited to the process of electronic conduction, we
focus here on this field. As an example there is the
observation of the MNR for ionic conductivity [6],
glassy [7], poly-crystalline [8] and organic [9] materi-
als. We will show that the current and carrier-mobil-
ity of TFTs depend on the bias conditions in a way
following the Meyer–Neldel Rule when the material
has abundant traps that are distributed in energy.
This finding may be relevant in understanding such
observations reported in electronic devices (organic
and inorganic alike [10,11]). The Meyer–Neldel
Rule applied to the process of electronic conduction
in TFTs can best be described by the following two
points: (i) The activation energy of drain–source
current, Ids, or as-measured carrier mobility, lFET,
depends on the gate bias. (ii) There exists a temper-
ature, known as the iso-kinetic temperature TMN,
where the dependence of current or mobility on bias
disappears. In other words, when presented in an
Arrhenius plot (logarithm of the measured quantity
vs. reciprocal temperature), the curves of current or
mobility are straight lines that pass through or con-
verge to a common point. For amorphous silicon
transistors, based on the model of Shur and Hack
[13], we determined the immediate consequence of
the presence of abundant trap states to the observa-
tion of the MNR [15]. In the current work, we show
how the two-dimensional model for TFTs results in
similar results. However, the results are not identical
to the ones obtained with the MOS-FET model. The
results and the differences will be discussed.

2. Results and discussion

Where a MOS-FET is basically a three-dimen-
sional device, i.e., has finite thickness, a TFT is best
described by a in a two-dimensional way. Apart
from this, it is convention to use the inversion-chan-
nel model to analyze the TFTs, whereas most
organic TFTs are operating in accumulation mode.
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When these two things are taken into account, a
direct result is that there are no band bendings in
the active layer. In other words, all voltage drop is
absorbed by the insulator. The local density of
charge in the active layer is directly proportional
to the voltage drop across the insulator

qðxÞ ¼ Cox½V ðxÞ � V g�: ð1Þ
This charge can be either free holes p (for the cur-
rent work we consider a p-type accumulation chan-
nel TFT), or trapped charge NþT . At any given point
in the device, the current is proportional to the local
free charge density, the free-charge (band) mobility
l0 and the local electric field, dV(x)/dx:

IxðxÞ ¼ qWpðxÞl0

dV
dx

; ð2Þ

with q the elementary charge, and W the channel
width (the current density has been integrated over
the width of the channel to get the total current pass-
ing a line at position x). In the absence of any current
sources or sinks, the current Ix(x) has to be constant
over the entire channel length (0 6 x 6 L) and equal
to the externally observable current Ids (see Fig. 1a
for a cross-section of a device). In the absence of
any traps the charge is only free charge, q = p, and
it can easily be shown that in this case [14]

Ids ¼ �
W
L

Coxl0 V gV ds �
1

2
V 2

ds

� �
: ð3Þ

(See Fig. 1b for the IV curves). This result is very
similar to the current–voltage equations of MOS-
FETs [3]. For small drain–source biases, the qua-
dratic term Vds disappears from the above equation
and this is then called the linear regime.

Conventionally, for MOS-FETs, the field-effect
mobility lFET is defined via the derivative of the
transfer curve (Ids vs. Vg) in the linear regime:

lFET � �
L
W

1

CoxV ds

oIds

oV g

: ð4Þ

Equally standard is applying this definition of lFET

to TFTs, which then sometimes becomes bias or
temperature dependent. Furthermore, it can be sta-
ted that at low drain–source bias, in the so-called
linear regime, the charge density and electric field
can be considered homogeneous along the channel.
In this case, the current is proportional to the free
charge density, holes (p) in the case of p-channel
FETs. The mobility in the linear regime is thus pro-
portional to the derivative of the function of the
hole-density as a function of gate bias:
lFET ¼ �
ql0

Cox

opðV gÞ
oV g

: ð5Þ

For intrinsic TFTs this relation is linear. The as-
measured mobility is therefore bias independent.
(For this analysis we consider the intrinsic (band)
mobility l0 to be temperature independent; effects
of optical-phonon scattering, etc., are not included.
In any case, these are slowly varying functions of
temperature, such as T1/2 [3]). The function becomes
non-linear and the transfer curves with it, when –
and only then – the material is full of traps. As a first
attempt we try a discreet trap. In this case, the
mobility is lowered significantly by the reduced ratio
of free-to-total charge, and becomes temperature
dependent, but remains independent of bias. This re-
sult is similar to the model of Poole and Frenkel [3]
and the reasoning is as follows: Free holes (p) in the
conduction band, originally induced by the gate
bias, can be captured by the traps, turning these pos-
itively charged. At thermal equilibrium, the ratio of
densities of holes and charged traps NþT is deter-
mined by the energetic distance ET � EV between
them, the relative abundance of the levels, NV and
NT, respectively, and the temperature T (Note: since
the active layer is treated as purely two-dimensional,
all densities have units ‘‘per square meter’’):

p
NþT
¼ N V

N T

exp
EV � ET

kT

� �
; ð6Þ

where the Boltzmann statistics function was used
presupposing that the Fermi level is far away from
both the conductive as well as the trap state levels
(for the simulations, however, the full Fermi–Dirac
distribution was used). The total charge induced in
the channel is proportional to the gate bias (Eq. (1)):

p þ NþT � n ¼ �CoxV g=q: ð7Þ
The current is only proportional to the free hole
density because the trapped states, by definition,
do not contribute to current and the density of elec-
trons is insignificant. The solution of the above
equations is that the current is linearly proportional
to the gate bias and that the effective, as-measured
mobility of Eqs. (4) and (5), defined via the deriva-
tive of the transfer curve, is therefore depending on
temperature, but not on bias

lFET � l0

N V

N T

exp �ET � EV

kT

� �
: ð8Þ

In other words, the Arrhenius plots of mobility are
straight lines; independent of bias, the slope of the
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plot reveals the activation energy of mobility, which
is then equal to the depth of the trap level,
Ea = ET � EV, see Fig. 2. This result is similar to
the Poole–Frenkel model [3], or the variable-range
hopping model of Horowitz [4]. Note that extrapo-
lation of the curves to T =1 gives an effective pre-
factor in the mobility equal to l1 = l0NV/NT,
which can be well below the free-hole band value
l0 when the traps are abundant. For the figure,
NT = 10NV was used.

The assumption was made here that the trap
states are truly abundant, effectively unlimited:
NT� NV. When this is not the case, the trap states
can be exhausted and, once all filled, the induced
charge is necessarily free charge (holes) and the
mobility returns to the band value l0. In the above
calculations, it involves replacing the Boltzmann
distribution approximation by the full Fermi-Dirac
distribution function. The traps become depleted
when the induced charge density is comparable to
the trap density. This defines the trap-free-limit volt-
age for the gate bias

V tfl ¼ �qN T=Cox: ð9Þ
In Fig. 3, a transition case is shown with the trap

density equal to the effective density of valence band
states, NT = NV. For this specific case, Vtfl =
�10.4 V. For gate biases below this voltage, the acti-
vation energy is equal to the trap depth (150 meV),
while above it, the mobility rapidly becomes inde-
pendent of temperature and settles at the free-hole
value l0, as can be seen in the figure. In this case,
it is not easy to give an algebraic solution. Fig. 3b
shows the bias dependence of the mobility for differ-
ent temperatures, which is based on numerical simu-
lations: For a certain bias Vg, the Fermi level that
zeros the total charge minus induced charge is found
by a numerical algorithm as described by Ref. [12].
Once the Fermi level is found, the free charge is
determined by substituting this energy in the free
hole distribution p(EF). The voltage is stepped by a
tiny amount and the free charge is calculated again.
The mobility is then the derivative according to Eq.
(5). (Remark: this technique was also used for
Fig. 2). As can be seen, for �Vg > �Vtfl the mobility
is equal to the free-hole value indicated by � at the
mobility axis. In fact, Eq. (9) gives a fast way of
determining the trap density, provided the rapid
transition in the transfer curves is observed that
allows for a determination of Vtfl.

Inspired by the model of Shur and Hack [13] we
then tried a model in which the trap states are dis-
tributed in energy. This, as we determined, can give
rise to a bias- and temperature-dependent mobility.
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Table 1
Parameters used to generate figures

Parameter Value Unit

NV 1.04 · 1016 m�2

NT 1.04 · 1017 m�2

Cox 160 lF/m2

gT0 1018 m�2 eV�1

gV0 1017 m�2 eV�1

T2 800 K
T1 300 K
l0 3 cm2 V�1 s�1
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Using a normal valence band and trap states NT

exponentially distributed in energy,

NTðEÞ ¼ gT0 exp
EV � E

kT 2

� �
ð10Þ

with E the energy of an electron, gT0 the density of
states (DOS) of traps at the valence band EV, k
Boltzmann’s constant, and T2 a parameter describ-
ing the distribution (the slope of a logarithmic plot
of the DOS, see Fig. 4). When following the same
reasoning as followed for the discrete trap, but with
a convolution over trap states in Eqs. (6) and (7), it
can be shown that the drain–source current is (see
Appendix)

Ids ¼ ql0

W
L

V dsNV

�CoxV g

qNT0ðT Þ

� �T 2=T

ð11Þ

with

NT0ðT Þ ¼ aðT ÞgT0

k2T 2
2

kT 2 � kT
ð12Þ

with a(T) a slowly varying function of temperature
(and therefore irrelevant for the discussion), oscil-
lating between 1 and 0.8 in the temperature range
0–T2, with a minimum halfway. The as-measured
mobility is proportional to the gate-bias derivative
of this function (see Eq. (4)):

lFET ¼
T 2

T
l0

NV

NT0ðT Þ
�CoxV g

qN T0ðT Þ

� �T 2=T�1

: ð13Þ

It is immediately clear that (i) the mobility depends
on gate bias and (ii) the dependence disappears at a
temperature T = T2, thus following the Meyer–Nel-
Energy (a.u.)EV
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Fig. 4. Density of states used for the last calculations (Figs. 5 and
6). The trap states (solid line) are exponentially distributed in
energy. For the conduction states, two distributions are tried: A
discreet band at E = EV and an exponentially decaying function
(dashed line). The former results in the observation of the MNR
with bias and temperature dependent current and mobility, see
Fig. 5. For the latter, only the bias dependence remains and the
temperature dependence nearly vanishes, see Fig. 6.
del Rule, with TMN = T2. Fig. 5 shows simulations
of the above equation with parameters as in Table
1. From this figure it can be seen that, because of
the effects of the factor T in the denominator of
the above equation, as well as the temperature
dependence of a, the iso-kinetic temperature falls
slightly below T2 and the curves do not exactly
extrapolate to a single point. However, in most
cases will the instrumental resolution be too low
to accurately determine this small deviation. Note
also the sharp drop in current when the temperature
approaches T2. This is due to the factor 1/
(kT2 � kT) in Eq. (12), which diverges for T! T2.
To our knowledge, no reports in literature exist
for measurements at or in the vicinity of the iso-ki-
netic temperature; in all cases, TMN is found by
extrapolation.

Analyzing Eqs. (11) and (13) it is easily shown
that the activation energy of the field mobility
(and current alike), as measured via the slope of
an Arrhenius plot, depends on the bias in the fol-
lowing way
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Ea � �
d lnðlFETÞ
dð1=kT Þ

¼ kT 2 lnðN T0Þ � kT 2 lnð�CoxV g=qÞ: ð14Þ

This is shown in the inset of Fig. 5. Thus, the acti-
vation energy of mobility or current does not reveal
the depth of an energetic level. Rather, it depends
on the parameters of the distribution (T2 and gT0)
and the bias.

At this moment it is interesting to point out the
difference between our model and the model of Shur
and Hack [13]. Where they have a factor of 2T2/
T � 1 in the exponent in the current, we have T2/
T (Eq. (11)). This results, in our case, in an infinite
iso-kinetic temperature for the current, whereas
they have TMN = 2T2 [15]. For mobility, both mod-
els arrive at TMN = T2; the dependence of mobility
on bias disappears at this temperature, as shown
by Eq. (13).

A more fundamental difference is that Shur and
Hack use exponential distribution for both the traps
states as well as the valence band states (the so-
called ‘‘tail states’’), where we use only a distributed
trap state, while we maintain a Dirac-delta function
for the DOS of the valence band. When we include
exponentially distributed tail states,

NVðEÞ ¼ gV0 exp
EV � E

kT 1

� �
; ð15Þ

with similar reasoning we arrive at a strongly bias
dependent, but temperature independent mobility
(see Appendix),

lFET ¼
T 2

T 1

l0

N V0ðT Þ
N T0ðT Þ

�CoxV g

qNT0ðT Þ

� �T 2=T 1�1

ð16Þ

with

NV0ðT Þ ¼ bðT ÞgV0

k2T 2
1

kT 1 � kT
ð17Þ

with T1 the parameter describing the distribution of
band-tail states, see Fig. 4, and b a function equal to
a but scaled with T1 instead of T2. Fig. 6 shows a
simulation of the mobility as a function of tempera-
ture and bias. Interesting in this respect is the obser-
vation by us of exactly such a behavior [16],
something that is inexplicable in the theory of Shur
and Hack.

Fig. 7 compares the various models described in
this work and the model of Shur and Hack [13].
For the latter we used a value of 0.484 eV for their
parameter EF0 and the value for their parameter gF0

(defining the density of states at EF0) can then be
found by extrapolating our gT0 to E = EF0 in Eq.
(10) and dividing it by 1 nm. This gives gF0 =
8.93 · 1023/m3 eV. As can be seen, the model of
Shur and Hack with conduction and donor states
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exponentially distributed in energy behaves much
like our model with only the trap states distributed
exponentially in energy. Noteworthy, the model of
Shur and Hack was developed for amorphous sili-
con devices based on the MOS-FET model with a
three-dimensional active layer, while our model is
based on the two-dimensional accumulation-chan-
nel TFT model.

In conclusion, we have shown that a material
that is full of traps (electronic states that can cap-
ture the free charge), when used in the active layer
of TFTs, results in a strongly temperature depen-
dent current and mobility. When the trap states
are distributed in energy the mobility also becomes
bias dependent, resulting in the observation of the
so-called Meyer–Neldel Rule. The iso-kinetic tem-
perature, the temperature where the as-measured
mobility is independent of bias, is equal to T2, the
parameter describing the DOS of the traps. When
also the conduction states are distributed in energy,
the mobility loses its temperature dependence. As
such, a set of Arrhenius plots for different biases
may serve as a rapid evaluation tool of the quality
of the material. More specifically, they give direct
insight into the density-of-states governing the con-
duction. In cases, where a sharp transition in mobil-
ity is observed in the transfer curves the density of
(discrete) traps can directly be determined via the
trap-free-limit voltage Vtfl, see Eq. (9) and Fig. 3b.

As a final remark, it has to be pointed out that in
this analysis at all times thermal equilibrium is
assumed. Especially, for deep traps this equilibrium
can take very long time to establish, in which case
the electrical characteristics will depend on things
such as the scanning speed and even the history of
the device in case of extremely deep electronic levels.
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Fig. 8. Graphical schematic of the distribution in energy of trap
states NT(E) (solid line) and charged trap states NþT (shaded area).
The latter is a result of a multiplication of the former by the
Fermi–Dirac function 1 � f(E) (dashed line). This shows that the
total trapped charge NþT as a function of Fermi level, see the
integral of Eq. (21), can easily be approximated by dividing the
integral into two parts.
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Appendix. Derivation of Eqs. (11) and (16)

To arrive at Eq. (11) a density of states (DOS)
exponentially decaying in energy is used,

NTðEÞ ¼ gT0 exp
EV � E

kT 2

� �
ð18Þ
with gT0 the density of states at E = EV and T2 the
decay rate, parameters that describe the distribu-
tion. The dependence of NþT on the position of the
Fermi level thus becomes

NþT ðEFÞ ¼
Z 1

�1
NTðEÞ½1� f ðE � EFÞ�dE ð19Þ

with f the Fermi–Dirac distribution function,

f ðE � EFÞ ¼
1

1þ exp½ðE � EFÞ=kT � : ð20Þ

The integral of Eq. (19) converges when T < T2. To
a good approximation, the solution can be found by
dividing the integral into two parts, see Fig. 8. In the
first part, below EF, the slope is 1/kT � 1/kT2 as a
result of the difference of slopes in NT and the expo-
nential approximation for 1 � f. Above EF, 1 � f is
considered unity and the resulting slope is 1/kT2.
With this help, it can easily be shown that the inte-
gral is equal to

NþT ðEFÞ ¼ NT0ðT Þ exp
EV � EF

kT 2

� �
; ð21Þ

where NT0 is as in Eq. (12) in which a(T) an ad hoc
correction factor that compensates for the error of
integration; compare the rounded distribution of
NþT of Fig. 8 and the triangular integration described
above. Numerical simulations show that a(T) oscil-
lates between 1 and 0.8 in the temperature range 0–
T2 (see Fig. 9). This makes NT0 essentially tempera-
ture independent for T not very close to T2. For
T P T2 the integral diverges.
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Fig. 9. The ad hoc correction factor a as a function of
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For the calculations, a is approximated by a third-order
polynomial (solid line).
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If the conduction states are assumed to be dis-
crete in energy, a standard valence band with NV

states at EV, the density of holes follows

p ¼ N V exp �EF � EV

kT

� �
: ð22Þ

These two densities of p and NþT can be introduced
into the induced charge equation (Eq. (7)), ignoring
the tiny contribution of the free electron density n

p þ pT=T 2
NT0ðT Þ
NT=T 2

V

 !
¼ �CoxV g

q
: ð23Þ

For high densities of traps, the first term is negligi-
ble and the free hole density can then easily be deter-
mined as

pðV gÞ ¼ NV

�CoxV g

qNT0ðT Þ

� �T 2=T

: ð24Þ

The current can then be found by Eq. (2), where in
the linear regime, p is homogeneous in space and
dV/dx = Vds/L. This results in Eq. (11).

Next, conduction states exponentially distributed
in energy are tried

NVðEÞ ¼ gV0 exp
EV � E

kT 1

� �
ð25Þ
with gV0 the density-of-states at E = EV, and T1 a
parameter describing the distribution (see Fig. 4).
Similar integration techniques result in

pðEFÞ ¼ NV0ðT Þ exp
EV � EF

kT 1

� �
ð26Þ

with NV0 as in Eq. (17), in which b is a function sim-
ilar to a, but scaled with T1 instead of T2. Again,
this can be substituted in the induced-charge equa-
tion (Eq. (7)) and for high trap densities, the free
charge density follows

pðV gÞ ¼ NV0ðT Þ
�CoxV g

qNT0ðT Þ

� �T 2=T 1

ð27Þ

substitution into Eq. (2) and using the field-mobility
definition of Eq. (4) yields Eq. (16).
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Abstract

The nonvolatile memory behavior, using novel material, PAMAM dendrimer was investigated. Although PAMAM
dendrimers are intrinsically insulating materials, the metal coordinating functionality in the dendrimers can provide the
PAMAM device the electronically controllable conductivity. In order to realize the bistable memory behavior in the
PAMAM device, an external circuit consisting of two diodes and one resistor plays an important role in maintaining
the resistance of the higher conductive state within a desired narrow range. Consequently, the PAMAM device shows good
memory performance, such as relatively long retention time of at least 30 h, low operation voltage below 5 V and the on-off
ratio which can be controlled from 10 to 103.
� 2006 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph

Keywords: Nonvolatile memory; PAMAM dendrimer; Copper ion coordination
Dendrimers are a new class of macromolecules
with uniform branching repeat unit [1]. They are
unique materials due to potential advantages such
as monodispersity in size, three-dimensional struc-
ture, and various functionalities [1]. Since the first
discovery in 1985 [2], lots of efforts have been
focused on the synthesis and the characterization
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of new dendrimers [3,4]. Especially, polyamido-
amine (PAMAM) dendrimers were successfully
commercialized by Dendritech Inc. [5] and owing
to their availability, various applications using them
were intensively demonstrated in the fields of the
gene therapy, the environmental science, and the
material science [1,6–8]. Among them, PAMAM
dendrimers have received the most attention from
the biomedical researchers due to possibility for
selective modification at their cores, branches, and
peripheries [1,6]. For example, PAMAMs have been
considered as promising materials for the safe, non-
.
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imunogenic, and highly efficient synthetic vector for
the gene delivery through the complexation between
amino surface group of PAMAM and DNA [1].
Moreover, when functionalized with fluorescent
markers or chelated paramagnetic metals, they can
be used as contrast agents for magnetic resonance
imaging (MRI) [1,9]. Using a highly efficient metal
chelating ability of PAMAM dendrimer, where up
to approximately 150 Cu(II) ions can be bound in
a generation eight dendrimer, the polymer sup-
ported ultrafiltration for copper ions was demon-
strated in the field of environmental science [7].
Still the needs for new applications are desired in
spite of the great development in dendrimer
technology.

In this paper, as a new application of PAMAM
dendrimer, we focus on the nonvolatile organic
resistive memory. Up to the present, lots of organic
memory systems have been studied for write-once-
read-many-times memory and reversible one [10–
12]. However the memory performances achieved
in these organic system still remains in the early
stage and breakthrough in materials is required.
Fig. 1. Chemical structure of PAMAM
For the reversible memory application, the device
should have two different states, which are control-
lable with voltage application as well as thermally
stable for nonvolatile data storage. The bistability
would be realized in the PAMAM device by elec-
tronically controlling the density of the copper ions
within the dendrimer layer. The mechanism of mem-
ory behavior would be investigated with the time-of-
flight secondary ion mass spectrometry (TOF-
SIMS) and the feasibility was tested for memory
application.

Experimentally, methanol solution of fourth-
generation hydroxyl-terminated polyamidoamine
(PAMAM-OH) dendrimers was commercially
obtained from Aldrich and was used for device fab-
rication without further purification. Fig. 1 shows
the third generation PAMAM-OH dendrimer. For
electronic measurement, the test device was pre-
pared with the structure of Cu/PAMAM-OH/Au.
Bottom electrode (gold) was thermally evaporated
on Si wafer coated with 200 nm-thick silicon oxide
layer. Then 2 wt.% of PAMAM-OH dendrimer in
methanol solution was spin coated to form
-OH dendrimer (third generation).



Fig. 2. (a) Schematic circuit diagram for measuring the memory behavior of PAMAM device. The external circuit shown in dotted box
allows dendrimer device to have bistability. (b) Typical voltage-current-resistance curves of bistable memory behavior in PAMAM
dendrimer device.

Fig. 3. Cu profiles in PAMAM dendrimer device at the set and reset states using TOF-SIMS.
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30–50 nm thick organic layer, followed by heating
the device on hot plate at 60 �C for removing the
remnant solvent. Finally, top electrode (Cu) was
deposited using thermal evaporator to make the
active area of 0.25 mm2. For the electronic measure-
ment of the test device, programmable sourcemeter
(model Keithley 2400) was used with computer
interface and a unique external circuit was used
together with the sourcemeter as shown in Fig. 2a.
The circuit is consisted of two schottkey diodes
(model RB521S-30) and one ceramic resistor. The
purposes of the circuit are to provide the bistability
to the device and to adjust the resistance value of
the higher conductive state. The operation principle
of the external circuit will be discussed in detail
later. Cu density within dendrimer was investigated
using TOF-SIMS (ION-TOF IV). Cu depth profiles
were acquired in the dual beam interlaced mode
using 500 eV Cs primary ion and 25 keV Bi analysis
gun.

Memory behavior of PAMAM-OH device was
observed in the voltage sweep mode (Fig. 2b). The
resistance at the right axis is defined as a sum of
the device resistance and the external resistance; in
this case 50 kX. Before applying a voltage, resis-
tance of the device has high resistance between
10 M and 100 MX. Then the total resistance sud-
denly drops to 110 kX at 4 V and the reduced resis-
tance is maintained even in the absent of the bias
voltage. Considering the external resistance of
50 kX, the resistance of the device is decreased to
60 kX. During the negative voltage sweep, the resis-
tance returns to the original value at �3.5 V. Here,
Fig. 4. The resistance of the higher conductive (set) state as
the higher and lower conductive states are called
‘‘the set’’ and ‘‘the reset’’ states, respectively. In
the set switching, the response time obtained from
an exponential fitting of the rising current curve
was 3.1 ms. This memory behavior is reproducibly
observed only with the external circuit, and the
device without it shows no memory behavior imply-
ing that the circuit plays an important role in the
memory operation.

Prior to describing the role of the circuit, the
mechanism of the memory behavior should be
understood in the PAMAM-OH device. PAMAM-
OH dendrimers are electronically insulating mate-
rial because they do not have any conductive path,
such as pi-conjugated main chains and carrier hop-
ping moiety (e.g. triphenylamine and carbarzole).
Nevertheless, such a highly conductive state was
achieved by voltage application which means that
electronically conductive media was introduced by
the electric stress and was contributed to the change
in the resistance of device. We conjecture that cop-
per ions act as the conductive media because copper
is highly diffusive materials [13] and it can be
injected into organic layer containing coordination
sites under electric field [14,15]. The injected copper
ions can be captured at the binding sites such as
amine of PAMAM groups leading to the decrease
of the device resistance [7]. In addition, when a less
diffusive metal, aluminum, was used as top electrode
instead of copper, the devices did not show a mem-
ory behavior.

To validate our assumption, the copper density
within the dendrimer layer was measured at both
a function of the resistance of the external resistance.
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set and reset states using the TOF-SIMS as shown
in Fig. 3. Cu profile is not abrupt at the interface
of Cu and organic layers but shows a gentle slope
to about a half thickness of organic layer, due to
the penetration of Cu to organic layer during ther-
mal evaporation of Cu. In addition, ion beam mix-
ing during SIMS measurements also widen the
trailing tail although low energy primary ion was
used to reduce that. In spite of these, we can see
the clear difference of Cu profiles at the tail. The dif-
ference in the tail seems to be caused by the drift of
copper ions under electric field, which, as result, cre-
ates the difference in the resistance between the two
states. Conclusively, the application of positive volt-
age injects the copper ions to decrease the resistance
of device and the application of negative one
retrieves the injected ions to increase the resistance.

However, since the conductivity of the device is
very sensitive to the density and distribution, unfor-
tunately, it was impossible to keep the higher con-
ductive state within the desired narrow range by
controlling the parameters of voltage pulse such as
duration time and amplitude.

To overcome this problem, the external circuit is
designed for giving the lower limitation of the
decreasing resistance in the set switching operation.
According to the Ohm’s law, when two resistors are
Fig. 5. Write-read-erase-read cycles of PAMAM dendrimer device. The
�3, and �0.15 V, respectively.
connected in series, the applied total voltage is
divided onto the resistors with the ratio of two resis-
tance values. Originally, the memory device has
much higher resistance than that of the external
resistor, so most of the applied total voltage is
loaded to the memory device. On the other hand,
during the set switching, the voltage loaded on the
memory device decreases with decreasing the resis-
tance of the device, and it becomes the half of the
total voltage when the resistance of the device is
identical to that of the external resistor. The
decrease in the voltage loaded to the device results
in the decrease of the driving force for the set
switching. Consequently, during the application of
the voltage pulse, once the resistance of the memory
device reaches to that of the external resistor, the
voltage loaded on the device is sufficiently lowered
not to change the resistance any more. Therefore,
the resistance of the set state could be controlled
near the resistance of the external circuit. On the
other hand, since the resistance of the reset state is
not much sensitive to the voltage application in
the reset switching process, the external circuit
makes total voltage load on the device in the nega-
tive bias.

Memory device should have large enough sens-
ing margin between two different states to fault-
write, erase and read voltages are applied to the device with +3,



Fig. 6. Retention time of PAMAM device measured at �0.15 V in air.
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lessly read the assignment (‘‘0’’ or ‘‘1’’) of the
addressed cell. As mentioned before, by changing
the resistance of the external resistor, the sensing
margin can also be controlled. The resistance val-
ues of the set state were measured several times
at the different resistance of the external circuit
as shown in Fig. 4. The set resistance tends to
increase linearly with the external resistance. This
becomes more important as the two states have
larger variations in resistance.

The memory device was operated with the
write-read-erase-read pulse voltages in Fig. 5. The
operation voltages for the set and reset switching
were 3 and �3 V, respectively, and reading voltage
was �0.15 V. Reproducible switching data was
obtained with the external resistance of 10 kX and
the resistances of the set and reset states were found
to be 16 kX and 500 kX, respectively. In order to
evaluate the nonvolatile ability of the PAMAM-
OH dendrimer device, retention time of the same
device was measured at continuous bias of
�0.15 V in air. As shown in Fig. 6, the set state
was maintained for 30 h without significant change
which is a relatively good result compared to that
of other organic memory devices.

In conclusion, we demonstrated the nonvolatile
memory behavior as a new application of
PAMAM-OH dendrimers. In order to provide
the bistability to the PAMAM-OH device, an
external circuit consisting of two diodes and one
resistor was newly designed. In the absent of the
circuit, the higher conductive state is so unstable
that memory behavior was not observed. The
two-terminal structured PAMAM-OH device
shows nonvolatile memory behavior with retention
time over 30 h. Further, the resistance value of the
higher conductive state was controlled simply by
changing the resistance of the circuit which
enlarges the sensing margin in read operation.
For a future study, the dependence of the binding
energy of the metal-organic complex on the reten-
tion time will be investigated further to improve
the retention time.
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