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Abstract

We report a theoretical analysis on light-extraction efficiency of the organic light-emitting diodes. We utilize both a

numerical method such as the finite-difference time-domain method and an analytic method such as the mode-expan-

sion method. The results of both methods are compared to confirm the accuracy of the results. It is found that even

though the refractive index contrast between the indium-tin-oxide (ITO) anode and the glass substrate is as small as

0.5, more than 40% of emitted light power is trapped in the ITO layer.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Organic light-emitting diodes (OLEDs) have at-

tracted much attention due to their strong poten-
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tials for flat panel display applications. However,

the low light-extraction efficiency of OLEDs still

remains an important issue and poses a significant

challenge for researchers to develop schemes that

improve the light coupling efficiency [1]. In order
to do so, it is necessary to fully understand the

coupling of emitted light to the surrounding mate-

rials and free space. The issue regarding the light-

extraction efficiency of the OLEDs has been

investigated theoretically or experimentally in
ed.
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various articles [2–6]. In the theoretical analyses

reported, a number of models ranging from the

classical ray optics [2] to the combined classical

and quantum mechanical microcavity [3] are uti-

lized. However, a non-trivial discrepancy can be
seen among different articles. In this paper, we re-

port a light-extraction efficiency analysis of the

OLED where both the numerical method such as

the finite-difference time-domain (FDTD) method

and the analytic method such as the mode-expan-

sion method are used. The results of FDTD are

compared with those of the mode-expansion meth-

od to confirm the accuracy of the results.
2. Calculation of light-extraction efficiency by 3D

FDTD

Fig. 1 shows a schematic of the OLED structure

studied here. The structure consists of a metal

cathode, a tris-(9-hydroxyquinoline) aluminum
(Alq3, refractive index n1 = 1.7), a poly-(N-vinylc-

arbazole) (PVK, n2 = 1.67), an indium-tin-oxide

(ITO, n3 = 2.0) anode and a glass substrate

(n4 = 1.5). Here, we assumed that the light is emit-

ted from the excitons, which are created at the

interface of the Alq3 and PVK layers. The emitted

light can be categorized into three modes: the

waveguide modes that are trapped inside the or-
ganic and ITO layer, the glass modes that escape

the ITO layer but are trapped in the glass substrate

by total internal reflection at the interface of glass
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Glass substrate(n4 =1.5)
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Fig. 1. Schematic depicting the OLED structure and compu-

tational model. The structure consists of four layers, i.e., Alq3,

PVK, ITO and the glass substrate. The dipole is placed at the

Alq3/PVK interface and can align in arbitrary direction

described by angles /di and hdi.
and air, and the air modes that escape the glass

substrate to air.

First, we explain the calculation by the three-

dimensional (3D) FDTD method [7]. The above-

described OLED structure is modeled inside the
FDTD computational domain. The metal cathode

is modeled as a perfect electric conductor and the

absorption loss is not considered here. The sub-

strate is modeled as a very thick layer of glass

and is terminated by the Mur�s secondary absorb-
ing boundary condition [8], which allows

electromagnetic waves to propagate out of the

computational domain without being reflected
back into the computational domain. This is

equivalent to that the glass substrate is assumed

to be infinitely thick. The spatial and temporal res-

olution of our FDTD calculation are 10 nm and

0.33 fs, respectively. The size of computational

domain is 9800 · 9800 · 1000 nm, where the last
dimension refers to the direction perpendicular to

the OLED layers. As shown in Fig. 1, the power
of the waveguide mode is determined by simply

calculating the power that flows along the Alq3/

PVK/ITO waveguide. The power transmission

from glass to air is treated by ray optics [4], i.e.,

the light that propagates inside the glass substrate

with an angle less than the critical angle of glass/air

(41.8�) is considered as the air mode and the light
that propagates inside the glass substrate with an
angle larger than 41.8� is considered as the glass
mode. A dipole is placed at the Alq3/PVK interface

and excited by a continuous wave with the wave-

length k = 524 nm. The emitted powers are ob-
tained after the FDTD simulations have reached

steady states. In our calculations, 7000 time steps

were iterated. Since the direction of dipole can be

arbitrary, the results must be averaged over all di-
pole directions. This can be expressed by the fol-

lowing equation:

�p ¼
Z p=2

0

Z 2p

0

pðhdi;/diÞ sinðhdiÞdhdi d/di�Z p=2

0

Z 2p

0

sinðhdiÞdhdi d/di; ð1Þ

where p(hdi,/di) is the power of the waveguide
mode, the glass mode, or the air mode as a func-
tion of the dipole direction hdi and /di.
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Since the OLED structure is uniform in the in-

plane direction, p(hdi,/di) is uniform along the
angle /di or p(hdi,/di) = p(hdi). Thus, the averaging
becomes only for the hdi direction. We calculate by
3D FDTD the dipole power for each mode for var-
ious hdi and find that the power p(hdi) can be per-
fectly described by the equation

pðhdiÞ ¼ pð0�Þcos2ðhdiÞ þ pð90�Þsin2ðhdiÞ: ð2Þ
This agrees well with the theoretical prediction by

the mode-expansion method. By substituting Eq.

(2) into Eq. (1), we finally obtain

�p ¼ 1
3
pð0�Þ þ 2

3
pð90�Þ: ð3Þ

Eq. (3) implies that we only need to calculate

for two different cases, hdi = 0� and hdi = 90�, to
obtain the average powers. We calculate the power

of the waveguide mode, glass mode and air mode
by FDTD for the following cases: the thickness

of Alq3 and PVK layers is 80, 40 nm, respectively,

and the thickness of the ITO layer is varied from

10 to 300 nm. The results are shown by circles in

Fig. 2. Fig. 2 shows the ratio of the emission rate

of each mode to the total emission rate. Note that

the absolute values of the total emission rates vary

among the different structural parameters. We also
calculate the emission rate for the case that the

thickness of PVK layer is 40 nm, the thickness of
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Fig. 2. Ratio of the emission rate of air modes, glass modes,

and waveguide modes to the total emission rate as a function of

the thickness of ITO layer. The thickness of the Alq3 and PVK

layer is 80 and 40 nm, respectively. The solid lines and circles

are calculated by the mode-expansion method and the FDTD,

respectively.
the ITO layer is 150 nm, and the thickness of

Alq3 layer is varied from 10 to 300 nm. The results

are shown in Fig. 3.

We note here that in the FDTD calculation, it

was difficult to separate the radiation modes with
radiation angle hrad near 90� from the waveguide
modes since both propagate along the same direc-

tion. We have used a large computational domain

to separate the radiation modes with hrad <� 80�
from the waveguide modes. This is adequate for

most of the cases where the peaks in radiation pat-

terns fall at the angle smaller than 80�. However,
at some structural parameters where the radiation
mode is emitted at the angle near 90�, non-negligi-
ble errors can occur. To illustrate this point, we

show in Fig. 4(a) and (b) the electric field patterns

emitted from the dipole for the different cases,

hdi = 0� and hdi = 90�, respectively. The thickness
of Alq3 layer, PVK layer and ITO layer are 80,

40 and 150, respectively. In both Fig. 4(a) and

(b), only the components parallel to the dipole
are shown. That is, in Fig. 4(a), only the compo-

nents of electric field that are perpendicular to

the OLED layer are shown. In Fig. 4(b) only the

parallel components are shown. This is justified

since those components shown are the strongest

components in each case. As clearly visible, for

hdi = 0�, the emitted power mostly couples to the
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Fig. 3. Ratio of the emission rate of air modes, glass modes,

and waveguide modes to the total emission rate as a function of

the thickness of Alq3 layer. The thickness of the PVK and ITO

layer is 40 and 150 nm, respectively. The solid lines and circles

are calculated by the mode-expansion method and the FDTD,

respectively.



Fig. 4. Electric field patterns emitted from dipoles with

different orientations. (a) hdi = 0�, only the components of
electric field that are perpendicular to the OLED layer are

shown. (b) hdi = 90�, only the parallel components are shown.
The thickness of Alq3 layer, PVK layer and ITO layer are 80, 40

and 150, respectively. The arrows show the direction of dipole.
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waveguide mode and partially couples to the radi-

ation modes with large radiation angles. It is espe-

cially difficult in these cases to accurately separate

the waveguide modes from the radiation modes. In

contrast, for hdi = 90�, the coupling of the emitted
power to the waveguide modes and the radiation

modes with large radiation angles is insignificant.
Thus, the power emitted in the radiation can be

determined more accurately. This will be discussed

again in the next section from the mode-expansion

method point of view. It is expected that separa-

tion of the radiation modes and waveguide modes

by spatial filtering would improve the accuracy for

FDTD.
3. Mode-expansion method

We describe the mode-expansion method for

our OLED structure. The power emitted into each
mode or the spontaneous emission rate for each

mode c is given by

c ¼ c0 �
3p2x0
k3

�
X

l

jd̂ �~Elð~x0Þj2dðxl 
 x0Þ; ð4Þ

where c0 is the spontaneous emission rate in free
space, d̂ is the dipole moment, ~Elð~x0Þ is the nor-
malized electric field at the position of dipole, x0
is the angular frequency of dipole, k is the wave
vector and

P
l is the summation over all wave vec-

tors for each mode [9].

The normalization equation for electric field is

given asZ
eð~xÞ~E�

mð~xÞ �~Elð~xÞdr ¼ dlm: ð5Þ

The summation over all wave vectors leads to

the term of density of state q(x). Therefore, Eq.
(4) can be rewritten as

c ¼ c0 �
3p2x0
k3

�
Z

jd̂ �~Elð~x0Þj2dðxl 
 x0ÞqðxÞdx:

ð6Þ

First, we consider the radiation modes. The

radiation eigenmodes can be described as a func-
tion of an incident angle h for a layered structure.
The density of state is also a function of h and can
be written as q = sin(h). Here, as the same as
FDTD, we also consider that the glass substrate

is infinitely thick. Thus, the radiation mode here

refers to the mode that propagates inside the glass

substrate. This is equivalent to the sum of glass

modes and air modes. We use the transfer matrix
formalism to solve for the eigenmodes. For S-

polarized plane waves incident on an m-layers

structure with an incident angle hm, the electric
field inside each layer can be described as follows:

Ei ¼ ð0; 0;EziÞ; i ¼ 1 . . .m; ð7Þ

where the subscript i describe the ith layer (see
Fig. 1).

EziðyÞ ¼ Ai expf
jjiðy 
 yiÞg þ Bi expfjjiðy 
 yiÞg;
ð8Þ

ji ¼ k0ni cosðhiÞ; ni sinðhiÞ ¼ nm sinðhmÞ: ð9Þ
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Assuming A1 = 1, the perfect electric conductor

condition at the cathode surface gives B1 =


A1 = 
1. By using Eqs. (7)–(9) and considering
the continuity of the field at each interface, the

coefficient for the glass layer (A4) can be easily
found. We let US = jA4j.
Next, we consider coupling between the S-

polarized waves and a dipole. It is found that the

S-polarized waves couple to the 90� dipole but
not the 0� dipole. Following Eq. (6) in [10] and
using Eq. (6) in this paper, the emission rate of

the 90� dipole to the S-polarized radiation mode
can be written as

c90S ¼
3p2

4p3
c0 �
Z 2p

0

sinð/Þ2 d/

�
Z p=2


p=2
sin2ðk0 � n1 � cosðh1Þ � dpÞ�

ðn24 � U 2Sðh4ÞÞ � n34 � sinðh4Þdh4

¼ 3
2
c0

Z p=2

0

sin2ðk0 � n1 � cosðh1Þ � dpÞ�
ðn24 � U 2Sðh4ÞÞ � n34 � sinðh4Þdh4; ð10Þ

where dp is the dipole position (within the Alq3
layer) and the term n34 � sinðh4Þ corresponds to the
density of state for bulk glass. The emission rate

into the air mode and the glass mode can be calcu-

lated by simply changing the range of integration

to (0–41.8�) and (41.8–90�), respectively.
For P-polarized waves, it is found that they

couple to both 0� dipole and 90� dipole. Again,
following Eq. (7) in [10], the emission rate into

P-polarized modes for the 90� dipole is

c90P ¼
3p2

4p3
c0 �
Z 2p

0

cosð/Þ2 d/

�
Z p=2


p=2
sin2 k0 � n1 � cos h1ð Þ � dpð Þ�

ðn21 � UPðh4Þ
2Þ � cos2ðh1Þ � n34 � sinðh4Þdh4

¼ 3
2
c0

Z p=2

0

sin2ðk0 � n1 � cosðh1Þ � dpÞ�
ðn21 � UP h4ð Þ2Þ � cos2ðh1Þ � n34 � sinðh4Þdh4;

ð11Þ
where UP is jA4j for the case of P-polarized waves.
Similarly, following Eq. (11) in [10], the emission

rate into P-polarized modes for the 0� dipole is

c0P ¼
3p2

4p3
c0 �
Z 2p

0

d/

�
Z p=2


p=2
cos2 k0 � n1 � cos h1ð Þ � dpð Þ�

n21 � UP h4ð Þ2
� �

� sin2 h1ð Þ � n34 � sin h4ð Þdh4

¼ 3c0
Z p=2

0

cos2 k0 � n1 � cos h1ð Þ � dpð Þ�
n21 � UP h4ð Þ2
� �

� sin2 h1ð Þ � n34 � sin h4ð Þdh4:

ð12Þ
The average emission rate for the radiation

mode can be found using Eq. (3) as

�crad ¼
1

3
c0P þ

2

3
ðc90P þ c90SÞ: ð13Þ

Second, we consider the waveguide mode. The

waveguide eigenmodes are also calculated by

the transfer matrix formalism. For the case of

the waveguide mode, the density of state becomes

a function of the phase index and group index of

the waveguide mode. Using Eq. (6), we obtain
the emission rate for the 0� dipole, which couples
only to the TM waveguide modes.

cWG0 ¼ c0 �
3

4
� k

�
X
m

nTMphaseðmÞ � nTMgroupðmÞ � j~Eymð~x0Þj2
( )

;

ð14Þ
where m describes the mth order TM mode, nTMphase
and nTMgroup are the phase index and the group index
of the TM waveguide mode, respectively. Simi-

larly, for the 90� dipole, which couples to both
the TM and TE modes, the emission rate can be

found as follows:

cWG90 ¼ c0 �
3

8
� k

�
X
m

nTMphaseðmÞ � nTMgroupðmÞ � ~Exm
~x0
	 
��� ���2

(

þ
X
l

nTEphaseðlÞ � nTEgroupðlÞ � ~Ezlð~x0Þ
��� ���2

)
; ð15Þ
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respectively. The thickness of the ITO layer is (a) 50 nm, (b)

130 nm.
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where l describe the lth order TE mode, nTEphase and
nTEgroup are the phase index and the group index of
the TE waveguide mode, respectively.

The results for the mode-expansion mode are

shown by the solid line in Fig. 2 and 3. An excel-
lent agreement between FDTD and the mode-

expansion method can be seen in both figures.

Thus, the accuracy of our calculation is confirmed.

We can see in both Figs. 2 and 3 that the emis-

sion rate into the waveguide modes change

abruptly at some positions as we increase the thick-

ness of the ITO layer or the Alq3 layer. These cor-

respond to the change in the number of waveguide
modes as the thickness of the ITO or Alq3 layers in-

creases. For example, in Fig. 2, the 1st order TE

mode starts to appear at ITO thickness = 20 nm

and the 2nd order TM mode appears at ITO thick-

ness = 136 nm. Similarly, in Fig. 3, the 2nd order

TE mode starts to appear at Alq3 thick-

ness = 56 nm and the 2nd order TM mode appears

at Alq3 thickness = 241 nm. In total, we may con-
clude that �25% of light emitted can escape to
air, �32% is trapped in the glass substrate, and
� 43% is trapped in the Alq3/PVK/ITO layer.
The mode-expansion method provides detailed

descriptions of light emission from the OLED,

for example, the radiation pattern. We show in

Fig. 5 the modal strength (intensity) as a function

of propagation angle in the glass substrate for two
cases with different thickness of the ITO layer. The

thickness of the Alq3 and PVK is 80 and 40 nm,

respectively. The solid and dashed lines show the

modal strength of the S-polarized and the P-polar-

ized mode, respectively. First, Fig. 5(a) shows the

modal strength for the case that the ITO layer is

50 nm. Fig. 5(b) show the same plot for ITO

layer = 130 nm. It is seen that while the modal
strength in Fig. 5(a) shows only small values for

the large angle (>80�), the modal strength for the
P-pol with a large angle in Fig. 5(b) is non-negligi-

ble. These values become even more significant

when we calculate the emission rate, which is the

integral of the modal strength multiplied by the

density of state sin(h) over the angle h. These emit-
ted powers at the large angle must be measured
correctly. However, as discussed in the previous

section, there is difficulty in distinguishing the radi-

ation mode with a large angle from the waveguide
mode in the calculation by FDTD and this leads to

non-negligible errors in the FDTD results. In con-

trast, for the case in Fig. 5(a), the above-described
problem in FDTD results in only negligible errors.

This explains why the FDTD results are slightly

different from those of the mode-expansion meth-

od at some particular structural parameters. Note

that the emission rate for the air mode is not af-

fected by the above argument since the air mode

contains only the mode with angle <41.8�. The
small discrepancy between the FDTD and the
mode-expansion method for the air mode may
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mainly come from the insufficient resolution of the

FDTD grid in defining the light cone with

angle = 41.8�.
4. Conclusion

In summary, we have presented a theoretical

analysis on light-extraction efficiency of the OLED

using the FDTD and the mode-expansion method.

An excellent agreement between the results of both

methods was found, and thus confirmed the accu-

racy of our calculation. It has been found that
even though the index contrast between the ITO

layer and the glass substrate was as small as 0.5,

more than 40% of emitted light power was trapped

in the ITO layer.

In light of this analysis, we believe the FDTD

method can be used as a powerful analytical tool

for complex OLED designs since the method is

applicable to virtually any type of structures,
including one that is too complex to study by ana-

lytical methods. This makes the FDTD method

very advantageous over analytic approaches. Fur-

thermore, the FDTD method may be combined

with the mode-expansion method to provide a no-

vel and even more powerful analytical tool (that

takes advantages of both methods) for the recently

proposed microstructured OLED, for example, the
OLED with photonic crystals [11,12].
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Abstract

A relationship between the energy of the highest occupied molecular orbital (HOMO) and the oxidation potential of

molecular organic semiconductors is presented. Approximating molecules as dipoles consisting of a positively charged

ion core surrounded by an electron cloud, the HOMO energy (EHOMO) is calculated as that required to separate these

opposite charges in a neutral organic thin film. Furthermore, an analysis of image charge forces on spherical molecules

positioned near a conductive plane formed by the electrode in an electrochemical cell is shown to explain the observed

linear relationship between EHOMO and the oxidation potential. The EHOMO�s of a number of organic semiconductors
commonly employed in thin film electronic devices were determined by ultraviolet photoemission spectroscopy, and

compared to the relative oxidation potential (VCV) measured using pulsed cyclic voltammetry, leading to the relation-

ship EHOMO = �(1.4 ± 0.1) · (qVCV) � (4.6 ± 0.08) eV, consistent with theoretical predictions.

� 2005 Elsevier B.V. All rights reserved.

PACS: 73.20.�r; 82.45.Wx; 71.20.Rv; 78.40.Me

Keywords: Electrochemistry; Photoelectron spectroscopy; Organic thin film; Dipole
1. Introduction

Knowledge of charge carrier energy levels in or-

ganic thin films is essential for the understanding
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv

doi:10.1016/j.orgel.2005.01.002
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and design of organic devices [1]. For example,

an organic light emitting device (OLED) usually

consists of several layers of various stacked

organic thin films [2], and offsets in the energies be-

tween layers act as potential energy barriers to the

flow of charge and molecular excited states (or
excitons). The highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital
ed.

mailto:forrest@princeton.edu
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(LUMO) energy are used to describe isolated mol-

ecules. Energy levels in solid-state organic films,

bonded by weak intermolecular interactions, can

be derived from these orbital energies. For conve-

nience, we will refer to the derived energy levels in
the solid-state as the HOMO and LUMO.

Two conventional methods to ascertain HOMO

energies (EHOMO) are ultraviolet photoemission

spectroscopy (UPS) [3] and cyclic voltammetry

(CV) [4,5]. UPS experiments determine the ioniza-

tion energy (Ei) of a molecule on the surface of a

thin film, where Ei = �EHOMO [6]. Solution-based

CV experiments determine the relative molecular
oxidation potentials (VCV), which are indirectly re-

lated to Ei. It is therefore desirable to determine

EHOMO from UPS data; however, the high cost

and complexity of UPS systems tends to favor

the use of CV in many laboratories.

In this paper, we explore the relationship be-

tween EHOMO determined from UPS of organic

thin films, and VCV as determined from cyclic vol-
tammetry. Previous studies [7–9] consider solid

and solution state solvation effects to approxi-

mately describe this relationship. In this work,

the relationship is explained using a simple electro-

static model that takes into account the additional

effect of image charges, thereby allowing for an

accurate and quantitative comparison between

these independently measured quantities for a
broad range of molecules of interest in organic

electronics.

A description of the individual techniques along

with their relative strengths and weaknesses is

given in Section 2. A quantitative theory of the

relationship between EHOMO and VCV as measured

by UPS and CV, respectively, is developed in Sec-

tion 3, and experimental procedures are given in
Section 4. Results and discussion of the analysis

are in Section 5, and conclusions are provided in

Section 6.
0 16
Binding Energy/eV

8

Fig. 1. UPS spectrum of an Ir(ppy)3 thin film grown on Ag and

biased at �3 V. The ionization energy is determined by linearly
extrapolating the high and low energy slopes of the spectrum to

the spectral baseline, using the four lines shown. The energy

separation, Ekin, between these two points is subtracted from

the photon energy of 21.22 eV to determine the HOMO energy.
2. Ultraviolet photoemission spectroscopy and

cyclic voltammetry

In UPS, ultraviolet light is incident on a thin

film sample, ejecting electrons from its surface.

The kinetic energy of the electron varies according
to its molecular orbital, and the sum of the abso-

lute value of the electron kinetic energy and its

orbital potential energy is equal to the photon en-

ergy. An electron from the HOMO has the highest

kinetic energy [10,11].
A typical organic thin film UPS spectrum of the

metallic–organic phosphor fac-tris(2-phenylpyri-

dine)iridium [Ir(ppy)3] due to illumination from

the 21.22 eV He Ia line is shown in Fig. 1. The

HOMO position relative to the vacuum level is

estimated by linearly extrapolating the low binding

energy side of the spectrum to the zero intensity

baseline, corresponding to the intersection of the
pair of lines shown. Similarly, the intersection of

the lines at high binding energy provides an esti-

mate of the lowest energy electrons. The difference

between the two energies is the maximum of the ki-

netic energy, Ekin, of the emitted HOMO electrons

at the sample surface, whereby EHOMO is calcu-

lated from Ekin � 21.22 eV.

In CV, the organic material is dissolved in a sol-
vent containing an electrolyte, a reference solute,

and the working, counter and reference electrodes.

Voltage is swept across the electrodes, inducing a

current. To avoid resistive drops and internal

polarization, the voltage measured is that of the
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working electrode relative to the reference elec-

trode. The sample is oxidized to the +1 state (cor-

responding to a singly ionized molecule) upon

contact with the working electrode, at the voltage

corresponding to the average of the anodic and
cathodic peak currents. This voltage is related to

the energy of the HOMO [5], since only the elec-

tron from this orbital is involved in the oxidation

process.

An example of a cyclic voltammogram of

Ir(ppy)3 is given in Fig. 2. The reversible oxidation

peaks of the reference and sample have positive

potential values, and VCV is the difference between
the potentials at which the reference solute and

samples are oxidized. Also shown are the negative

potentials at which the sample is reversibly re-

duced to its �1 and �2 states.
In cyclic voltammetry, consideration must be

given to the effects of the solvent, the electrolyte,

the electrodes, and the reversibility of the redox

reaction of the sample. The acquisition of an accu-
rate value of VCV requires that the solvent resist

oxidation. Furthermore, the electrolyte and elec-

trodes also must not react with the sample, and

oxidation of the samples must be reversible, result-
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Fig. 2. Example of a pulsed cyclic voltammogram for Ir(ppy)3.

Voltages for the sample and reference solute are recorded as the

center voltage between the peak for the oxidation of the sample

and the peak for the reduction of the oxidized sample, as

shown. VCV is determined from the difference between the

oxidation potentials shown.
ing in closed current–voltage loops. The potential

measured for a reversible redox reaction in a cyclic

voltammetry experiment is however a good esti-

mate for the thermodynamic standard oxidation

potential with an error on the order of millivolts
[12]. In UPS measurements, materials must have

a low room temperature vapor pressure to be

compatible with the ultrahigh vacuum (UHV)

(�10�9 Torr) environment, and the films must be

chemically and morphologically stable under

ultraviolet radiation. Also, inaccuracies in measur-

ing EHOMO can occur from charging of the film

and the surrounding UHV apparatus.
The UPS system used in our experiments has a

resolution of 150 meV, whereas redox potentials in

CV are determined to within 50 meV. UPS mea-

surements made using synchrotron radiation

sources can have higher resolutions (�20 meV),
but their cost is often prohibitive for routine mea-

surements. For CV, the resolution is determined

by the error in the voltmeter, the stability of the
power source, and the sweep rate; the oxidation

reaction must occur on a time scale that is short

compared to the voltage cycle time. Neither meth-

od probes the bulk ionization energy introducing

additional potential measurement uncertainties.

As noted previously, UPS only explores the ener-

getics of surface and near-surface electronic states,

and CV measures the potential energy of electron
orbitals of molecules suspended in an electrolytic

environment.
3. Analytical comparison between UPS and CV

measurements

We now consider image charge effects between a
dipolar molecule suspended in an electrolyte near a

conducting, metallic electrode that results in a sim-

ple, quantitative relationship between UPS and

CV measurements. This effect ignores the details

of other solvation effects, the metal workfunction

[13,14], details of the molecular frontier orbitals,

and the explicit role of the electrolyte [15,16], that

have been previously identified as playing a role in
the energies from these two techniques. These

other factors that contribute to the relationship be-

tween the two measurements are simply grouped
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Inset: Schematic diagram showing an equipotential ‘‘molecular

sphere’’ of radius, r, having a charge �q, and a +q point charge

inside it. Here, D is the distance between the center of the sphere

and the positive charge which is offset due to induced image

charges in the metal electrode.
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together and expressed in the form of a ratio of

effective dielectric constants. Hence, while the elec-

trostatic model provides an excellent fit to the ob-

served trends, it does not strive to explain the

detailed effects nor the physical origins of these
other contributions, but rather assumes that their

contribution is accounted for in the details of the

macroscopic dielectric constant of the electrolytic

solution.

Molecular oxidation is studied in UPS by con-

sidering the energy required to singly ionize a mol-

ecule on the surface of a film of relative dielectric

constant, efilm. We approximate a molecule as a
positive ion core surrounded by an electron cloud

with an effective radius, r. The oxidative potential

measured by UPS is therefore given by the

Coulomb energy:

UUPS ¼ EHOMO ¼ � 1

4pe0efilm
� q

2

r
: ð1Þ

Here, q is the electron charge, and e0 is the permit-
tivity of vacuum.

Image charge effects have been shown to reduce

the HOMO energy levels relative to the vacuum le-
vel for thin monolayers in UPS experiments [6],

and they can be used to explain the relationship

between the work function and ionization energy

of metals [17]. In CV measurements, molecules

are in contact with a conductive electrode, so the

dipole arising from image charges of the molecular

ion core and the electrons should also play a signif-

icant role. Additionally, the molecules are
dissolved in a dielectric solution; hence, the solva-

tion effect is also an important consideration

[18,19]. With the inclusion of the conducting, pla-

nar electrode, the equipotential surface around the

positive molecular core can be approximated as a

sphere whose center is displaced from the electrode

due to the image, thereby reducing the total poten-

tial energy. To estimate Ei as measured by CV, we
approximate the molecule as having an electron

occupying an equipotential sphere of effective ra-

dius, r, with a positive core at a distance, d, from

the conducting electrode, as shown in the inset,

Fig. 3. The molecular dipole induces its image in

the electrode. This results in an apparent offset of

the core charge (+q) by a distance, D, as shown.
Equating the potential of a conducting surface at
the points nearest and farthest from the electrode,

the molecular potential as measured by its oxida-

tive voltage is

V OX ¼ V CV þ V REF

¼ q
4pe0eCV

1

r � D
� 1

2d � r þ D

� �

¼ q
4pe0eCV

1

r þ D
� 1

2d þ r þ D

� �
; ð2Þ

where VREF is the oxidation potential of the refer-

ence solute used in cyclic voltammetry, and eCV is
the effective dielectric constant near the electrode,

which is a function of both the dielectric constant

of the solvent, eSol, and the screening from the elec-

trolyte. The shift between the core and the center

of the electron cloud is then given by the positive
real root of the following cubic equation:

D3 þ ð4d þ rÞD2 þ ð4d2 � r2ÞD � r3 ¼ 0: ð3Þ
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Comparing Eqs. (1) and (2),

V CV ¼ �EHOMO

qs
� V REF;

where

s ¼ eCV
efilm

f ðr; dÞ

and

f ðr; dÞ ¼ 1

r
1

r þ D
� 1

2d þ r þ D

� ��1
:

Generally, eCV is greater than efilm due to solvation

effects. The slope, s, of a plot of EHOMO versus

VCV is then the product of the ratio of permittivi-

ties and the image charge factor, f(r,d). The
y-intercept of the plot is determined by the refer-

ence solute used in the CV measurement. A plot

of s as a function of d/r is given in Fig. 3 for two

values of the ratio of permittivities. Hence, Eq.

(4) provides a quantitative relationship between

VCV measured by cyclic voltammetry, and the ion-

ization energy of the molecules under study.
4. Experimental

Silicon substrates used for UPS measurements

were oxidized for 5 min in 4:1 H2SO4:H2O2, etched

for 2 min in dilute HF, and blown dry with pure

nitrogen. The substrates were fastened to copper

substrate holders with copper clips, then loaded
into the ultrahigh vacuum system.

A 50 nm thick Ag film was deposited onto the

substrate and substrate holder, with electrical con-

nection between these surfaces made via the cop-

per clips. Furthermore, the Ag film was used to

establish the Fermi energy in the organic film,

assuming they are aligned in equilibrium. After

Ag deposition, the substrate is transferred under
UHV to the organic deposition system [20].

Prior to film growth, organic materials, purified

by train sublimation [21], were outgassed and

loaded into the growth chamber with a base pres-

sure of 5 · 10�9 Torr. The deposited films were

10 nm thick, and were transferred from the growth

chamber into the UPS analysis chamber under

UHV. The contact potential between the sample
and the detector limits the collection of low kinetic

energy electrons. Hence, the thin film substrates

were biased at either �3 V or �4 V to overcome

this potential barrier.

The oxidation potentials of the sample mole-
cules listed in Table 1, dissolved in dimethylform-

amide, acetonitrile, and dichloromethane (see

Table 2 for their relative dielectric constants at

room temperature [22]), were obtained versus a

ferrocene/ferrocenium reference solute using differ-

ential pulse voltammetry, and using tetrabutylam-

monium hexafluorophosphate as the electrolyte.

The solutions contained only micro-molar concen-
trations of the sample solutes to prevent shifts in

oxidation potential due to concentration effects

[5], and the voltage between the working and coun-

ter electrodes was swept at a scan rate of 100 mV/s.

The working electrode was 0.2 cm in diameter by

1.5 cm long.

Only materials that could be reversibly oxidized

(i.e. resulting in closed CV loops) were considered.
In the context of electrochemistry, a reversible

redox reaction is one where an electrogenerated

intermediate is stable in the timeframe of the exper-

iment. The reversible intermediate should have a

half-life > 10�2 · (scan rate)�1, where the scan rate

is measured in V/s [23]. Neither aluminum tris

(quinoline-8-olate) (Alq3) nor aluminum(III)

bis(2-methyl-8-quinolinato)4-phenylphenolate (BA-
lq) undergo reversible oxidation. The potential

given for these molecules is the irreversible anodic

peak potential, the first peak of the CV trace. How-

ever, an irreversible peak potential may correspond

to within 100 mV of the reversible oxidation poten-

tial if the species generated by a reversible electron-

transfer process is consumed by a rapid, chemical

follow-up reaction [24]. This may occur for both
Alq3 and BAlq in the CV measurements.
5. Results and discussion

Both UPS and electrochemical methods have

been used to determine the HOMO energies of

materials incorporated into organic electronic de-
vices. Only the UPS measurement provides a direct

measure of the HOMO energy of a given com-

pound in the solid-state. Electrochemical methods



Table 1

List of molecules studied and their associated oxidation and ionization energies

Electric potential/V

(versus Fc/Fc+ in DMF)

Ei/eV Structural formula Electric potential/V

(versus Fc/Fc+ in DMF)

Ei/eV Structural formula

0.00 �4.76

Fe

0.68 �5.52

N

O
Al

O

0.18 �4.85
N

Ir-mer

3
CH3

0.69 �5.71

N

NN

N

0.28 �5.11
N

N
Ir-mer

3

0.72 �5.76
N N

0.31 �5.10
N

Ir-fac

3

0.74 �5.61
N N

0.32 �5.07
N

Ir

3

0.75 �5.65
N

O
Al

3

0.36 �4.99

S

N
Ir

O

O

2

0.78 �5.68
N

F

Ir

3

F

0.37 �5.07
N

Ir
O

O

2

0.89 �5.91
N

F

F

Ir

2

O

N

O

0.38 �5.03
N

N
Ir-fac

3

0.92 �5.99
N

N

N

N

0.38 �5.30

N N

1.00 �5.98
N N
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Table 1 (continued)

Electric potential/V

(versus Fc/Fc+ in DMF)

Ei/eV Structural formula Electric potential/V

(versus Fc/Fc+ in DMF)

Ei/eV Structural formula

0.56 �5.33

S N
Ir

O

O

2

1.08 �6.08
N

F

F

Ir
N N

N N
B

N

N N

N

2

0.56 �5.50
N

F

Ir

3

1.23 �6.36
N

Ir

2

F

F
NC

N

O O

Table 2

Linear fits of EHOMO versus VCV for different solvents

Dielectric

constant

at 300 K

s VREF

Dimethylformamide (DMF) 38.3 1.4 ± 0.2 3.2 ± 0.6

Acetonitrile (ACN) 37.5 1.4 ± 0.2 3.2 ± 0.7

Dichloromethane (CH2Cl2) 9.1 1.2 ± 0.1 3.9 ± 0.5
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require the use of a reference compound with mea-

sured oxidation potential (VCV) and Ei values.

Comparison of the oxidation potentials for the ref-

erence sample and unknown sample has been used

to estimate the difference in Ei values for the two

materials. The most common reference compound

for such measurements is ferrocene, due to its

highly reversible oxidation and the stability of
both neutral and cationic forms in a wide range

of solvents. The assumptions in this electrochemi-

cal method are that there is a one-to-one corre-

spondence between shifts in oxidation potential

and Ei and that the reference compound has well

defined VCV and Ei values, as shown previously

for metal-free phthalocyanines [7]. We will show

below that the one-to-one correspondence between
shifts in VCV and Ei is not valid. Additionally, the

ferrocene reference solute commonly used in elec-

trochemical studies does not have a well defined

solid-state Ei value. The commonly used Ei value

for ferrocene (4.8 eV) was inferred from theoretical

electrochemical studies [25–27], which estimated

the work function for a standard hydrogen elec-

trode (SHE) as 4.6 V, and VCV = 0.2 V versus
SHE [28].
One reason for the difficulty in performing UPS

measurements of a ferrocene thin film is the high

volatility of the material, so cold substrate holders

are required in a UHV environment [29]. The adi-

abatic ionization energy of ferrocene in the gas

phase is reported to be 6.72 eV [30], and Ritsko

et al. [29] have previously measured the thin film

Ei of ferrocene to be 5.4 eV; however, that work
provides no information on how the thin film is

biased to avoid contact potential effects that occur

in the experimental setup. The error caused by the

contact potential is typically removed by applying

a �3 V, relative to ground, bias to the sample, as is
done in this study [3]. Without biasing the sample,

the value of Ei is unreliable and could be larger

than a value determined when the sample is biased.
Thus, the experimental results obtained by Ritsko

et al. on the solid-state samples of ferrocene are

inconsistent with the results presented here, due

to experimental considerations.

The volatility of ferrocene is substantially de-

creased by adding a biphenyl group to each of

the cyclopentadienyl rings of the ferrocene mole-

cule. The HOMO energy for this ferrocene deriva-
tive is 4.76 eV. The biphenyl substitution does not

affect the oxidation potential of ferrocene, so the

value determined here is a good estimate for the

HOMO energy of ferrocene itself. Our measured

Ei matches that previously estimated from electro-

chemical methods, supporting the use of this value

for the ferrocene reference sample.

The EHOMO of several representative elec-
tronic materials from families of organometallic



18 B.W. D’Andrade et al. / Organic Electronics 6 (2005) 11–20
complexes [31–35], triarylamines [36], and carbaz-

oles [37] are plotted versus VCV in Fig. 4. The

molecular structural formulae, VCV and EHOMO

of this family of molecules are listed in Table 1.

There is a linear relationship between the two
measurements, best fit by the single solid line,

following

EHOMO ¼ �ð1:4	 0:1Þ 
 ðqV CVÞ
� ð4:6	 0:08Þ eV; ð4Þ

with a linear regression correlation coefficient of
0.978.

In Fig. 3, s is plotted versus normalized distance

of the solute molecules from the conductor, d/r, for

two extreme conditions. For eCV/efilm = 1, the dis-

crepancy between the energy levels is solely due

to image charge effects. In this case, it is assumed

that monolayers of solute are formed on the sur-

face of the electrode such that the immediate
neighborhood of the solute molecules in CV differs

from that of UPS only by the presence of the con-

ducting electrode, thereby making the dielectric

constants the same in both situations. Assuming

close packing of spherical molecules next to the
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Fig. 4. HOMO energies (EHOMO) determined using UPS versus

relative oxidation potentials (VCV) for several types of mole-

cules: iridium and aluminum chelates, triarylamines and

carbazoles using dimethylforamide (DMF) as solvent and a

ferrocene/ferrocenium reference. The solid line is a best fit to the

data following EHOMO = �(1.4 ± 0.1)qVCV � (4.6 ± 0.08) eV.

Inset: EHOMO versus VCV for the solvents DMF, acetonitrile

(ACN) and dichloromethane (CH2Cl2) with a ferrocene/ferr-

ocenium reference sample. The solid line is the fit obtained with

DMF as solvent.
working electrode, d/r = 1.8 ± 0.2 (i.e. the value

at s = 1.4) corresponds to 3.5 ± 0.7 monolayers.

From the area under the second positive peak of

the CV measurement (see shaded area in Fig. 2),

we infer that (4.5 ± 0.5) · 1014 molecules are oxi-
dized per voltage scan with a voltage sweep rate

of 100 mV/s. Given that the area of the working

electrode is 0.94 cm2, and that each monolayer

consists of (1.4 ± 0.4) · 1014 molecules, we find

that r = 0.44 ± 0.07 nm. Based on space-filling

model calculations of Alq3, Ir(ppy)3, 4,4
0-bis[N-

(1-naphthyl)-N-phenyl-amino]biphenyl (NPD),

and N,N 0-dicarbazolyl-3,5-benzene (mCP), the
volumes of these molecules are 0.540 nm3,

0.520 nm3, 0.645 nm3, and 0.438 nm3, respectively,

corresponding to radii of 0.5 nm, 0.5 nm, 0.54 nm,

and 0.47 nm, respectively, in agreement with the

estimated value of r = (0.44 ± 0.07) nm.

For the case of eCV/efilm = 1.4, the discrepancy

between the energy levels is entirely due to the sol-

vation effect. Hence, f(r,d)! 1 as d/r ! 1. In
fact, for the cases studied here, 1 < eCV/efilm < 1.4,

both solvation and image charges should be con-

sidered (Fig. 3, bold line).

Cyclic voltammetry data for three molecules

were taken using two other solvents, acetonitrile

(ACN) and dichloromethane with ferrocene/

ferocenium as the reference sample in all cases.

The VCV for several molecules in these solvents
are plotted against EHOMO in the inset of Fig. 4,

along with the fit obtained earlier with dimethyl-

formamide (DMF) as the solvent. The fits for the

individual solvents and their dielectric constants

at room temperature are given in Table 2. The

dielectric constants of dimethylformamide and

acetonitrile are almost identical, and thus the oxi-

dation potentials obtained are also similar.
Although dichloromethane has a dielectric con-

stant that is four times less than the other solvents,

the change in s is only 15%, which is within exper-

imental error. This suggests that the image charge

effect has a more significant contribution to the

slope than the solvation effect. Nevertheless, in

all cases the fits are linear and are quantitatively

consistent with the analysis in Section 2.
This model is based on molecules being spheri-

cal; a simplification that allows for an analytical

expression of the image charge factor. In this case,
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only d/r, along with the ratio of dielectric constants

of the film to the solvent are required to accurately

determine the HOMO energy from VCV. Consider-

ation of more complicated molecular shapes lead-

ing to higher order multipoles would involve other
parameters such as molecular orientation with re-

spect to the conductor. However, the accuracy

afforded by such complications is insufficient to

change the value inferred from the image charge

factor. A detailed molecular orbital calculation

to determine the energy levels of different redox

states of the molecule would provide a better phys-

ical understanding of the dependence of the effec-
tive dielectric constant, eCV, on the dielectric

constant of the solvent, eSol, while taking into ac-
count the screening effects due to the supporting

electrolyte. Nevertheless, the simplicity of the

model presented here, along with the analysis of

an extreme case of identical dielectric constants as-

sumed in the UPS and CV experiments, is suffi-

cient to conclude that the image charge factor,
along with solvation effects, are all that are neces-

sary to derive a quantitative relationship between

the CV and UPS methods.
6. Conclusion

We have shown that a linear relationship exists
between the HOMO energy found using UPS and

the oxidation potential found from CV. This rela-

tionship is explained by a combination of solvation

and image charge effects. The latter is quantified by

approximating amolecule as a positive ion core sur-

rounded by an electron cloud with an effective ra-

dius, r, inducing image charge in the conductive

working electrode, and polarization of the electro-
lyte. We find that the two spectroscopic techniques

are quantitatively related by EHOMO = �(1.4 ± 0.1)

qVCV � (4.6 ± 0.08) eV for a wide range of organic

electronic materials, where EHOMO is directly mea-

sured from the UPS spectrum.
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Abstract

A set of polyaniline- and poly(3,4-ethylene dioxythiophene)-based materials were studied as hole injection layers in

polymer light emitting devices. The choice of polymeric counterion/dopant poly(styrenesulfonic acid), and poly(acry-

lamido-2-methyl-1-propanesulfonic acid), and poly(acrylamide) blended with polyaniline/poly(acrylamido-2-methyl-

1-propanesulfonic acid) was found to influence both work function and film morphology, which in turn affects device

performance. The work functions of the polymer films spanned the range of over 1 eV and the surface region of the

films were found to be low in conducting polymer content compared to the bulk. This was particularly the case of

the polyaniline/poly(acrylamido-2-methyl-1-propanesulfonic acid) blended with poly(acrylamide) which showed device

efficiency equal to that of the poly(3,4-ethylene dioxythiophene)–poly(styrenesulfonic acid) reference. The turn on volt-

age, however, was significantly larger, likely due to the insulating poly(acrylamide)-rich surface region of the polyan-

iline/poly(acrylamido-2-methyl-1-propanesulfonic acid)/poly(acrylamide) film. The polymer blend of polyaniline/

poly(styrenesulfonic acid) yielded the highest work function (5.5 ± 0.1 eV).

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

There is a steady growth in the field of conju-

gated polymers with numerous applications

[1–10]. However, the biggest application so far,
polymer light emitting diodes (PLEDs), is still

working on fundamental issues such as degrada-

tion upon running of the devices [11–13]. It is

known today that device efficiency and lifetime

can be enhanced by adding extra layers between

the electrodes and the active materials. For the

anode contact, so-called buffer materials, typically

conducting polymers such as poly(3,4-ethylene
dioxythiophene) (PEDOT) and polyaniline (PAni)

systems, are deposited as interfacial layers between

the anode and the electroluminescent polymer

(ELP) [14–20]. On the cathode side, thin alkali ha-

lide layers between the ELP and the electrode can

be used to improve device performance [21–23].

Good band alignment between the contacts and

the ELP is essential for device performance [24]
and by introducing a contacting material that

modifies the electrode work function, better band

alignment can be obtained. The most popular buf-

fer layer material for the anode side is poly(3,

4-ethylene dioxythiophene)–poly(styrenesulfonic

acid), PEDOT–PSSA [25]. PEDOT–PSSA is in

many ways an ideal hole injection layer (HIL)

for polymer LEDs. A PEDOT–PSSA film has a
high work function [26], acts as a metal in terms

of band alignment at interfaces [26], is transparent,

has a high conductivity for a polymer and serves as

buffer material for ions and oxygen that can diffuse

from the anode [18,27]. PEDOT–PSSA is however

acidic by nature, due to the acidic counter ions in

PSSA. This leads to etching of the anode electrode,

giving rise to unwanted ‘‘free’’ metallic ions re-
leased from the anode into the devices. Further-

more, PEDOT–PSSA suffers from UV- and

electron-induced degradation [28,29] and overoxi-

dation can lead to permanent transition into insu-

lating states of the polymer system [30]. Hence,

there are still reasons to either improve PEDOT–

PSSA or find other, more suitable materials for

HILs in PLEDs. PAni is one such candidate given
its superior stability, and PAni-PSSA has been

reported to be more effective under certain condi-

tions [20]. In this paper, different polymeric coun-
ter ions are used for PEDOT and PAni and the

counter ion induced effects on the electronic and
morphological properties of the resulting films

are studied. The specific systems are: PAni doped

with poly(styrenesulfonic acid) (PSSA), poly(acry-

lamido-2-methyl-1-propanesulfonic acid) (PAA-

MPSA), and PAni–PAAMPSA blended with

insulator polyacrylamide (PAM), and PEDOT

where PAAMPSA is used as counter ion. Results

from photoelectron spectroscopy study and UV–
Vis–NIR optical absorption are presented describ-

ing changes in work function, stoichiometry and

thermal stability depending on polymeric counter

ion. The suitability of the materials as HILs in

PLEDs also was tested and compared to PED-

OT–PSSA by fabricating PLEDs and obtaining

IV-characteristics and luminescence efficiency.

The chemical structures of the materials are de-
picted in Fig. 1.
2. Experimental

2.1. Synthesis and material

Composition and characterization of each
material either synthesized in Dupont or obtained

from outside are described below:
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2.1.1. PAni–PAAMPSA

PAAMPSA-doped (protonated) polyaniline

was made by oxidative polymerization of aniline.

Amount of aniline and PAAMPSA in molar ratio

of 1 to 1 was added with water in a glass reactor to
form 2.8% (w/w) reagent concentration. PAAMP-

SA is a water-soluble polymeric acid having a

weight-averaged molecular weight of 2 million.

The solution, while being stirred, was added slowly

with a 20%(w/w) ammonium persulfate (APS), an

oxidant, water solution slowly to cause aniline to

polymerize oxidatively. The amount of APS is

0.4 in molar ratio to aniline or PAAMPSA. The
reaction mixture turned green in about 20 min

and polymerization was allowed to proceed for

about a couple of hours. The green color is attrib-

uted to protonation, or called doping, of polyani-

line emeraldine base formed in polymerization of

aniline in the presence of PAAMPSA. The electri-

cally conductive PAni/PAAMPSA exists as dis-

persed particles in the water. The polymer was
then precipitated with acetone and subsequently

washed with acetone to purify the polymer. It

was then dried in a vacuum oven for storage. Ther-

mal gravimetric analysis (TGA) shows that the

polymer exhibits a small amount of weight loss

as soon as heated above room temperature due

to evaporation of absorbed water and then stabi-

lizes at higher temperature, but starts to show
decomposition at the temperature above about

190� in nitrogen. The dried polymer powder sam-

ple was re-dispersed in de-ionized water at 1.0%

by weight and subsequently agitated with a

mechanical grinder to break up aggregates for

reducing particle size of PAni/PAAMPSA. The

formed dispersion usually contains PAni/PAAMP-

SA particles having less than 0.1 lm.

2.1.2. PAni–PAAMPSA–PAM

Aqueous PAni–PAAMPSA–PAM dispersion

was made as follows: Portion of the 1.0% PAni–

PAAMPSA dispersion was diluted to 0.8% (by

weight) first before mixed with an equal amount

of 1.6% (by weight) PAM in water. PAM pur-

chased from PolySciences Inc. is a water-soluble
and electrically insulating polymer having molecu-

lar weight of 5–6 millions. Addition of PAM,

which is compatible with PAni–PAAMPSA was
to reduce conductivity of buffer layer in the devices

for preventing cross-talk between pixels in passive

matrix displays. The mixture in the dispersion was

then agitated mechanically to break up aggregates

to form reduced particle size. A small sample of
the dispersion was dried and analyzed for weight

loss. TGA shows that the polymer exhibits a small

amount of weight loss as soon as heated above

room temperature due to evaporation of absorbed

water and then stabilizes at higher temperature,

but starts to show decomposition at the tempera-

ture above 190� in nitrogen atmosphere.

2.1.3. PAni–PSSA

Polyaniline doped (protonated) by poly(sty-

renesulfonic acid), PSSA, was provided as a

�3.7% dispersion by weight in water by Covion

GmbH in Frankfurt, Germany. A small sample

of the dispersion was dried and then analyzed for

weight loss. TGA shows that the polymer exhibits

a small amount of weight loss as soon as heated
above room temperature due to evaporation of ab-

sorbed water. However, it does not show any addi-

tional weight loss even up to 200� in nitrogen

atmosphere.

2.1.4. PEDOT–PAAMPSA

Aqueous PEDOT–PAAMPSA dispersion was

made by oxidative polymerization of Baytron-M
in the presence of PAAMPSA. Baytron-M pur-

chased from H.C. Starck in Germany is 3,4-

dioxyethylenethiophene monomer. Amount of

PAAMPSA and sodium persulfate, an oxidant,

in a molar ratio of about 0.4 was placed in a glass

reactor containing deionized water and a small

amount of ferric sulfate as a catalyst. PAAMPSA

as a 15.0 wt.% in water was purchased from Al-
drich. It has weigh-averaged molecular weight of

2 million. The mixture was stirred with a stirring

paddle powered by an air-driven overhead stirrer

while Baytron-M� in a molar ratio of 0.36 to

PAAMPSA was added. The polymerization was

allowed to proceed for 24 h at about 22 �C. During

the time, the polymerization changed from a clear

liquid to a dark color liquid, which is PEDOT/
PAAMPSA dispersion in water. The dark color

is due to partially oxidized poly(3,4-dioxyethylen-

ethiophene) backbone in which the positive



24 C. Tengstedt et al. / Organic Electronics 6 (2005) 21–33
charges were balanced by part of PAAMPSA an-

ions. The aqueous PEDOT/PAAMPSA was fur-

ther treated with Lewatit� S100 and Lewatit�

MP62 WS ion-exchange resins, both from Bayler

GmbH, to remove impurities. Final solid% of the
dispersion was about 1.2%. A small sample of

the dispersion was dried and then analyzed for

weight loss. TGA shows that the polymer exhibits

a small amount of weight loss as soon as heated

above room temperature due to evaporation of ab-

sorbed water. However, it does not show any addi-

tional weight loss even up to 200� in nitrogen

atmosphere.

2.1.5. PEDOT–PSSA

Aqueous PEDOT–PSSA dispersion was pur-

chased from H.C. Starck in a trade name of

Baytron-P CH8000. It consists of about 2.6%

PEDOT–PSSA in which positive charges in the

partially positively charged poly(3,4-dioxyethylen-

ethiophene) backbone were balanced by part of
PSSA anions. A small sample of the dispersion

was dried and then analyzed for weight loss.

TGA shows that the polymer exhibits a small

amount of weight loss as soon as heated above

room temperature due to evaporation of absorbed

water. However, it does not show any additional

weight loss even up to 200 �C in nitrogen

atmosphere.

2.2. Device fabrication

2.2.1. General procedure

A general procedure for making polymeric light

emitting diodes (PLEDs) is described as follows.

All PLEDs were fabricated at Dupont Displays

in Santa Barbara, California and have the
following configuration: ITO(anode)/HIL(buffer

layer)/light emitting polymer(LEP)/Ba(EIL)/Alu-

minum(cathode). The glass/ITO substrates

(30 mm · 30 mm) having ITO thickness of 100–

150 nm and conductivity 20 X/sq were patterned

to create 15 m · 20 mm light emitting area. The

ITO was then cleaned in mild organic solvents

(alcohols) followed by drying and storage in a
70 �C oven and subsequently treated with UV/

ozone before use. The different conducting poly-

mer dispersions were spin-coated in air at a spin
speed between 1000 and 2500 rpm on to ITO to

form HIL (hole injection layer) layer, or so-called

buffer layer. The electrical lead areas were then

wiped cleaned with damp swabs before baked at

the baking conditions specified hereunder in sec-
tion ‘‘film specifications’’ together with conductiv-

ities. Nominal thickness of the HIL is also

specified in the ‘‘film specifications’’ section.

Immediately after spin coating, the samples were

transferred to dry-box while still hot to avoid reab-

sorption of water). The HIL containing layer

pieces were then top-coated with Covion�s
PDY131, a super yellow emitter, using 0.5% (w/
w) solution in toluene. PDY131 is substituted-

poly(p-phenylene-vinylene). The spin speed was

�1500 rpm until films completely dry, in a dry

box with moisture and O2 content <1 ppm and

nominal thickness of the layer was 70 nm. No sub-

sequent heat treatment was performed. Electrical

contact areas were then wiped clean with toluene.

The HIL and LEP containing substrates were then
masked and placed in a vacuum chamber. After

pumping to a base pressure of 2 · 10�7 Torr, a

layer of Barium to a thickness of 3 nm to function

as an electron injection layer and subsequently a

layer of Aluminum to a thickness of 400 nm to

function as cathode. The chamber was then vented

and the devices were then encapsulated using a

glass lid and an UV curable epoxy. Such encapsu-
lation has proven to be effective for air exposure of

>6 months. These devices were then measured for

current/voltage, and brightness for calculation of

device efficiency shown in Table 1.

2.2.2. Film specifications

In the case for spin-coated PAni–PAAMPSA,

films at thicknesses of about 60 nm were prepared
for device fabrication. Before the top coating with

the light emitting polymer solution, the films were

baked at 90 �C in nitrogen for 30 min in order to

remove moisture. The conductivity of the baked

films was in the range of 10�3 S/cm. The spin-

coated PAni–PAAMPSA–PAM films were pre-

pared such that the film thicknesses were about

160 nm and then baked at 200 �C for 4 min in
nitrogen. The baking conditions were chosen to re-

move moisture prior to top coating with a light

emitting polymer solution and to maximize device



Table 1

Work function of the materials as measured by UPS

Material Thermal treatment Work functions (±0.1) [eV]

PAni–PAAMPSA As prepared 4.8

90 �C, 30 min in vacuum 4.8

30 min at 90 �C followed by 4 min at 200 �C in vacuum 4.8

PAni–PAAMPSA–PAM As prepared 5.2

90 �C, 30 min in vacuum 5.1

30 min at 90 �C followed by 4 min at 200 �C in vacuum 5.3

PAni–PSSA As prepared 5.4

90 �C, 30 min in either vacuum, argon or in nitrogen 5.5 (Vac); 5.2 (Ar); 4.6 (N2)

30 min at 90 �C followed by 4 min at 200 �C in vacuum 5.6

PEDOT–PAAMPSA As prepared 4.2

90 �C, 30 min vacuum 4.6

30 min at 90 �C followed by 4 min at 200 �C in vacuum 4.6

PEDOT–PSSA (ref.) As prepared 5.3

90 �C, 30 min nitrogen 5.0

200 �C, 4 min in air 5.3
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performance. The conductivity of the baked spin-

coated films was in the range of 10�5 S/cm. Spin-

coated films of PAni–PSSA with conductivity in

the range of 10�5 S/cm after baked at 90 �C for

30 min in nitrogen or 200 �C for 5 min in air were

prepared. The latter baking conditions were also

used prior to top coating with a light emitting

polymer solution for making light emitting diodes.
Film thickness of the material in the light emitting

diodes was about 160 nm. The conductivity of

spin-coated films of PEDOT–PAAMPSA is in

the range of 10�7 S/cm after baked at 90 �C for

30 min in nitrogen. The baking conditions were

also used prior to top coating with a light emitting

polymer solution for making light emitting diodes.

Film thickness of the material in light emitting
diodes was about 100 nm. Spin-coated and heat

treated films of PEDOT–PSSA had conductivity

in the range of 10�5 S/cm after baked at 90 �C
for 30 min in nitrogen or 200 �C for 5 min in air.

The latter baking conditions were used for device

fabrication, prior to top coating with a light emit-

ting polymer solution. Film thickness of the mate-

rial in light emitting diodes was about 160 nm.

2.3. Material analysis

Photoelectron spectroscopy and UV–Vis–NIR

optical absorption was used in order to study sur-
face and bulk electronic properties, respectively.

The photoelectron spectroscopy was carried out

using an ultra high vacuum system at a base pres-

sure of 10�10 mbar equipped with a Scienta�

ESCA 200 with a hemispherical electron energy

analyzer. Both a monochromatized Al(Ka)-
source, at hm = 1486.6 eV and a synchrotron

radiation source at MAX-lab, see http://www.
maxlab.lu.se, was used for the X-ray photoelec-

tron spectroscopy, XPS, measurements and a

monochromatized He I and He II source was used

for the ultraviolet photoelectron spectroscopy,

UPS, measurements. The resolution of the ana-

lyzer was such that the full width at half maximum

of the Au(4f7/2) core level was 0.65 eV. A Perkin–

Elmer Lambda 9 UV–Vis–NIR spectrometer was
used for the absorption measurements. The mate-

rials studied were all obtained from DuPont� Dis-

plays. The substrates used for the photoelectron

spectroscopy studies were ITO, gold and silicon.

Quartz and ITO were used as substrates in the

UV–Vis–NIR absorption studies. Each substrate

was cleaned in acetone, isopropanol and ozone,

5 min for each step, before spin casting the aque-
ous polymer dispersions onto the substrate using

the same speed as for device fabrication. In order

to remove the excess water after spin casting,

different heating procedures were used, depend-

ing on the dispersion, trying to mimic device

http://www.maxlab.lu.se
http://www.maxlab.lu.se
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fabrication procedure. In the PAni–PAAMPSA

and the PAni–PAAMPSA–PAM cases, the heat-

ing procedures were: not heated (reference), sam-

ples heated during 30 min at 90 �C in vacuum,

sample heated at both 90 �C, 30 min followed by
4 min at 200 �C in vacuum and sample heated at

200 �C for 30 min or in nitrogen. For PAni–PSSA,

the heating procedures were: not heated (refer-

ence), heated at 90 �C for 30 min in either nitro-

gen, argon (in a ‘‘glove bag’’) or in vacuum,

sample heated at 90 �C for 30 min vacuum

followed by 4 min at 200 �C in vacuum and heated

4 min at 200 �C in air. In the PEDOT–PAAMPSA
case, the heating procedures were: as prepared,

heated in vacuum and 90 �C for 30 min followed

by 4 min 200 �C in vacuum. For purposes of refer-

ence, Baytron-P PEDOT–PSSA was studied as

well, and the results are included in the tables

but are not discussed in any detail, as spectroscopy

data is readily available in literature [31,32]. The

heating procedure for PEDOT–PSSA was: as pre-
pared, heated at 90 �C for 30 min in nitrogen or

heated at 200 �C during 4 min in air. All samples

used for the photoelectron spectroscopy studies

were introduced not more than 5 min after heating

into a load lock system of the vacuum equipment

and was pumped down to P < 10�6 mbar within

30 min. The samples prepared for absorptions

studies were measured right after preparation
and the measurements were performed in air.
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Fig. 2. XPS N(1s) core level spectra, normalized to the binding

energy of saturated C(1s) at 285 eV, of PAAMPSA (dots, I) and

PAni–PAAMPSA (solid line, II), (A) heated 90 �C, 30 min in

vacuum, and (B) heated 200 �C, 30 min in nitrogen.
3. Results and discussion

3.1. PAni–PAAMPSA

The XPS-derived stoichiometry of the PAni–
PAAMPSA films suggests a PAAMPSA rich sur-

face. The atomic concentrations of C, O, N, S for

the pristine PAni–PAAMPSA films are identical

to that of pure PAAMPSA within the error mar-

gins of the technique. For the films heated at

200 �C, there is a decrease of the S and O content,

suggesting diffusion of some PAni to the surface re-

gion (�60 Å) or heating-induced decomposition of
the PAAMPSA with loss of SO�

3 units, as have been

seen for PSSA [31]. The C(1s) core level spectrum

(not shown) features the high binding energy peak
expected of the carbonyl groups of PAAMPSA,

also suggesting a PAAMPSA overlayer.

In Fig. 2 the N(1s) core level spectra for PAni–

PAAMPSA and PAAMPSA films are compared

for each type of heat treatment. Note that the
N(1s) core level spectrum of PAAMPSA contains

two features, yet the chemical structure of

PAAMPSA depicted in Fig. 1 contains only one

type of nitrogen, C2NH, which produces the peak

at �399.8 eV. The second peak at �401.6 eV orig-

inates from C2NH that has been changed into

C2NH2 by accepting a proton from a SO�
3 H+ group

on the PAAMPSA, i.e., so-called protonation.
(The shift towards higher binding energy is a conse-

quence of the added positive charge on the nitrogen

due to the protonation.) The shape and binding en-

ergy positions of the N(1s) core level features of

PAni–PAAMPSA and PAAMPSA are identical

for the as-prepared samples and differ only slightly

when heat treated samples are compared, further

strengthening the argument for the proposed for-
mation of a PAAMPSA-rich surface region in the

films. The small differences in the N(1s) spectra

upon heating may be due to ordering effects in

the film, i.e., diffusion of PAni to the surface, since

the broadening towards lower binding energy is

consistent with the binding energy for PAni nitro-

gen (amine �399.9 eV, imine �398.6 eV) [33]. The

possibility of sample damage upon heating occur-
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ring as well cannot be ruled out based on the N(1s)

spectra, however since all XPS spectra show great

similarities, both in shape and binding energy, a

PAAMPSA-rich region of the surface more or less

independent of heating procedure is suggested.
However, given the similarities between PAAMP-

SA and protonated polyaniline core level features

(fully protonated PAni lacks imine nitrogen), the

valence band structure was measured by means of

UPS using He II light. The valence electronic struc-

tures of protonated PAni (emeraldine salt), a con-

ductor, and PAAMPSA, an insulator, are vastly

different so UPS is a more sensitive technique for
deciding which material is present. UPS is however

more surface sensitive, 10–20 Å for He II light

compared to the 60 Å probed by XPS, and hence

the material composition at the absolute surface

is obtained. The He II valence band spectra of

PAAMPSA and PAni–PAAMPSA, shown in Fig.

3, display great similarities between spectrum of

pure PAAMPSA and the PAni–PAAMPSA films,
which again indicates a PAAMPSA-rich surface.

There is no PAni feature appearing in the spectra,

even for the 200 �C heated films, suggesting that

if some PAni chains do diffuse into the surface re-

gion, they do not reach the actual surface (the

XPS probe depth is �3 times that of UPS).

Together, the XPS and UPS results make a

strong argument that the surface region (up to
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Fig. 3. He II spectra of PAAMPSA and heat-treated PAni–

PAAMPSA, plotted versus the vacuum level. The different

spectra shows (A) as prepared PAAMPSA, (B) PAni–

PAAMPSA heat treated at 90 �C, 30 min in vacuum, (C) PAni

PAAMPSA heat treated at 200 �C, 30 min in nitrogen.
�60 Å) of the PAni–PAAMPSA films consists

mainly of PAAMPSA, regardless of heating proce-

dure. In order to study the homogeneity within the

PAAMPSA-rich over-layer, photon energy depen-

dent depth profiling [32,34] were performed at the
MAX synchrotron radiation facility. The spectra

(not shown) indicated a homogeneous mixture

within the probing depth of XPS.

Due to the limited probing depth of photoelec-

tron spectrometry, optical absorption experiments

were also carried out in order to study the bulk

properties of the films. Indeed, due to (nitrogen

containing) over-layer of PAAMPSA, it is not pos-
sible to establish the degree of doping for the poly-

aniline simply by resolving the nitrogen core level

spectra. However a qualitative estimate of the dop-

ing level can be established from the absorption

spectra (see Fig. 4). Absorption bands at 2.8 eV

(�440 nm) and 1.5 eV (800 nm) are characteristic

of p-doped (protonated) PAni [35,36]. The rather

narrow peak around 1.5 eV is due to localized
charge carriers, polarons, typical for the compact

coil conformation of protonated PAni [37]. Both

spectra have a small absorption tail towards higher

wavelengths (lower energies). A small or no

absorption tail indicates localized charge carriers,

the extension of the absorption tail is an indicator

of the localization of the charge carriers in the pro-

tonated PAni [37].
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Fig. 4. UV–Vis–NIR spectra of (A) PAni PAAMPSA heated

90 �C, 30 min in vacuum and (B) PAni PAAMPSA heated

200 �C, 30 min in nitrogen.
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3.2. PAni–PAAMPSA–PAM

The mixture PAni–PAAMPSA–PAM system

differs from the PAni–PAAMPSA material. The

XPS-derived stoichiometry suggest surface region
containing a blend of PAM and PAAMPSA, with

an excess of PAM. Due to the similar elemental

composition of the components, no quantitative

conclusions can safely be drawn. Energy depen-

dent depth profiling (not shown) indicates that

the blend is homogeneous over the probe depth

(�60 Å), however.

The XPS core-level spectra of N(1s) PAM and
PAni–PAAMPSA–PAM films are plotted in Fig.

5 for each type of heat treatment. The shape of

the spectra is clearly different from those of pure

PAAMPSA and PAni–PAAMPSA as expected

from the stoichiometry results. The PAni–

PAAMPSA–PAM spectra are PAM-like in that

they show a main feature located at �400 eV from

the C2NH nitrogen of PAM (and PAAMPSA).
The spectra show broadening of the main peak

upon the heat treatment. The broadening on the

low binding energy side of the peak cannot result

from reorganization of the film since none of the

blend components have features at �398 eV in

the N(1s) spectrum. It is worth noting that the

low binding energy side increases significantly for

the 200 �C heating and the stoichiometry changes,
showing loss of S and O (as for the heated PAni–
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Fig. 5. XPS of N(1s) core level, normalized to the binding

energy of saturated C(1s) at 285 eV, of samples PAM (dots, I)

and PAni–PAAMPSA–PAM (solid line, II), the samples were

heated as (A) as prepared, (B) samples heated 90 �C, 30 min in

vacuum and (C) samples heated 200 �C, 30 min nitrogen.
PAAMPSA films). Pure PAM films also show a

broadening of the main peak at �400 eV upon

heat treatment, though not as significant as in

the PAni–PAAMPSA–PAM case. New nitrogen

compounds through modification of both PAM
and PAAMPSA could explain the broadening seen

in the N(1s) spectrum. Hence we propose that the

heat treatment modify both the PAM and

PAAMPSA chains, most significant for the

200 �C treatment, with new chemical species form-

ing from the modified components.

In order to more clearly establish the composi-

tion of the topmost surface layer, UPS spectra of
PAni–PAAMPSA–PAM films (not shown) were

obtained. The spectra are almost identical to that

of pure PAM, suggesting that the topmost layer of

the films consists of PAM (almost) exclusively.

XPS valence band spectra (Fig. 6) were also ob-

tained for PAM, PAAMPSA and PAni–PAAMP-

SA–PAM films. Using X-rays, the probe depth is

increased as mentioned earlier, here to about
�80 Å due to the increased kinetic energy of the

emitted electrons. Since the valence electronic struc-

tures for the three components are quite different,

theXPS valence band spectrumcanbe used to better

determine the blend composition in this extended

surface region (�80 Å). TheXPS valence band spec-

tra show great similarities between the valence

bands of PAM and PAni–PAAMPSA–PAM i.e.,
strengthening the proposed model of a PAM-rich

surface region in the PAni–PAAMPSA–PAMfilms.
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Fig. 6. XPS valence band spectra, aligned to the vacuum level.

The spectra originate from as prepared: (A) PAAMPSA, (B)

PAni–PAAMPSA–PAM and (C) PAM.



ab
so

rp
tio

n 
(a

rb
itr

ar
y 

un
its

)

4.0 3.0 2.0 1.0
photon energy (eV)

A
B

Fig. 7. UV–Vis–NIR spectra of (A) PAni–PAAMPSA–PAM

heated 90 �C, 30 min in vacuum and (B) PAni–PAAMPSA–

PAM heated 200 �C, 30 min in nitrogen.
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Fig. 8. Deconvolution of the N(1s) core level spectrum of as

prepared PAni–PSSA. The spectra are normalized to the

binding energy of saturated C(1s) at 285 eV.
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The absorption spectra of PAni–PAAMPSA–

PAM, depicted in Fig. 7, show a strong feature

at 1.5 eV (localized polaronic charge carrier states)

for the 90 �C heated films. Like for the PAni–

PAAMPSA material, there is no strong tail into

the IR that would indicate delocalized charge car-
riers and a highly conductive film. The 200 �C heat

treatment introduces significant changes in the

absorption spectrum. The intensity of the 1.5 eV

peak is decreased relative to the higher energy

absorption features. If a localized to delocalized

charge carrier transformation occurred (typically

by morphology changes in the film), the decrease

in the 1.5 eV peak would be accompanied by an in-
creased tail into the IR [37]. This is not evident in

our spectra, however, as the tail retains the same

decreasing slope into the IR as for the 90 �C films.

Thermal de-protonation of the PAni also can be

ruled out, as a emeraldine salt to emeraldine base

transition would move the 1.5 eV peak to 2.0 eV

and broaden it [37], which is not seen in the spec-

tra. We hence speculate that the drop of intensity
may be due to chemical modification/degradation

of the PAni due to reaction with thermally de-

graded PAM, PAAMPSA or species thereof.

3.3. PAni–PSSA

The stoichiometry of the studied films indicates

a PSSA-rich surface containing of about eight
PSSA monomer units per PAni monomer unit
(see Fig. 1). The C(1s) core level features (not

shown) of PAni and PSSA overlap each other

and form one broad peak centered at around

285.0 eV. The N(1s) core level spectrum does not

contain any contribution from PSSA and can thus
be used to determine the level of protonation in the

PAni. The N(1s) spectrum of pristine PAni–PSSA

(see Fig. 8) is fitted using three peaks representing

protonated amine –NHþ
2 – (�402.7 eV), proton-

ated imine –NH+– (401.6 eV) and amine –NH–

(400.2 eV). The combined relative intensity of the

protonated imine and protonated amine features,

i.e., the doping level, was found to be about 60%
(see Fig. 8). The doping level, as estimated from

the N(1s) spectra remained �60% upon 90 �C
and 200 �C heat treatments (not shown), nor

where there a loss of sulfur signal, thus indicating

that the PAni–PSSA is stable at these

temperatures.

The PAni–PSSA was sensitive to prolonged

heating in nitrogen atmosphere, however, unlike
the cases where argon atmosphere or vacuum

was used. It earlier has been shown that the sul-

fonic acid of PSSA in PEDOT–PSSA can catch

NH3 impurities in the N2 gas (or air) when in the

presence of water leading to PSSA �NHþ
4 [32].

Similar modifications were seen in the S(2p) core

level spectrum for PAni–PSSA (not shown).

Hence, unless the N2 gas is ultra pure, it should
not be viewed as an inert atmosphere for PAni–

PSSA.
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Fig. 9. UV–Vis–NIR spectra of PAni–PSSA: (A) heated 90 �C,

30 min in argon, (B) heated 200 �C, 4 min in air.
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Fig. 10. N(1s) core level spectrum of as prepared PEDOT–

PAAMPSA, normalized to the binding energy of saturated

C(1s) at 285 eV.
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The optical absorption spectrum of PAni–PSSA

(see Fig. 9) does not change upon heating except

for an overall reduction of intensity. The relative
intensities of the various absorption features are

retained, indicating that the bulk of the film (like

the surface region) does not undergo degradation

upon heat treatment. As for the other PAni-mate-

rials in this study, we do not see the tail into the IR

that would indicate delocalized charge carriers and

a strong absorption peak at �1.5 eV representing

localized polarons is present in the spectra for both
heat treatments.

3.4. PEDOT–PAAMPSA

Stoichiometric data from the XPS core level

spectra suggests a surface region of (insulating)

PAAMPSA. The C(1s) spectrum (not shown) is

identical to that of pure PAAMPSA. Furthermore,
the S(2p) spectrum has the spin split doublet at

�168 eV derived from the SO�
3 H+ sulfur of the

PAAMPSA. PEDOT sulfur has a spin split dou-

blet at �164 eV [31,32] but no feature appears in

that region for the PEDOT–PAAMPSA films.

This indicates that the atomic concentration of

PEDOT sulfur is significantly less than 1% and

that the PEDOT to PAAMPSA ratio in the sur-
face region can at the most be �1:10. Hence, the

surface region is significantly PEDOT-poorer than

that of films from PEDOT–PSSA dispersions [32].

The N(1s) feature is quite different from that of

pure PAAMPSA, however. The N(1s) spectrum of
pure PAAMPSA shows two clearly different fea-
tures, due to self-protonation, as described earlier.

In contrast, the N(1s) spectra of PEDOT–

PAAMPSA (see Fig. 10) only have one feature,

centered at 399.8 eV, i.e., C2NH. Hence, no self-

protonation occurs for the PAAMPSA in these

films. The reason for the difference to the PAni–

PFESA case, where self protonation did occur is

not yet understood, though the great differences
in synthesis and chemical environment are likely

the explanation.

3.5. Device performance

The work functions of the materials studied are

given in Table 1. The difference between the work

function of a hole injection layer (HIL) and the
electro-luminescent polymer�s (ELP) valence band

(ionization potential) determines the barrier to-

wards hole injection [38] and the ionization poten-

tial of the used ELP was measured by UPS to be

5.4 eV (±0.1 eV). Ideally, one would like to have

a HIL work function larger than the ELP ioniza-

tion potential, which would reduce the barrier to

zero. Hence, a high work function of the HIL is
generally preferred as this should improve device

performance. The films yielding the highest work

function, as measured by UPS, were PAni–PSSA,

5.5 ± 0.1 eV depending of heat treatment. Pro-

longed heating in nitrogen atmosphere dramati-

cally reduces the work function, however, to
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4.6 eV. Hence, as mentioned above, nitrogen

should not be viewed as an inert atmosphere for

PAni–PSSA films unless ultra pure. PAni–

PAAMPSA–PAM films also had high work func-

tion, 5.2 ± 0.1 eV depending on heat treatment.
PAni–PAAMPSA and PEDOT–PAAMPSA had

significantly lower values, the highest values are

4.8 eV and 4.6 eV, respectively, depending on heat

treatment.

Turn on voltages and efficiencies of devices

made using these HIL materials are given in Table

2, with devices fabricated using standard PEDOT–

PSSA as the HIL included as reference. The mate-
rial that produced devices with the highest

efficiency, 8 cd/A, was PAni–PAAMPSA–PAM.

However, this HIL also yielded devices with the

highest turn on voltage, 4.6 V. PAni–PSSA has

the second highest efficiency together with a rather

low turn on voltage, 3.4 eV. In the cases of PAni–

PAAMPSA and PEDOT–PAAMPSA, systems

producing devices with rather low turn on voltage,
3.3 V and 3.5 V, respectively, the efficiencies are

however in the lower range of the compared mate-

rials. In comparison, the PEDOT–PSSA based de-

vices had an efficiency equal to the best value of

the HILs (PAni–PAAMPSA–PAM), but a signifi-

cantly lower turn on voltage, 3.4 V compared to

4.6 V.

The device results are surprising since the work
function of the HIL materials does not seem to

play the significant role for determining the turn

on voltage as one might assume. One explanation

could be that it is the electron injection that is the

limiting step and the turn on voltage should hence

be independent of the HIL layer given that the

same cathode and ELP material was used in all de-
Table 2

Device data, turn on voltage [V] and efficiency (light output per

ampere) [cd/A] obtained at 200 cd/m2

Material Volt

[V]

Eff.

[cd/A]

Baking

condition

PAni–PAAMPSA 3.3 7.5 90 �C/N2/30 min

PAni–PAAMPSA–PAM 4.6 8 200 �C/N2/4 min

PAni–PSSA 3.4 7.8 200 �C/air/5 min

PEDOT–PAAMPSA 3.5 7 90 �C/N2/30 min

PEDOT–PSSA (ref.) 3.4 8 200 �C/air/5 min
vices. Indeed, the turn on voltage is fairly constant

for the PAni–PSSA, PAni–PAAMPSA and

PEDOT–PAAMPSA devices, suggesting that for

those HILs the hole injection is more efficient than

the electron injection and hence independent of the
HILs, despite the large differences in work func-

tion, close to 1 eV between PAni–PSSA and

PEDOT–PAAMPSA. The large turn on voltage

for PAni–PAAMPSA–PAM compared to the

other systems (including PEDOT–PSSA) needs a

separate explanation, however. Here, the compar-

atively thick, insulating, PAM-rich surface region

may play a role as an insulating blocking layer
slowing down the hole injection into the ELP

and preventing the electrons from reaching the

anode, thus shifting the recombination and light

producing region to the interface between the

ELP and the HIL (see Fig. 11). The ionization po-

tential of the PAni–PAAMPSA–PAM surface re-

gion is 8.3 eV as measured by UPS, yielding a

large barrier for hole injection into an ELP, where
the ionization potentials are typically less than
IT
O

H
IL

H
IL surf. reg. 

E
LP

Fig. 11. Schematic picture of the anode side of a PLED where

the PAM-rich, insulating surface region of the PAni–

PAAMPSA–PAM HIL serves as an electron- and hole-block-

ing barrier. The work function (WF), electron affinity (EA) and

ionization potential (IP) of the materials are depicted with

arrows.
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6 eV. Besides reducing exciton quenching due to

image potentials on the electrodes, such a blocking

layer of suitable thickness may also balance the

charge injection, increasing efficiency at the ex-

pense of turn on voltage.
4. Summary and conclusions

A number of PAni and PEDOT based HIL

materials were studied to determine the influence

of polymeric counter ion on the material properties

and performance in PLEDs. In all of the PAni and
PEDOT systems, the chemical composition in the

surface region of the films was different from that

of the bulk, with the surface region being low in

conducting polymer content. The choice of poly-

meric counter ion(s) affects both thickness and con-

ducting polymer content, with the PAAMPSA–

PAM system providing the thickest surface regions

with the lowest PAni concentration. We demon-
strate that the work function of PAni and PEDOT

can be tuned over a large range (0.7 and 1.1 eV,

respectively) by using different polymeric counter

ions. The work function of PAni can be tuned from

4.8 eV (PAni–PAAMPSA) to 5.5 eV (PAni–PSSA),

and the work function of PEDOT can be tuned

from 4.2 eV (PEDOT–PAAMPSA) to 5.3 eV

(PEDOT–PSSA). PSSA yields the highest work
function for both systems. PAni–PAAMPSA–

PAM and PEDOT–PSSA produce the highest effi-

ciency for the PLEDs studied, but the PAni–

PAAMPSA–PAM gives a significantly higher turn

on voltage for the PLEDs, which we ascribe to the

relatively thick insulating PAM-rich surface region.

No strong correlation between work function of the

HILs and device efficiency is seen, indicating that
for the particular PLEDs, hole injection/current is

not the limiting factor.
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Abstract

We have investigated a series of different blends of the device applicable conjugated polymers poly(9,9-dioctylfluo-

rene) [F8] and poly(9,9-dioctylfluorene-alt-benzothiadiazole) [F8BT]. Scanning force microscopy indicates that blend

films of F8 and F8BT spin-cast from toluene have more coarsely structured phase-separated domains, whereas films

cast from chloroform are much more finely structured. This conclusion is confirmed using photoluminescence (PL)

measurements, where we show that the degree of energy transfer from F8 to F8BT can be used as a measure of de-mix-

ing in the blend. We have investigated different F8:F8BT blend films as the active semiconductor in light emitting diodes

(LEDs). We find that the electroluminescence (EL) efficiency of the LED is a strong function of the relative composition

of the blend, with highest efficiency occurring in blends of 95:5 F8:F8BT. In this particular polymer system, the mor-

phological structure of the blend appears less important in determining LED efficiency than does the blend

composition.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Blends of conjugated polymers have become

increasingly important as the active charge trans-
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv
doi:10.1016/j.orgel.2005.02.002
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porting and emissive material in opto-electronic

devices [1–3]. This is because the majority of con-

jugated polymers tend to preferentially transport

one type of charge carrier (electrons or holes)

and therefore blending different polymers together

can be used to create a device-applicable material

having improved electronic properties [4]. This ap-
proach has been used by a number of different
ed.
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groups to create efficient polymeric light emitting

diodes (LEDs) [5–11]. For an excellent overview

of the use of polymer blends in LEDs, (in particu-

lar those based on polyfluorenes), the reader is di-

rected to a recent comprehensive review [12].
In many cases, polymer blend thin films are not

homogeneous. This is because the solution-based

process used to cast the film often permits the

polymers to undergo de-mixing (phase-separation)

before the film eventually vitrifies [13]. This occurs

as the large molecular weight of many polymeric

materials results in an insufficient entropy gain to

generate a negative free energy of mixing. Control
over the characteristic length-scale of phase sepa-

ration can be achieved by control over the kinetics

of polymer de-mixing. A widely studied route to

achieve this is by solvent quenching. In solvent

quenching, the polymers are dissolved in a com-

mon solvent and form a homogenous solution.

On spin-casting, a phase-separated thin-film is

formed when the solvent evaporates to leave the
vitrified polymers. A slowly evaporating solvent

is expected to give the film more time to develop

larger phase-separated regions. Lower vapour

pressure solvents can thus be used to create

phase-separated films having reduced characteris-

tic length-scales. Alternative approaches to reduce

the phase-separation quench-time are to use lower

molecular weight polymers, higher temperatures
[2] and faster spin-speeds [14]. By adjusting these

parameters, the length-scale of phase-separation

can be varied from nanometres to microns. In

addition to this lateral phase-separation, the

broken symmetry imposed by the surface and

interface of a thin film can also lead to phase-sep-

aration normal to the plane of the film; a process

termed �self-stratification� or �vertical-segregation�.
Whilst phase-separation in both �classical� [13,15]
and conjugated [16–20] polymer blend films

formed by spin-casting has been well studied, the

effect of such phase-separation on the electronic

properties of the blend film when used as the active

semiconductor in an optoelectronic device is

presently an area of active ongoing research

[1–3,21,22].
In this paper, we discuss the morphology of a

blend of two conjugated polymers, and discuss

the role of the blend morphology on their photolu-
minescence (PL) and electroluminescence (EL)

properties. The polymers we have used are

poly(9,9-dioctylfluorene) [F8] and poly(9,9-dioc-

tylfluorene-alt-benzothiadiazole) [F8BT]. Previous

studies of these polymers in devices have concen-
trated on blends of between 5% and 25% F8BT

blended into F8, with blends of 5% F8BT in F8

shown to have good performance in LEDs

[5,6,23]. Here, we explore the optical, electronic

and structural properties of thin-film blends of

F8 and F8BT containing a wide range of relative

F8BT concentrations, spin-cast from two different

solvents: chloroform and toluene. Scanning force
microscopy shows that the characteristic length-

scale of phase-separation is significantly greater

when the blend is spin-coated from toluene com-

pared to when a more volatile solvent is used such

as chloroform. Due to the overlap of the PL emis-

sion of F8 with the absorption of F8BT, exciton

transfer can occur from F8 to F8BT via Förster

transfer (dipole–dipole coupling) [24,25]. This
transfer process appears partially hindered in films

cast from toluene, as such films are strongly phase-

separated and undergo surface-stratification,

forming a thin (�10 nm) surface-rich layer of F8.
We have previously argued that photogenerated

excitons can become �localised� in this surface-layer
[18]. The absence of such a F8 surface layer in films

cast from chloroform is accompanied by a more
intimate mix between F8 and F8BT, and in these

films we measure almost complete energy transfer.

We have fabricated LEDs using various F8:F8BT

blends as the active semiconducting medium and

find that efficiency and performance of devices is

found to be a stronger function of the blend com-

position rather than film morphology.
2. Experimental methods

The chemical structures of the polymers F8 and

F8BT are shown in Fig. 1. F8 is a blue-fluorescent

polymer that has a large non-dispersive hole

mobility (4 · 10�4 cm�2V�1 s�1 as measured by

time-of-flight at an applied field of 0.5 MVcm�1

[26]). F8BT is a green fluorescent polymer that

has a large but dispersive electron mobility (with

the fastest carriers having an effective mobility of



*
*n

C8H17C8H17

S
NNC8H17

*

C8H17

*n

F8

F8BT

Fig. 1. The chemical structures of F8 and F8BT.
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�10�3 cm�2V�1 s�1 also at 0.5 MVcm�1). Time-

of-flight measurements have identified F8BT as
either having a very low hole-mobility [4,27], or

having a hole mobility equal to that of the electron

mobility (both being �10�3 cm2V�1 s�1) [28]. The

difference between these observations was ex-

plained on the basis of the F8BT hole mobility

being dependent on the exact physical characteris-

tics of the polymer (e.g. molecular mass and poly-

dispersity) [28]. At present we have no specific
information regarding the hole-mobility of the

F8BT material that we have studied, however

our results are consistent with it conducting only

electrons.

Polymer blend films were created by firstly mix-

ing F8 and F8BT together in a common solvent

(chloroform or toluene), and then spin-casting.

In all cases, we refer to the composition of the
blend in terms of the mass of F8BT compared to

the total combined mass of F8 and F8BT (ex-

pressed as a percentage). Such F8:F8BT polymer

blends were used as the active semiconductor

in an LED. The LED substrate consisted of an

ITO anode coated with a 70 nm thick poly(3,4-

ethylene-dioxythiophene)/poly(styrene-sulfonic acid)

(PEDOT-PSS) film. The PEDOT-PSS was sup-
plied by HC Starck Ltd, (product code Baytron

P VP CH8000). An F8BT:F8 blend was then

spin-coated onto the PEDOT:PSS film with a rela-

tive F8BT concentration ranging from 1% to 90%.

For completeness, films were also cast from pure

F8 and pure F8BT. In all cases, the coating speed

was adjusted between 3000 and 6000 rpm to create

a polymer-blend film whose thickness was in the
range of 95 to 110 nm. A cathode was then ther-
mally evaporated onto the blend film, consisting

of a 300 nm calcium layer capped with 100 nm of

aluminium. Devices were evaluated by measuring

their current–voltage-luminance characteristics.

The EL emission spectra were measured using an
1/8th m spectrograph coupled to a CCD camera.

To study the continuous wave PL emission

from the polymer blend films, a 405 nm GaN laser

was used as an excitation source. The laser was

shone on to the surface of the film and the emis-

sion was measured using a CCD spectrograph.

We have also characterised the emission from the

film by both exciting and recording the PL through
the glass-substrate. As the absorption coefficient of

F8 at the laser wavelength is almost an order of

magnitude greater than that of F8BT, it indicates

that the majority (>90%) of the primary excita-

tions (singlet-excitons) are photo-generated on

F8 molecules. Blend films were also characterised

using a scanning force microscope operating in

tapping mode. In all cases, measurements were
made on blend films spin-cast on PEDOT:PSS

coated ITO.
3. Structural characterisation of F8:F8BT blends

SFM images of F8BT:F8 blends spin-cast from

toluene having relative F8BT concentrations of
5%, 25%, 50% and 90% are shown in Fig. 2(a),

(b), (c) and (d) respectively. Films cast from chlo-

roform, corresponding to relative F8BT concen-

trations of 5%, 25%, 50% and 90% are shown in

Fig. 2(e), (f), (g) and (h) respectively. For films cast

from toluene, it can be seen that the topography of

the 5% F8BT blend (Fig. 2(a)) is the smoothest,

having a surface characterised by apparently struc-
ture-less domains, with a peak-to-peak roughness

(determined from a line-scan) of approximately

±8 nm and a lateral size of �20 nm. Note however
that the surface structure observed here is signifi-

cantly more textured than that observed in a pure

F8 film spin-cast from toluene [29]. This indicates

that the presence of even a relatively low fraction

of F8BT results in a modification to the film struc-
ture. It can be seen that the 25% F8BT blend film

cast from toluene (Fig. 2(b)) has a significantly

more textured surface, with a roughness of



Fig. 2. Topographic SFM image of F8: F8BT blends, having a relative concentration of (a) 5% F8BT, (b) 25% F8BT, (c) 50% F8BT,

(d) 90% F8BT spin-cast from toluene and (e) 5% F8BT, (f) 25% F8BT, (g) 50% F8BT and (h) 90% F8BT spin-cast from chloroform.

The scale bar is 1 lm for all images. The inset in each image shows a line-scan taken across the image. Here, the arrows indicate the
maximum roughness which is (a) 8 nm, (b) 30 nm, (c) 60 nm, (d) 13 nm, (e) 4 nm, (f) 3 nm, (g) 3 nm and (h) 3 nm.
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±30 nm. Here, ring-like structures are observed

having an average diameter of �250 nm. When
the same blend is spin-coated from xylene, a simi-

lar surface morphology is also observed [6]. Whilst

we cannot presently identify the composition of
such ring-like structures, it is possible that they

are formed by the collapse of solvent droplets that

became trapped within one of the phases of the

blend during spin-casting. Due to the higher

solubility of F8 in toluene compared to F8BT, it
is possible that these structures contain a signifi-

cant fraction of F8.

In a 50% F8BT blend cast from toluene, we find

the coarsest phase-separation, with an interpene-

trating network formed. Here, the surface
roughness is approximately ±60 nm, with the

phase-separated domains having an average lateral

length-scale of 1–2 lm. Fig. 2(d) shows a 90%
F8BT blend film cast from toluene. This film is

characterised by a pitted surface having a rough-
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Fig. 3. Part (a) above shows the PL emission from a thin film of

F8 and F8BT. PL emission is also shown for F8:F8BT blend

films containing 1%, 5% and 50% F8BT. In all cases, the films

were spin-cast from chloroform. Part (b) shows (on a logarith-

mic scale) the EL emission from an LED containing a blend

film of 5% F8BT / 95% F8 spin-cast from chloroform.
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ness ±13 nm and a characteristic length-scale of

�300 nm. Using scanning near field transmission
measurements, we have previously studied 50%

F8BT blends, and found that the raised network

observed in Fig. 2(c) is rich in F8BT, whilst the
lower-lying domains are rich in F8 [18]. We also

confirmed earlier measurements [5,19,20] that

there is a significant degree of mixing in both

phases, and that neither phase should be consid-

ered as being �pure�. This mixing between the poly-
mers in the two phase separated domains is also

likely to occur at the other F8:F8BT concentra-

tions studied here.
In blends spin-cast from chloroform (see Fig.

2(e)–(h)) we observe much finer length-scale sur-

face features. The surface roughness of the films

is lower than those cast from toluene; for example,

the 25% F8BT blend (Fig. 2(f)) has a surface

roughness of 3 nm with a typical lateral length-

scale of �50–100 nm. It is not clear whether the
surface structures we observe in chloroform cast
blends are related to different phase-separated

domains, or whether they simply result from fluc-

tuations in film thickness. It is possible (although

unlikely) that no phase-separation occurs in chlo-

roform cast films, as the volatile nature of the

solvent may present very little opportunity for

de-mixing to occur before the film vitrifies. In gen-

eral, we find that blend films cast from chloroform
are very much more homogeneous than are films

cast from toluene. This results from the fact that

chloroform is a much more volatile solvent, and

thus the time available for the system to undergo

phase-separation during spin-casting is signifi-

cantly reduced.

We have previously used ion-beam depth profil-

ing experiments to study surface stratification in
blends of F8 and F8BT [18]. This technique can

be used to determine the depth dependent compo-

sition of a deuterium-labelled component in a thin

film [30]. We have previously shown that a 10 nm

thick surface rich layer of deuterated-F8 (d-F8) is

present in 50:50 F8:F8BT blends cast from tolu-

ene, and that this layer runs continuously over

the entire surface of the film. Such surface wetting
layers appear to be quite common in other polyflu-

orene blends [9,21]. Our subsequent measurements

[31] demonstrate that an enriched d-F8 surface
layer exists for a wide range of F8BT:F8 concen-

trations when the film is cast from toluene, how-

ever this surface layer is almost completely

absent in blends spin-cast from chloroform.
4. Photoluminescence from F8:F8BT blends

Fig. 3(a) shows the normalized PL emission

measured from a thin film of the polymers F8

and F8BT, and from blend films of F8BT and

F8 spin-cast from chloroform. Data are presented

for blends having relative F8BT concentrations of
1%, 5% and 50%. Here, laser excitation was inci-

dent on the top surface of the polymer-blend film.

The emission from F8 peaks at 430 nm, and has a

clearly defined vibronic progression. The emission

from F8BT peaks at 535 nm and is essentially fea-

tureless apart from a shoulder at 575 nm.
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In the blend films there appears to be a gradual

blue-shift in the short-wavelength edge of the

F8BT as its concentration in the blend is reduced.

This spectral-shift most likely occurs due to re-

duced self-absorption. This is because there is a
relatively large overlap between emission and

absorption of F8BT around 500 nm (i.e.

a = 27,000 cm�1 at 500 nm), and as the F8BT is

diluted into F8 this self-absorption drops signifi-

cantly (as F8 is effectively transparent at wave-

lengths above 450 nm). This reduction in

self-absorption results in a relative enhancement

in the PL emission from the short-wavelength side
of the F8BT emission band, resulting in a blue-

shift of emission. From the spectra shown in

Fig. 3(a), it can also be seen that there is a progres-

sive reduction in emission intensity around 575 nm

as the relative F8BT concentration is reduced.

Whilst we cannot conclusively account for this

change, it is possible that it originates from a

reconfiguration of the F8BT molecular conforma-
tion, resulting in a change in the Huang-Rhys

parameter. We note however that red-shifted and

broadened features observed in PL are often as-

signed to inter-chain interactions resulting from

the formation of excimers. Interchain states such

as excimers and exciplexes have a weak coupling

to the ground state, resulting in a relatively re-

duced fluorescence emission rate. To investigate
whether excimer emission contributes to the spec-

tral broadening observed in the F8BT PL spec-

trum, we have measured its fluorescence decay

lifetime in thin-film form. We find that the F8BT

fluorescence emission is characterised by a

mono-exponential decay, having a lifetime of

1.6 ns at 550 nm, which lengthens to 2 ns at

650 nm. Compared to many conjugated polymers
this is a relatively long fluorescence decay lifetime.

However F8BT has been shown to have a high

fluorescence quantum yield of up to 80% [32]. This

indicates that non-radiative channels that compete

with fluorescence emission (and therefore shorten

the observed decay lifetime) appear to be relatively

suppressed. Significantly, we do not detect any

decay components having decay lifetimes in the
range of 10�s of ns, indicating that excimer emis-
sion is not a dominant decay channel in these par-

ticular F8BT films.
It can be seen that all the blend spectra shown

in Fig. 3(a) are dominated by the emission from

F8BT. However there remains a significant frac-

tion of the F8 emission from the 5% and 1%

F8BT containing films. We can quantify the degree
of energy transfer between F8 and F8BT by calcu-

lating the relative intensity of the �residual� F8
emission (IF8) [obtained by integrating the blend

emission spectrum between 410 and 475 nm], com-

pared to the total combined F8 and F8BT emis-

sion (ITOTAL) [obtained by integrating between

410 and 700 nm]. This is expressed using the

parameter e, where e = IF8 / ITOTAL. Fig. 4 plots
e determined for different blend films as a function
of the relative F8BT concentration, spin-cast from

either toluene or chloroform. We find that for both

blends cast from toluene and chloroform, e is vir-
tually independent on whether the film was excited

with the laser incident on the surface or through

the substrate. For films cast from toluene, it can

be seen that e remains almost constant between
0.05 and 0.1. However for films cast from chloro-

form, e decreases very rapidly as the F8BT concen-
tration is increased. This degree of mixing between

the F8 and F8BT is likely to be strongly dependent

on the specific molecular weights of the polymers

used. Thus exciton transfer may well be more (or

less) efficient in the same nominal F8/F8BT blend

depending on the exact source of the polymers that
are used.



M. Voigt et al. / Organic Electronics 6 (2005) 35–45 41
We have previously argued [18] that the PL

emission properties of F8:F8BT blends are domi-

nated by the presence of the F8-rich surface layer.

In this model, we proposed that the majority of the

residual F8 emission in such blends came from
excitons that had been photo-generated on F8

molecules in the F8-rich surface layer, but did

not diffuse into the �bulk� of the film and undergo
Förster-transfer to F8BT. We believe that the re-

sults presented here support this idea, as we find

that in films cast from toluene (which have a F8-

rich surface layer at all F8BT concentrations),

there is always a significant fraction of excitons
that recombine on F8 without undergoing transfer

to F8BT. However in films cast from chloroform,

this F8-rich surface layer is absent, with energy

transfer from F8 to the F8BT �acceptor� molecules
being a strong function of the relative F8BT

concentration.

It is interesting to note however, that the F8-

rich surface layer on the toluene-cast films does
not cause any significant asymmetry in the inten-

sity of residual emission, dependent on whether

the film was excited with the laser incident on the

surface or through the substrate. There are a num-

ber of possible explanations for this observation:

First, as the polymer films studied are optically

thin, combined with the fact that the F8BT mole-

cules have an absorption coefficient at the excita-
tion wavelength that is an order of magnitude

lower than that of F8, it is possible that a sub-

phase rich in F8BT will be largely transparent to

the excitation laser. In this case, the F8 surface-

layer might absorb an equal amount of laser-radi-

ation whether it is excited through the substrate or

through the top air-surface interface. Second, it is

also probable that some of the residual F8 emis-
sion is generated within the bulk of the film. This

would necessarily imply that there is a degree of

nanoscale de-mixing between F8 and F8BT even

within the different phase-separated domains.
5. Electroluminescence from F8:F8BT blends

Fig. 3(b) shows the EL emission spectra (plot-

ted on a logarithmic scale) recorded from LEDs

based on a 5% F8BT blend spin-cast from
chloroform. It can be seen that in direct contrast

to the PL emission, the residual F8 emission is

now very strongly suppressed. For example, a

5% F8BT blend cast from chloroform is character-

ised by a ratio of residual F8 emission fraction
determined from the EL spectra to be eEL =
0.002. This compares with a measurement of the

residual emission following photoexcitation from

the same blend of ePL = 0.06 (i.e. �30 times great-
er). As our SFM and ion-beam measurements

indicate that blend films cast from chloroform

are relatively homogeneous, we assume that the

local composition of the blend from where the
PL is generated (which is in general closer to the

film surface) is similar to where EL is generated

(which is assumed to be somewhere within the

�bulk� of the film).
The significant absence of the residual F8 emis-

sion from the EL emission spectra suggests that

excitons are primarily created on F8BT molecules

following the injection of electrons and holes into
the device. This could either occur by the direct

recombination of an electron and a hole on an

F8BT molecule, or by the intermediate formation

of a geminate electron–hole pair, where an electron

resides on an F8BT molecule and a hole on a F8

molecule. An exciton would then be created on

the F8BT molecule following charge transfer of

the hole. This latter process would require electron
injection and transport to preferentially occur via

F8BT molecules, with hole injection and transport

to occur via F8. Such a picture has been used to

explain the operation of other polyfluorene co-

polymer blends that incorporate F8BT [10].

The electron affinity of F8BT (as measured by

cyclic voltametry [CV]) is relatively large com-

pared to that of F8 (being 3.0 and 2.12 eV respec-
tively [34]). F8 is also known to be strongly

electron trapping. Thus it is likely that electron

injection and transport will occur primarily via

F8BT. The ionization potential of F8 and F8BT

are very similar-both being approximately 5.8 to

5.9 eV [33] (as measured by CV). Therefore hole

injection into both F8 and F8BT molecules is pos-

sible. Whether holes are principally transported by
F8 or by F8BT is therefore determined by their rel-

ative hole-mobility. F8 is known to have a rela-

tively large, non-dispersive hole mobility [26].
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The mobility of holes in F8BT is dependent on the

particular source of the polymer; early reports

indicated that holes are strongly trapped in

F8BT [4,27]. More recent work on F8BT has sug-

gested that electrons and holes have a similar
mobility [28]. To explain this difference it was sug-

gested that this increase in hole-transport occurred

due to improved control over the chemical synthe-

sis [28], with effects of molecular weight and poly-

dispersity being highlighted. It has also been

demonstrated that the mobility of carriers in con-

jugated polymers is highly dependent on the pro-

cessing history of the polymer, with effects such
as thermal annealing [28] and the alignment of

polymer chains [35] all being important contribu-

tory factors. It is therefore likely that the effective

mobility of charges of either polarity in a polymer

blend will be strongly dependent on the detailed

nanostructure of the blend. This suggests that a

simple extrapolation of electronic properties (such

as mobility) measured in a �pure� film may not a
good predictor of the actual mobility of the same

material when it is incorporated into a blend.

Fig. 5(a) shows the EL efficiency (in cdA�1)

measured at 10 V for LEDs having their active

polymer blend layer cast either from toluene or

chloroform. It can be seen for both types of

LED, the EL efficiency initially rises as the F8BT

concentration increases and then reaches its maxi-
mum value at around 5% F8BT. However as the

F8BT concentration is increased further, the EL

efficiency then falls for both types of LED. The

highest efficiency EL emission (4.15 cdA�1) was

emitted from LEDs based on 5% F8BT spin-cast

from toluene, which reach a brightness of

�1000 cdm�2 at 10 V. Although the EL efficiency

of 5% F8BT devices is less than previous reports of
F8 / F8BT blend LEDs having the same composi-

tion (which reported efficiencies of up to 8.5 cd/A)

[23], we note that research by the Dow Chemical

Corporation on this system has also identified

5% F8BT blends as having the best performance

in LEDs.

Fig. 5(b) shows the LED turn-on voltage, arbi-

trarily defined as the voltage required to achieve an
LED brightness of 10 cdm�2. Here, it can be seen

that the turn on-voltage for LEDs cast from tolu-

ene are (at low F8BT concentrations) lower than
those cast from chloroform. In both cases, the turn

on voltage is approximately equal for F8BT con-

centrations P25%, and increases significantly for
F8BT concentrations P90%. It can also be seen
that for blend films containing more than 5%

F8BT, LEDs with their active layer cast from chlo-

roform have rather higher EL efficiency than those

cast from toluene.
In general, the efficiency of organic LEDs is

dependent on the relative balance between electron

and hole currents in the active semiconductor

layer. The relative balance between the electron

and hole currents within an LED are functions

of the relative mobility of electrons and holes

and also the ease by which they are injected into

the device. Previous work [5] has shown that
F8BT forms an ohmic contact with a calcium cath-

ode, whilst F8 forms a blocking contact with a

PEDOT:PSS anode. Therefore the relative ease

by which electrons can be injected into F8BT
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compared to holes into F8 suggests that the blend

will become dominated by electron transport

above some critical F8BT concentration. Our re-

sults confirm this, and we find that small (�5%)
amounts of F8BT doped into F8 significantly im-
prove the efficiency of EL emission by presumably

improving electron-injection and electron trans-

port in the device. However this improvement in

device efficiency is quickly reversed once the

F8BT concentration exceeds 5%, as the injection

and transport of electrons becomes more efficient

than that of holes, leading to imbalanced charge

fluxes within the device and thus reduced exciton
generation efficiency.

It can be seen that LEDs based on 100% F8BT

have the lowest EL efficiency and the highest turn-

on voltage of all devices studied. Such high turn-

on voltages suggest that charge is being trapped

within the LED. If we assume that the particular

F8BT material that we are using is characterised

by a low hole-mobility, then such trapped charge
is most likely to be electrons that have accumu-

lated at the interface with the PEDOT:PSS layer

which is believed to be an electron-blocking mate-

rial. The build-up of electrons at the anode inter-

face in LEDs composed of a blend of 95% F8/

5% F8BT has previously been identified using elec-

tromodulation spectroscopy [36,37]. As the injec-

tion of carriers is known to be mobility
dependent [38], a low hole mobility in F8BT would

also result in a low hole density within the active

layer, thus accounting for the poor EL efficiency

of the 100% F8BT LEDs.

The role of the enriched F8 surface layer in

modifying LED efficiency is not presently under-

stood. As demonstrated in Fig. 5(a), LEDs having

this surface layer (i.e. those cast from toluene)
have a higher EL efficiency at F8BT concentra-

tions 65%, but lower EL efficiency for F8BT

concentrations >5%. If (as we propose above) elec-

trons dominate the charge flow through the LED

for F8BT concentrations >5%, it suggests that

there is a sufficient concentration of F8BT mole-

cules in the F8-rich surface layer to not signifi-

cantly impede electron injection. It is possible
however such a F8 rich surface layer might actu-

ally improve the injection of electrons into the de-

vice. We note that a recent study [39] has shown
that it is possible to gain significant improvements

in the efficiency of a polymeric LED by inserting a

thin (10 nm) layer of an insulating (saturated)

polymer between the interface of the conjugated

polymer and the cathode. Here, it was argued that
the presence of a low dielectric constant layer re-

duced the effective barrier for electron injection

into the conjugated polymer. Whether the F8 rich

surface-layer fulfils a similar role is unknown.

Our results indicate that at F8BT concentra-

tions >5%, LEDs having fine-scale phase separa-

tion (i.e. those cast from chloroform) have

slightly higher EL efficiencies than those in which
the film appears coarsely structured (cast from

toluene). It has been shown that such strong

phase-separation can be used to good effect in pho-

tovoltaic devices based on polyfluorene blends [3].

Here it was found that the external quantum effi-

ciency of the device scaled linearly with the interfa-

cial area of the phase-separated domains, implying

that charge pairs generated close to an interface
could diffuse to a preferential rich-phase and thus

find a direct percolation path to the collection elec-

trode. In F8BT/F8 blends cast from toluene, we

tentatively suggest that this relatively coarse

phase-separation also leads to spatially separated

electron and hole leakage-currents, thereby reduc-

ing the exciton generation efficiency. However it is

clear that the relative difference in the efficiency
between LEDs cast from toluene and chloroform

is relatively small, confirming that neither of the

blend-phases should be considered as pure, effec-

tively reducing the probability of charge carriers

of either sign transversing the entire thickness of

the device without undergoing recombination with

a charge carrier of opposite polarity. This indicates

that in this particular blend, the degree of phase-
separation is less important in determining device

efficiency than is the overall composition of the

blend.
6. Summary

We find that F8:F8BT blend films spin-cast
from chloroform appear relatively homogeneous

and well-mixed, whereas films cast from tolu-

ene undergo coarse phase-separation at F8BT
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concentrations >5%. Films cast from toluene are

also characterised by an F8-rich surface layer that

is absent in films cast from chloroform. Through

PL emission measurements, we found that a frac-

tion of the excitons photo-generated in strongly
demixed films are unable to undergo energy trans-

fer to F8BT and result in the residual F8 emission

observed in the PL spectra. Blend films cast from

chloroform are more finely mixed and do not have

an F8-rich surface layer. In such finely mixed

blends, exciton transfer from F8 to F8BT is virtu-

ally complete at low (�5%) F8BT concentrations.
F8:F8BT blends were used as the active layer in

LEDs. We find that devices based on high concen-

trations of F8BT have poor EL efficiency, an effect

that we ascribe to the device charge-flow being

dominated by electron injection and transport.

We find in general that the overall composition of

the blend has a more profound impact on LED effi-

ciency than does the degree of polymer mixing.
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Abstract

This paper addresses the effects of ambient exposure of a polycrystalline Au electrode prior to making contact with

the hole-transport material N,N 0-diphenyl-N,N 0-bis (1-naphthyl)-1,1 0-biphenyl-4,4 0-diamine (a-NPD). Ultraviolet pho-
toemission spectroscopy (UPS) and current–voltage (I–V) measurements are used to investigate the resulting hole bar-

rier and charge injection characteristics. UPS measurements show that the hole barrier with the contaminated low work

function Au electrode is reduced by 0.4–0.6 eV with respect to the barrier with the clean high work function Au elec-

trode. The corresponding interface dipoles are 0.3 eV for the former and 1.3 eV for the latter. I–V measurements con-

firm this unexpected change in barrier. These results are accounted for using the induced density of interface state

model, and considering the role of the contamination layer in reducing the direct interaction between metal and

molecules.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Standard processing of organic light emitting

diodes (OLEDs) and other organic devices often

involve exposure of electrode surfaces and organic

interfaces to controlled atmosphere (e.g. N2) or

ambient conditions. The adsorption of gas mole-

cules can have a significant impact on the proper-

ties of organic materials, e.g. via doping [1], and of
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv

doi:10.1016/j.orgel.2005.02.003

* Corresponding author. Tel.: +1 609 258 4642; fax: +1 609

258 6279.
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devices, e.g. via changes in energy barriers at ex-

posed metal–organic (MO) [2] or organic–organic
interfaces. Much work has been done to character-

ize MO interfaces of small molecule [3,5–10,12,14]

and polymer based devices [3,4,8,11], prepared

under ultra-high vacuum (UHV) conditions (base

pressure �10�9–10�11 Torr), high vacuum (HV)

conditions (base pressure �10�6–10�8 Torr), or
in controlled or even ambient atmospheres

[1,2,13]. Yet, relatively few studies have focused
on the impact of contamination from ambient

exposure on the interface electronic structure,

i.e., the energy level alignment, in organic devices
ed.

mailto:kahn@princeton.edu
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[1,2,13]. Most metal–organic interfaces prepared

and measured under ultra-clean UHV conditions

depart from the traditional Scottky–Mott picture

and exhibit a significant interface dipole [5–8].

On the other hand, sample preparation at higher
pressures (i.e. bell-jar evaporation at base pressure

10�6 Torr) or measurements at higher pressures

generally lead to different results than those ob-

tained in UHV [1,2]. This infers that charge injec-

tion barriers between organics and metals can be

significantly modified by the presence of contami-

nation layers [13].

The interface between Au and the hole-trans-
port material N,N 0-diphenyl-N,N 0-bis (1-naph-

thyl)-1,1 0-biphenyl-4,4 0-diamine (a-NPD) used in

OLEDs (Fig. 1) serves here as a model system

for studying barriers built under ‘‘practical’’ (i.e.,

ambient or N2) conditions. Au is a relatively inert

material with high work function (�5.3 eV for a

clean polycrystalline Au surface), making it a good

candidate for studying the effect of contamination
of the electrode without significant oxidation and

other reactive chemistry. The transport gap and

ionization energy (IE) of a-NPD are �4 eV and

5.5 eV, respectively [5,16,17]. Hole injection barri-

ers at metal–a-NPD interfaces are generally in ex-

cess of 1 eV, even with high work function

electrodes like Au and indium tin oxide (ITO)

[16–18], leading to devices that are injection lim-
ited even at high field [15]. This situation can be

partly remedied using interface layers such as cop-

per phthalocyanine (CuPc) [17] and poly(3,

4-ethylenedioxythiophene)/poly(styrene sulfonate)

(PEDOT-PSS) [18,19] to reduce the hole barrier.
Fig. 1. Chemical structure of the N,N 0-diphenyl-N,N 0-bis (1-

naphthyl)-1,1 0-biphenyl-4,4 0-diamine (a-NPD) molecule.
The former introduces an intermediate energy level

between the electrode Fermi level and the a-NPD
highest occupied molecular orbital (HOMO) level

[17]. The latter is a high work function doped poly-

mer (�5.1 eV) [18,19]. Typical of organic–organic
heterojunctions, the interface dipole between

PEDOT-PSS and a-NPD is small, leading to a rel-

atively small energy difference between the

PEDOT-PSS Fermi level and the a-NPD HOMO,

i.e. a small hole injection barrier. In the present

work, we re-examine the formation of the Au–a-
NPD interface on a Au surface contaminated by

ambient exposure. The paradoxical result is that,
although the contaminated Au surface has a lower

work function than the clean Au surface, it actu-

ally forms a lower hole barrier with a-NPD and

is a more efficient hole injector.
2. Experimental

The Au substrates were made by thermal

evaporation of Au(800 Å) on Ti(100 Å) on

p + �Si(100). The Au surface was cleaned ex situ
with a 1 minute degreasing step in acetone and a

1 minute rinse in methanol. The substrates were

then introduced into the UHV chamber (base pres-

sure �2 · 10�10 Torr) via a fast load-lock, and

either (i) transferred directly to the UHV organic
deposition chamber (referred to as ‘‘contami-

nated’’ Au) or (ii) sputtered clean with 1 keV Ar+

followed by Au deposition in UHV at room tem-

perature using a Knudsen cell at a rate of

�0.5 Å/s (referred to as ‘‘clean’’ Au). In each case,
the Au surface composition was determined by

Auger electron spectroscopy (AES) and X-ray

photoemission spectroscopy (XPS). The substrates
were then transferred in situ to the UHV organic

deposition chamber (base pressure 1 · 10�9 Torr)
where a-NPD was vapor deposited. Thin a-NPD
films were incrementally deposited at low rates

(�0.2 Å/s) for valence state analysis by ultraviolet
photoemission spectroscopy (UPS) using a He dis-

charge lamp. The experimental resolution of UPS

was 0.15 eV. For each Au surface and a-NPD film,
the work function was determined from the

positions of the Fermi level measured from the

Au Fermi step, and of the vacuum level measured
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from the tangent line extrapolation of the onset of

the secondary electron peak. For in situ I–V mea-

surements, devices were made by evaporating

a-NPD at higher rates (�1–2 Å/s) to achieve thick-
nesses more suitable for the measurement
(1500 Å), followed by evaporation of a clean top

contact Au of 200 Å through a shadow mask.
3. Results and discussion

3.1. Au substrate contamination and work function

AES and UPS spectra taken on clean and con-

taminated Au substrates are shown in Figs. 2 and

3, respectively. The primary contaminants on the

contaminated Au samples are carbon-containing

species and trace amounts of O. The C coverage

determined by AES and XPS is 0.5–1 monolayer

(ML). No contaminant is detected on the clean

Au samples, and both valence 5f features and Fer-
mi step are much better defined on these surfaces.

The work function of clean Au determined by

UPS, is 5.4 ± 0.1 eV, whereas the work function

of contaminated Au is 4.7 ± 0.1 eV. Note that sig-

nificant variations of the work function of contam-
200 300 400 500 600 700

Au (395 eV) O (511 eV)

C (268 eV)

Au (239 eV)

dN
/d

E

Clean Au

Au (449 eV)
Au (395 eV)

Au (318 eV)

Au (255 eV)

Au (239 eV)
Contaminated Au

Kinetic Energy in eV

Fig. 2. AES spectra taken from clean Au and contaminated

Au. Contaminants on Au consist primarily of C with trace

amounts of O.

Fig. 3. UPS He I (21.22 eV) spectra of (a) clean Au and clean

Au with 50 Å a-NPD, (b) contaminated Au and contaminated
Au with 50 Å a-NPD.
inated Au samples are observed, with values
ranging from 4.7 eV to 5.1 eV, whereas the work

function of clean Au varies only between 5.3 eV

and 5.4 eV.
3.2. Au/a-NPD interface

The UPS spectra of a-NPD films deposited on

clean and contaminated Au substrates are shown
in Fig. 3(a,b). The lower binding energy region

exhibits the characteristic doublet of the HOMO
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and HOMO-1 levels [20]. The HOMO level is

localized mostly on the lone pairs of the nitrogen

atoms and on the para carbon atoms of the two

benzene rings in the biphenyl core, and the

HOMO-1 level is centered on the lone pairs of
the nitrogen atoms [21]. For each interface, the di-

pole between substrate and organic film is deter-

mined by the shift in vacuum level (seen as the

shift of the photoemission onset on the left of each

panel in Fig. 3), and the hole injection barrier is

defined as the energy difference between the low

binding energy edge of the HOMO feature and

the Fermi level. For clean Au, the interface dipole
is 1.3 ± 0.1 eV and the hole injection barrier is

1.4 ± 0.1 eV (Fig. 4(a)). The ionization energy

(IE) of the organic film determined for 50 Å a-
NPD, is 5.5 ± 0.1 eV, in good agreement with pre-

viously reported values [5,16,17]. In comparison,

the dipole at the interface with contaminated Au

is only 0.3 ± 0.1 eV and the hole barrier is

1.0 ± 0.1 eV (Fig. 4(b)). The IE, measured again
on a 50 Å film, is 5.4 ± 0.1 eV, nearly identical to

the first value. No change in the position of the

a-NPD vacuum level as a function of thicknesses

(10–100 Å) is observed in either case, indicating

the absence of significant band bending in this

thickness range. Some variation in the hole injec-

tion barrier is observed as a function of the initial

work function of the contaminated Au. Indeed,
‘‘contamination’’ is a poorly controlled state of

the surface and contaminated Au work functions

as high as 5.1 ± 0.1 eV were observed. Similarly,

charge injection barriers as low as 0.7–0.8 eV were
Fig. 4. Energy level alignment deduced from Fig. 3 for (a)
obtained, although the value reported above is

more representative of the series of experiments

performed in this work.

3.3. In situ I–V measurements

The I–V characteristics measured in situ on de-

vices grown on clean and contaminated Au sub-

strates are shown in Fig. 5. For each substrate,

the currents injected from the bottom contact

(the substrate) and from the top contact (the evap-

orated Au pad) are measured as a function of bias.

We make here the well grounded approximation
that these devices are hole-only devices and that

the measured current is predominantly, if not

exclusively, a hole current. The reason is 2-fold.

First, a-NPD is a hole-transport material with pre-

sumably very small electron mobility. Second, the

single-particle gap of a-NPD is 4.0 eV [5,16,17].

Given the hole barriers reported above, the elec-

tron injection barriers are 2.6 eV and 3.0 eV for
clean and contaminated Au, respectively, much

larger than the corresponding hole barriers.

The devices grown on clean Au give symmetric

I–V characteristics, i.e. equal top-injected and bot-

tom-injected hole currents, over six orders of mag-

nitude of current density (Fig. 5(a)). This, in itself,

is an interesting observation, given the expected

difference in morphology between interfaces
formed by evaporating the organic material on

the metal and those formed by reverse deposition

sequence. Similar observations have been made

for a number of metal–organic–metal structures
a-NPD/clean Au and (b) a-NPD/contaminated Au.
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[19,21]. The devices grown on contaminated Au

have asymmetric I–V characteristics. The current

injected from the bottom contaminated Au is sev-

eral orders of magnitude larger than the current in-

jected from the top clean contact above 5 V (Fig.

5(b)). The current injected from the top clean Au

contact in Fig. 5(b) is also in very good agreement
with the current injected from the top and bottom

clean contact in Fig. 5(a), suggesting that the a-
NPD films grown on clean and contaminated Au

substrates have similar morphologies. Any signifi-

cant change in the overall structure of the film

would lead to significant changes in the I–V char-

acteristics. The difference in hole injection is there-

fore mostly due to the difference in barrier
measured by UPS.

3.4. Discussion

Even though the Schottky–Mott limit is rarely,

if ever, achieved at metal–semiconductor inter-

faces, a high work function metal is expected to,

and generally does, produce a lower hole injection
barrier than a low work function metal. This is

true of metal–organic interfaces as well [5]. In the

present case, however, the contaminated Au sub-

strate with lower work function actually produces

a lower hole injection barrier than the clean Au

substrate. To understand this effect, one must

examine the interaction at the MO interface and

the role that contamination plays in modifying this
interaction. Since we do not observe measurable

band bending in the organic film, doping of the or-

ganic material originating from the contamination

[1] does not play a significant role. On the other

hand, contamination is likely to play a dominant

role at the level of the intimate molecule–metal

interaction, and to affect directly the formation
of the interface dipole and the alignment of the

molecular levels with respect to the metal Fermi

level.

A metal–semiconductor interface dipole results

from a charge exchange defined by the position

of the metal Fermi level relative to the semicon-

ductor (valence, conduction and gap) states. In

turns, gap states at the semiconductor interface re-
sult from a variety of interface interactions, such

as bonding and/or chemical reaction or from the

physical proximity of the continuum of metallic

states to the semiconductor energy gap [22]. The

position of the metal Fermi level relative to the

charge neutrality level (CNL) of this induced den-

sity of states determines the amount and sign of

charge transfer to these gap states, and contributes
therefore to the interface dipole [23,24]. Finally,

another mechanism of interface vacuum level shift

is the compression of the metal surface electronic

tail by adsorbed molecules, which leads to the

apparent formation of a dipole [18,25,26].

In the present case, the contamination layer on

the Au surface partially suppresses the density of

electrons that normally tails into the vacuum at
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the Au surface, and reduces the work function of

the surface. By the same token, this contamination

layer reduces the impact of the first layer of a-
NPD molecules on that electronic tail. The vac-

uum level shift, or interface dipole, measured after
deposition of the first molecular layer of the

organic material is therefore smaller than for the

clean Au interface (0.3 eV vs 1.3 eV). This mecha-

nism, however, does not explain the change in

molecular level position and interface barrier,

e.g., EF-HOMO. Strong chemical bonding is also

unlikely for a-NPD on clean as well as on contam-

inated Au.
The decrease in interface hole barrier between

clean and contaminated Au corresponds to a

change in the anchoring of the molecular levels

with respect to the metal Fermi level. The mecha-

nism that forced the Fermi level in a specific posi-

tion of the a-NPD gap and induced a dipole has

been weakened or eliminated, letting the interface

evolve closer to a non-interactive interface, the
limit of which is known as the Schottky–Mott

limit. The chemical interaction is weak, even on

the clean Au substrate, and it is difficult to ratio-

nalize the change based on interface bonding. We

turn therefore to the concept of charge exchange

defined by the occupation of an induced density

of interface states (IDIS) [23,24]. The continuum

of metallic states in close proximity with the
organic semiconductor induces a density of gap

states, i.e. the IDIS, at the organic interface.

The interface energetics of the MO interface is de-

fined by the metal work function, i.e. the position

of the Fermi level, by the position of the charge

neutrality level (CNL) of the IDIS, and by the

density of states around the CNL. The degree to

which EF and CNL ultimately align depends on
the initial difference between the two levels, i.e.

the metal work function minus the CNL refer-

enced to the vacuum level, and on the density of

states around the CNL.

For the clean Au–a-NPD interface, the initial

metal work function is 5.4 eV and the CNL posi-

tion is �4.2 eV below the vacuum level (or 1.3 eV

above the HOMO edge) [24]. As the Fermi level
is initially below the CNL of the organic film,

the IDIS model predicts an alignment via electron

transfer from the organic molecules to the metal,
resulting in an interface vacuum level shift down-

ward from the metal to the organic, as observed

in the experiment (Figs. 3 and 4). The experimental

position of the Fermi level at the Au–a-NPD inter-

face, determined by UPS, is 1.4 eV above the
HOMO edge, which is fairly close to the CNL. It

is important to emphasize here that the density

of induced gap states around the CNL determines

how the system responds to a difference between

metal work function and CNL, and how closely

EF ultimately aligns with the CNL. This concept,

developed almost two decades ago for inorganic

semiconductor–metal interfaces, [27] was recently
applied to several MO interfaces and produced

the proper quantitative trends in barrier heights

vs metal work function [23,24].

The contamination layer at the Au surface pre-

vents the intimate molecule–metal interaction that

dominates the clean interface. The simple intuitive

chemical picture of such an effect is that the energy

levels of the interface molecules are less strongly
anchored with respect to the metal. Within the

IDIS model, the less intimate contact between

molecule and substrate substantially reduces the

density of states around the CNL. A recent calcu-

lation shows that the density of states around the

CNL for a monolayer of PTCDA (perylenetetra-

carboxylic dianhydride) molecules lying flat on a

Au(111) surface is reduced by a factor of three
(down to 0.5 · 1014 eV�1cm�2) when the distance

between the molecule and the metal surface is in-

creased from 2.8 Å to 3.5 Å [23]. This reduction

leads to a weaker pinning of the Fermi level

around the CNL and, consequently, to an inter-

face energetics closer to vacuum level alignment

(Fig. 4(b)). In the present case, even though the

work function of the Au surface is significantly re-
duced by the contamination (4.7 eV instead of

5.4 eV), the dipole is reduced by a greater amount

(1.3 eV for clean Au to 0.3 eV for contaminated

Au), resulting in a lower hole injection barrier.

The barrier lowering is consistent with the ob-

served increase by four orders of magnitude in

the injected hole current (Fig. 5). Interestingly, a

similar increase had been observed at the Au–a-
NPD interface when the interface region of the

organic film is p-doped with �0.5% F4-TCNQ

[28]. In that case, the current increase is due hole
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tunneling through the narrow space charge region,

leading to a bulk limited, rather than an injection

limited current. In the present case, the current in-

crease is due to the actual lowering of the barrier,

as a result of the Au surface contamination. Since
there is no significant band bending in the organic

film due to the contamination, the similar current

increase suggests that the barrier in the contami-

nated Au device is low enough for the current at

high field to no longer be limited by charge injec-

tion. While the hole current in the a-NPD devices

grown on clean Au is injection limited, the current

in the a-NPD devices grown on contaminated Au
is limited by bulk transport [28].

As a final note, we stress again that this study

compares two interfaces formed on the surface of

a same metal, clean surface vs contaminated sur-

face, and explains the observed change in interface

energetics in terms of a contamination-induced

change in the interface interaction. The conclu-

sions are valid for Au and are presumably applica-
ble to other metals forming non-reactive interfaces

with molecular films. These conclusions, however,

do not imply that a low work function metal, like

Mg or Al, should produce a smaller hole barrier

than a high work function metal like Au or Pd.

All the studies of dependence of barrier height

on the work function of the clean metal show nor-

mal behavior, i.e., decrease of the MO hole barrier
with increasing metal work function [6–8,29,5].

Furthermore, these conclusions are consistent with

results obtained by manipulation of the electrode

work function to decrease the interface hole bar-

rier, e.g. via adsorption of a dipolar molecular

interlayer on a metal surface [30] or ozone treat-

ment on ITO surfaces [31,32]. In the former case,

the molecular interlayer decouples the organic film
from the metal surface, much like the contamina-

tion layer on the Au surface in the present study,

and leads to near vacuum level alignment across

the interface and lower hole injection barrier. In

the latter case, the electrode material, ITO, exhib-

its near-metallic conductivity but does not have

the continuum of states of a metal, which, on a

clean metal surface, is responsible for creating
the interface-induced gap states and pinning the

Fermi level near the organic CNL. ITO–organic

interfaces follow more closely vacuum level
alignment, and respond better to a manipulation

of the ITO work function.
4. Summary

Thin films of a-NPD were grown on clean and

contaminated Au substrates. The interface ener-

getics measured via UPS and the I–V characteris-

tics show that the hole injection barrier is

significantly lower for the low work function elec-

trode (contaminated Au) than for the high work

function electrode (clean Au). The result is con-
trary to conventional wisdom, according to which

the higher work function metal should produce a

lower hole injection barrier. This is rationalized

with a model of interface-induced gap states. The

density of states around the charge neutrality level

at the clean Au–a-NPD interface leads to a final

position of the metal Fermi level 1.4 eV above

the organic HOMO, with corresponding charge
transfer and interface dipole. The reduction of

the induced density of states caused by a physical

decoupling of the molecules from the metal surface

at the contaminated interface allows the Fermi

level to move further away from the CNL and

reduces the charge transfer. These results can be

used to explain the discrepancies reported in the

literature on the relative performances of Au
electrodes for hole injection into organic films

prepared in high vacuum vs lower vacuum or

ambient conditions.
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Abstract

Ultraviolet photoelectron spectroscopy (UPS) has been used to determine the highest occupied molecular orbital

(HOMO) energy levels of a series of related 2,2 0-bipyridyl-substituted ruthenium dyes utilized in the fabrication of pho-

tovoltaic devices. UPS analysis of nanocrystalline TiO2 thin films sensitized with a monolayer of cis-dithiocyanato-N,N-

bis-(2,2 0-bipyridyl-4,4 0-dicarboxylic acid)–ruthenium(II), commonly referred to as ‘‘N3’’, indicates that the HOMO is

located 5.47 eV below the vacuum level. Combination of the UPS results with measurement of the bandgap of the

dye by UV–Vis absorbance spectroscopy yields an estimated lowest unoccupied molecular orbital (LUMO) energy

of 3.93 eV below the vacuum level. Similar analyses have been performed for the related dyes, (5-amino-1,10-phenan-

throline)bis-(2,2 0-bipyridyl-4,4 0-dicarboxylic acid)-ruthenium(II), (1,10-phenanthroline)bis-(2,2 0-bipyridyl-4,4 0-dicar-

boxylic acid)-ruthenium(II), and (5-amino-1,10-phenanthroline)bis-(2,2 0-bipyridine)-ruthenium(II); giving values of

3.35, 3.08, and 3.43 eV, respectively, for the positions of the LUMOs below the vacuum level. These results indicate

that the LUMO of N3 has better overlap with the conduction band of TiO2 located 3.70 eV below the vacuum level,

and this may at least partially be responsible for its outstanding photovoltaic performance.
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1. Introduction

A variety of organic photovoltaic materials are

presently being explored toward the goal of devel-

oping high efficiency, high surface area, low cost,
lightweight alternatives to traditional silicon-based

solar cells. Materials being investigated include

conjugated polymers [1–4] and oligomers [5], solu-

tion processible blends [6–8] and co-evaporated

films [9] of conjugated polymers or oligomers and

fullerene, and fullerene derivatives [10,11]. One of

the most promising technologies, originally devel-

oped by Grätzel and coworkers [12–14], consists
of dye-sensitized solar cells (DSSCs) that use nano-

crystalline titanium dioxide as an electrode. A vari-

ety of dyes have been used, and efficiencies of

over 10% have been reported for systems utilizing

the most well-studied dye, cis-dithiocyanato-N,N-

bis(2,2 0-bipyridyl-4,4 0-dicarboxylic acid)-ruthe-

nium(II), commonly referred to as N3 [14,15].

The mode of charge generation and transport in
DSSCs is as follows [12–14,16]: 1. The dye sensi-

tizer absorbs visible light, exciting an electron from

the highest occupied molecular orbital (HOMO)

into the lowest unoccupied molecular orbital

(LUMO); 2. The excited electron is transferred to

the conduction band of the semiconductor where

it travels to a conducting glass electrode; 3. The

electron flows through an external circuit and load
to the counter electrode; 4. The electron reduces

the oxidant (typically I�3 ) present in the electrolyte;

5. The reductant (typically I�) in the electrolyte

regenerates the ground-state, neutral dye molecule,

thus completing the circuit. To ensure fast and effi-

cient electron injection, the energy of the dye

LUMO must be higher than that of the TiO2 con-

duction band edge. To regenerate the neutral dye
molecule and complete the circuit, the energy of

the dye HOMO must lie below the oxidation po-

tential of the redox mediator. An understanding

of the relative positions of the energy levels in-

volved at the dye–semiconductor interface is useful

for explaining and/or predicting the efficiency of

electron transfer from the excited dye to the

semiconductor.
Because of its surface sensitivity, photoelectron

spectroscopy (PES) is ideal for studying the elec-

tronic states of a surface. The valence electron
levels of a surface can be investigated using ultra-

violet photoelectron spectroscopy (UPS) or PES

with synchrotron radiation (SRPES). A funda-

mental issue in the study of solid interfaces is the

energy level alignment of the species forming the
interface. Extensive investigation of organic semi-

conductor–metal interfaces has revealed that the

commonly held assumption of vacuum level align-

ment is not always valid [17]. Much less work has

been performed on interfaces comprised of discrete

organic molecules and inorganic semiconductors.

Several groups have begun to use UPS and

SRPES to study the dye-semiconductor interfaces
found in DSSCs [18–24], and important informa-

tion related to interfacial chemistry and physics re-

lated to device performance has been realized from

these studies. Of course, it should be noted that in

addition to the degree of overlap of the dye and

nanocrystalline semiconductor electronic energy

levels, other factors also affect overall efficiencies

of dye-sensitized solar cells. These include the rate
of electron transfer from the dye to the semicon-

ductor and the overlap of energy levels between

the dye and the redox couple in the electrolyte

[22]. The presence of competing energy-wasting

pathways, such as back transfer from titania to

the dye may also affect efficiencies [25].

In the present work, we have used UPS to probe

the interface between nanocrystalline TiO2 and
four related ruthenium dyes, including N3. Nano-

crystalline TiO2 is preferable to a smooth titanium

dioxide surface owing to its higher effective surface

area [26–29]. In addition to N3, the dyes used

in this study are the complex cations (5-amino-

1,10-phenanthroline)bis-(2,2 0-bipyridyl-4,4 0-dicar-

boxylic acid)-ruthenium(II), (Ru1); (1,10-phenan-

throline)bis-(2,2 0-bipyridyl-4,4 0-dicarboxylic acid)-
ruthenium(II), (Ru2); and (5-amino-1,10-phenan-

throline)bis-(2,2 0-bipyridine)-ruthenium(II), (Ru3).

The dyes Ru1 and Ru2 are isolated as chloride

salts, and Ru3 is isolated as the hexafluorophos-

pate salt. The molecular structures of the dyes

are shown in Fig. 1. We report and compare the

HOMO energy levels of the dyes and the valence

band edge of TiO2 as determined by UPS, and
the reproducibility of the measurements is dis-

cussed. The results are compared with values for

the oxidation potentials of the dyes as measured
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by cyclic voltammetry. The HOMO energy level

results are combined with the UV–Vis absorption

spectra of the dyes to estimate the dye LUMO en-

ergy levels. Comparison of the dye energy levels

with the TiO2 band edges indicates that the

LUMO of N3 is more closely aligned to the TiO2

conduction band edge (CBE) than the other three

dyes investigated.
2. Experimental

2.1. Sample preparation

The ruthenium-based dyes used for this study

were synthesized under argon and with the exclu-
sion of light. The dyes designated as N3, Ru2,

and Ru3 were synthesized as described in the liter-

ature [15,30,31]. The dye Ru1 was synthesized by

dissolving 149 mg of cis-dichlorobis(2,2 0-bipyr-

idyl-4,4 0-dicarboxylic acid)-ruthenium(II) (pre-
pared as reported previously in [15]) and 42 mg

of 5-amino-1,10-phenanthroline (Polyscience) in

15 ml of dimethylformamide and refluxing for

6 h. After cooling, a dark red powder was removed

by filtration and dried under vacuum at room tem-

perature for 3 days to obtain Ru1 in 43% yield.

Films of nanocrystalline TiO2 on SnO2:F-

coated glass substrates (TEC 15, sheet resistance
15 X/square) were prepared in a manner similar

to that described previously and referred to as

‘‘Method B’’ by Nazeeruddin et al. [15]. In this

work, the TiO2 colloid was spread onto the sub-

strate via spin-coating. The coated plates were sin-

tered in air at 450–500 �C for 30–60 min. For UPS

studies, the film area was approximately 1 cm2.

The TiO2 films were sensitized by immersing the
plates in 0.5 mM ethanol solutions (for Ru1,

Ru2, and N3) and 0.5 mM acetone solutions (for

Ru3) for up to 48 h. The resulting colored films

were typically rinsed with solvent to remove dye

not chemisorbed on the TiO2 surface. Some sam-

ples of Ru1, Ru2, and Ru3 were prepared without

rinsing to determine the effects of rinsing on the

UP spectra. All samples were dried under flowing
argon. Silver paint (Electron Microscopy Sciences)

was used to adhere the sample to a metal stub

compatible with the photoelectron spectrometer,

and the edges of the sample surface were con-

nected electrically to the stub via silver paint.

2.2. UPS measurements

The ultraviolet photoelectron spectroscopy

studies were performed in a VG ESCALAB photo-

electron spectrometer having a base pressure of

�2 · 10�9 mbar. The excitation source was a He

I lamp (hm = 21.22 eV), and the samples were

biased with a battery at �6.34 V, relative to

ground, during the measurements in order to be

able to measure the low kinetic energy portion of
the spectrum. Typically, ten scans were acquired

and averaged for each spectrum, and eight differ-

ent spectra (with the UV light hitting slightly
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different regions of the surface) were acquired per

sample.

2.3. UV–Vis absorption measurements

Solid-state UV–Vis absorption spectra of the

dyes adsorbed onto TiO2 films were measured on

a Perkin-Elmer Lambda9 spectrophotometer using

an unsensitized TiO2 film as the reference sample.
3. Results and discussion

As acquired, the spectra are referenced to the

Fermi level of the electron energy analyzer. For

an interface between an organic dye molecule

and an inorganic semiconductor through which

no dark current should flow, we assume vacuum

level alignment of the dyes and TiO2. Conversion
(a)

(f) (g)

(b) (c

Fig. 2. Normalized, averaged UP spectra of TiO2 and dyes adsorbed o

set to one. Spectra (a)–(e) have the same ordinate and abscissa ranges
of the spectra to the solid-state scale relative to

the vacuum level is achieved by setting the low ki-

netic energy photoelectron onset to an ionization

energy of �21.22 eV. By this procedure, the vac-

uum level corresponds to an ionization energy of
0 eV. The low ionization energy region of the nor-

malized, averaged UP spectra of unsensitized TiO2

and the dye/TiO2 films are shown in Fig. 2. We ex-

pect the UP spectrum of a TiO2 film sensitized

with a dye monolayer to mainly reflect the density

of states for the dye. The inelastic mean free path

of the photoelectrons is only �5 angstroms, and

the height of an N3 molecule projected from the
TiO2 surface is comparable to this distance

[14,32]. Thus, assuming a monolayer of dye is ad-

sorbed onto the TiO2 surface, the electrons from

TiO2 will not contribute substantially to the UP

spectra. For each dye, a small peak corresponding

to the HOMO (or combination of high-lying occu-
(h) (i)

) (d) (e)

nto TiO2. The intensity maximum near the vacuum level cutoff is

. Spectra (f)–(i) are expanded from spectra (b)–(e), respectively.



Table 1

UPS results: HOMO energy levels of dyes with standard

deviationsa,b

Dye Number of spectra HOMO energy level (eV)

Ru1 40 �5.355 ± 0.166

Ru2 48 �5.213 ± 0.203

Ru3 48 �5.597 ± 0.075

N3 56 �5.472 ± 0.047

a Valence band edge of TiO2 (15 spectra) is �6.938 ±

0.076 eV.
b From Ref. [34], the redox potential for the I�=I�3 mediator

relative to vacuum level is �4.85 eV.
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pied molecular orbitals) is apparent at the low en-

ergy side of the spectrum. The peak is more dis-

tinct, and its onset steeper for the N3 and Ru3

dye/TiO2 films, than for the Ru1 and Ru2 films.

A similar peak is not observed in the spectra of
bare TiO2. The TiO2 and N3/TiO2 spectra ob-

tained are consistent with reported results [19,22].

We obtained the HOMO energy level of each

dye relative to the vacuum level by estimating the

onset of the spectrum at low ionization energy.

To consistently analyze each spectrum, the energy

level of the HOMO was calculated by linear

extrapolation of the tangent line through the
inflection point of the low ionization energy side

of the HOMO peak to the x-intercept. A similar

analysis was performed to determine the energy

of the valence band edge of TiO2. The mean

HOMO energy levels for the four dyes are listed

in Table 1. The means and associated standard

deviations for the individual samples of each dye

are plotted in Fig. 3. Similar results were obtained
(a)

(c)

Fig. 3. Mean values for HOMO energy levels determined from the ei

Ru3; (d) N3. For ease of comparison, all plots are displayed with the sa

bars. The mean value for all of the samples of a given dye is also displa

number is specified if multiple samples prepared using the same sensit

identified with a letter as part of the sequence number (a for the first a

were not washed are designated by ‘‘nw’’.
for each N3 sample despite sensitization times

ranging from 30 min to 24 h. Although the preci-

sion of the HOMO energy level result obtained

for N3 was within the resolution of the experiment
(estimated to be 0.05 eV), the results for the other

dyes were less reproducible. The variation in re-

sults is seen among different samples of the same

dye, and to a lesser degree among the eight spectra

acquired for a given sample. Also, one sample of
(b)

(d)

ght spectra collected for each dye sample: (a) Ru1; (b) Ru2; (c)

me abscissa range. Standard deviations are represented by error

yed. Samples are identified by sensitization time. Also, sequence

ization time were studied. Samples that were analyzed twice are

nalysis, b for the second). The experiments in which the samples
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Ru1 and two samples of Ru2 were stored in a des-

iccator and re-analyzed ten days after the initial

spectra acquisition. Within the error of the mea-

surements, no difference due to storage was ob-

served. The results from the second acquisition
are included in the averages presented. The inabil-

ity to more precisely determine the HOMO energy

levels may be related to the HOMO peak shape for

the Ru1 and Ru2 dyes. Our method for determin-

ing the peak onset may be less reliable for the less

distinct and more gradually inclining peaks. Also,

comparison of the middle sections of the spectra

reveal that the densities of states for the Ru1 and
Ru2 dyes have a similar shape to that of bare

TiO2, particularly at ionization energies of 9.8

and 11.5 eV (Fig. 4). The shape of the Ru3 dye

spectra also resembles that of TiO2. In contrast,

the N3 spectra have a unique peak structure. The

similarity may be coincidental, or it may suggest

that a complete dye monolayer on TiO2 is not

formed by the other dyes.
To determine if complete dye coverage was not

being achieved upon sensitization for 24 h, the

sensitization times for Ru1, Ru2, and Ru3 were

increased to 48 h. However, the shapes of the spec-

tra and the calculated energy level results were not
Fig. 4. Middle regions of the normalized, averaged UP spectra

of TiO2 and dyes adsorbed on TiO2. Spectra are vertically offset

for clarity.
significantly different from those obtained from

sensitization for 24 h. Considering the structures

of the dyes, it is reasonable to envision that the

dyes with two bipyridyl ligands and one 1,10-phe-

nanthroline ligand would be more sterically hin-
dered than N3 with its two isothiocyanate

ligands instead of 1,10-phenanthroline. Thus, it is

possible that the maximum amount of dye that

can be adsorbed onto the TiO2 surface will leave

spots of exposed TiO2 that contribute photoelec-

trons to the spectra. In an attempt to fill in the

bare spots with dye molecules not chemisorbed

onto TiO2, the solvent washing step was omitted
after sensitization for 24 h and 48 h. Again, no sig-

nificant difference was observed, and the results

were averaged with those of the previous samples.

The approach was taken further with the Ru1/

TiO2 system in which after sensitization for 24 h,

excess dye solution was added to two samples

(1 drop every 30 min for a total of 10 or 20 drops)

and allowed to dry. Both samples exhibited a mod-
erate amount of charging, manifested by some

spikiness in the spectra. Conversion of the spectra

to the solid-state scale and determination of the

HOMO energy levels can still be achieved as de-

scribed above. The results were not significantly

different than previously determined, although

these results were not included in the final average.

HOMO energy levels of dyes may be estimated
from their oxidation potentials, as determined by

cyclic voltammetry (CV) [15,33,34]. CV measure-

ments on Ru1, Ru2 and Ru3 have recently been

performed [35], and Table 2 presents a comparison

of the UPS and CV conclusions. The results of the

two techniques may differ because of solvation ef-

fects on the dye in CV analysis. While it would be

interesting to perform CV measurements of dye
films, it should be noted that only a monolayer

of dye is adsorbed on the TiO2 substrate, and such

measurements would only be directly relevant if

they were of films adsorbed on TiO2. For CV anal-

ysis, this is problematic due to the semiconducting

nature of the titanium dioxide.

The UPS result for N3 correlates well with the

CV solution data from the literature, as shown in
the table. In particular, it is significant that the

HOMO energy level obtained from UPS most clo-

sely matches the oxidation potential for the doubly



Table 2

Comparison of HOMO energy levels as determined by UPS

with oxidation potentials determined by cyclic voltammetry

Dye HOMO from

UPS (eV)

Eox from

CV (V)

Eox on solid-state

scale (eV)a

Ru1 �5.36 1.60 �6.30

Ru2 �5.21 1.66 �6.36

Ru3 �5.60 1.55 �6.25

N3 �5.47 0.85b �5.59

0.57c �5.31

�5.45d

a Where ESS = �(ESCE + 4.74) or ESS = �(EAg/AgCl + 4.70).
b Ref. [15], where N3 is fully protonated; reference cell is SCE.
c Ref. [33] where N3 is fully deprotonated; reference cell is

SCE.
d Ref. [34] where this value is cited as Eox of doubly depro-

tonated N3.

Fig. 5. Solid-state UV–Vis spectra of dyes adsorbed on TiO2.

The absorbance maxima are slightly red-shifted relative to

solution spectra. The apparent increase in absorption at lower

energy is a result of light scattering by the solid film.
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deprotonated N3 (N719 in [34]) since the dye has
been shown to bind to TiO2 films with two carbox-

ylate groups [14,36]. The UPS results for the other

dyes do not match the previously obtained CV re-

sults as closely. Certainly, if the UPS results were

affected by incomplete dye coverage of TiO2, then

matching would not be expected. It may be that

the HOMO for each of the other ruthenium dyes

undergoes a greater change in distribution and en-
ergy upon binding to TiO2 than does that of N3.

However, the UV–Vis absorption spectra of the

dye/TiO2 films (Fig. 5) show that the absorbance

maxima for Ru1, Ru2 and Ru3 are red-shifted less

than 5 nm relative to the solution spectra. The

absorbance maximum for N3 is red-shifted nearly

10 nm relative to solution [15]. This suggests either

that the HOMO changes less for Ru1, Ru2 or Ru3
than for N3 upon adsorption, or that each

HOMO–LUMO pair changes in such a way as

to keep the band gap similar to that of the dye

in solution.

The UV–Vis absorption data can be combined

with the UPS results to obtain the energy and den-

sity of states of the populated vibrational levels of

the LUMO. The ground vibrational state of the
LUMO is estimated by adding the energy at

the approximate onset of the absorption curve to

the HOMO as determined by UPS. The actual

HOMO–LUMO band gap is slightly larger than

the optical gap because the latter accounts for

the electron–hole interaction in the excited dye
[17,37,38]. The optical absorbance maximum is

also noted since it has been demonstrated that

electrons in vibrationally excited states can be in-
jected into the conduction band of a semiconduc-

tor [34]. The conduction band edge (CBE) of

TiO2 is estimated by adding the known band gap

of 3.2 eV [13] to the valence band edge (VBE) as

determined by UPS. The relative positions of the

dye frontier orbitals and the TiO2 bands are de-

picted in Fig. 6. Based upon our UPS results, the

LUMOs of all the dyes lie above the TiO2 CBE,
with N3 having the lowest enthalpic driving force

for electron injection. In Table 3, the LUMOs of

the dyes as determined using our UPS results are

compared to the LUMOs determined using the

CV data cited in Table 2. If the HOMO energy

level values as estimated by CV are more accurate

than the UPS results, then the ground vibrational

states of the LUMOs for Ru1, Ru2 and Ru3 are
lower in energy than the TiO2 CBE and the

absorption maxima at approximately the same en-

ergy as the TiO2 CBE. In this situation, a large

proportion of electronically excited electrons in

Ru1, Ru2 and Ru3 would not have the driving

force required for injection into TiO2.

Recent measurements of the photovoltaic effi-

ciencies of devices comprised of Ru1, Ru2 and



Fig. 6. Comparison of the positions of the dye frontier orbitals with the band edges of TiO2. The shaded areas correspond to the UV–

Vis spectra of the dyes which have been positioned on the vacuum level scale by adding the energy at maximum absorbance (i.e. 2.3 eV

for N3, cf. Fig. 5) to the HOMO energy level as determined by UPS. The ground vibrational states of the dye LUMOs are estimated

from the approximate absorption onset. The band gap energies are indicated.

Table 3

Comparison of the estimated dye LUMO energy levels as determined by UV–Vis absorbance, and UPS or CV measurements as

reported in Table 2a

UPS results CV results

Dye LUMO (eV) Absorbance maximumb (eV) LUMO (eV) Absorbance maximumb(eV)

Ru1 �3.35 �2.70 �4.29 �3.64

Ru2 �3.08 �2.53 �4.23 �3.68

Ru3 �3.43 �2.86 �4.08 �3.51

N3 �3.93 �3.12 �3.91 �3.10

a Conduction band edge of TiO2 is �3.74 eV.
b The energy corresponding to maximum optical absorbance is added to the LUMO energy to obtain the energy of the most

populated vibrational excited state on the solid-state scale.
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Ru3 are 2.1, 2.6 and 0.9%, respectively [35]. De-

vices comprised of N3 with certified efficiencies

of over 10% are clearly superior [14,15]. Other fac-

tors may have more significant effects on device

efficiency than the relative location of the LUMOs

above the TiO2 CBE. For example, the poor effi-

ciency of the Ru3 device was expected owing to

the lack of carboxylate groups on the dye with
which to chemically bind to the TiO2. The most

significant advantage N3 has over the other dyes

is its absorbance over a larger part of the solar
spectrum, particularly in the red and near-IR re-

gions (recall Fig. 5). In addition, modeling results

indicate that the distributions of the HOMO and

LUMO over the N3 molecule are ideal for electron

injection into TiO2 and subsequent reduction of

the dye cation by the redox mediator: the HOMO

is predominantly distributed over the ruthenium

center and thiocyanate ligands, whereas the
LUMO is distributed over the bipyridyl ligands

[14,39]. Also, the possible incomplete monolayer

coverage of the phenanthroline-substituted dyes
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onto TiO2 (as suggested by the lack of precision in

the UPS results) may contribute to the poorer effi-

ciencies of devices made with these dyes.
4. Conclusions

We have established that UPS can be used to

reproducibly determine the energy of the HOMO

of N3 adsorbed onto TiO2. The agreement be-

tween the HOMO energy levels of N3 as deter-

mined by UPS and CV suggests that alignment

of the vacuum levels of N3 and TiO2 is valid.
The poorer precision of the UPS results for the

other ruthenium dyes may be an indication that

the dyes do not adsorb onto TiO2 as consistently

or completely as does N3. The lack of agreement

between the UPS and CV results for each of the

three dyes may also be evidence of incomplete

dye coverage on TiO2. More work should be done

to determine how CV measurements of dye solu-
tions correlate with solid-state UPS analyses. This

work gives further evidence of the close alignment

between the N3 LUMO and TiO2 CBE, which is a

critical characteristic of an efficient dye-sensitized

solar cell. In the case of the other ruthenium dyes

investigated, the relatively poor alignment of the

dye LUMO energy levels with the TiO2 conduction

band is likely a contributing factor to their lower
photovoltaic efficiencies.
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Abstract

In this report regioregular poly(3-alkylthiophenes) (P3ATs) (P3HT: poly(3-hexylthiophene, P3OT: poly(3-octylthi-

ophene, P3DDT: poly(3-dodecylthiophene) were studied regarding their optical and electrochemical properties and

used as electron donors in polymer solar cells. The optical band gap energy for the three polymers amounts to

1.92 eV. With longer side chain length their electrochemical band gaps are slightly increased, whereas the absorption

coefficient undergoes a systematic decrease. The absorption spectra of the pristine P3ATs exhibit a distinctive blue shift

of the p–p* interband transition upon mixing with PCBM 1:3 (as prepared films; P3HT: �45 nm, P3OT: �85 nm,
P3DDT: �50 nm). Films based on composites of the three polymers with PCBM ([6,6]-phenyl-C61-butyric acid methyl

ester) show a distinctive photoluminescence quenching effect. At 77 K two types of light-induced electron spin reso-

nance (LESR) signals were identified, one of polaron (P+�) on the polymer chain and one of PCBM�� radical anion,

which detect the photoinduced charge generation and charge transfer in P3AT/PCBM composites.

Photovoltaic devices were prepared on flexible PET-ITO foils on ambient conditions using P3HT/PCBM (1:3 wt.%)

with gAM1.5 = 1.54%, P3OT/PCBM (1:3 wt.%) with gAM1.5 = 1.1% and P3DDT/PCBM (1:3 wt.%) with gAM1.5 = 0.59%
(A: 0.25 cm2, PIN = 100 mW/cm

2). The serial and parallel resistance increases within the series P3HT:PCBM <

P3OT:PCBM < P3DDT:PCBM cells, therefore the short-circuit current decreases and the open-circuit voltage increases

in this order.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Plastic electronics based on organic semicon-

ductors is a very promising technology to enter

the low-cost low-performance segment of the elec-

tronic market. Polymer solar cells, which typically
use conjugated polymers as electron donors and

n-conducting organic materials as electron accep-

tors, can be processed from solution or dispersion.

That offers a very important technological poten-

tial for low-cost fabrication of large-area solar

cells using high-volume processes like reel-to-reel

technologies. The discovery of ultrafast charge

transfer in p-conducting polymer/fullerene com-
posites by Sariciftci in 1992 [1] represents a deci-

sive milestone in the field of polymer solar cells.

It has to be pointed out, that especially the high

asymmetry between forward and back polymer-

fullerene electron transfer rate, that covers nine

orders of magnitude [2], allows blending of donor

and acceptor components to prepare solar cell

architectures possessing only one photoactive
composite layer instead of donor monolayers or

donor–acceptor bilayers. At present, an external

AM1.5 power conversion efficiency of 2.5% with

MDMO-PPV/PCBM (1:4 wt.%, active area:

7.5 mm2, PIN = 80 mW/cm
2, mismatch factor

m = 0.753) [3] and 3.5% with P3HT/PCBM (active

area: 5–8 mm2, PIN = 80 mW/cm
2) [4] is state of

the art. Recently, a solar cell based on MDMO-
PPV:PCBM-C71 ([6,6]-phenyl-C71-butyric acid

methyl ester) was reported with an external

AM1.5 power conversion efficiency of 3% (PIN =

100 mW/cm2, active area: 10 mm2 [5]). All these

cells were processed on rigid glass substrates. As

long as polymer solar cells require rigid glass sub-

strates, they will offer only limited advantages

compared with silicon. Therefore our approach is
the exclusive use of flexible substrates. We re-

ported about large-area polymer solar cells based

on MDMO-PPV/PCBM (1:3 wt.%), P3OT/C60
(1:3 wt.%), P3HT/PCBM (1:3 wt.%) and pheny-

lene-ethynylene/phenylene-vinylene hybrid poly-

mers/PCBM (1:3 wt.%) fabricated on flexible ITO

(indium tin oxide) coated polyester foils [6–10].

Beside a suitable relative LUMOdonor–

LUMOacceptor position, the necessary avoidance
of a ground state D–A doping and well adapted

ohmic contacts to the asymmetrical electrodes,

the solubility of donor as well as acceptor material

plays an important role for organic cells based on

D–A composites. Both the morphology [3] and the

optimal thickness of the photoactive layer are cru-

cial factors for obtaining a high current from such

devices.
Conjugated polymers frequently used in poly-

mer solar cells are derivatives of poly(phenylene

vinylenes) (e.g. MDMO-PPV or MEH-PPV) and

the regioregular poly(3-alkylthiophenes) (P3ATs).

Poly(3-alkylthiophenes) (P3ATs) have been found

to be an outstanding class of polymers possessing

good solubility, processability, environmental sta-

bility, electroactivity, and other interesting proper-
ties [11,12]. Regioregular P3ATs are superior to

regiorandom P3ATs concerning the degree of

intermolecular order and their electronic proper-

ties arising from it [11,13].

Cyclic voltammetry (CV) is a well-tried method

for the determination of oxidation and reduction

potentials of various polymers, which allows calcu-

lation of their HOMO/LUMO levels [14]. These
values give valuable information, which donor

material can or should preferably be combined

with which acceptor for a promising fabrication

of polymer photovoltaic devices.

The comparison of the photoluminescence (PL)

of an donor with that of the D/A composite pro-

vides an important, but also simple method to de-

tect the charge transfer (CT), which is indicated by
the quenching effect of the composite [1].

For studying the charge transport mechanisms

in conducting polymers and in polymer/acceptor
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composites, light-induced electron spin resonance

spectroscopy (LESR) was found to be a useful

tool. These processes play a central role in the

photophysics of polymer solar cells [6,15].

It is the objective of this report to show the
influence of the alkyl side chain length of regioreg-

ular poly(3-hexylthiophene) P3HT, poly(3-octyl-

thiophene) P3OT and poly(3-dodecylthiophene)

P3DDT on the electrochemical and optical proper-

ties as well as on the parameters of corresponding

photovoltaic devices. C60-fullerene, [6,6]-phenyl-

C61-butyric acid methyl ester (PCBM) and bis-

morpholino-C60-fullerene (BM-C60) were applied
as acceptor. The following preliminary investiga-

tions were carried out: determination of absorp-

tion coefficients, seeking for photoluminescence

quenching of the P3ATs induced by the appro-

priate acceptor when blending both materials,

detection of charge transfer in P3AT/fullerene

composites by light-induced spin resonance tech-

nique (LESR) and estimation of the position of
valence (HOMO) and conducting band (LUMO)

using cyclic voltammetry. The latter allows to pre-

dict the energy band diagram for appropriate pho-

tovoltaic devices and facilitates the materials

choice.

Photovoltaic devices based on P3ATs as elec-

tron donor and [6,6]-PCBM were fabricated on

flexible ITO polyester foils and characterised
Fig. 1. Chemical structures for the investiga
applying AM1.5 conditions. The device area

amounts to 0.25 cm2, the cells were prepared and

handled without any protection against oxygen

and air humidity.
2. Experimental techniques

Regioregular poly(3-hexylthiophene) P3HT,

poly(3-octylthiophene) P3OT and poly(3-dodecyl-

thiophene) P3DDT were purchased from Aldrich

and used as received. C60-fullerene (98%) was also

purchased from Aldrich. [6, 6]-Phenyl-C61-butyric
acid methyl ester (PCBM) was synthesised in the

laboratory of the Hummelen group at University

of Groningen and bismorpholino-C60-fullerene

(BM-C60) was prepared in the group of Prof.

Scharff/Technical University of Ilmenau/Germany.

The chemical structures of the applied materials

are given in Fig. 1.

Cyclic voltammetry (CV) experiments were car-
ried out in a three-electrode cell consisting of a

platinum working electrode, a platinum counter

electrode and a Ag/AgCl reference electrode using

a sweep rate of 10–15 mV/s (Solartron potentiostat

1285). The fullerenes were dissolved in a mixture

of o-dichlorobenzene (o-DCB)/acetonitrile (4:1

w/w) (anhydrous, Aldrich/stored over mole sieve,

Fluka) containing 0.1 m tetra-n-butyl ammonium
ted P3ATs and of the used fullerenes.
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hexafluorophosphate (Fluka/electrochemical grade)

in order to produce solutions with a concentration

of 3 · 10�4 mol/l. The polymers were measured in
form of films, prepared by placing solutions onto

the platinum electrode and allowing these films
to dry for 25 min at 40 �C. The supporting electro-
lyte was 0.1 m Bu4NPF6 dissolved in dry acetoni-

trile (over mole sieve, Fluka). Before carrying out

the measurements nitrogen was passed through

all solutions to replace traces of oxygen.

The optical absorption coefficients were ob-

tained from the analysis of ellipsometric spectra

measured with a Woollam VSAE� variable angle
spectroscopic ellipsometer with rotating analyser.

The optical absorption spectra of pristine poly-

mers were recorded using spin-coated films on

Si-wafers. Eoptg is the onset of the low energy opti-

cal absorption edge from UV–VIS spectra mea-

sured in form of films.

The photoluminescence (PL) spectra were mea-

sured by exciting the samples with the 459 nm line
of an Ar+ laser at 80 K. The emission was detected

with a cooled Yobin Yvon CCD camera combined

with a Spex 1404 0.85 m double-grating mono-

chromator.

The ESR experiments were carried out using a

BRUKER X-band spectrometer ELEXSYS E500

at 77 K. Photolysis was performed with ILA

120-1 Ar+ laser operating at k = 488 nm.
For photovoltaic device preparation the sub-

strates (polyester foil coated with 100 nm indium

tin oxide ITO, surface resistance of 60 X/square)
were cleaned in an ultrasonic bath filled with a

methanol/isopropanol-mixture. The size of the

substrates was 5 cm · 5 cm. After drying the sub-
strate a thin layer (�100 nm) of PEDOT:PSS
(poly(3,4-ethylenedioxythiophene)–poly(styrene-
Table 1

Cyclic voltammetry data, HOMO and LUMO levels and ECVg of diffe

Material Eoxp vs.
Ag/AgCl (V)

Eoxonset vs.
Ag/AgCl (V)

HOMO

(eV)

C60 +1.80 +1.72 �6.03
PCBM +1.75 +1.61 �5.90
BM-C60 +1.88 +1.61 �5.92
P3HT +1.12 +0.82 �5.20
P3OT +1.25 +0.87 �5.25
P3DDT +1.30 +0.91 �5.29
sulfonate) (Baytron P, Bayer AG/Germany) was

spin-coated and dried. Subsequently, the photoac-

tive layer was prepared by spin coating P3HT/

PCBM (1:3 weight ratio), P3OT/PCBM (1:3

weight ratio) or P3DDT/PCBM (1:3 weight ratio)
solutions in 1,2,4-trimethylbenzene on the top of

the PEDOT:PSS layer. The thickness of the photo-

active layers was typically in the range of 100–

150 nm. The aluminium cathode was thermally

deposited (�80 nm) through a shadow mask,

which define a device area of 0.25 cm2.

I/V curves were recorded with a Keithley SMU

2400 Source Meter by illuminating the cells from
the ITO side with 100 mW/cm2 white light from

a Steuernagel solar simulator to realise AM1.5

conditions. All cells were prepared and measured

on ambient conditions.
3. Results and discussion

3.1. HOMO/LUMO determination by cyclic

voltammetry

Electrochemical data can give valuable infor-

mation regarding intrinsic materials stability and

allow the estimation of the relative position of

HOMO/LUMO levels of materials investigated.

The knowledge of these values is required for com-
piling suitable donor–acceptor pairs.

Table 1 shows the onset and the peak values for

oxidation and reduction potentials determined vs.

Ag/AgCl.

The reduction values of C60, PCBM and BM-

C60 show distinctive differences. C60 (�0.53 V) ap-
pears to be a more effective electron acceptor than

PCBM (�0.61 V). BM-C60 shows a clearly lower
rent donor and acceptor materials

Eredp vs.

Ag/AgCl (V)

Eredonset vs.
Ag/AgCl (V)

LUMO

(eV)

ECVg
(eV)

�0.53 �0.49 �3.82 2.21

�0.61 �0.57 �3.73 2.17

�0.89 �0.81 �3.50 2.42

�1.15 �0.85 �3.53 1.67

�1.10 �0.83 �3.55 1.70

�1.04 �0.83 �3.55 1.74



Fig. 2. Energy band diagram with HOMO/LUMO levels of the

donor polymers P3HT, P3OT and P3DDT and the fullerene

acceptors estimated from cyclic voltammogramic data in

relation to the work function of the common electrode

materials ITO and Al.

Table 2

Optical data of P3ATs determined from ellipsometric data

Material kmax [nm]
(eV)

Absorption

coefficient at kmax (cm
�1)

Eoptg
(eV)

P3HT 500 (2.48) 1.75 · 105 1.92

P3OT 512 (2.42) 1.38 · 105 1.92

P3DDT 515 (2.41) 1.12 · 105 1.93
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electron affinity (�0.89 V) in comparison to

PCBM and C60. This may be explained by the

nucleophilic character of the attached morpholine

moieties.

As it can be recognized from Table 1, the oxida-
tion potential of the P3ATs is directly propor-

tional to the chain length, whereas the reduction

potential shows an inverse dependence. This is

due to the fact, that the density of p-electrons
and charges is increasing as the length of the side

chain decreases, caused by better p-stacking and
improved interchain coupling [16], that enhances

the donor character and favours oxidation. Addi-
tionally, it is conceivable that longer alkyl chains

generate a type of shielding effect hampering the

electron donation.

According to the empirical equation relation

EHOMO/LUMO = [�exp(Eonset (vs. Ag/AgCl)�Eonset
(Fc/Fc+ vs. Ag/AgCl))]�4.8 eV [17,18] including the

ferrocene value �4.8 eV (with respect to the vac-
uum level, which is defined as being zero), the
HOMO/LUMO levels can be estimated from the

Eox1=2=E
red
1=2 values, that have been obtained from

measurements in solution (fullerenes). For the per-

formed film measurements (polymers) the Eoxonset
and Eredonset values serve to the calculation of the cor-
responding HOMO and LUMO.

The LUMO of C60 (�3.82 eV) is lower in en-
ergy than that of PCBM (�3.73 eV) and of BM-
C60 (�3.50 eV), which means that the acceptor
strength of C60 is higher than that of PCBM and

BM-C60.

The HOMO of P3HT is slightly higher in en-

ergy than that of the HOMOs of P3OT and of

P3DDT. These values are in accordance with the

literature for P3OT [14], for P3HT [19,20] and

for P3DDT [20]. The LUMO of the three polythi-
ophenes are almost at the same energetic level. Up

till now reliable information regarding the LUMO

levels of such P3ATs estimated from cyclic voltam-

metry data are still uncertain. Fig. 2 exhibits the

resulting energy band diagram in relation to the

work function of indium tin oxide (ITO) and alu-

minium (Al), which are usually applied as elec-

trodes in polymer solar cells.
The HOMO of all three polymers is distinc-

tively higher in energy than that of C60, PCBM

and BM-C60. Nevertheless, the relative positions
of the donor LUMO and the acceptor LUMO

are important for the intended charge transfer.

As shown in Fig. 2, the differences between the

LUMOs of P3HT, P3OT or P3DDT and the

LUMOs of C60 or PCBM are in the range of

0.2–0.3 eV, respectively. It seems that these differ-

ences are sufficiently high in order to enable an

unrestricted and directed charge transfer, as it will
be described in the following. Regardless of, we

found the position of LUMO of BM-C60 at nearly

the same level like that of P3HT, P3OT, P3DDT,

consequently a selective charge transfer into this

fullerene material becomes uncertain or impos-

sible. Although DLUMOD–A data obtained from
cyclic voltammetric measurements do not repre-

sent absolute values, they should be suitable to
compare materials if applying identical experimen-

tal conditions.

The electrochemical gap of all investigated

polymers is clearly lower than the optical gap,

which was determined from the absorption edges

of UV–VIS spectra in solid state (see Tables 1

and 2). Although the effect of discrepancy between
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Eoptg and ECVg has already been reported in several

references [21–23], a comprehensive discussion is

still lacking.

3.2. Optical properties of poly(3-alkylthiophenes)

Materials with high absorption coefficients are

necessary for the application in polymer solar cells.

This is due to the requirement, that the film thick-

ness of the photoactive layer should normally not

exceed some hundreds of nanometers (typical are

100–300 nm). This limitation is determined by

the much lower charge carrier mobility and the
distinctively shorter exciton diffusion length of

these carriers in semiconducting polymers com-

pared with inorganic semiconductors.

Fig. 3 shows the absorption spectra of films

made from the three poly(3-alkylthiophenes).

The absorption maximum (kmax) of P3HT, P3OT
and P3DDT can be observed at 500 nm

(2.48 eV), 512 nm (2.42 eV) and 515 nm
(2.41 eV), respectively. These kmax-values when
correlated with the energy of p–p* interband tran-
sition indicate a more pronounced planarity of the

backbone chains for P3DDT than for P3HT [24].

This is due to the fact that longer side groups re-

strict the number of possible conformations, that

two adjacent thiophene rings can form by rotating

around their shared C–C-bond.
With decreasing length of the side chain the

absorption coefficient increases for the investigated

polymers in the following graduation: P3DDT <

P3OT < P3HT (Table 2). In accordance to the
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Fig. 3. Absorption spectra for P3HT, P3OT and P3DDT thin

films.
literature [14,25–27] the optical gap was found to

be approximately 1.92 eV for all three polythio-

phenes and does not depend on the side chain

length.

The absorption spectra of pristine P3HT, P3OT
and P3DDT show distinctive changes upon blend-

ing the polymers with PCBM. The peak wave

length of the p–p* interband transition of the
P3ATs is shifted towards shorter wave length

and especially in the case of P3DDT the spectrum

becomes less structured [7,9]. However, the posi-

tion of the three fullerene bands (at 220, 270,

340 nm) and the both longer-wave absorption
bands of P3ATs (at �555 and �605 nm) as well
as the optical band edges remain nearly uninflu-

enced. This feature and the fact that no additional

absorption band appears is an indication that

these changes are not generated by ground state

doping of the polythiophenes by PCBM. The

p–p* interband transition blue shift is increased
with the fullerene content and amounts to
�45 nm for P3HT:PCBM (1:3) and �50 nm for

P3DDT:PCBM (1:3) composite films (as pre-

pared), respectively. Differently from that solid

films based on P3OT:PCBM (1:3) composites exhi-

bit a higher blue shift of �85 nm. Accordingly,
the composite films differ significantly in their

optical appearance: the P3HT:PCBM (1:3) and

P3DDT:PCBM (1:3) films looks more red-brown,
whereas the P3OT:PCBM (1:3) film appears or-

ange-brown. (The colours of the pristine P3HT,

P3OT and P3DDT as prepared films are violet,

red-brown and rubin-red, respectively.) The same

spectral behaviour has already been reported in

[28] for regioregular P3HT/fullerene and P3OT/

fullerene composites and by Morita et al. [29] for

regiorandom P3HT/C60 and poly(3-ocdadecylthi-
ophene)/C60 blends. It may be possibly assigned

to disruption of the interchain packaging by a high

PCBM concentration and/or conformational

changes of the polythiophene chains. The detected

higher shift for P3OT upon mixing with PCBM

(1:3) compared to P3HT and P3DDT may be

due to differences in the molecular weights of the

three polythiophenes [30] or is a special feature
of the applied solvent (1,2,4-trimethylbenzene)

inducing unfavourable chain conformations and/

or a disadvantageous interchain packaging. This
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shift is reduced after annealing but remains higher

for P3OT:PCBM than for analogous films based

on the other two polymers (these results will be

given in a future report).

3.3. Detection of charge transfer by

photoluminescence quenching and ESR experiments

The strong photoluminescence (PL) of conju-

gated polymers accompanied by its quenching in

the presence of C60-fullerene or its derivatives indi-

cates the charge transfer from polymer to fullerene

[1].
Films made from composites of P3HT/PCBM

(1:3 wt.%) [9] and P3OT/PCBM (1:2 wt.%) [7]

show a distinctive photoluminescence quenching

effect.

Fig. 4 exhibits the PL spectra of P3DDT and

blends of P3DDT with three different fullerenes.

In contradiction to the blends consisting of

P3DDT/C60 and P3DDT/PCBM (1:1 wt.%), the
photoluminescence quenching of P3DDT/BM-

C60 (1:1 wt.%) composite film is significantly re-

duced. This could be due to an energetic problem

caused by the relative LUMOP3DDT=LUMOBM-C60
position and would be in agreement with the cyclic

voltammetry data for this D–A combination (see

Fig. 2).

The effective charge separation in the sys-
tems P3HT:PCBM (1:2 wt.%), P3OT:PCBM

(1:2 wt.%), P3DDT:PCBM (1:2 wt.%) has been

established by two LESR signals (light-induced
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Fig. 4. Film photoluminescence spectra of P3DDT and blends

of P3DDT with different fullerenes (1:1 wt.%).
electron spin resonance spectroscopy). They can

be assigned to positive polarons (P+�) on polymer

chain with g-factor giso � 2.0022 and to radical an-
ions of PCBM with giso � 1.9995 [6,15,31] (Figs.
5–7). P3HT:PCBM (1:2) and P3OT:PCBM (1:2)
composite films show a strong P+� ESR signal

without light excitation (Figs. 5 and 6), that may

be caused by traces of impurities or the effect of
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(1:2 wt.%, measured in form of a film, Ar+ laser with k: 488 nm,
T: 77 K).
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Fig. 8. Cross-section of the typical device configuration of

prepared flexible polymer solar cells.
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entrapped oxygen. Despite the fact, that previous

investigations using P3DDT/C60 [6,7] with another
batch of P3DDT could prove the existence of a

dark signal, P3DDT/PCBM (1:2 wt.%) does not

yield any signal without being exposed to radiation

(Fig. 7).

Dark ESR and light-induced ESR spectra (Ar+

laser operating at k = 488 nm) for films of

P3HT:PCBM and P3OT:PCBM are depicted in

Figs. 5 and 6, respectively. After starting light
exposition the amplitude of the polaron signal in-

creases as the time proceeds and a signal to be as-

signed to the high-field component (PCBM radical

anion) starts to appear additionally. Hence, the

distinctive spectroscopic features between spectra

taken during radiation and in the dark, respec-

tively, clearly indicate the charge separation pro-

cess of the investigated composites (Figs. 5 and
6). Applying the same conditions the signal ampli-

tude ratio of P3DDT/PCBM (1:2 wt.%) films (Fig.

7) appears to be changed compared to Figs. 5 and

6 (the PCBM�� signal amplitude is distinctively

higher in intensity than the polaron signal). Con-

trary to the P3ATs/PCBM composites no ESR sig-

nal could be detected in P3DDT/BM-C60 films.

This is in accordance with the results from photo-
luminescence measurements (see Fig. 4) and
HOMO/LUMO determinations (see Fig. 2). Dy-

namic parameters obtained by the line width anal-

ysis and the saturation effects for all three systems

will be published elsewhere.

3.4. Flexible photovoltaic devices based on

P3AT/PCBM

The photovoltaic devices consist of four layers

as shown in Fig. 8. A flexible polyester foil coated

with indium tin oxide (ITO) is used as substrate

(the device area amounts to 0.25 cm2, 16 cells were

fabricate at one 5 · 5 cm substrate). All cells were
prepared and measured on ambient conditions
illuminated with white light of a Steuernagel solar

simulator AM1.5 (PIN = 100 mW/cm
2).

Fig. 9 shows the current–voltage characteristics

of the solar cell based on P3HT/PCBM (1:3 wt.%)

in the dark and on AM1.5 conditions with light

intensity of 100 mW/cm2 at room temperature

[9,32]. This device exhibits a rectification of for-

ward and backward current in the dark at ±2 V
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P3DDT:PCBM (1:3 wt.%)/Al cell (A = 0.25 cm2) in the dark

and under illumination with white light (PIN = 100 mW/cm
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Table 3

Photovoltaic performance parameters of the cells depicted in

Figs. 9–11 on AM1.5 conditions

Active layer VOC
(mV)

ISC
(mA/cm2)

FF ge(AM1.5)
(%)

P3HT/PCBM 600 6.61 0.39 1.54

P3OT/PCBM 635 4.58 0.38 1.10

P3DDT/PCBM 650 2.53 0.36 0.59
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of 5 · 10�3. The cell has an open-circuit voltage
(VOC) of 600 mV, a short-circuit current (ISC) of

6.61 mA/cm2 and a calculated fill factor (FF) of

0.39. The overall efficiency for this polymer solar

cell is 1.54%.
The described non-post-treated devices may

most likely be compared with that published in

[4]. When comparing both as produced P3HT:

PCBM cells it became obvious, that besides others

the substrate material will determine the cell per-

formance in an extent that cannot be neglected.

The application of different materials and charac-

terisation methods complicate comparisons of flex-
ible solar cells [33–35].

The authors in [4] were able to reach further

improvement of the device performance by a

post-production treatment that includes annealing

or simultaneous annealing and applying an exter-

nal electric field. A detailed investigation how such

methods will influence cell parameters is still in

progress and will be published separately.
VOC of the cell in the present report (600 mV) is

higher than that of the as produced cell (300 mV)

in [4] as well as that of the device treated subse-

quently (550 mV, annealing followed by applying

an external voltage [4]). Despite using the same

photoactive materials and the same electrodes this

effect is obvious. It may be due to differences in the

PEDOT:PSS layer or higher shunts [36] caused by
the influence of film preparation conditions. Dif-

ferences in the blend morphology resulting from

the choice of solvent or from varying the donor/

acceptor ratios can lead to differences in the

open-circuit voltage [37]. ISC (6.61 mA/cm2) is

higher than that of the untreated cell (2.5 mA/

cm2) but still lower than for the annealed cell in

[4] (7.5 mA/cm2) or for the post-production treated
cell (8.5 mA/cm2). Nevertheless, ISC is essentially

determined by the applied D/A ratio (influencing

the absorption and the mobility [38]), the used sol-

vent [37,39], the resulting film morphology and the

nanodomain size as well as by the realised charge

carrier mobility [38,39]. Of course, the surface

resistance of the used ITO substrates (ITO-PET

foils: 60 X/square, compared with ITO glass in
[4]: 15 X/square) is not to be neglected. FF of the
presented cell (0.39, the device area is factor 3–5

higher) is approximately the same of the compared
F

P

u

cell (0.4) but clearly lower than the annealed (0.57)

and the post-production treated cell (0.6) in [4]. In

the consequence, the overall efficiency for our cell

(1.54%) is higher than the cell in [4] without

annealing (0.4%) but still lower than it is after

heating (2.5%) and upon post-production treat-

ment (3.5%).
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Figs. 10 and 11 show the current–voltage char-

acteristics of the solar cell based on P3OT/PCBM

(1:3 wt.%) and P3DDT/PCBM (1:3 wt.%) in the

dark and on AM1.5 conditions applying a light

intensity of 100 mW/cm2 at room temperature.
Table 3 summarises the photovoltaic perfor-

mance parameters of the cells depicted in Figs.

9–11 on AM1.5 conditions.

The open-circuit voltage of the three cells men-

tioned above increases in the graduation P3HT

(600 mV) < P3OT (635 mV) < P3DDT (650 mV).

Different acceptors (fullerenes) have been investi-

gated in combination with the same donor [21],
where the authors found, that the open-circuit

voltage depends on the acceptor strength of the

fullerenes applied. This result fully does support

the assumption, that the open-circuit voltage of a

donor–acceptor bulk-heterojunction cell is directly

related to the energy difference between the

HOMO level of the donor and the LUMO level

of the acceptor component. In agreement with this
result and the realisable trend comparing Eoxp , E

ox
onset

of P3HT, P3OT, P3DDT (see Table 1) a possible

explanation could be that the relatively small dif-

ferences in the HOMO levels of the three polythi-

ophenes slightly affect their donor strength and

this corresponds with the energy difference be-

tween HOMO level of the donor polymers and

LUMO level of PCBM.
The cell based on P3HT possesses a higher

short-circuit current (6.61 mA/cm2) than the cells

based on P3OT (4.58 mA/cm2) and P3DDT

(2.53 mA/cm2). Regioregular head-to-tail P3HT

is well known for a high degree of intermolecular

order leading to high charge carrier mobilities

(lhole � 0.1 cm2 V�1 s�1 [40], lhole � 0.2 cm2 V�1

s�1 [41] measured in form of field effect transistor
(FET) geometries). The hole mobilities for P3OT

(lhole � 0.01–0.001 cm2 V�1 s�1,1 lhole � 0.001
cm2 V�1 s�1 [42] determined in form of FET geom-

etries) and for P3DDT (lhole � 0.002–0.005 cm2
V�1 s�1 [43] measured in form of FET geometries)

were described to be lower. Assuming the same de-
1 From OFET characteristics recorded in our laboratory the

hole mobility of regioregular poly(3-octylthiophene) was cal-

culated to �0.01–0.001 cm2 V�1 s�1.
gree of regioregularity as well as of polymerisation

degree for all three P3ATs, the hole mobility

should increase as the length of the side chains de-

creases due to their contribution to the degree of

intermolecular order and chain packaging density.
Additionally, the potential barrier of P3OT/ITO is

slightly higher than that of P3HT/ITO and some-

what lower than that of P3DDT/ITO (see Fig. 2

and Table 1). This is much more anticipated by

the Eoxp -value when comparing P3HT–P3OT–

P3DDT, than it is expressed by the differences in

HOMO levels that are based on the Eoxonset. Thus
the hole injection from the HOMO of the poly-
mers into ITO becomes less restricted in the case

of P3HT compared to the other two polythioph-

enes. P3HT shows a higher absorption coefficient

than P3OT and P3DDT (see Fig. 3). Its p–p* inter-
band transition blue shift upon mixing with

PCBM (1:3) amounts only to �45 nm remaining

the well-resolved vibrational structure of the pris-

tine P3HT absorption (in solid state). The lat-
ter points on the fact that most of the chains

should be well planarised giving more extended p-
conjugation [30] than e.g. in the case of P3OT

and P3DDT. P3OT exhibits the highest blue shift

of p–p* interband transition (�85 nm) upon addi-
tion of PCBM, hence it is able to absorb less pho-

tons than the other two polymers, which should

decrease the current of the cell. After blending
with PCBM the P3DDT shows the most distinc-

tive loss of the fine structure resolution in UV–

VIS absorption indicating on a disturbance of

the planarisation of the P3DDT chains and/or a

disruption of the interchain packaging [44] by the

PCBM molecules. Possibly this effect compensates

the worse absorption of P3OT:PCBM (1:3) com-

pared with P3DDT:PCBM (1:3) (see Section 3.2)
leading to the lowest ISC for the P3DDT:PCBM

cell.

The cells based on P3HT:PCBM and

P3OT:PCBM have approximately the same fill fac-

tor (0.39 and 0.38, respectively). A disturbed or

less ordered morphology of the photoactive layer

and the higher serial resistance may be the reason

for the slightly lower fill factor (0.36) found for de-
vices based on P3DDT/PCBM with respect to the

values of P3HT and P3OT. Therefore the external

AM1.5 power conversion is found to be higher for



M. Al-Ibrahim et al. / Organic Electronics 6 (2005) 65–77 75
the cell based on P3HT (1.54%) than for the P3OT

(1.1%) and P3DDT (0.59%) devices.

According to the single diode model described

in [45,46] the serial resistance (Rs) of the cells based

on P3HT amounts to 4.5 X cm2, 11 X cm2 for
P3OT and 39 X cm2 for P3DDT device. This is
in agreement with the literature data given for

the hole mobilities for the regioregular P3ATs

(given above) decreasing from P3HT to P3DDT

as well as the lowest injection barrier at the

P3AT/ITO interface in the case of P3HT. Besides

from the mobility the lifetime of charge carriers

is important because the product of both deter-
mines the distance that charge carriers can drift

under a certain electric field [47]. Nevertheless,

the serial resistance adds all contributions from

bulk transport, from interface transfer and from

transport through the contacts [38]. The parallel

resistance (Rp) of the cell based on P3HT is

246 X cm2, 303 X cm2 for P3OT and 1000 X cm2

for P3DDT device. A decreasing Rp may be caused
by shorts due to pinholes (P3DDT:PCBM layers

possess a less uniform morphology related to

P3HT:PCBM films), a faster charge carrier recom-

bination or a significant bulk conductivity. The

latter is supported by the detected dark polaron

signals in the ESR spectra for P3HT:PCBM and

P3OT:PCBM films (Fig. 5 or Fig. 6) differently

from P3DDT:PCBM layers (Fig. 7) indicating a
higher doping level for P3HT and P3OT due to

impurities in the pristine polymers. Nevertheless,

the different photovoltaic parameters of the cells

based on P3HT, P3OT and P3DDT may be ex-

plained in accordance with the values of their resis-

tances. A lower Rp results in a steeper slope of I–V

curve in the third quadrant and may reduce VOC.

An increasing Rs diminishes the slope in the first
quadrant of I–V characteristics and decreases FF

and ISC, respectively. The cell based on P3HT

has the lowest serial resistance and the lowest par-

allel resistance. For this reason it shows the highest

current and the lowest voltage. The cell based on

P3DDT has the highest serial resistance and the

highest parallel resistance. Consequently, it yields

the lowest current and the highest voltage. The cell
based on P3OT is a compromise between both

borderline cases. These results are in agreement

with the analysis of the influence of the resistance
values on the photovoltaic parameters of organic

solar cells as described in [36].
4. Summary

The HOMO and LUMO levels of regioregular

P3HT, P3OT, P3DDT as well as of C60, PCBM

and BM-C60 were estimated from cyclic voltamme-

try data. The values of the poly(3-alkylthiophenes)

(P3ATs) slightly depend on the length of the alkyl

side chain, whereas the energy of the HOMO and

the absorption coefficients of the three P3ATs are
inversely proportional to this length. The absorp-

tion spectra of pristine P3HT, P3OT and

P3DDT show distinctive changes upon blending

the polymers with PCBM. The peak wave length

of the p–p* interband transition of the P3ATs is
shifted towards shorter wave length, whereas the

position of the three fullerene bands as well as

the optical band edges remain nearly uninfluenced.
The p–p* interband transition blue shift amounts
to �45 nm for P3HT:PCBM (1:3), �85 nm for

P3OT:PCBM (1:3) �50 nm for P3DDT:PCBM

(1:3) (as prepared films). The detected higher shift

for P3OT:PCBM (1:3) may be due to differences in

the molecular weights of the three polythiophenes

or is a special feature of the applied solvent induc-

ing unfavourable chain conformations and/or a
disadvantageous interchain packaging.

Induced D–A charge transfer processes in

P3AT/PCBM composites were detected by photo-

luminescence quenching after blending with

PCBM and the polaron (P+� on polymer chain)

as well as the PCBM radical anion could be as-

signed to signals found in light-induced electron

spin resonance (LESR) spectra.
According to the results obtained, it can be con-

cluded, that an energetic difference of only �0.2 eV
between the LUMO of P3HT, P3OT or P3DDT

and the LUMO of PCBM seems to be sufficient

to ensure a directed D–A charge transfer. On the

other hand the position of BM-C60 was found on

nearly the same level like that of P3HT, P3OT,

P3DDT, which is in agreement with the PL
quenching result (only partially) and the ESR mea-

surements (no signal detected) for P3DDT/

BM-C60.
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Large-area flexible polymer solar cells (16 cells of

25 mm2 on 5 · 5 cm PET foil substrates) based on
P3HT:PCBM (1:3 wt.%), P3OT:PCBM (1:3 wt.%)

and P3DDT:PCBM (1:3 wt.%) were fabricated still

without any post-production treatment and char-
acterised (AM1.5) at ambient conditions. The de-

vices show VOC values between 600 and 650 mV.

VOC systematically increases in the order P3HT:

PCBM < P3OT:PCBM < P3DDT:PCBM cells,

which is probably due to the slightly lower HOMO

levels of P3DDT and P3OT compared with P3HT.

Although the differences are apparently insignifi-

cant, the observed influence on VOC is based on
and averaged from a large number individual

experiments.

ISC of the P3HT:PCBM cell (6.61 mA/cm2) is

higher than that of P3OT:PCBM (4.58 A/cm2)

and P3DDT:PCBM device (2.53 mA/cm2). These

values are determined by a higher absorption coef-

ficient of the pristine polymer, by the lowest blue

shift of the p–p* interband transition upon blend-
ing with PCBM, by an increased hole mobility and

by a lower energy transition barrier for holes

undergoing transfer from the HOMO level into

ITO anode regarding P3HT against P3OT and

P3DDT. All three materials do also possess fill fac-

tors having the same order of magnitude. Within

the series of material compositions P3HT/

PCBM < P3OT/PCBM < P3DDT/PCBM the seri-
al and parallel resistance as well as the open-circuit

voltage increases, whereas the short-circuit current

decreases. The device parameters are fully repro-

ducible on the same conditions.
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Abstract

This paper reports on a study on pentacene field effect transistors (OFETs) with a gate dielectric made of a bilayer

PMMA/Ta2O5 where PMMA (poly(methyl methacrylate)) is spin-coated on top of an evaporated layer of Ta2O5. A

comparison with devices with only Ta2O5 is presented. These latter exhibit very low operating voltage associated to

the high dielectric constant of this oxide but also show some surface trapping and gate leakage. These two drawbacks

can be overcome by depositing a PMMA layer on Ta2O5. With such a bilayer gate dielectric, gate leakage current is

considerably reduced and the quality of the interface between pentacene and PMMA was much improved compared

to that with Ta2O5 as evidenced from the much higher output drain current. The influence of PMMA thickness in

the range 15–250 nm is presented. OFETs with field effect mobility, on/off current ratio, and sub-threshold slope of

respectively 0.4 cm2 V�1 s�1, 3 · 105 and 1.2 V/decade were obtained.
� 2005 Elsevier B.V. All rights reserved.

PACS: 71.20.Rv; 72.80.Le; 73.40.Qv; 73.61.Ph; 77.84.Jd

Keywords: OFET; High-K dielectric; Pentacene; Ta2O5; PMMA
1. Introduction

This last decade, organic field effect transistors

have gained much interest mainly due to their po-

tential applications in what is commonly called
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv
doi:10.1016/j.orgel.2005.03.002

* Corresponding author. Tel.: +33 4 72 18 60 65; fax: +33 4 78

43 35 93.

E-mail address: jacques.tardy@ec-lyon.fr (J. Tardy).
large area electronics. These include driving cir-

cuits for future all-organic OLEDs flat panel dis-

plays [1], plastic RF–ID circuits [2], gas sensors

[3], chemical species sensors [4]. The continuous

improvement in the quality of organic semicon-
ductors, their compatibility with plastic substrates

[5,6], and their low cost and low temperature pro-

cess make them good candidates for all these

applications. Nevertheless OFETs performances
ed.
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do not rely only on the semiconductor material

quality as intrinsic mobility. OFETs are working

in accumulation regime and most of the modu-

lated charge lies within the first 10 nm. That does

mean that the interface properties between the
semiconductor and the gate dielectric are of tre-

mendous importance on the field effect mobility.

Improvement of the gate dielectric material and

of its interface with the organic semiconductor

would be highly beneficial to the performances of

OFETs. Roughness [7], density of surface traps

[8], dielectric constant [9] are crucial parameters.

Among inorganic dielectrics, the most often used
was SiO2 grown on highly doped Si gate. However

its weak dielectric constant (e = 3.9) remains a seri-
ous limitation for low power and nomad applica-

tions since operating voltage largely above 50 V

are necessary for sufficient charge injection in the

channel. Replacement with silicon nitride does

not lead to significant improvement [7]. High-K

materials such as Al2O3 [9,10] and Ta2O5 [11,12]
were also proposed for gate oxide in OFETs. This

latter reference reports on an investigation on the

influence of electric field and temperature on

mobility of pentacene transistors with Ta2O5
grown by anodic oxidation on plastic substrates.

The mobility and on/off ratio obtained in this

study are competitive with typical results for this

materials combination (0.36 cm2 V�1 s�1 and 104,
respectively). It is commonly observed that the

operating voltage was noticeably reduced with

Ta2O5, but this dielectric remains somewhat leaky.

Other studies proposed to realise all-organic tran-

sistors with the use of polymer dielectrics as

polyvinyl phenol (PVP) based polymers [13,14]

or PMMA [15,16]. One major advantage of

organic–organic interface is the noninteracting
nature of this interface in most cases [17]. That

means an abrupt interface without reactive inter-

layer or dipoles as observed in metal/organic

interfaces [18]. The organic/oxide interface is also

highly dependent on the surface preparation of

the oxide as the numerous studies on the influence

of ITO surface treatment on OLEDs performances

shown in the past [19]. In spite of the potential
improvement of device operation with organic/or-

ganic interface, organic dielectrics also show the

drawback of a small dielectric constant. In order
to reconcile the respective advantages of an high-

K oxide for low operating voltage and polymer

dielectric for a better interface with the organic

semiconductor, a bilayer gate dielectric consisting

of a Ta2O5 film covered with a PMMA film is re-
ported in this study.
2. Experimental

Ta2O5 (purchased from Cerac Inc.) was depos-

ited by e-beam evaporation in presence of an oxy-

gen partial pressure (8 · 10�5–2 · 10�4 mbar) on
highly doped Si substrate kept at room tempera-

ture. The deposition rate and the film thickness

were respectively 5 Å/s and 120 nm. Some films

have been annealed at 600 �C for 1 h in O2 atmo-
sphere. For the bilayer gate dielectric, a solution

of PMMA in anisole was spin-coated onto the

Ta2O5 and allowed to dry at 120 �C for 1 min.
The thickness of PMMA after drying is in the
range 18–250 nm for a solution in the concentra-

tion range 10–40 g/l. Then a 80 nm thick pentacene

film was deposited by thermal evaporation at a

rate of 0.7 Å/s on the substrate maintained at

70 �C. The pentacene (purchased from Aldrich)

was used as received without any further purifica-

tion. The devices were completed by the evapora-

tion of interdigited Au top contact source and
drain electrodes through a shadow mask. The

channel length was 100 lm and the developed

width was 19 · 1000 lm. Fig. 1 gives the schematic
structure of the two FETs processed with, respec-

tively, Ta2O5 and PMMA/Ta2O5 gate dielectrics.

Capacitance structures were also processed to

determine the dielectric characteristics. On

Ta2O5, Al electrodes were patterned by lithogra-
phy with various capacitance areas in the range

1 · 10�4–36 · 10�4 cm2. In the case of PMMA,
Al electrodes were evaporated through a shadow

mask and the capacitance area was 5 · 10�3 cm2.
C–V measurements were carried out at RT with

a HP 4284 LCR meter at 1 MHz. Current–voltage

characteristics of Al/PMMA/Ta2O5/Si p
++ struc-

tures were recorded with a HP 4145 parameters
analyser and the leakage current through the insu-

lator was determined at a field of 0.2 MV/cm when

only Ta2O5 was used and at 0.5 MV/cm for



Fig. 1. Schematic structure of the OFET with Ta2O5 (a) and PMMA/Ta2O5 (b) gate dielectrics.
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PMMA/Ta2O5 bilayers. Transistors were charac-

terised in air at room temperature by using two

Keithley 2400 Source-Meter units under Labview�

environment. No degradation of the devices was

observed during characterisation. Between two

characterisation runs, the OFETs were kept under

vacuum in order to obtain reproducible results.

Too long a time spent in atmosphere (over a few

days) leads to continuously degraded perfor-

mances due to the humidity sensitivity of

pentacene.
3. Results and discussion

3.1. Electrical properties of evaporated Ta2O5

It is well known that the performances of a

MOSFET strongly rely on the structural and elec-
tronic qualities of the gate insulator. Ta2O5 depos-

ited by reactive evaporation at room temperature

may contain several defects which could degrade

the electrical characteristics of the OFET: multi-

phase material, local variation of composition,

inhomogeneity, roughness, bulk and surface traps.

We then investigated different deposition condi-

tions by varying the oxygen pressure, the substrate
temperature during the evaporation and post-

deposition annealing in oxygen or nitrogen atmo-

sphere at temperatures in the range 150–600 �C.
Best results were obtained with an oxygen partial

pressure of 2 · 10�4 Torr. Some Ta2O5 depositions
were carried out with the substrate at 150 �C.
These films did not reveal any change compared
with those deposited by thermal evaporation on

room temperature substrates. The dielectric con-

stant of 120 nm thick Ta2O5 films is er ffi 18. Some
films however exhibited an unexplained dielectric

constant greater than 30. Thinner films (80 nm)

show er ffi 21–22, and were also much less leaky
than thicker films.

The leakage current IL at an electric field of

0.2 MV/cm through the Ta2O5 film was assessed

from I–V characteristics of Al/Ta2O5/Si n
++ struc-

tures. This field corresponds to 2.4 V for a 120 nm
thick film which is a typical operating voltage for

OFET with Ta2O5 gate oxide (see below). Nonan-

nealed films usually exhibit IL as high as 10–

200 lA/cm2 depending on the area of the device.
On contrary, devices annealed at 600 �C show a
very low leakage current down to 0.2–2 lA/cm2.
This strong decrease is been attributed to the

growth of a SiO2 layer at the interface between
Si and Ta2O5 upon annealing consecutively to

Ta2O5 dissociation and Si oxidation. Considering

the SiO2 and the Ta2O5 capacitances in series with

respective dielectric constant er = 3.9 and er = 22 or
30, and an effective constant after annealing of

er = 18, we can evaluate that the thickness of the
SiO2 film grown at the interface is between

4.7 nm and 12 nm. This SiO2 interface layer helps
in improving the gate leakage current in OFET.

3.2. OFET with only Ta2O5 gate oxide

Fig. 2 shows the characteristics ID(VD) andffiffiffiffiffi
ID

p
ðV GÞ of two devices which only differ by the

fact that Ta2O5 (120 nm) has not been annealed



0.0 -0.5 -1.0 -1.5 -2.0 -2.5

0.2

0.1

0.0

-0.1

-0.2

-0.3

-0.4

(a)

VG=-1.8V

0V

-0.6V

-1V

-1.4V

I D
(µ

A
)

VD (V)

0.0 -0.5 -1.0 -1.5 -2.0 -2.5
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

(b)

VD=-1.5V

µ=0.033cm2/Vs

VT=-0.7V

VG (V)

I D
1/

2   (
A

)1/
2

0.0 -0.5 -1.0 -1.5 -2.0 -2.5
0.05

0.00

-0.05

-0.10

-0.15

-0.20

-0.25

-0.30

(c) VD (V)

I D
 (

µA
)

0V

-0.6V

-1V

-1.4V

VG=-1.8V

0.0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4
0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

(d)

VD=-2V

µ=0.03cm2/Vs
VT=-0.42V

VG (V)

I D
1/

2  (
A

)1/
2

Fig. 2. Output and transfer characteristics of OFETs with 120 nm Ta2O5 as gate dielectric either nonannealed ((a) and (b)) or annealed

at 600 �C for 1 h in O2 ((c) and (d)).
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after deposition (Fig. 2(a) and (b)) or has been an-

nealed at 600 �C in oxygen for 1 h (Fig. 2(c) and
(d)). We can first point out the very low operating

voltage of these devices as compared with more
conventional devices on SiO2. The output charac-

teristics for nonannealed (NA) Ta2O5 show a

rather high positive current at low VD (Fig. 2(a)).

When Ta2O5 was annealed this current is much

lower (Fig. 2(c)). The increase of leakage current

with the gate voltage bears out the assignation to

a drain-to-gate current through the gate insulator.

Leakage lowering after Ta2O5 annealing bears out
the results reported in the preceding section on re-

duced leakage through Ta2O5 attributed to SiO2
formation at the interface between Ta2O5 and Si

gate upon annealing. In a similar way, a beneficial

influence of a thin SiO2 film (3–17 nm) deposited
on TiO2 was recently reported [20]. Improved field

effect mobility, on/off ratio and gate leakage cur-

rent of poly(3-hexylthiophene) FET was observed.

The saturation current on NA-Ta2O5 is not con-
stant. This could be due to trapping of injected

holes which are released at a high VD. This effect

has not been observed for heat treated Ta2O5
where we can expect that annealing helps in

removing surface states induced by dangling

bonds. The smaller threshold voltage for annealed

Ta2O5 (VT = �0.4 V instead of VT = �0.7 V for

NA-Ta2O5) as well as a higher on/off ratio bear
out this hypothesis. The mobility remains about

3–4 · 10�2 cm2 V�1 s�1 independently of Ta2O5
annealing. This value is quite similar to that ob-

served with Al2O3�x gate oxide [5]. Nevertheless

it should be mentioned that the on/off ratio we
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obtained remains comparatively low. In work to

be published elsewhere, we will report on a strong

influence of the Ta2O5 thickness on the OFET

performance. For example, a 80 nm instead of a

120 nm thick Ta2O5 leads to sharply improved
performances of OFET since the mobility l and
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Table 1

Dielectric characteristics of Ta2O5 and performances of OFETs with Ta2O5 and PMMA/Ta2O5 gate dielectric: operating voltage,

mobility, threshold voltage, and sub-threshold swing

Nature of the dielectric Ta2O5 non

annealed

Ta2O5 annealed

600 �C in O2
Annealed Ta2O5
+ 15 nm PMMA

Annealed Ta2O5
+ 37.5 nm PMMA

Annealed Ta2O5
+ 250 nm PMMA

Gate capacitance (nF/cm2) 229 125 74 39 8.5

Leakage current (lA/cm2) 20–100 @

0.2 MV/cm

1–2 @ 0.2 MV/cm 0.14 @ 0.5 MV/cm 0.09 @ 0.5 MV/cm 2–16 @ 0.5 MV/cm

Operating voltage (V) 0 to �2 0 to �2 0 to �20 0 to �28 0 to �32
Mobility (cm2 V�1 s�1) 3.6 · 10�2 3 · 10�2 0.12 0.29 0.25

Threshold voltage (V) �0.7 �0.4 �3.5 �4 �12
Sub-threshold swing (V/dec) 0.5 0.44 1.04 1.2 1.25

On/off ratio 67 170 4.3 · 104 2.7 · 105 1 · 105
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3.3. Devices with PMMA/Ta2O5 bilayer gate

dielectric

Fig. 3 reports the electrical characteristics for

three devices with a gate dielectric made of

120 nm Ta2O5 with spun on layers of PMMA with

thicknesses of 15, 37.5 and 250 nm. We first ob-

serve a strong increase of the drain current com-
pared to what obtained with Ta2O5 only. In

comparison to devices with only Ta2O5, the oper-

ating voltage increases to 20–30 V due to the low

dielectric constant of the PMMA layer which re-

duces the equivalent gate capacitance. From the

transfer characteristics, the measured threshold

voltage is about �4 V for the two thinnest PMMA
layers and VT increases up to �12 V for the
250 nm thick PMMA. The major improvement

brought by PMMA is the strong increase of field

effect mobility which reach 0.3 cm2 V�1 s�1 for

37.5 nm PMMA. The highest lFE obtained was
0.4 cm2 V�1 s�1 with pentacene used as purchased

without any further purification and devices char-

acterised in air. The on/off ratio also increases with

PMMA and reaches 2.7 · 105 for 37.5 nm PMMA.
The sub-threshold swing remains about constant

between 1 V/dec and 1.2 V/dec at VD = �12 V.
We also observe that the gate leakage dramati-

cally decreases upon deposition of PMMA since

very low leakage is observed for the thinnest two

PMMA films. The higher leakage for thick

PMMA (250 nm) is attributed to insufficient cur-

ing after deposition. For this thickness, annealing
for a much longer period is necessary to eliminate
all traces of solvents. The well separated character-

istics at low drain voltage in the linear regime indi-

cate a rather small contact resistance. All these

data point to the beneficial influence of a thin

PMMA film on Ta2O5 on device performances.

Improvement is to be associated with a penta-

cene/PMMA interface of much better quality than

the pentacene/Ta2O5 interface in terms of elec-
tronic states but also in terms of roughness. Table

1 summarises the data reported in the paper.
4. Conclusions

In this paper we reported a new gate dielectric

for OFETs made of a PMMA/Ta2O5 bilayer. This
dielectric design combines the respective advanta-

ges of the two materials, say, the high dielectric

constant of Ta2O5 and an improved PMMA/pen-

tacene interface. Devices with operating voltages

in the range 0–2.5 V were obtained with Ta2O5
dielectric constant (er ffi 20). Devices showing a
high mobility, a high on/off ratio and very low

leakage current were obtained with PMMA spun
on Ta2O5. Optimum PMMA thickness was found

to be about 37 nm but beneficial effect was already

achieved with PMMA layers as thin as 15 nm. It

should be mentioned that all the process can be

carried out at near room temperature. Work is

currently in progress towards a better characteri-

sation of the electrical and structural properties

of pentacene/PMMA interface and on improved
Ta2O5 bulk and surface properties.
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Abstract

Direct and inverse photoemission spectroscopy are used to investigate the electronic polarization P = P+ + P�

induced by the pentacene anion and cation at the Au/pentacene interface. Based on the spectroscopic measurements

and on previously published calculations, we determine that the total polarization at the metal interface is approxi-

mately 0.67 eV larger than at the surface of the pentacene film, leading to a corresponding decrease of the interface

transport gap. This reduced interface gap leads to hole and electron injection barriers of 0.47 eV and 1.17 eV,

respectively.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Organic semiconductors have major potential
applications in the fields of light emitting diodes,

thin film transistors and photovoltaic cells. These

devices comprise multiple layers of organic materi-

als and contacts for electron and hole injection or

extraction. Metal–organic and organic–organic

interfaces are therefore of paramount importance

for small molecule and polymer devices alike,

and have received considerable attention in the
past decade [1–4]. The most widely accepted

conclusion of these interface studies is that
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv

doi:10.1016/j.orgel.2005.03.003
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metal–organic contacts generally do not follow

the Schottky–Mott model and exhibit large dipole

barriers [1,2,5,6]. The origins of these dipoles
ranges from charge transfer with [7] or without

[6] interface chemistry, to reduction of the metal

work function by the organic layer [1] and occupa-

tion of the metal-induced density of interface

states in the gap of the organic material [8,9]. Be-

yond the mechanisms of dipole and barrier forma-

tion, however, subtle issues are also likely to have

a significant impact on charge carrier injection.
Polarization and gap narrowing at the metal/

organic interface is one of these issues, and is the

focus of the present study.

Organic solids of p-conjugated molecules are

characterized by weak intermolecular (van der

Waals) bonds and small intermolecular wave
ed.

mailto:famy@princeton.edu
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Fig. 1. Adiabatic ionization energy (I) and electron affinity (A)
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relaxed molecular ions in the condensed phase, including

polarization energies P+ and P� for holes and electrons,

respectively (right).
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function overlap. Charge carriers are localized and

modeled as molecular anions (electrons) and cat-

ions (holes) embedded in a matrix of neutral mol-

ecules. The electronic polarization of the dielectric

medium by the central charge, which results in the
formation of a polaron, is a major effect with an

energy scale larger than intermolecular transfer

integrals. Charge transport occurs via thermally

activated polaron hopping.

Among many organic semiconductors consid-

ered for field-effect transistors, pentacene has

drawn the most attention and has been used as a

relatively high-mobility hole transport material
[10–12]. This is due to two factors. First, pentacene

films with good morphology and molecular order-

ing can be obtained by evaporation on suitably

treated dielectric surfaces [13]. Second, the relaxa-

tion energy of the pentacene molecular ion is smal-

ler by a factor of at least two than in other

commonly used hole transport materials [14].

The result is a small polaron binding energy,
which, added to relatively good molecular order-

ing, gives a mobility of the order of 1 cm2/V s.

Yet, the benefit of this performance is best realized

if charge carrier injection is not a significant limita-

tion in the device. The energetics of pentacene/

metal interfaces used in devices are therefore of

prime importance.

Several phenomena contribute to polarization
and reorganization of molecular levels upon occu-

pation of a molecule by an excess charge: (i) elec-

tronic polarization of the surrounding molecules,

which accounts for most of the screening of the

central charge; (ii) molecular relaxation, which

accounts for conformational changes of the molec-

ular ion due to the charge; and (iii) lattice relaxa-

tion, which accounts for the response of the
structure of the molecular film to the presence of

the central charge. The molecular relaxation

(�100 meV) and lattice relaxation (�10 meV) are

small compared to the electronic polarization com-

ponent (P1 eV) [14–16]. Because of the low dielec-

tric constant of organic materials (e � 3), the

electronic polarization has a significant impact

on the energy level of the transport states.
Like in inorganic semiconductors, the transport

gap Et, or single-particle gap, of the molecular film

is the energy difference between the electron trans-
port state and the hole transport state (Fig. 1), and

is the minimum energy necessary to create an

uncorrelated electron-hole pair infinitely separated

in the bulk of the material. It is equal to the differ-

ence between the adiabatic ionization energy (I)
and electron affinity (A) of the single (gas-phase)

molecule reduced by the sum P of the energies of

electronic polarization and lattice relaxation (the

molecular relaxation is already included in

I � A). Since the electronic polarization is a long

range Coulomb interaction and the polarization

cloud extends over several molecular lattice con-

stants, P and Et are affected by the proximity of
a surface or interface. Because of image charges

in the metal, P is larger at the metal–organic inter-

face than in the bulk of the material. On the other

hand, P is smaller at the free surface of the organic

film since vacuum is not polarizable [17]. Therefore

Et is expected to be smaller at the metal interface

and larger at the free surface [18,19].

This work focuses on polarization and narrow-
ing of the transport gap at the Au/pentacene

interface. Direct and inverse photoemission spec-

troscopies are used to measure the energy of the

highest occupied and lowest unoccupied molecular

orbitals (HOMO, LUMO) of pentacene as a

function of film thickness. HOMO and LUMO

levels represent the hole and electron transport

levels, respectively. The analysis of these levels as
a function of film thickness provides a measure
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of interface polarization and transport gap

narrowing.
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Fig. 2. Composite UPS/IPES spectrum of the filled and empty

states recorded from a 75 Å thick film of pentacene deposited

on Au. Energy scales are aligned by measuring the Fermi level

position with UPS and IPES on a clean Au substrate. Arrows

indicates pentacene molecular energy levels. Evac is at 4.49 eV

above Fermi level.
2. Experiments

Measurements were performed on pentacene

films thermally evaporated on Au from a solid

source. Deposition and spectroscopy measure-

ments were performed in ultra high vacuum

(UHV). Ultra-violet photoemission spectroscopy

(UPS) was done using the He I (21.22 eV) line of

a discharge lamp, with a total resolution of
150 meV. Inverse photoemission spectroscopy

(IPES) was performed in the isochromat mode

using a photon detector [20] centered at a fixed en-

ergy of 9.2 eV, with a total resolution of 450 meV.

The UPS and IPES energy scales were aligned by

measuring the position of the Fermi level on a

freshly evaporated Au film. The position of the

vacuum level, Evac was measured for each surface
using the onset of photoemission [21].

The substrates were Si(100) wafers coated with

50 Å of Ti and 1200 Å of Au. The organic films

were prepared by incremental deposition of penta-

cene at rates of about 0.5–1 Å/s on the room tem-

perature substrate covered by a freshly deposited

Au layer. The samples were studied with UPS first

and IPES second. In order to prevent degradation
of the organic film during IPES, the beam current

density was limited to 10�6 A/cm2. No charging or

degradation of the organic layer was detected with

either technique.
3. Results and discussion

A composite of UPS and IPES spectra of a 75 Å

pentacene film on polycrystalline Au is displayed

in Fig. 2. The UPS spectrum (negative energies)

maps the density of filled states whereas the IPES

part (positive energies) maps the density of empty

states. The energy scale is relative to the position

of the Fermi level EF measured on Au. Under

the assumption of thermodynamic equilibrium,
the position of EF is taken as constant across the

film. Evac is at 4.49 eV above EF in this particular

case.
Characteristic features of the pentacene levels,

including the HOMO and LUMO levels, are out-

lined by arrows in Fig. 2. UPS and IPES probe

the hole state (molecular cation) and electron state

(molecular anion) of the organic film, respectively.

Once the molecule is charged (by electron removal

in UPS, or electron addition in IPES), the major

contribution to polarization is the fast response
of the electronic charge density of the surrounding

molecules, which occurs in �10�16 s. UPS and

IPES electrons have a kinetic energy typically be-

tween 5 and 15 eV and travel over molecular dis-

tances of 10–15 Å in 1–5 · 10�15 s. The electronic

component of the polarization (1–1.5 eV) is there-

fore included in both UPS and IPES spectra and

these techniques measure the energy of the nearly
fully relaxed positive or negative polaron, respec-

tively. The molecular relaxation occurs on a time

scale of 10�15–10�14 s [22], and may or may not

be included in these measurements. However, that

contribution to polarization energy is smaller

(�100 meV) than the electronic component, par-

ticularly in the case of pentacene [14]. The lattice

relaxation component is too slow (�10�13 s) to
be accounted for with either UPS or IPES, but
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only contributes a few tens of meV to the total

polarization energy [16]. This is considerably smal-

ler than the energy resolution of the measurement

techniques, and is neglected here.

The UPS spectrum of the 75 Å thick pentacene
film (Fig. 2) exhibits a Fermi step and other fea-

tures related to the Au substrate, indicating

three-dimensional growth and/or pinholes in the

organic film under the deposition conditions given

above [13].

The position of the centroid of the HOMO and

LUMO peaks measured with respect to Evac is

plotted in Fig. 3 as a function of film thickness.
As the pentacene thickness increases, both peaks

shift away from the Fermi level, while the position

of Evac does not change significantly. Given the

surface sensitivity of the measurements (5–10 Å),

the measured energy levels correspond to molecu-

lar ions at the surface of the film. The 0.54 eV in-

crease between the gap of the thin film DEml and

the gap of the thick film DE s (Fig. 3) corresponds
to a decrease in electronic polarization at the sur-

face of the film with increasing distance from the

Au interface. The increase in the gap is limited to

the first 5–10 nm. This result is consistent with

the �0.45 eV increase observed for PTCDA on

Au and Ag [19]. It is also consistent with results

obtained for naphthalenetetracarboxylic dianhy-

dride (NTCDA), which show an increase between
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Fig. 3. Measured energy position of the HOMO (bottom) and

LUMO (top) peak with respect to the vacuum level as a

function of the pentacene film thickness.
the 4 Å film gap (DEml) and the 64 Å film gap

(DE s) (Fig. 4). In the NTCDA case, the

4 Å HOMO peak is weak, its position is difficult

to determine accurately, and the change in polari-

zation energy is measured from a deeper level (la-
beled M on Fig. 4). The 0.21 eV shift of M from

thin to thick film is indicative of the decrease in

hole polarization energy P+. The 64 Å spectrum

gives a 5.32 eV energy separation between M and

the HOMO peak. Assuming that this energy sepa-

ration is the same for the 4 Å thin film, one finds

that the gap increase from DEml = 5.61 eV for

the 4 Å film to DE s = 5.94 eV for the 64 Å film.
The decrease in ionization energy and increase

in electron affinity near the metal interface reflects

the extra polarization due to the image charge for

ions located within a small distance of the sub-

strate (Fig. 5(a) and (b)). The polarization de-

creases until the film thickness is such that the

contribution from the metal substrate becomes

negligible. The effect depends quantitatively on
the organic material and on the substrate. The

dielectric function of the organic film, the mor-

phology of the interface and the structure of the

organic film are all important parameters. Interest-

ingly, in the case of pentacene on Au, the change in

polarization energy seems to be smaller for holes

than for electrons, i.e. P+ < P�. More symmetric

values of P+ and P� or even an opposite relation,
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Fig. 4. Composite UPS/IPES NTCDA spectrum of the filled

and empty states as a function of film thickness.
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Fig. 5. Molecular ion in films of various thicknesses. Open

molecules are neutral; grey molecules are nearest neighbor

polarized molecules. Black molecules are ionized by the excess

charge. Cases (a)–(c) are representative of UPS/IPES measure-

ments on thin vs. thick films, while cases (d) and (e) correspond

to charge injection in a device.
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have been reported [15,23], and we cannot rule out

that part of the observed difference (60.1 eV) is

due to a slight charging effect during IPES mea-

surement on the thicker films. Negative charging

of the surface would result in an increase of the
shift of the LUMO peak away from the Fermi

level, artificially increasing the effect interpreted

as a decrease in polarization energy. If this was

the case, however, it would only affect measure-

ments on the thicker films.

The analysis of the HOMO peak of the 100 Å

thick film shows that its full-width-at-half-maxi-

mum is 15% smaller than that of the 25 Å thick
film. The width of the LUMO varies as well, but

the experimental broadening in the IPES measure-

ment precludes convincing analysis. The width of

the UPS peak is in part due to random disorder,

and non-equivalent molecular sites within the film.

The pentacene molecules lay flat on the Au sub-

strate in the interface layer, and adopt a more ver-

tical orientation in subsequent layers [24]. Because
of the three-dimensional growth, of structural dis-

order in the film and of increased polarization at

the interface, a wider HOMO peak is expected
for thin films that include both flat and vertical

molecules. Thicker films appear more homoge-

neous since the probed region includes mostly ver-

tically oriented molecules. The HOMO and

LUMO peaks are Gaussian distributions of states
and the position of the centroid of the peak is as-

sumed to be representative of the energy levels of a

single molecule [22]. Thus the distance between the

centroid of the HOMO and LUMO peak mea-

sured by UPS and IPES is representative of the

transport gap at the surface of the film. Vibrational

excitation in UPS and IPES tends to shift both

measured HOMO and LUMO away from the
Fermi level [22] and a correction of about

100 meV is applied to the position of each peak

[19], reducing the surface transport gap Es
t by

200 meV with respect to the energy difference DE
between the measured HOMO and LUMO cent-

roids (Es
t ¼ DE � 200 meV).

The energy of the transport states and the trans-

port gap at the metal/organic interface, i.e. Ei
t, are

important for carrier injection. To extract their

value from the UPS and IPES measurements, the

polarization energy at the metal/pentacene inter-

face must be understood. However, although the

pentacene film is grown incrementally in our

experiment, access to the real interface polariza-

tion is not straightforward. UPS and IPES are sen-

sitive to the polarization at the surface of the film
only. If the film is thick and includes a realistic

interface, surface sensitivity of the techniques lim-

its the measurements to the film surface and pre-

cludes access to the interface polarization (Fig.

5(c)). If, on the other hand, the film is thin, e.g.

one or two molecular layers (Fig. 5(a) and (b)),

polarization can be measured but the system is

not representative of a real interface buried under
a thick film. Indeed, the polarization energy in the

organic layer at the interface between the metal

and a thick organic film (Fig. 5(d)) should be lar-

ger than that measured for a monolayer thick film

on the metal surface. The difference is the addi-

tional polarization energy provided by the top

molecular layers. For a crystalline pentacene film

on Au, Tsiper et al. have calculated that the in-
crease in polarization energy between a single

molecular layer and the interface molecular layer

of a thick film on Au is 130 meV [23]. Thus the



Fig. 6. Energy level of the pentacene/Au interface derived from

this UPS/IPES study. Given the measured 5.05 eV Au substrate

work function (Wf), charge injection barrier for holes (Uh) and

for electrons (Ue) are respectively 0.47 eV and 1.17 eV. The

positive interface dipole (Ddip) is 0.6 eV and the bulk transport

gap (Et) is 2.68 eV.
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pentacene transport gap relevant to a device at the

Au interface is �30 meV smaller than the value

measured for the monolayer film, i.e. Ei
t ¼

ðDEml � 200 meVÞ � 130 meV ¼ 2.54eV. Interest-

ingly, Tsiper et al. also show that the polarization
induced by a charge in the bulk of a thick penta-

cene film (Fig. 5(e)) is basically equivalent to the

polarization induced in a single monolayer on

the Au substrate. Although the pentacene film

studied here is far from perfectly crystalline, the re-

sults of the calculation can be used as a good

approximation to evaluate the bulk transport

gap: Et ¼ Eml
t ¼ DEml � 200 meV ¼ 2.68 eV. This

value is in good agreement with the results of elec-

tro-absorption [25,26] (Et = 2.78 to 2.85 eV) and

calculations [23] (Et = 2.74 eV).

For crystalline pentacene on Au, calculations

[23] show that the decrease in total polarization

energy from the surface of the monolayer to the

surface of the thick film is 227 meV. Similar calcu-

lations done for PTCDA on Au lead to 400 meV
[19]. The difference stems from the fact that the

pentacene molecule has lower relaxation energy

and is less polarizable than PTCDA. In addition,

the crystalline structure of the films considered in

these calculations are different, with the PTCDA

molecules lying flat on the Au substrate [19] and

the pentacene molecules in a tilted stand-up posi-

tion [23]. In pentacene films obtained by thermal
evaporation on Au substrate, the interface mole-

cules are flat on the metal surface and progres-

sively stand up in subsequent layers [24]. A

molecular ion lying flat on the metal surface is clo-

ser to its image charge than it would be in a tilted

configuration, and thus induces a stronger polari-

zation. The observation of a larger decrease in sur-

face polarization (540 meV) as compared to the
calculation (227 meV) between the 25 Å and the

100 Å thick films may therefore be due to the dif-

ference between observed and assumed orientation

of the interface molecules.

The charge injection barriers for both electrons

and holes can be determined more precisely by

spectroscopy with the knowledge of the difference

between surface and interface polarization. The
interface HOMO and LUMO levels derive from

the UPS and IPES measurements corrected for

interface polarization. With the deposition of the
first few Angstroms of pentacene, the vacuum level

of the Au substrate (work function Wf = 5.05 eV)

shifts down by 0.6 eV, indicative of an interface di-

pole Ddip (Fig. 6). The positions of the HOMO and

LUMO relative to the Fermi level are measured at
the surface of the film, and the analysis of the sur-

face vs. interface polarization presented above is

used to deduce their positions at the interface.

Fig. 6 shows a schematic of the interface energet-

ics. The centroid of the HOMO and LUMO peaks

are at 0.85 eV and 1.69 eV below and above EF,

respectively. For injection purposes, it is useful

to specify the position of the onset of the filled
and empty frontier orbitals, defined by linear

extrapolation of the leading edge of the HOMO

and LUMO peaks. Based on the UPS and IPES

measurements corrected for surface vs. interface

polarization and experimental resolution, the elec-

tron and hole injection barriers, arbitrarily defined

as the energy difference between EF and the

HOMO and LUMO onsets, are Uh = 0.47 eV and
Ue = 1.17 eV, respectively. The polarization energy
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at the metal organic interface affects the transport

gap and reduces the charge injection barriers with

respect to previously reported Au/pentacene barri-

ers, for which polarization had been neglected

(Uh = 0.85 eV and Ue = 1.35 eV) [27]. The concept
of energy stabilization by additional polarization

should apply to all metal/semiconductor interfaces

for which polaronic transport is important, and

should be accounted for in device contact

modeling.
4. Summary

The energetics of the Au/pentacene interface

were characterized with combined direct and in-

verse photoemission spectroscopies. A 0.6 eV posi-

tive dipole (down shift of Evac from Au into

pentacene) is measured at the interface. The com-

bination of previously published calculation and

PES and IPES measurements as a function of pen-
tacene thickness shows a stronger polarization at

the metal interface, which translates into a

0.67 eV reduction in the interface transport gap

with respect to the surface gap. Hole and electron

injection barriers are estimated to be 0.47 eV and

1.17 eV respectively. Similar results obtained on

NTCDA/Au or PTCDA/Au [22] confirm the point

that the stabilization of energy levels by polariza-
tion is an effect that needs to be taken into account

for device modeling, since it has a significant im-

pact on charge injection barriers.
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Abstract

The performances of organic light-emitting diodes (OLEDs) with the configuration Al/Alq3 (Aluminum Tris-(8-

hydroxygninoline))/TPD(N,N 0-diphenyl-N,N 0bis-(3-methylphenyl)-1,l 0-bipheny-4,4 0-diamine)/ITO have been signifi-

cantly improved by doping iodine (I2) on both Alq3 and TPD layers. The luminance is promoted from 2800 cd/m2

without doping to 8000 cd/m2 with I2 doping under bias 10 V. Additionally, the driving voltage (@100 cd/m2) was

reduced from 7.5 V without doping to 5.2 V with I2 doping. We attribute the promotions to the reduction of the elec-

tron and hole injection energy barrier at Al/Alq3 and TPD/ITO interfaces and the expansion of trap energy states

beneath the LUMO of Alq3 generated by I2 doping. The mechanism is illustrated comprehensively with a schematic

energy diagram model and nicely supported with photoluminescence (PL), electroluminescence (EL) spectra and other

experimental results.

� 2005 Elsevier B.V. All rights reserved.

Keywords: Organic light-emitting diodes (OLEDs); Turn on voltage; Driving voltage; Photoluminescence (PL); Electroluminescence

(EL)
1. Introduction

Organic light emitting diodes (OLED) have

been widely applied on cell phone display, liquid-

crystal-display and television for the advantages

of low power dissipation, wider vision angle, high
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv

doi:10.1016/j.orgel.2005.03.004
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luminescence, shorter response time and simplified

fabrication [1]. In the past, the technologies to im-

prove the performances, such as electrolumines-

cence efficiency and driving voltage, have been

concentrated on lowering barrier height on metal

contact [1,2], using high luminescence organic
materials [1,3–7] and buffer layer or inter-layers

[8–12]. Even these technologies could enhance the

performance of OLED, however they also compli-

cate the fabrication process or need some special

doping materials [13]. Therefore, there are still
ed.
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needed the simpler methods or more common dop-

ing materials.

In general, for the bi-layer OLED as shown in

the inset of Fig. 1, Al/Alq3 (Aluminum Tris-(8-

hydroxygninoline))/TPD(N,N 0-diphenyl-N,N 0bis-
(3-methylphenyl)-1,1 0-bipheny-4,4 0-diamine)/ITO

is adopted to study for its simple structure, where

Alq3 and TPD are electron transport layer (ETL)

and hole transport layer (HTL), respectively [14].

To reduce the driving voltage, the common ap-

proach is to lower the barrier at Al/Alq3 interface,

for the barrier of Al/Alq3 contact is larger than the

barrier of TPD/ITO [15] and the current is con-
trolled by electrons injection into Alq3 [16]. In

other word, lowering Al/Alq3 barrier is more effec-

tive than lowering the TPD/ITO barrier [17–19].

On the other hand, it has been evidenced that

the incorporation of iodine (I2) on organic mate-

rial could increase the conductivity [20]. Hence,

in this study, we lowered Al/Alq3 barrier with dop-

ing iodine on ETL and improve the output lumi-
nance by doping iodine (I2) on both ETL and

HTL layer simultaneously. The doped I2 molecules

on ETL layer generate traps states beneath the

lowest unoccupied molecular orbital (LUMO) of

Alq3 [15,21], thus expanding the excited band of

LUMO and lowering the Al/Alq3 barrier for elec-

tron to inject. Compared to the reported methods

[1–12], the technique possesses the advantage of
low cost, convenience and be compatible to the

current OLEDs fabrication process. Furthermore,
Fig. 1. The J/V curves of bi-layer OLEDs with Alq3 or both

Alq3 and TPD simultaneously doped with doping different I2
in weight ratio. The insert presents schematic structure diagram

of OLEDs.
a schematic energy diagram model has been em-

ployed to illustrate the improving mechanism

comprehensively.
2. Device design, fabrication and measurement

The bi-layer OLEDs samples with the configu-

ration of Al/Alq3/TPD/ITO, as schematically de-

scribed in the inset of Fig. 1, were prepared in

the glass substrates pre-coated by indium tin oxide

(ITO) with sheet resistance Rs 6 10 X/square and

work function of 4.9 eV. After ultrasonic cleaning
in H2O–H2O2–NH3OH solution, the substrates

were taken into a stain steel chamber which then

be evacuated to 1 · 10�5 Torr to deposit TPD as

HTL. The thickness of TPD layers is 500 Å. Next,

Alq3 with thickness of 500 Å as ETL and Al with

thickness of 1500 Å as cathode were evaporated

sequentially in the chamber with 1 · 10�5 Torr.

In this work, OLED samples were doped I2 by
evaporation of Alq3 on ETL with various weight

ratios I2 powder (i.e. Alq3/I2 = 1/1, 1/10) and on

HTL by evaporation of TPD with weight ratio

of 10/1 I2 powder (i.e. TPD/I2 = 1/10) respectively.

On the other hand, HP4156 and TOPCON BMP

were used to measure the electrical characteristics

and output luminance, respectively. Additionally,

the photoluminescence (PL) and electronlumines-
cence (EL) were measured with Fluorolog-3 Fluo-

rescence on device samples.
3. Results and discussion

Fig. 1 gives the measured current density–volt-

age (J/V) curves with various weight ratios as
parameter. With doping I2 (i.e. Alq3/I2 = 1/1), the

current densities of OLED are improved in com-

parison to that without doping especially under

large bias. Also, the improvement is enhanced with

increase of dopant weight ratio, i.e., Alq3/I2 = 1/10

is better than Alq3/I2 = 1/1. For example, the cur-

rent density with Alq3/I2 = 1/10 doping increases

to 67 mA/cm2 and 155 mA/cm2 from 9 mA/cm2

and 29 mA/cm2 for OLED without dopant under

8 V and 10 V biases, respectively. We attribute

the increase of current density to the lowering of
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injection barrier on Alq3/Al interface. The I2 dop-

ing generates the additional traps thus expanding

the trap states beneath the LUMO of Alq3 and will

be explained in detail lately (Fig. 3). The increased

injection of electrons therefore promotes the out-
put luminance as shown in Fig. 2, the measured

output luminance as a function of bias with I2
weight ratio as parameter. For example, with

Alq3/I2 = 1/1 doping, the luminance is promoted

to 4100 cd/m2 from 2800 cd/m2 without doping

under 10 V bias.
Fig. 3. The energy diagram of bi-layer OLEDs. The reduction

of energy barrier at interface of Alq3/Al with I2 doping and

different trap states beneath LUMO of Alq3 expanded with

doping different I2 in weight ratio are denoted: (a) for original

states, (b) for expanded states of Alq3/I2 = 1/10 doped, (c) for

expanded states of Alq3/I2 = 1/1 doped.
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Fig. 2. The output luminance of OLEDs as a function of bias

voltage with Alq3 or both Alq3 and TPD simultaneously doped

with doping different I2 in weight ratio as parameter.
However, contrary to the J/V curve, the lumi-

nance degrades to 2500 cd/m2 under 10 V bias with

Alq3/I2 = 1/10 doping. For a first glance, the hea-

vier I2 doping caused quenching of radical Alq�
3

is supposed to response this luminance degrada-
tion under heavier I2 doping. It is well known,

the luminance of OLED is come from the radiative

decay of excited state Alq3 [14], i.e. Alq�
3. And, the

Alq�
3 is formed through following two mechanisms

[14]; one is direct excitation of Alq3 by the reaction

between a radical anion of Alq�
3 and radical cation

of TPD+:

Alq�
3 þ TPDþ ! Alq�

3 þ TPD� ð1Þ

The other involves the excitation of TPD by the

reaction of the two charge carriers as:

Alq�
3 þ TPDþ ! Alq3 þ TPD� ð2Þ

Alq3 þ TPD� ! Alq�
3 þ TPD ð3Þ

However, the doping of I2 in Alq3 also gener-

ates Alqþ
3 and I�3 [20] and the Alqþ

3 could quench
the generation of Alq�

3 [22] thus reducing the lumi-

nance. Similar results were found in organic rub-

rene doped Alq3. In which, the reaction products

could act as a quencher of Alq3 excitons [3]. Fur-

thermore, the degradation of luminance and cur-

rent efficiency caused by the quenching effect is

more serious for heavier I2 doping as summarized

in Table 1. Additionally, the driving voltage can be
reduced with doping I2. For example, as listed in

Table 1, the driving voltage of Alq3/I2 = 1/1 dop-

ing is reduced to 5.3 V in comparison to 6.0 V with

Alq3/I2 = 1/10 doping and to 7.5 V without dop-

ant. The reason is quite clear, since the driving

voltage has been defined as a voltage achieving

luminance of 100 cd/m2 [18], therefore the quench-

ing effect induced luminance degradation in hea-
vier I2 doping OLED also results in the less

reduction of driving voltage. Moreover, it has been

found that the trap states can be generated effi-

ciently and expanded with dopant quantity for

OLEDs with Alq3 doped by nitrogen from the

measurement of the turn-on voltage and driving

voltage [15]. Therefore, we propose a model with

the energy band as illustrated in Fig. 3 to explain
the improvement mechanism in driving voltage.

For more clearly, we denote the trap energy states



Table 1

The summary of driving voltages, luminance and EL current efficiency of the OLED with doping different I2 in weight ratio

Without dopant Alq3/I2 = 1/1 Alq3/I2 = 1/10 TPD/I2 = 1/10+Alq3/I2 = 1/1

VD (V)a 7.5 5.3 6.0 5.2

L (cd/m2)@8 V 600 1900 1100 3000

L (cd/m2)@10 V 2800 4100 2500 8000

c (cd/A)b@8 V 6.7 8.5 1.6 3.8

c (cd/A)@10 V 9.6 5.3 1.6 4.0

a VD: Driving voltage @100 cd/m2.
b c: EL current efficiency [24].
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under LUMO of Alq3 as (a) original state without

doping, and the (b) and (c) represent for bands of

state expanded by the doping of I2 with weight

ratios of Alq3/I2 = 1/1 and Alq3/I2 = 1/10, respec-

tively. As the trap states below the LUMO are ex-

panded thus in turn lower the barrier for electron

to jump from Al. The lowering of barrier then

causes a great injection of electron and leads the
increase of luminance and reduction in driving

voltage.

The model stated above is nicely supported with

the measured photoluminescence (PL) and electro-

luminescence (EL) (in the inset) spectra as pre-

sented in Fig. 4. Compared to without doping,

the k peak, peak of wave length of PL and EL with

doping I2 are shifted from 511 nm and 518 nm to
519 nm and 525 nm, respectively, The red shift of

kpeak means the shrinkage of effect band gap in
450 475 500 525 550 575 600 625 650

450 475 500 525 550 575 600 625 650
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Fig. 4. The PL and EL (the inset) spectrum of the OLED

devices with Alq3/I2 = 1/1 doping and without I2 doping.
Alq3 thus in good agreement with experimentally

results of reduction in driving voltage and larger

luminance for lowering the electron injection en-

ergy barrier with I2 doping [23].

Based on the above discussions, it is concluded

a slight I2 doping could only promote the lumi-

nance, but does not improve current density obvi-

ously. Therefore, we tried to promote the total
current density by adding the doping of I2 in

TPD simultaneously. According to the experimen-

tal results, we found by incorporating I2 in TPD

(TPD/I2 = 1/10) and Alq3 (Alq3/I2 = 1/1) simulta-

neously, the improvement in both current density

(see line with squares in Fig. 1) and luminance

(see line with squares in Fig. 2) are very signifi-

cantly and even better than doping Alq3/I2 only
(Alq3/I2 = 1/10 or Alq3/I2 = 1/1). For example,

the improvement in luminance is up to 160% and

200%, in comparison to the one with Alq3/I2 = 1/1

doping only, under bias 8 V and 10 V, respectively,

while the promotion in current density is more

than 434% and 277%. On the other hand, in com-

parison to the without doping, with I2/Alq3 = 1/

1 + I2/TPD = 1/10 doping, the driving voltage
can be lowered from 7.5 V to 5.2 V; the current

density raised to 200 mA/cm2 from 29 mA/cm2

under 10 V bias; the luminance is dramatically

raised from 2800 cd/m2 to 8000 cd/m2. The exact

mechanism is not clear now. However, at the first

glance, we suppose the barrier of TPD/ITO inter-

face could be lowered just the same as the interface

of Alq3/Al with I2 doping. The lowering of energy
barrier both in Alq3/Al and ITO/TPD interfaces

enhances the injection of electrons and holes thus

promoting the both current density and lumi-

nance. However, it still needs some more experi-

ments to build a clear model.
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4. Conclusion

The effect of doping TPD and Alq3 with various

I2 weight ratios have been studied in detail. In com-

parison to without doping, with doping of iodine
in both Alq3 and TPD (I2/Alq3 = 1/1 + I2/TPD =

1/10), the driving voltage can be lowered from

7.5 V to 5.2 V; the current density raised to

200 mA/cm2 from 29 mA/cm2 under 10 V bias

and the luminance dramatically raised from

2800 cd/m2 to 8000 cd/m2. The significant improve-

ment is attributed to the reduction of both electron

and hole energy barriers at Al/Alq3 and TPD/ITO
interfaces caused by I2 doping, respectively. The

operation mechanism has been illustrated compre-

hensively with energy schematic diagram and

nicely supported by the measured PL and EL spec-

trum. Therefore, the developed technology is an

effective method to reduce driving voltage and

increase luminance of OLEDs.
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Abstract

The effect of the sodium and cesium ion surface concentration on the electronic properties of spin-coated poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonic acid) films, known as PEDOT:PSS, has been studied by means of ultra-

violet and X-ray photoelectron spectroscopy. The sodium and cesium concentration in the film has been varied by the

addition of NaOH or CsOH to the PEDOT:PSS dispersion. Hydrogen ions of the acid PSSH are exchanged for sodium

or cesium ions, resulting in the salt PSSNa or PSSCs without changing the oxidation state of PEDOT, i.e., without dop-

ing/dedoping the material.

The work function changes from 5.1 to 4.0 eV with increasing alkali surface concentration. The ionization potential

remains constant at 5.0 eV above 1 at% alkali metal content and coincides with the work function below 1 at%. Thus,

the material changes from a semiconductor-like to a metal-like state.

� 2005 Elsevier B.V. All rights reserved.

PACS: 73.20.r; 79.60.Fr

Keywords: Cesium; Ionization potential; Sodium; PEDOT:PSS; Photoelectron spectroscopy; Work function
1. Introduction

Recently, emissive flat panel displays based on

organic light-emitting diodes (OLEDs) are indus-
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv

doi:10.1016/j.orgel.2005.02.005
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tens).
trialized. Two types of OLEDs exist: small-mole-

cule OLEDs using evaporable small molecules in

the active light-emitting stack [1] and polymer-

based OLEDs (PLEDs) [2]. The later type consists

basically of a light-emitting semiconducting conju-
gated polymer film sandwiched between two elec-

trodes. The cathode generally is composed of a

low-work-function metal (Ba, Ca) with an alumi-

num film on top to reduce the resistance and to
ed.

mailto:christ.weijtens@philips.com


98 C.H.L. Weijtens et al. / Organic Electronics 6 (2005) 97–104
protect the electron-injecting metal. The anode is

normally made up of an ITO film spin-coated

with a layer of poly(3,4-ethylenedioxythiophene):

poly(styrenesulfonic acid) (PEDOT:PSS) [3].

Insertion of the PEDOT:PSS layer significantly
improved device stability, reduced the amount of

catastrophic short-circuits and resulted in an an-

ode with a work function independent of the sub-

strate handling procedure [4,5]. The molecular

structure of PEDOT:PSS, a hole-conducting poly-

mer, is illustrated in Fig. 1.

PEDOT has in its oxidized form good hole con-

ductivity but is as such unstable in water. The
polyelectrolyte PSS acts as charge-compensating

counter-ion to stabilize the p-doped conducting

polymer and forms a processable water-borne dis-

persion with PEDOT. Normally, excess of PSS is

added which remains present in the spin-coated

film as poly(styrenesulfonic) acid (PSSH) or as its

sodium salt (PSSNa) [6]. Commercial PEDOT:PSS

dispersions generally have a low Na+ content of
less than 400 ppm with respect to the dispersion

[7]. It is, however, possible to exchange the protons

by addition of NaOH to the dispersion.

A recent publication [8] has discussed the effect

of the pH of the PEDOT:PSS dispersion on the de-

vice performance of PLEDs, focusing on the range

pH 1.6–9. Raman spectroscopy indicated defor-

mation of the PEDOT chain and formation of po-
laron states at high pH resulting in a reduction of

charge localization along the PEDOT backbone.
*

SO3 SO3 H SO3 Na

S
S

S **

O

O OO O

PSS 

PEDOT

O

Fig. 1. Molecular structure of PSS and PEDOT.
Despite the larger charge localization, the electri-

cal conductivity was only reduced by a factor of

3, as it is in PLED-grade PEDOT:PSS limited by

hopping between PEDOT chains and not by the

intrinsic hole mobility along the PEDOT back-
bone. de Kok et al. [8] ascribed the decrease in de-

vice efficiency and lifetime with increasing pH to

an increasing hole-injection barrier height.

The hole-injection properties of the anode are

one of the important issues determining the PLED

performance. The hole-injection barrier towards

PEDOT:PSS is determined by the work function

and the ionization potential of PEDOT:PSS. Sev-
eral articles [9,10] describe the adjustment of the

work function of PEDOT:PSS by chemical doping

or dedoping through the addition of oxidizing or

reducing agents or by an electrochemical treat-

ment. For instance, de Jong et al. [9] have in-

creased the work function of a trimer version of

PEDOT by chemical doping from �4.2 eV for

the neutral trimer to �5.0 eV for the oxidized
trimer, while Petr et al. [10] have varied the

work function of PEDOT:PSS electrochemically

between 5.3 eV and 4.7 eV.

In the present article, we will discuss in greater

detail the effect of the alkali metal content, which

correlates with the pH of the dispersion, on the

electronic properties of PEDOT:PSS films, as mea-

sured by ultraviolet and X-ray photoelectron spec-
troscopy (UPS and XPS). We will show that the

work function cannot only be modified by oxida-

tion or reduction as described in the literature

[9,10], but also without changing the oxidation

state of the material through the exchange of pro-

tons by alkali metal ions, i.e., through an acid to

salt conversion. We will also show that PED-

OT:PSS turns from a semiconductor-like to a me-
tal-like state at an alkali metal content below

about 1 at%, i.e., at a pH below about 1.6, a region

not considered in the previous paper [8].
2. Experimental

Samples have been prepared by spin-coating
aqueous Baytron� P AI4083 and CH8000

dispersions with a solid content of 2.8 wt%, a

PEDOT:PSS weight ratio of 1:6 and 1:20 and a
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(film) conductivity of 10�3 S/cm and 10�5 S/cm [7]

on Au-coated Si. Occasionally, ITO-coated glass

substrates have been applied, but no significant ef-

fects of the substrate have been observed. The pH

of the dispersion was modified using 1.0 M NaOH
(p.a. from Merck) or a 50 wt% CsOH solution in

water (from Aldrich). The sodium and cesium con-

tent in the coating and the pH of the dispersion are

therefore correlated and cannot be considered sep-

arately in the present study, see Fig. 2. At low pH

the alkali metal content is a more discriminating

measure, while the pH is more discriminating at

high pH. After spinning, the samples were heated
for 5 min at 150 �C in an argon-filled glove box.

A portable fast-entry air lock system was used to

transport the samples under vacuum to the surface

science set-up.

XPS and UPS measurements were performed in

a multi-chamber VG Microlab 300 A ESCA sys-

tem with a base pressure in the 10�8 Pa range.

The analysis chamber was equipped with an X-
ray source with a Mg/Al double anode for XPS

and a differentially pumped, windowless discharge

lamp for UPS. Energy distribution curves of

photo-emitted electrons were measured with a con-

centric hemispherical analyzer. The UPS spectra

were recorded using He–I radiation and for XPS

Al(Ka) radiation was used.
1 3 5 7 9
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Fig. 2. Measured Na + Cs surface concentration versus pH.

The Na and Cs concentration has been determined by XPS

except at <1% where it is set equal to the concentration in the

dispersion. The line is added as a guide to the eye.
The Na and Cs surface concentration has been

determined by XPS except at the lowest concentra-

tions (<1 at%), in which case the alkali concentra-

tion in the dispersion (referenced to its solid

content) has been used. The ionization energy I

was calculated from the energetic difference in

the UPS spectrum between the onset of secondary

electron emission and the high-energy cut-off at

the highest occupied molecular orbital (HOMO).

The work function U was derived from the onset

of secondary electron emission in combination

with the known position of the Fermi energy.

The PEDOT:PSS conductivity is sufficient to pre-
vent charging.
3. Results

Fig. 3(a) shows the S(2p) XPS core level spectra

obtained from PEDOT:PSS films with a nominal

1:20 weight ratio but with different Na contents.
The spin–orbit split S(2p) doublet has an energy

difference of 1.2 eV and an intensity ratio of 2:1.

The intensity ratio (except for the PEDOT-related

contributions [11]) and the energy difference of the

S(2p) doublet were fixed during deconvolution. In

contrast to Greczynski [11] no asymmetric tail was

added in the deconvolution of the PEDOT contri-

butions, as these were small in all investigated
samples. Three different compounds are discerned.

The pair at 169.1 eV and 170.3 eV (labeled 3) is as-

cribed to PSSH and is not observed in the Na-rich

sample. The pair at 168.6 eV/169.8 eV is related to

PSSNa (labeled 2) and is not present in the Na-

deficient sample. In the middle spectrum both

pairs are present and also a minor contribution

of the PEDOT-related peaks (labeled 1) is observa-
ble around 165 eV.

Fig. 3(b) shows the O(1s) XPS spectra of the

same samples. PSSH has two contributions (la-

beled 3) to the O(1s) spectrum, a large one at

532.4 eV originating from oxygen double-bonded

to sulfur and a smaller one at 533.5 eV from hy-

droxyl-oxygen. The area ratio and separation have

been fixed during deconvolution to 2:1 and 1.1 eV,
respectively. The hydroxyl peak is broadened due

to the formation of hydrogen bonds [11]. PSSNa

has a single contribution at 532.1 eV (labeled 2)
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Fig. 3. S(2p) (a) and O(1s) (b) core level spectra of three

PEDOT:PSS films with different amounts of Na: 0.1 at% (a),
5.6 at% (b) and 14.1 at% (c). All films have a nominal

PEDOT:PSS weight ratio of 1:20. The symbols indicate

experimental results, while the solid curves indicate the decon-

voluted contributions. The numbers indicate: 1: S or O from

PEDOT, 2: S or O from PSSNa, 3: S or O from PSSH, 4: O

from NaOH and 5: Na(KLL) Auger line.
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PEDOT:PSS films containing either 12.8 at% Na (d) or

10.7 at% Cs and 0.7 at% Na (e). Both films have a nominal
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applied as in Fig. 3 except for 4: O from NaOH or CsOH and 6:

Cs(4p1/2). The PSS-related contributions are slightly shifted in

the Cs-containing sample compared to the Na-containing

samples; this is indicated by an accent.
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and PEDOT has a peak at 534.0 eV (labeled 1). Fi-

nally, a Na Auger line is observed around 537 eV

(labeled 5) and at the highest Na contents a small
contribution near 530 eV (labeled 4) can be re-

solved, which is ascribed to oxygen in NaOH.

The occurrence of the last contribution indicates

that the transition from the acid form of PSS into

its sodium salt is completed and some excess

NaOH remains present.

In Fig. 4 the S(2p) and the O(1s) spectra are

compared for PEDOT:PSS films obtained from
dispersions with NaOH or CsOH added. The total

amount of alkali metal is similar in both films.

Both films have a nominal PEDOT:PSS weight
ratio of 1:6 resulting in larger PEDOT-related con-

tributions than in the spectra of Fig. 3. Compared
to Fig. 3, a new contribution is observed around

170.5 eV in the deconvoluted S(2p) spectrum of

the Cs-containing film, which is ascribed to

Cs(4p1/2 ) and is labeled 6. The Cs(4p3/2) contribu-

tion is located just outside the depicted range. The

positions of the PSSCs-related contributions are

shifted to a lower binding energy than those of

PSSNa.
The C(1s) spectrum (not shown) consists of a

single peak with a shoulder at the high binding en-

ergy side that is ascribed to C bound to either oxy-

gen or sulfate.
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Fig. 5 shows the position of the PEDOT- and

PSS-related contributions as a function of the

sum of the Na and the Cs surface concentration.

All Cs samples contained also some Na (�1%) in
the surface layer as the PEDOT:PSS dispersions
to which Cs was added were not completely Na-

free. The peak positions, except of the PEDOT-re-

lated S(2p) doublet, do not change with the alkali

metal content except near 0 at%. The PSSH-re-
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Fig. 5. Position of the S(2p) (a) and O(1s) (b) lines as a function

of the alkali metal surface concentration. Squares indicate

PEDOT related features (i.e., label 1 in Figs. 3 and 4), triangles

PSS-Na and PSSCs related features (label 2), diamonds PSSH

related features (label 3) and circles indicate NaOH or CsOH

related features (label 4). In (a) the black symbols indicate the

2p3/2 component of the S(2p) doublet, while the grey symbols

indicate the 2p1/2 component. The black diamonds in (b) refer

to double-bonded oxygen and the grey diamonds to hydroxyl

oxygen in PSSH. Open symbols indicate samples with Na as

alkali metal while closed symbols refer to samples with Cs as

main alkali metal. The Na and Cs concentration has been

determined by XPS except at <1% where it is set equal to the

concentration in the dispersion. The lines are added as guides to

the eye.
lated peaks remain visible until about 8 at%, the

PSSNa related peaks are visible above about

2 at% and beyond 11 at% hydroxide-related peaks

can be discerned. The PSS-related S(2p) and O(1s)

peaks are shifted to 0.4 eV lower binding energy
for the Cs-containing samples compared to the

Na-samples. The lower electronegativity of Cs

compared to Na will result in a higher electron

density on the sulfate group and thus in lower

binding energies.

Fig. 6 shows the UPS spectra of the same sam-

ples as in Figs. 3 and 4. PSS-related features dom-

inate the spectra except in the region near the
Fermi edge. The dominance is caused by the com-

bination of the nominal PEDOT:PSS ratio and the

surface segregation of PSS. PSS species give,

however, no signal in the binding energy range

between 2 and 0eV and the weak feet shown in

the insets have to be ascribed to PEDOT as has
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Fig. 6. UPS spectra of PEDOT:PSS films spun on Au-coated
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level. (a) Effect of the Na content, (b) Cs versus Na. The same

samples have been measured as in Figs. 3 and 4. The vertical

offset in the insets is different from that in the main figures.
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been indicated earlier by Greczynski [6]. The posi-

tion of the onset of the feet depends on the Na and

Cs content.

Fig. 7 shows the variation of ionization poten-

tial and work function with Na + Cs content (a)
or pH of the applied dispersion (b). No significant

difference is observed between Na and Cs contain-

ing films, between films prepared from 1:6 or 1:20

PEDOT:PSS dispersions, or between films on an

Au-coated Si or an ITO-coated glass substrate.
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Fig. 7. Ionization potential (squares, circles) and work function

(triangle, diamonds) as a function of the alkali metal surface

concentration (a) and of the pH of the applied dispersion (b).

The open symbols indicate samples with Na as alkali metal

while the closed symbols refer to samples with Cs as main alkali

metal. The squares and triangles refer to films prepared from

1:20 PEDOT:PSS dispersions while in the case of the circles and

the diamonds a 1:6 dispersion was applied. No discrimination

between the samples is made in (b). The lines are added as guide

to the eye.
The ionization potential is not affected by the

alkali metal content above about 1 at% or by

the pH above pH 1.5 and equals 4.96 ± 0.07 eV.

The work function strongly decreases with increas-

ing Na and Cs content. The HOMO and the Fermi
level are well separated.

Above about 12 at% (or pH 2.5) a large scatter

in the work function is observed in Fig. 7(a). At

these alkali metal concentrations the PEDOT:PSS

dispersion behaves no longer as a buffer and minor

variations in the hydroxide addition will strongly

affect the pH of the dispersion, see Fig. 2. In this

case, the pH will be a more discriminating measure
than the alkali metal content as determined by

XPS. Indeed, Fig. 7(b) shows in this range less

scatter and indicates that the work function satu-

rates at high pH around 3.98 ± 0.08 eV.

The work function crosses the I = 4.96 eV line

when the alkali metal concentration is reduced be-

low about 1%. The ionization potential coincides

with the work function. The Fermi level has
crossed the top of the valence band and the

HOMO level coincides with the Fermi level and

no longer with the top of the valence band. Thus,

the material has turned from a semiconducting

state to a metallic one.
4. Discussion

A good match is obtained between our results,

shown in Figs. 5 and 7, and literature [6–9,11–13].

The measured shift from PSSNa to PSSH, 0.5 eV

and 0.4 eV for the S(2p3/2) and the O(1s) line,

respectively, matches well with the values of Gre-

czynski [6,11]. Also the separation between the

O(1s) line of PEDOT and PSSNa (1.7 eV) corre-
sponds with that of Greczynski. The separation

for the S(2p3/2) line varies with sodium and cesium

content. Greczynski et al. obtained a separation of

3.9 eV for the S(2p3/2) line for a film with a

PSSNa:PSSH ratio of 1.4:1 and a PEDOT:PSS

ratio of 1:3.5 corresponding to approximately

3.5–4 at% Na, which fits well with the estimated

value at this concentration as estimated fromFig. 5.
Three regions can be discerned in Figs. 5 and 7:

�0 at%, �2–8 at%, and > � 11 at% Na + Cs.

Fig. 8 shows schematically the energy level dia-
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gram for each region. The grey blocks indicate

occupied states, thus the HOMO level is located

at the top of the grey blocks.

In the first region, �0 at% Na + Cs, the ioniza-

tion potential and the work function coincide.

The Fermi level is located inside the valence

band. The observed work function is similar to

the ones published for sodium-deficient, oxidized
PEDOT: 5.0 eV for the oxidized trimer version

of PEDOT [9], 5.3 eV for electrochemically oxi-

dized PEDOT [10]. Only PEDOT and PSSH re-

lated features are observed in the S(2p) and

O(1s) XPS spectra.

In the second region, �2–8 at%, PSSH is gradu-

ally replaced by PSSNa (or PSSCs). The ionization

potential is constant while the work function de-
creases. The Fermi level has crossed the top of

the valence band and the HOMO level is fixed at

the top of the valence band and no longer coincides

with the Fermi level. The material has turned from

a metal-like state to a semiconducting-like state.

Although commercial PEDOT:PSS generally

has a low Na+ content, the Na concentration of

the investigated samples is seldom given in litera-
ture. Greczynski et al. [6] obtained a work function

of 4.7 eV for a film with approximately 3.5–4 at%

Na. Petr et al.[10] reported a work function of

5.1 eV for a PEDOT:PSS film with one sodium

atom per four sulfur atoms, which corresponds
to about 2–2.5 at% Na. The film was (partly) elec-

trochemically reduced resulting in a work function

of 4.7 eV. Koch et al. [12] have reported a value

between 4.80 and 5.15 eV ascribing the variations

to changes in the surface composition without fur-
ther specifying the composition.

In the third region, >�11 at%, only PSSNa,
PSSCs, PEDOT, and hydroxide related contribu-

tions are discerned. This indicates the acid to salt

transition is completed around 8–11 at% in good

agreement with the 10% derived from the titration

curve shown in [8] and the theoretically estimated

value of 8 at%. PSS� is exchanged by OH� as
counter charge to PEDOT+, but PEDOT remains

oxidized.

The positive charge of PEDOT+ in

PEDOT:PSS is not localized on a single monomer

unit, but is delocalized over several rings. The po-

sitive charge on one particular PEDOT unit de-

pends on its distance to the counter-ions [6].

Exchange of PSS� by OH� will lead to larger
charge localization in PEDOT. The larger S(2p)

binding energy of PEDOT sulfur indicates indeed

a shift of the positive charge towards sulfur and

larger charge localization in PEDOT.

Also Raman spectroscopy has shown diminish-

ing charge delocalization along the PEDOT chain

with increasing alkali metal content [8]. We could

not confirm with UPS the presence of the
PEDOT-related polaron states observed in Raman

spectra, probably due to the low intensity of

PEDOT-related signals in the UPS spectra.

The work function in the third region is compa-

rable with that published for undoped PEDOT:

4.0-4.2 eV [9,13]. The 1 eV difference between the

ionization potential and work function will result

in a significant hole-injection barrier and will thus
hamper efficient operation of PLEDs at high pH as

was reported in an earlier publication [8]. The UPS

measurements confirm the proposed increase in

the hole-injection barrier height with increasing

pH.

Exchanging Na+ by Cs+ reduces the binding en-

ergy of the PSS-related S(2p) and O(1s) lines due

to the lower electronegativity of Cs compared to
Na. The exchange does not affect PEDOT-related

features including the ionization potential as the

PEDOT and the PSS system are now in first order
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decoupled and Na and Cs are not bound to

PEDOT.

Comparing finally the amount of PEDOT and

PSS shows a discrepancy between the bulk and

the surface. A PEDOT:PSS weight ratio of 1:6 cor-
responds with a molar ratio of 1:4.3. XPS analysis

indicated, however, an average molar ratio of 1:6.4

at the surface. The PEDOT:PSS ratio could not be

determined accurately by XPS for films with a 1:20

PEDOT:PSS weight ratio (i.e., a molar ratio of

1:14.3) but appears to be in the order of 1:23. Thus,

the surface is PEDOT-depleted (or PSS-enriched);

only about 2/3 of the expected amount of PEDOT
is observed. Greczynski et al. [6,11] have reported

larger PEDOT-depletion at the surface but applied

a dispersion with a 1:1.2 molar ratio. XPS did not

show evidence of an effect of the Na/Cs concentra-

tion on the PEDOT-PSS segregation or of substan-

tial Na/Cs surface segregation.

To summarize, we have shown that changing

the alkali metal content in the film can modify
the work function of spin-coated PEDOT:PSS

films. In contrast to other publications, this is

accomplished by adjusting the pH of the PED-

OT:PSS dispersion with NaOH or CsOH without

changing the oxidation state of the material, i.e.,

the material is neither doped nor dedoped. A tran-

sition is observed between a metal-like state with

the Fermi level inside the valence band and a semi-
conducting-like state with the Fermi level above

the valence band. Therefore, PEDOT:PSS films

with a low Na and Cs content, i.e., prepared from
a low pH dispersion, will have a low hole-injection

barrier.
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Abstract

We present C60-based n-channel organic field-effect transistors with mobility in the range of 0.4–1 cm2V�1 s�1. A

solution-processed organic dielectric divinyltetramethyldisiloxane-bis(benzocyclobutene) (BCB) was used as a gate

dielectric and C60 films were grown on top by hot wall epitaxy. Devices characterised in inert atmosphere conditions

show high stability with an on/off ratio >104. The determined mobility values are nearly gate voltage independent.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Organic thin-film electronics developed to a

promising technology in the last two decades with

demonstrated prototypes of organic thin film tran-

sistors, organic integrated circuits for radio fre-

quency identification tags (RFID-tags) [1,2] and

active matrix displays [3]. Organic field effect tran-
sistors (OFETs) have also been fabricated in ar-

rays to drive electro-phoretic display pixels [4].
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv

doi:10.1016/j.orgel.2005.03.006
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The performance of the individual transistors lim-

its the switching speed in an integrated circuit,

which can be roughly estimated by the ratio of

mobility and channel length of the transistor [3].

To obtain higher switching speed, the search for

higher mobility materials is therefore important

along with the effort to downscale the transistor

geometry.
Among all the various p-type organic semicon-

ductors, pentacene in thin film form has been

reported as promising material because of its

mobility of 1.5 cm2V�1 s�1 [5a]. Organic single

crystals such as rubrene have shown mobilities as

high as 15 cm2V�1 s�1 [5b]. On the other hand,
ed.

mailto:birendra.singh@jku.at
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very few organic semiconductors are n-type,

viz., fullerenes, [6,7] fluorinated phthalocyanines,

[8] naphthalenes and N-substituted naphthalene

1,4,5,8-tetracarboxylic diimide [9] or N,N 0-

dialkil-3,4,9,10-perylene tetracarboxylic diimide
(PTCDI, PTCDI-C5 [10] and PTCDI-C8H, corre-

spondingly) with a highest obtained mobility of

0.6 cm2V�1 s�1 [11]. Most of these results are

achieved by growing the semiconductor on surface

treated or untreated SiO2 or Al2O3. Although the

van der Waals type interactions between organic

molecules and inorganic substrates are rather

weak, the crystallographic phases, the orientation,
and the morphology of the resulting organic semi-

conductor films critically depend on the interface

and growth kinetics. In this paper, we present re-

sults on OFETs fabricated using hot wall epitaxy

(HWE) grown C60 films on top of an organic insu-

lator. HWE, working close to thermodynamical
Fig. 1. (a) Scheme of the staggered n-channel OFET device structure;

the C60 surface in the channel region of the fabricated OFET.
equilibrium is well known [12] as appropriate tech-

nique to grow highly ordered organic thin films,

including C60 films [13]. The relatively smooth sur-

face of the organic insulating film interfaced with a

highly ordered HWE grown C60 film resulted in
mobilities of 0.4–1 cm2V�1 s�1 and an on/off ratio

>104. The obtained mobility is found to be nearly

gate voltage independent with a normalised sub-

threshold slope of 8 VnF/decadecm2. Further-

more, the field effect mobility has been found to

be thermally activated with an activation energy

of �100 meV within the temperature range of

90–300 K.
2. Experimental

A scheme of the device geometry is shown in

Fig. 1(a). The device fabrication starts with etching
(b) AFM image of the BCB dielectric surface; (c) AFM image of
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the indium tin oxide (ITO) on the glass substrate.

After patterning the ITO and cleaning in an ultra-

sonic bath, a BCB layer is spin coated at 1500 rpm

resulting in a 2 lm thick film. BCB was used as re-

ceived from Dow Chemicals and curing was done
according to the standard procedure [14]. BCB is

an excellent dielectric material with a rather low

dielectric constant eBCB = 2.6 and a small, nearly

temperature independent thermal expansion coeffi-

cient [15]. A 300 nm thick C60 film was grown by

HWE on top of the dielectric at a substrate tem-

perature of 130 �C. The top source and drain elec-

trodes, (LiF/Al 0.6/60 nm) were evaporated under
vacuum (2 · 10�6 mbar) through a shadow mask.

LiF/Al is expected to form ohmic contacts on

fullerenes [16]. The channel length, L of the device

is 35 lm and the channel width is W = 1.4 mm,

which results in a W/L ratio of � 40. From the

measurement of the BCB film thickness, d = 2 lm
and the dielectric constant of BCB, eBCB = 2.6, a

dielectric capacitance CBCB = 1.2 nF/cm2 was cal-
culated. In our devices we have a d/L ratio

� 0.05 acceptable not to screen the gate field by

the source drain contacts. Device transportation

from the HWE chamber to the glove box and fur-

ther electrical characterisation (using Keithley 236

and Keithley 2400 instruments) were carried out

under argon environment. The surface morphol-

ogy and thickness of the dielectric was determined
with a Digital Instrument 3100 atomic force

microscope (AFM) and a Dektak surface profi-

lometer respectively. Device characterisation at

various temperatures was performed in a He flow

cryostat (Cryo Industries) using a Lakeshore 331

as temperature controller.
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Fig. 3. Semilogarithmic plot of Ids vs. Vgs (left scale) and plot of

Ids
0.5 vs Vgs (right scale) for the same C60 OFET as in Fig. 2.

The full line shows a fit to the data (return curve) using Eq. (1)

from which a field-effect mobility l = 0.63 cm2/Vs is obtained.

Each measurement was carried out with an integration time of

1 s.
3. Results and discussion

As shown in Fig. 1(b), the dielectric layer

showed a very smooth surface with a roughness

<5 nm. This enables us to grow the semiconductor

(C60) with a very good control of the film morphol-

ogy (Fig. 1(c)). A recent study shows that the first

couple of monolayers next to the dielectric domi-
nates the charge transport in organic semiconduc-

tor layers [17].
Fig. 2 shows the transistor characteristics of a

device with a well saturated curve occurring pinch

off at a drain source voltage Vds P Vgs (gate volt-

age). From the slope at Vds = 0 V of the curve at

Vgs = 0 V, we estimated a conductivity of 5 ·
10�6 Scm�1. For the same device (see Fig. 3) we

measured the transfer characteristics. The data

presented in Fig. 3 hold for Vds = 60 V. One can
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see that the transistor turns on at an onset voltage

of Vt = �35 V without significant hysteresis and

the drain–source current Ids increases quadrati-

cally. The device shows an on/off ratio > 104 which

is calculated as the ratio of Ids at Vgs = 60 V and Ids
at Vgs = Vt. We have observed consistently the ef-

fect of having large drain–source current even

when Vgs = 0 V. This effect is minimized when

the dielectric layer is preheated at high tempera-

ture prior to the deposition of the active layer. This

effect is proposed to be due to the presence of unin-

tentional dopants at the interface of the untreated

dielectric. Interfacial effects seem to play a major
role in organic electronics devices [18]. From

Vt = �(qn0dsCBCB) + Vfb, [19] where Vfb = 0.1 V

[16] is the flat band potential (which accounts for

the work function difference between the semicon-

ductor and the gate electrode without considering

fixed charges at the dielectric and at the interface),

ds is the thickness of the semiconductor, q is

the elementary charge and CBCB is the capaci-
tance of the gate dielectric, we were able to esti-

mate the density of free carriers at equilibrium

n0. This yields a relatively high electron density

of �1017 cm�3.

As shown in Fig. 3, from the fit to the data

using equation [20]:

Ids ¼
lWCBCD

2L
ðV gs � V tÞ2 ð1Þ

we extract a field effect mobility of 0.63 cm2V�1 s�1

in the saturation regime forVds = 60 V (note the fit-

ting line used for the mobility extraction fits the

data over a wide range of Vgs). However, for calcu-

lating the field effect mobility, the contact resis-

tance of LiF/Al and C60 is not taken into account

by assuming that the contact resistance is fairly
low. Our studies of the dependence of the field

effect mobility on the metal work function in solu-

ble methanofullerene based OFETs have shown a

highest obtained mobility l of 0.2 cm2V�1 s�1 with

LiF/Al as drain–source electrode. Use of higher

work function metal electrodes viz. Cr, Au, etc. in

these OFETs leads to slightly reduced mobilities

presumably due to large contact resistance [18].
Similarly we have also observed a slight decrease

in the field effect mobility in C60 OFETs with higher

work function electrodes (not shown here). The
device performance and the mobility strongly de-

pends on the choice of the dielectric layer mainly

due to the different surface energies of dielectric

layers. The sharp turn on of Ids is a measure of

the quality of the dielectric/semiconductor inter-
face which is defined by the normalized subthresh-

old slope, S = CBCBdVgs/d(logIds) [5]. As usually

observed in organic FETs, a subthreshold slope

of 8 VnF/decadecm2 obtained by us is very high

which can be reduced by reducing the thickness

of the dielectric layer. We presume, the most

important factor in achieving this high mobility

OFET is the combination of a smooth organic
dielectric surface with a highly ordered C60 film

grown by HWE [13]. It can be mentioned here that

very few studies have been done so far on growing

highly ordered organic thin films on top of organic

dielectrics partly due to low glass transition tem-

peratures and unwanted hysteresis. Use of BCB

among other organic dielectrics is based on the fact

that it provides devices with a small hysteresis. In
addition BCB is a high glass transition temperature

polymer, an additional advantage for optimizing

the film growth conditions at high substrate tem-

peratures. Previous reports on C60 FETs grown

on SiO2 have shown highest obtained mobilities

of 0.5 cm2V�1 s�1 [6e].

We further analysed the validity of Eq. (1) for

different Vds via local approximation assuming
Vgs independent of l:

l ¼ 2L
WCBCD

o
ffiffiffiffiffiffi
Ids

p

oV gs

� �2

ð2Þ

The mobility as a function of Vgs was deter-

mined assuming Eq. (2), which is valid in the satu-

ration regime, at Vds = 60 V. As shown in Fig. 4

the mobility is found to be almost constant for

Vds P 123Vgs with values as high as 1 cm2/Vs at
Vgs, Vds = 60 V. These mobilities are comparable

with the electron mobility determined by photo-

current measurements [21] or time of flight exper-

iment on single crystalline C60 [22]. Further we

carried out measurements at very large Vgs (up

to 100 V) and very large Vds (up to 100 V) where

we observed a non-linear transport which leads

to a trap filled limited (TFL) regime [23]. We have
observed a drastic increase in the device perfor-
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mance and its field-effect mobility in the devices

when the dielectric layer is cleaned by preheating

in situ at temperatures above 250 �C which nor-

mally occurs during the epitaxial growth of thin

films [23]. The values shown here are an average
of at least fifty different devices fabricated under

identical conditions with a narrow statistical distri-

bution in the obtained mobility. We also calcu-

lated the transconductance, g = (oVgs/oIds) [20] of

these devices and plotted the channel resistance

g�1 vs. Vgs in Fig. 4. We observed a g in the range

of 3–10 lS which is again a relatively high value

for an n-type organic semiconductor.
Loading of the devices in a cryostat for low

temperature studies was done by carefully loading

the devices inside the glove box environment. Such

an arrangement is in general needed in order not to

degrade the device performance which normally

occurs in n-channel OFETs during transportation.

C60 OFETs exhibit a temperature dependent

mobility with an Arrhenious behaviour as shown
in Fig. 5. The activation energy obtained is

�100 meV. This activation energy may be influ-

enced by several parameters including a tempera-

ture dependent contact resistance. An activation

energy of the same order is also found in soluble

methanofullerene based OFETs while it is difficult

to state what really causes the activation energy in

these devices [18].
-25 0 25 50
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Fig. 4. Effective FET mobility (left scale) obtained from the

channel transconductance after Eq. (2) showing a step-wise

dependence on Vgs with a nearly constant l over a large range

of Vgs in the saturated regime (Vds = 60 V). Channel resistance

1/g (right scale) as a function of Vgs.
4. Conclusions

In conclusion, we have demonstrated an n-
channel OFET with an electron mobility of

0.4–1 cm2V�1 s�1 along with an on/off ratio >104

using a solution based organic dielectric BCB

film in combination with HWE grown C60 films.

The obtained mobility is nearly gate voltage

independent.
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Abstract

A new-type exciplex emission was obtained employing hole-transporting material 4,4,400-tris[3-methyl-

phenyl(phenyl)amino]triphenylamine (m-MTDATA) doped in the electron-transporting material 2,2,200-(1,3,5-

benzenetriyl)tris-[1-phenyl-1H-benzimidazole] (TPBI) with structures of ITO/m-MTDATA (45 nm)/NPB (5 nm)/

m-MTDATA:TPBI ((10 nm, molecular weight ratio were 3:1, 1:1 and 1:3)/TPBI (25 nm)/Alq3 (15 nm)/LiF (0.5 nm)/

Al. For comparison, a device with exciplex emission generated at the interface between a hole-transporting material

m-MTDATA and an electron-transporting material TPBI with a structure ITO/m-MTDATA (45 nm)/NPB (5 nm)/

m-MTDATA (5 nm)/TPBI (30 nm)/Alq3 (15 nm)/LiF (0.5 nm)/Al was also fabricated. The maximum efficiencies of

the doped-devices reached 3.8 lm/W (at 4 V with a luminance of 145.7 cd/m2), 3.2 lm/W(at 4 V with a luminance of

132 cd/m2) and 4.6 lm/W (at 4 V with a luminance of 170.5 cd/m2) with different molecular weight ratio (MWR) 3:1,

1:1 and 1:3, respectively, comparing to that of the none-doped device of 1.8 lm/W (at 4 V with a luminance of

49.6 cd/m2). At such a low voltage, exciplex emission was major for all the devices above. Only yellow emission was

obtained in none-doped structure and the maximum luminance reached 2555 cd/m2 at 12 V. Commission International

de L�Eclairage coordinate (1931, CIE) in this structure changed from (0.397, 0.532) to (0.311, 0.413) with voltage from 4

to 16 V. In doped devices, a yellow emission was obtained at a low bias voltage and then turned into white emission

with increasing of voltage for stronger blue emission from m-MTDATA due to the sufficient charge trapping from

TPBI to m-MTDATA. The CIE coordinates were (0.406, 0.533), (0.409, 0.533) and (0.427, 0.536) at 4 V for MWR

3:1, 1:1 and 1:3, respectively. At 8, 8, 12 V, white emission were obtained with CIE coordinates (0.320, 0.400),

(0.311, 0.384), (0.319, 0.401) for MWR 3:1, 1:1, 1:3 and turned into (0.264, 0.303), (0.246, 0.275), (0.302, 0.363) when
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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voltage increased to 16 V. The maximum luminance was 3810 (at 14 V), 4210 (at 12 V) and 4583 cd/m2 (at 12 V) for

MWR 3:1, 1:1 and 1:3, respectively.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Recently, a number of papers have showed elec-

troluminescence (EL) spectra of organic light-

emitting devices (OLEDs) differ substantially from

the photoluminescence (PL) spectra of their com-

ponent materials. The EL spectra shows often up

as red-shifted broad bands which have been mostly

assigned as emission from exciplexes formed at

organic solid interface between hole-transporting
layer (HTL) and electron-transporting layer

(ETL) molecules [1–8]. Exciplexes are formed by

interaction of an excited electron donor(acceptor)

molecule D*(A*) with its unexcited counterpart

A(D), they could be observed in PL spectra of

D–A combined systems.

Here, we report a new-type exciplex emission by

doping hole-transporting material m-MTDATA
into electron-transporting material TPBI. For

comparison, the exciplex emission generated at

the interface m-MTDATA/TPBI is also studied.

The chemical structures of materials we used,

experimental preparation and measurement will

be described in detail as below.
2. Experiments

Fig. 1 shows the chemical structures of m-

MTDATA, TPBI and two other organic materials

4,4-bis[N-(1-naphthyl-1-)-N-phenyl-amino]-biphe-

nyl (NPB) and tris-(8-hydroxyquinoline) alumi-

num (Alq3). m-MTDATA (hole-injection layer),

NPB (hole-transporting layer), TPBI (electron-
transporting layer) and Alq3 (electron-injection

and electron-transporting layer) were deposited

by resistively heated quartz boats onto cleaned

glass substrates precoated with transparent, con-

ductive indium-tin oxide (sheet resistance is 30 X/

square and thickness is 120 nm). Before deposi-

tion, the ITO-coated glass substrates were cleaned

by scrubbing and sonication in acetone, ethanol,
deionized water sequentially and then dried in an

oven at 120 �C. The deposition was in a high vac-
uum about 10�4–10�5 Pa and at a rate of 0.1–

0.3 nm/s. The layer thickness of deposited material

was monitored in situ using an oscillating quartz

thickness monitor. At last, a LiF buffer layer and

Aluminum (Al) were deposited onto the organic

films at a background pressure of 10�4 Pa. A

PR650 spectra scan spectrometer and Keithley

model 2400 programmable voltage–current source
were used to measure luminance–current density–

voltage characteristics and EL spectra. The PL

spectra and absorption (ABS) spectra were mea-

sured by a RF-5301PC spectrofluorophotometer

(Xe lamp as excitation light source in a range of

220–750 nm) and UV-1700 ultraviolet visible spec-

trophotometer (halogen lamp and deuterium lamp

as two beam light source in a range of 190–
1100 nm), respectively. 100 nm-thick organic solid

films were deposited onto quartz substrates to ob-

tain PL spectra and ABS spectra. All measure-

ments were conducted at room temperature in

ambient environment.
3. Results and discussions

The device structures are listed as follows:

(a) ITO/m-MTDATA (45 nm)/NPB (5 nm)/

m-MTDATA (5 nm)/TPBI (30 nm)/Alq3
(15 nm)/LiF (0.5 nm)/Al.

(b,c,d) ITO/m-MTDATA (45 nm)/NPB (5 nm)/m-

MTDATA:TPBI (x, 10 nm)/TPBI (25 nm)/
Alq3 (15 nm)/LiF (0.5 nm)/Al x = 3:1(b),

1:1(c), 1:3(d). Here, x is molecular weight

ratio (MWR) of m-MTDATA and TPBI.

(e) ITO/m-MTDATA (45 nm)/NPB (5 nm)/m-

MTDATA:Alq3 (3:1, 10 nm)/Alq3 (40 nm)/

LiF (0.5 nm)/Al.

Fig. 2(a) shows the EL spectra of the device (a)
at 4 V and 13 V. There are four emissive peaks of
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Fig. 1. Chemical structures of materials we used.
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436, 528, 556, 592 nm and a weak long wavelength

band (about 600–750 nm) in the EL spectra.

436 nm-peak and 528 nm-peak are resulted from
emission of m-MTDATA and Alq3, respectively.

Both 556 and 592 nm-peak come from exciplex

emission. The weak long wavelength band is

considered as recombination and emission from

trapping of h–e heteropairs at the interface

m-MTDATA/TPBI. We can explain the results

above as follows. The emission peak of 528 nm

is attributed to emission of Alq3 because the
528 nm-peak becomes stronger comparing to other

component emission as driving voltage increases.

If 528 nm-peak comes from exciplex emission,
comparing to other component emission, the peak

would become weaker as increase of voltage

[10,11]. And another explanation from energy
band theory will be discussed later. The small

shoulder of 436 nm is owing to emission of m-

MTDATA. From Fig. 2(b), there is a small over-

lap between ABS spectra of m-MTDATA and

PL spectra of TPBI, so Förster energy transfer pro-

cesses from TPBI to m-MTDATA is minor and

charge trapping process is dominant which leads

to emission of m-MTDATA. Because charge trap-
ping occurs only at the interface of m-MTDATA

and TPBI in device (a) and it is typically limited

to a distance 5–10 Å between two components,



Fig. 2. EL spectra of device (a) at 4 V and 13 V. As voltage

increased, emission peak from exciplex (556 nm-main peak and

592 nm-minor peak) decreased comparing to emission of m-

MTDATA and Alq3. (b) ABS and PL spectra of m-MTDATA,

TPBI and m-MTDATA/TPBI.
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Fig. 3. Energy band characteristics for device (a).
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the charge trapping is insufficient and a minor

shoulder of 436 nm from m-MTDATA is acquired

in EL spectra of device (a). The emissive peaks of

556 nm with a 592 nm-shoulder come from none

of singlet materials we have used, as can be seen
from PL spectra in Fig. 2(b). From ABS spectra

and PL spectra of m-MTDATA/TPBI, we find

out no new ABS peak is formed comparing

to the individual ABS spectra of m-MTDATA

and TPBI. However, from PL spectra of m-

MTDATA/TPBI, a new emission peak with a

broad bathochromic band occurs according to

each PL peak of m-MTDATA and TPBI. We
deduce the new PL peak from exciplex emission

generated at the interface of m-MTDATA/TPBI.
With increasing of voltage, the emission from exci-

plex decreases comparing to that from m-MTDA-

TA and Alq3 (see Fig. 2(a) at 13 V). And this

change is consistent with previous report about

exciplex [10,11]. There is a long wavelength
emission (out to 750 nm) which extends well be-

yond the emission seen in PL spectra (Fig. 2(b))

for m-MTDATA/TPBI (PL spectra finishes at

�600 nm). The origin of the weak long wavelength

is considered as recombination and emission from

trapping of h–e heteropairs at the interface m-

MTDATA/TPBI. Disordered interface formed

during deposition should devote to generation of
these trappings.

The exciplex emission can be explained from en-

ergy band theory, too. LUMO and HOMO levels

of the organic materials for device (a) are demon-

strated in Fig. 3. Since there is a large gap of 1.1 eV

between HOMO levels of m-MTDATA and

TPBI and 0.8 eV between LUMO levels, most of

holes from anode and electrons from cathode are
blocked in bulk of m-MTDATA and TPBI near

the interface, respectively, and then recombine

and emit as exciplex at the interface m-MTDA-

TA/TPBI. As forward bias voltage increases, more

electrons and holes overcome barrier (especially in

devices (b,c,d), doping processes make charge

trapping sufficient) and lead to a stronger emission

of m-MTDATA and Alq3.
In device (a) the exciplex could be formed only

at the interface of m-MTDATA and TPBI and

recombination for e–h heteropairs was insufficient.

The maximum power efficiency of 1.8 lm/W was

gotten at 4 V with a luminance 49.6 cd/m2.

As Hong Cao�s reportion [9], an exciplex

emission can be observed both in a mixture and

at the interface of the bilayer film. We doped



Table 1

Performances of devices (a,b,c,d,e) about maximum luminance (Lmax) and maximum power efficiency (MPE) and other performances

such as voltage and current density corresponding to Lmax and MPE et al.

Device MWR of

m-MTDATA:TPBI

for b,c,d and

m-MTDATA:Alq3 for e

Lmax (cd/m
2)

and voltage (V)

correspondingly

Current

density

(mA/mm2)@

Lmax

MPE (lm/W)

and voltage (V)

correspondingly

Luminance and

current density

(mA/mm2)@MPE

a 2555@12 V 4.224 1.8@4 V 49.6/0.021

b 3:1 3810@14 V 5.202 3.8@4 V 145.7/0.030

c 1:1 4210@12 V 6.024 3.2@4 V 132/0.033

d 1:3 4583@12 V 4.716 4.6@4 V 170.5/0.029

e 3:1 4027@13 V 14.316 0.18@5 V 77.4/0.265
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Fig. 5. Luminance–voltage characteristics of devices (a,b,c,d).
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m-MTDATA into TPBI and observed the appear-

ance of exciplex emission with improved efficiency.

Table 1 shows the maximum power efficiencies

reached 3.8 lm/W (at 4 V with a luminance of

145.7 cd/m2), 3.2 lm/W (at 4 V with a luminance

of 132 cd/m2) and 4.6 lm/W (at 4 V with a lumi-

nance of 170.5 cd/m2) for doped devices (b,c,d)

comparing to 1.8 lm/W (at 4 V with a luminance
of 49.6 cd/m2) for device (a) when exciplex emis-

sion was major for all devices. The maximum lumi-

nance was enhanced from 2555 cd/m2 (at 12 V with

an efficiency 0.158 lm/W) of device (a) to 3810 cd/

m2 (at 14 V with an efficiency 0.164 lm/W),

4210 cd/m2 (at 12 V with an efficiency 0.183 lm/

W) and 4583 cd/m2 (at 12 V with an efficiency

0.254 lm/W) in devices (b,c,d), respectively. And
Figs. 4–6 show current density–voltage, lumi-

nance–voltage and power efficiency–luminance char-

acteristics for devices (a,b,c,d), respectively. Table

2 shows CIE coordinates at different voltages in
Fig. 4. Current density–voltage cures for devices (a,b,c,d).

Fig. 6. Power efficiency–luminance characteristics of devices

(a,b,c,d).
devices (a,b,c,d). In device (a), only a yellow emis-

sion was obtained with CIE coordinate changing



Table 2

CIE coordinates changed with improvement of forward bias voltage in different devices

4 V 6 V 8 V 12 V 16 V

Device (a) (0.397, 0.532) (0.375, 0.517) (0.351, 0.494) (0.317, 0.445) (0.311, 0.413)

Device (b) (0.406, 0.533) (0.355, 0.458) (0.320, 0.400) (0.286, 0.346) (0.264, 0.303)

Device (c) (0.409, 0.533) (0.352, 0.450) (0.311, 0.384) (0.272, 0.317) (0.246, 0.275)

Device (d) (0.427, 0.536) (0.396, 0.510) (0.361, 0.466) (0.319, 0.401) (0.302, 0.363)
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from (0.397, 0.532) to (0.311, 0.413) with voltage

from 4 to 16 V. While in devices (b,c,d), yellow

emission turned into white emission with increase

of voltage. The CIE coordinates were (0.406,

0.533), (0.409, 0.533) and (0.427, 0.536) at 4 V

for device (b), device (c), device (d), respectively.

At 8, 8, 12 V, white emission were obtained with

CIE coordinates (0.320, 0.400), (0.311, 0.384),
(0.319, 0.401) for device (b), device (c), device (d)

and turned into (0.264, 0.303), (0.246, 0.275),

(0.302, 0.363) when voltage increased to 16 V.

The normalized EL spectra for devices (a,b,c,d)

at 13 V are shown in Fig. 7. Analyzing the data

above, we get the results as following:

(1) A white emission was acquired in devices
(b,c,d) with increase of voltage while only a

yellow emission was gotten in device (a)

because doped structures (b,c,d) made

charge trapping (typically limited to a dis-
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Fig. 7. EL spectra of devices (a,b,c,d) at 13 V. Device (d)

showed more remarkable exciplex emission than that of (a,b,c).

As voltage increased, exciplex emission in device (d) was major

continuously while that of (a,b,c) decreased.
tance 5–10 Å between two components) from

TPBI to m-MTDATA sufficient which lead

to a stronger emission from m-MTDATA,

as is shown in Fig. 7. As a result, white emis-

sion was obtained by combination of blue

emission from m-MTDATA and green-yel-

low emission both from Alq3 and exciplex.

(2) Table 2 shows a bluish-white emission
occurred in device (c) at a high voltage while

white emission from device (b) and (d) had a

small blue shift. From Fig. 7, we observed

the 436 nm-peak from m-MTDATA of

device (c) increased differently from that of

device (b) and device (d). In device (c), a

stronger blue peak occurred comparing to

that in devices (b,d). It is because of the more
sufficient charge trapping in device (c) with

the MWR of 1:1 than that in device (b) and

device (d) with the MWR of 1:3 and 3:1,

respectively, which might be decided partly

by the position and orientation between m-

MTDATA and TPBI [11].

(3) At a high voltage, exciplex emission (556 nm)

in device (a,b,c) decreased remarkably com-
paring with the other emissive components

(blue emissive peak from m-MTDATA and

green emissive peak from Alq3) while exci-

plex emission in device (d) was still major

(shown in Fig. 7). And explanation of the

phenomenon is not clear yet.

(4) We selected device (e) as a controlled device.

As Koji Itano�s report [11], exciplex forms in
the mixture between m-MTDATA and Alq3.

From Table 1, we found a low power effi-

ciency of 0.18 lm/W was obtained at 5 V

when m-MTDATA:Alq3 was 3:1 (since at a

low forward bias voltage, exciplex emission

was major for all devices). Generally speak-

ing, the formation of an exciplex requires a

favorable position and orientation of compo-
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nent molecules: the molecular planes of

donor and acceptor being parallel or nearly

parallel to each other and with a small inter-

planar separation of 3–4 Å [8]. Since the size

of TPBI is larger than that of Alq3, the over-
lap between TPBI and m-MTDATA is more

than that between Alq3 and m-MTDATA,

which results in an increase in the stabiliza-

tion energy of the complex system and a

decrease in the exciplex energy. So exciplex

emission efficiency increases which leads to

a further enhancement of power efficiency.
4. Conclusion

We fabricated an efficient OLED based on exci-

plex emission by doping hole-transporting mate-

rial (m-MTDATA) into electron-transporting

material (TPBI). The maximum efficiencies of

the devices with different molecular weight ratio

(MWR) of 3:1, 1:1 and 1:3 reached 3.8 lm/W (at

4 V), 3.2 lm/W (at 4 V) and 4.6 lm/W (at 4 V) com-
paring to that of the none-doped device 1.8 lm/W

(at 4 V). At such a low voltage, exciplex emission

was major for all devices. A yellow emission

turned into white emission with voltage increasing

in the doped devices while only yellow light was

obtained in the none-doped device. The reason

was that doping made charge trapping from TPBI

to m-MTDATA sufficient which lead to a stronger
emission from m-MTDATA and then a white light

was obtained by combination of blue emission

from m-MTDATA and green-yellow emission

from Alq3 and exciplex. Compared to the device

(c) with MWR of 1:1 for m-MTDATA:TPBI,

white emission from device (b) and device (d) with

MWR of 3:1 and 1:3, respectively, had a less blue

shift, as might owing to the more sufficient charge
trapping in device (c) with the MWR of 1:1

than that in device (b) and device (d) with the

MWR of 1:3 and 3:1, respectively, which might

be decided partly by the position and orientation

between m-MTDATA and TPBI. The power effi-
ciencies of both doped devices and none-doped de-

vice are higher than that of the controlled device

for favorable position and orientation.
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Abstract

Polymer light-emitting diodes (PLEDs) have attracted great interests recent years due to their potential application

in next generation large-area flat-panel displays. For these devices, however, achieving efficient electron injection from

air- and chemicals-stable cathode remains a great challenge. Here we demonstrate for first time that by incorporation of

a thin layer of amino-alkyl-substituted polyfluorene copolymer spin-coated from alcohol or water solution, Au, a most

noble metal with high work-function, can be a good electron injection cathode. This new type of bilayer cathode can

significantly enhance electron injection to red, green and blue electroluminescent (EL) polymers, thereby resulting in

high efficiency polymer LEDs, which are comparable to that of using low work-function metals, such as Ca and Ba

as cathode. The use of most stable metals such as Au as cathode will open a door for fabrication and patterning of

air-stable flat panel displays.

� 2005 Elsevier B.V. All rights reserved.

Keywords: Electron-injection; Electroluminescent; Organic/polymer light-emitting diodes; Polymer–metal interface; Amino-alkyl-

substituted polyfluorene copolymer
1. Introduction

Polymer light-emitting diodes (PLEDs) have

attracted broad interests due to their potential

application in large-area displays since the first

prototype demonstrated in 1990 [1]. Charge carri-
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv

doi:10.1016/j.orgel.2005.03.009
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ers injection from electrodes into the electrolumi-
nescent (EL) polymer layer is a key factor in the

determination of device efficiency [2,3] and operat-

ing life time [4]. In PLEDs, metal electrodes are

utilized to inject carriers (electrons and holes) into

polymer and organic layer. Therefore, metal–poly-

mer (MP) and metal–organic (MO) interfaces

are crucial for carrier injection. In the first ap-

proximation, Schottky–Mott rule of vacuum level
ed.
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alignment can be applied to describe MP or MO

interface [5,6] although the deviation of it has been

frequently found due to the complex nature of MP

interface. According to Schottky–Mott rule, the

injection efficiency of the diodes is determined by
the potential barrier height (difference between

the Fermi level of the injection electrodes and the

lowest unoccupied molecular orbital (LUMO)

(for electron injection) or the highest occupied

molecular orbital (HOMO) of the semiconductor

(for hole injection). Owing to low electron affinity

and low drifting mobility of electrons in common

conjugated EL polymers, enhanced electron injec-
tion is desired. As a result, low work-function met-

als, such as Ca (work-function u = 2.9 eV) and Ba
(u = 2.8 eV), are typically used as a cathode to
facilitate electron injection [7]. Since the low

work-function metals are susceptible to degrada-

tion upon water vapor or oxygen, high work-

function metals, therefore more stable electron

injection cathodes are desirable, if they are ex-
pected to give comparable device efficiency. Previ-

ous works have indicated that the simple vacuum

alignment rule can be overruled by many ways,

such as the formation of interfacial dipole, chemi-

cal doping or reactions and presence of interfacial

states [5,8–10]. Over the past few years, significant

efforts have been made to develop a new electron-

injection cathode from high work-function metals
in order to reach a high environmental stability,

and ease of fabrication, in combination with

high device efficiency and a low operating voltage.

Great success has been achieved in modification of

organic (or polymer)/Al interface by inserting

ultrathin alkaline fluoride (LiF, CsF) films, which

results in high-efficiency Al injection bilayer cath-

odes [11]. Although the mechanism of shifting vac-
uum level is still in debate [12–14], recently, many

experimental results are pointing at doping mech-

anism caused by lithium (or cesium and etc.) from

dissociation of alkaline fluorides in the presence of

top Al layer [15,16]. This mechanism is consistent

with the fact that a high work-function metal such

as LiF/Au does not show similar enhancement in

electron injection as LiF/Al [17]. Similar cathode
metal dependence has been reported for PLEDs

with surfactant/metal bilayer cathode which shows

high-efficiency (as high as alkaline metals like Ca
and Ba) for the metal Al, while three orders of

magnitudes lower in external efficiency was re-

ported for surfactant/Au cathode [18]. On the

other hand, Au is a most noble metal with a high

work-function (u = 5.2 eV) and has been previ-
ously accepted as a good hole injection electrode

[19,20]. In replace of ITO by Au, the device effi-

ciencies of Au/MEH-PPV/Ca or Al or Au were,

respectively, 2% for Ca and 1 · 10�2% for Al,

while for Au cathode, there is no light observed

due to extremely low efficiency. However, in many

applications, a most noble metal like Au is desir-

able due to its excellent chemical, environmental
stability and thermal conductivity (i.e., in VLSI

ICs). For example, Lee et al. [21] recently reported

the fabrication of OLEDs by soft contact lamina-

tion and a significant enhancement in device effi-

ciency (up to 1.5 · 10�3%) with laminated Au

cathode, compared to QE = 5.9 · 10�5% for ther-

mally evaporated Au cathode, even though, the

devices performance was far away from that for
practical application.

In this paper, we report for first time high-effi-

ciency polymer OLEDs with Au as the cathode

with insertion of a thin layer of conjugated amino-

alkyl substituted polyfluorene [22] (PF-NR2) be-

tween Au and emitting layer. We have shown

previously that the insertion of PF-NR2 between

Al and emitting layer lead to high-efficiency PLEDs
comparable with devices from Ca and Ba cathodes

[23] and light-emitting devices fabricated from

aminoalkyl-substituted polyfluorene copolymers

with different contents of narrow band gap como-

nomer 2,1,3-benzothiadiazole (BTDZ) show high

external quantum efficiencies both for the neutral

precursor and the quaternized copolymers, with

high work-function metals such as Al as a cathode
[24]. Here we demonstrate that unlike other bilayer

cathode with high work-function metal, such as

LiF/Al [11] and surfactant/Al [18], the insertion

of PF-NR2 between varieties of RGB emitting

polymers and Au also significantly enhances elec-

tron injection to the level as for low work-function

metals, such as Ba and Ca as well as for PF-NR2/

Al cathode. We also found that the significant
improvement of an electron injection originated

from the modification of MP interface by self-

assembly of PF-NR2 interlayer attached to Au
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surface via amino or ammonium–Au interaction.

Furthermore, we investigated bilayer cathode of

PF-NR2 with varieties of other high work-function

metal (u > 4.1 eV) such as In, Ag, Sn and Cu. We
have shown that unlike LiF/Al bilayer cathode
which is specific only for Al metal, aminoalkyl-

substituted polyfluorenes and their polyelectrolyte

can be used in combination with many other higher

work-function metals in addition to Al to give com-

parable device performance as low work-function

metal. This fact implies that PF-NR2/metal bilayer

cathode has different mechanism other than LiF/Al

bilayer cathode. Electroluminescent properties and
mechanism of PF-NR2/Au cathode are investi-

gated and discussed based on measurement of

built-in potential in parallel by photovoltaic (PV)

measurement and electroabsorption (EA) measure-

ment and X-ray diffraction pattern. PV and EA

confirm that upon incorporation of PF-NR2 layer,

electron injection barrier height for electron injec-

tion from high work-function cathode was signifi-
cantly decreased as a result of an interface dipole

formed due to strong interaction and alignment

of amino group on metal surface. The particular

advantage derived from the use copolymers pre-

sented in this study is that the electron injection

layer from aminoalkyl-substituted polyfluorene

copolymer can be solution processed from sol-

vents, such as methanol and water, in which most
of conjugated polymers are insoluble. This feature

is expected to be particularly useful for the fabrica-

tion of multi-layer PLEDs by solution processing,

in which mixing EL layer with adjacent electron

injection layer can be avoided.
2. Experimentals

The fabrication of PLEDs with MEH-PPV,

P-PPV and PFO, as an electroluminescent layer

follows well-established process [23]. Patterned in-

dium tin oxide (ITO) coated glass substrates with

a sheet resistance of 15–20 X/square undergoes a
wet-cleaning process in an ultrasonic bath, begin-

ning with acetone, followed by detergent, deion-
ized water, and isopropanol. After oxygen-plasma

treating, a 100 nm-thick anode buffer layer of

poly(ethylendioxythiophene): poly(styrene sulfonic
acid) (PEDOT: PSS, Baytron P 4083, Bayer AG)

film was spin-cast on the ITO substrate and dried

by baking in a vacuum oven at 80 �C overnight.

For blue light-emitting PFO, a 40 nm-thick poly

(N-vinylcarbazole) (PVK, from Aldrich Co.) was
spin-coated at the top of the PEDOT layer from

10 mg/mL 1,1,2,2-tetrachloroethane solution with

subsequent drying in vacuum at room temperature.

The RGB EL polymers used in this study are

poly[2-methoxy,5-(2 0-ethyl-hexyloxy)-1,4-pheny-

lene vinylene] (MEM-PPV) [25], poly[2-(4-(3 0,7 0-

dimethyloctyloxy)-phenyl)-p-phenylenevinylene]

(P-PPV) [26] and polyfluorene (PFO-POSS) [27]
(see Scheme 1). Of which, MEM-PPV and P-PPV

were synthesized according to published proce-

dure, and PFO was kindly provided by Dr. S. Xiao

of Organic Vision Inc. RGB active polymer films

were casted from 5 mg/mL toluene solution (for

P-PPV), 4 mg/mL toluene: xylene (50:50) solution

(for MEH-PPV), and 15 mg/mL chloroform solu-

tion (for PFO-POSS) to form a uniform 80
nm-thick film at a speed around 2000 rpm. An

Alfa-step 500 surface profiler (Tensor) was used

to determine the spin-cast film thickness. The

aminoalkyl substituted polyfluorene (PF-NR2)

was synthesized according to procedure published

elsewhere [22]. A thin PF-NR2 interlayer (10–

300 Å) was spin-coated from 0.4 mg/mL or 2 mg/

mL methanol solution with a few drops of acetic
acid at a speed of 600–3000 rpm on the top of the

emitting layer. Finally, 100 nm-thick gold is evapo-

rated with shadow mask to form the top electrode

at a base pressure of 1 · 10�4 Pa. The thickness
of the evaporated cathodes was monitored by a

calibrated crystal thickness/ratio monitor (Model:

STM-100/MF, Sycon). The cross-area between

the cathode and anode defined the pixel size of
15 mm2. Except the spin coating of PEDOT layer,

all the processes were carried out in a controlled

atmosphere of nitrogen dry-box (Vacuum Atmo-

sphere Co.) containing less than 10 ppm oxygen

and moisture. In order to avoid a contamination

of volatile low work-function metal during Au

cathode deposition on top of PF-NR2 layer, an

evaporation chamber was thoroughly cleaned by
prolonged baking at 120–130 �C under high vac-

uum (<1 · 10�4 Pa) before Au deposition. The

control device with device configuration: ITO/



Scheme 1. Molecular structure of RGB electroluminescent polymers used. Of which, MEM-PPV and P-PPV were synthesized

according to published procedure [24,25], and PFO-Poss was kindly provided by Dr. S. Xiao26 of Organic Vision Inc. Synthesis of

poly[(9,9-bis(3 0-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9–dioctylfluorene)] (PF-NR2) and their quaternized salt (PF-

NR3+X-, where X- is I- or Br-) was described previously [22].
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PEDOT (PVK)/EL polymer/Au is always fabri-

cated as a control along with PF-NR2/Au devices

to make sure that no low work-function metal res-

idue left in the evaporation chamber from previous

deposition.

The current density–voltage–luminance (J–L–

V) characteristic was measured by a Keithley 236

source-measurement unit and a calibrated silicon
photodiode which was calibrated for luminance

by a PR-705 SpectraScan Spectrophotometer

(Photo Research). The external EL quantum effi-

ciency (QE) was collected by measuring the total

light output in all directions in an integrating

sphere (IS-080, Labsphere). The photovoltaic mea-

surement was carried out under white-light illumi-

nation using a xenon lamp (150 W, Oriel) as a light
source. Our electroabsorption spectrograph con-

sists of a 250 W halogen tungsten lamp, a mono-

chromator (Zolix BP500) equipped with a 1200

lines/mm grating, an amplifier silicon photodiode

and a SRS (Model: SR830) lock-in amplifier. The

EL spectra were captured by Instaspec IV CCD

spectrometer (Oriel).
For small angle X-ray diffraction (XRD) sam-

ples, silicon wafers with polished crystal surface

(111) were used as substrate. After undergoing

the wet cleaning process in an ultrasonic bath as

mentioned above, the wafers were dried by baking

in a vacuum chamber. Simulating the PLEDs struc-

ture in XRD study, samples in configuration like Si

(111)/MEH-PPV (1000 Å)/PF-NR2 (200 Å)/Au
(90 Å) and Si (111)/MEH-PPV (1000 Å)/PF-NR2
(200 Å) was fabricated in a controlled atmosphere

of nitrogen dry-box following a similar process

with that of PLEDs fabrication. XRD was taken

by an automatic X-ray diffractometer (D/Max-

IIIA, Rigaku) with Cu Ka filtered by Sm filter.
3. Results and discussion

SinceMEH-PPV, P-PPV and PFO have the low-

est unoccupied molecular orbital level (LUMO) of

2.80 eV, 2.34 eV and 2.60 eV [26,27] respectively, a

substantial barrier height is expected for electron

injection with respect to the plain Au cathode
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(u = 5.2 eV) in ITO/PEDOT/polymer/Au devices.
As a result, the device efficiency for three polymers

from plain Au cathode was very low (Figs. 1, 2 and

Table 1), similar as reported by the other groups

[18–21]. Fig. 1 compares characteristic of the cur-
rent density J and luminous efficiency (LE) vs. bias

for MEH-PPV device by using Au cathode with or

without PF-NR2 interlayer (ITO/PEDOT/MEH-

PPV/PF-NR2 (0,20 nm)/Au). As expected, plain

Au device shows flat exponential increase in J–V

characteristics after turn-on and a low LE in the

order of 10�3 cd/A, indicating poor-behaved elec-

tron injection. In contrast, with a thin PF-NR2 film
(20 nm) incorporated between Au and MEH-PPV,

the J–V and LE-V (Fig. 1) characteristics change

dramatically, followed by a sharp exponential in-

crease in current flow (Fig. 1) and a three-order

of magnitudes increase in the LE approaching

1 cd/A, in the results of the enhanced electron injec-

tion. The maximum EL quantum efficiency (QE)

measured in an integrating sphere (IS-080, Lab-
sphere) for the device with a 30 nm PF-NR2 layer

yields a thousandfold increase to 1.2% (photon/

electron) (Table 1). The further evidence for the

improved electron injection from PF-NR2/Au
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Fig. 1. Performance of PLEDs with an 800 Å MEH-PPV film

with Au and PF-NR2 (20 nm)/Au as cathode, respectively: (a)

J–V characteristic: Au cathode (black open circles), PF-NR2
(20 nm)/Au bilayer cathode (red open circles) and (b) LE-V

characteristic: Au cathode (black solid circles), PF-NR2
(20 nm)/Au cathode (red solid circles). (For interpretation of

colours the reader is referred to the web version of this article.)
cathode can be obtained by fact that for the I–V

curves from devices with ITO replaced by Au as

an anode in structure: Au/MEH-PPV/PF-NR2/Au

(Fig. 3). Diode type I–V (and also the enhanced de-

vice efficiency) can be observed only when PF-NR2/
Au is wired negatively.

PLEDs with green emitting P-PPV as EL poly-

mer and PF-NR2/Au as cathode are shown in Fig.

2. Fig. 2 shows that the enhanced efficiency is also

associated with enhanced electron injection

and more balanced electrons and holes current in

P-PPV devices. As shown in Fig. 2 and Table 1,

for P-PPV bilayer (PF-NR2/Au) device, an exter-
nal quantum efficiency of 3.83% and a lumi-

nous efficiency of 11.7 cd/A with a luminance of

4605 cd/m2 have been reached at a current density

of 39.3 mA/cm2 at 9.6 V, compared with 0.002%

for plain Au device. Similarly, with a bilayer cath-

ode, the device from blue-emitting PFO polymer

shows an external quantum efficiency of 1.78% at

a current density of 35.3 mA/cm2. The maximal
external quantum efficiency reached 3.12% at

6.7 mA/cm2, compared to 0.002% at similar

current density for a plain Au device (Table 1).
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Fig. 2. Performance of PLEDs with an 800 Å P-PPV polymer

film with Au and PF-NR2 (20 nm)/Au as cathode, respec-

tively: (a) J–V characteristic: Au cathode (black open circles),

PF-NR2 (20 nm)/Au bilayer cathode (red open circles). (b)

LE-V characteristic: Au cathode (black solid circles), PF-NR2
(20 nm)/Au bilayer cathode (red solid circles). (For interpreta-

tion of colours the reader is referred to the web version of this

article.)



Table 1

Device performance of RGB PLEDs using PF-NR2/Au as a cathode in device configuration ITO/PEDOT (PVK)/EL polymer/

PF-NR2/Au

EL polymers PF-NR2 thickness (nm) Bias (V) Current density (mA/cm2) Luminance (cd/m2) QE (%) LE (cd/A)

MEH-PPV 3 3.2 35.8 3.7 0.009 0.010

MEH-PPV 20 6.0 34.7 162.5 0.411 0.469

MEH-PPV 30 11.8 39.9 377.5 1.240 0.945

MEH-PPV – 6.6 166.7 0.8 0.0004 0.0005

P-PPV 3 8.6 34.7 17.7 0.017 0.051

P-PPV 20 9.4 31.3 3648.0 3.843 11.642

P-PPV 30 11.0 34.7 3816.1 3.639 11.008

P-PPV – 13.2 35.9 0.78 0.002 0.006

PFO 3 11.7 33.3 8.6 0.036 0.026

PFO 20 11.8 35.3 495.7 1.778 1.403

PFO 30 13.4 39.3 271.8 0.876 0.691

PFO – 24.4 32.0 0.6 0.002 0.002
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Fig. 3. I–L–V characteristic of PLEDs in configuration like

ITO/Au (500 Å)/MEH-PPV/ PF-NR2 (300 Å)/Au.
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Fig. 4. EL spectra for the RGB devices. Of which, MEH-PPV
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The device performance based on the RGB EL

polymers is summarized in Table 1 for compari-

son. EL spectra (Fig. 4) show that there is no sig-

nificant difference between the EL emission profile

for MEM-PPV, P-PPV and PFO devices with a
PF-NR2/Au bilayer cathode and with a Ba/Al

cathode, which implies that the recombination

zone for these devices is located in the bulk of

EL polymers, and that the PF-NR2 plays a role

of electron injection layer.

In order to understand the mechanism of this

amazing and unexpected enhancement of electron

injection from Au, we measure photovoltaic char-
acteristics for a series of PLEDs in configuration:

ITO/PEDOT (or PVK)/MEH-PPV (PFO)/PF-

NR2/Au, which only differ in PF-NR2 layer thick-

ness range from 0 to 30 nm, to estimate the built-in
potential across the devices [28]. As the anode and

the EL polymer layer are identical in all devices,

the built-in potential (Vbi) of the devices should

scale with the change of barrier height in the

cathode side. We notice that, for MEH-PPV
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layer, filled squares for devices with 1 nm PF-NR2 layer, filled

diamonds for 2 nm, filled triangles for 3 nm, open circles for

10 nm, open squares for 20 nm, open diamonds for 25 nm, and

open triangles for 30 nm.
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devices, with an increase in the thickness of the

PF-NR2 layer employed from 0, 1 nm, 2 nm,

3 nm, 10 nm, 20 nm, 25 nm and 30 nm, the built-

in potential shifts from 0.15 V, which roughly cor-

responds to the difference between the work-func-
tion of PEDOT (5.0 eV) [29] and Au (5.2 V) [30] to

0.90 V (Fig. 5a). When PEDOT/MEH-PPV is re-

placed by PVK/PFO, similar Vbi increases from

0.45 V, which is in agreement with the work-func-

tion difference between PVK (5.6 eV) and Au

(5.2 eV) for device with neat Au cathode (without

PF-NR2) to 1.45 V for device with a 30 nm PF-

NR2/Au cathode (Fig. 5(b)). We note that the
built-in potential and the electron injection barrier

height can be tuned in a wide range of around

0.75 V and 1.0 eV for MEHPPV and PFO devices,

respectively, just by insertion of the PF-NR2 layer

with different thickness. It is important to note

that the device efficiency increases with increasing

the built-in potential (Table 1). Similar correlation

between the built-in potential and the device effi-
ciency: the higher Vbi corresponds the higher effi-

ciency, was reported recently by Brown et al.

[31]. In combination with the J–L–V characteris-

tics of the PLEDs, photovoltaic results indicate

that the increase in an electron injection and the

device efficiency is due to the reduction of barrier

height in the cathode interface. As pointed by

many authors, Schottky rule of vacuum level
alignment can be broken by strong metal/polymer

(organic) interaction (MP and MO), such as the

adsorption of molecules on metal surfaces, dipole

formation, charge transfer and interface state

[10,32–34]. We propose that dipole formation is

most likely the origin of the reduction of barrier

height between Au and EL polymers due to the

presence of PF-NR2 layer. As a result, an abrupt
shift of vacuum level at the interface was observed

and the work-function or surface potential of the

metal is altered.

In order to gain insight into the electron injec-

tion enhancement of the bilayer cathode devices,

in parallel with PV measurement, we use electro-

absorption spectroscopy to measure the built-in

potential of devices in configuration EL polymer/
metal and EL polymer/PF-NR2/metal for compar-

ison. EA measurement takes great advantage over

other indirect approaches in quantifying the built-
in potential of a device structure; its high reliability

lies in direct measurement and noninvasion to the

device and had been demonstrated be valid for

probe the built-in field in polymer/metal structure

[35–38]. Details of electroabsorption technique
and apparatus have been described by Campbell

et al. [35]. EA signal of a sample, representing

the relative change of the optical transmission

under the application of electric field, is propor-
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tional to the imaginary part of the optical third-

order susceptibility Imv(3)(�hx) and the square of
the electric field, then the EA response due to an

applied ac bias, E = EDC + EACcosxt, follows:

�DT
T

ð�hxÞ / Imvð3Þð�hxÞfE2AC½1þ cosð2xtÞ	=2

þ 2EACEDC cosðxtÞ þ E2DCg ð1Þ

Thus, in presence of built-in field, the EA re-

sponse at the fundamental harmonic frequency is

both modulated by VAC and the actual DC com-

ponent (VDC � Vbi) across the device. So changing

the DC component and finding the voltage at
which the EA response at fundamental frequency

vanishes can determine the built-in field. It is

important to note, the equation is based on a uni-

form distribution of the electric field across the

bulk of the EL polymer layer. We have confirmed

the existence of a uniform distribution of the elec-

tric field in our devices by running capacitance–

voltage measurements. In reverse to weak forward
bias regime (not shown here), for a typical MEH-

PPV/PF-NR2 (20 nm)/Au device, the capacitance

is essentially constant, independent on bias, indi-

cating space charge is negligible [39]. Prior to EA

measurement, electroabsorption response for sin-

gle layer PF-NR2 was carried out, in that the spec-

tral position of the EA features of the PF-NR2
layer are quite separated from that of the EL
polymer (not shown). The magnitude of the EA

response as a function of DC bias for a MEH-

PPV/Au PLEDs and a MEH-PPV/PF-NR2/Au

PLEDs, with 2.15 eV photon as probe monochro-

matic beam under 2 V AC applied bias, was shown

in Fig. 6, and the built-in potential of each finished

device can straightforwardly be deduced. For a

MEH-PPV/PF-NR2/Au device, a built-in potential
about 1800 mV corresponds to a considerable in-

crease over that of the gold-only cathode with a

Vbi of 400 mV for plain Au device. This result is

fully consistent with that of our photovoltaic mea-

surement (Fig. 5). Significant enhancement of the

built-in potential indicates that the effective barrier

height for the electron injection is substantially

lowered by the insertion of a PF-NR2 layer be-
tween Au and the emitting layer, thereby leading

to a more balanced injection of electrons and
holes. As a result, the quantum efficiency increases,
and the turn-on and the operating voltage de-

creases. Similar trend can be found in other test

system investigated by EA measurement. For

example, for In based MEH-PPV devices, the

built-in potential of a typical MEH-PPV/In device

moves from 930 mV (which is approximately equal

to the difference between the work-functions of

ITO/PEDOT and In in a flat-band configuration)
to about 2400 mV for device with a PF-NR2/In

bilayer cathode.

In order to form strong dipole which can shift

barrier height up to 1 eV, the PF-NR2 layer must

be self-assembled in each layer to form a positive

interface dipole (taking dipole directing outward

to be positive). It is well known that amino and

ammonium group can form strong interaction with
Au metal surface, and it was widely used for self-

assembly of organic compounds on Au surface

[40–42]. Small-angle X-ray diffraction pattern of

PF-NR2 layer with Au deposited on the top of it

(Fig. 7) indicates the existence of an ordered struc-

ture around 2h = 2.018� (corresponding to a spac-
ing of 43.7 Å) after Au deposition on the PF-NR2
layer in configuration of Si(111)/MEH-PPV-
(1000 Å)/PF-NR2(200 Å)/Au (90 Å), simulating

the PLEDs device configuration in this study. The
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coherent length of n = 70 nm estimated from the

Debye–Scherrer formula [43]: n = 2pk/d(2h), where
k is Cu Ka wavelength and d(2h) is the full width at
half-maximum of the XRD, indicates a consider-

ably ordered domain size for PF-NR2 layer. In con-
trast, for Si(111)/MEH-PPV (1000 Å)/PF-NR2
(200 Å) structure without Au deposition, no long

range ordering structure was recorded (Fig. 7).

This implies that Au deposition stimulates a self-

assembling of PF-NR2 layer on the Au surface

due to strong interaction between Au and the

NR2 groups. The aligned PF-NR2 layer provides

a large positive interface dipole moment. As a re-
sult, significant vacuum level shift to lower energy

occurs at the interfaces. We also note that similar

diffraction pattern can be observed in reversed

structure upon spin of PF-NR2 on the top of Au

layer (Fig. 8). Diffraction pattern show a sharp

structure around 2h = 1.450� corresponding to a
spacing of 60.92 Å, which is slightly larger than

spacing for PF-NR2/Au by thermally deposition.
This fact indicates that self-assembling of PF-

NR2 layer takes place either by spin-coating of

PF-NR2 solution on Au surface or by thermal

deposition of Au on the top of PF-NR2 surface.

Detailed analysis of PF-NR2/Au interlayer struc-

ture is now in progress and will be reported else-
where. Controllable carrier injection barrier

height between the interface of Ag and organic

self-assembled monolayer (SAM) with different di-

pole moment and direction has been reported by
Campbell et al. [44]. However, no device data were

reported with such modified metal interface by

Campbell group. Here we are able to demonstrate

for the first time that such a self-assembled struc-

ture can lead really to high-efficiency PLEDs.

Our approach is not limited in specific metals

such as Au demonstrated here or Al [23], other

high work-function metals such as In (u =
4.12 eV), Ag (u = 4.26 eV), Sn (u = 4.42 eV), and
Cu (u = 4.65 eV) are also tested, as summarized
in Table 2. Al devices performance is also listed

in Table 2 for comparison. At the same time, pho-

tovoltaic measurement for all of these devices also

confirmed a reduction of barrier height in the cath-

ode interface as inserted with an ultrathin PF-NR2
layer. Results in Table 2 indicate that device per-
formance with such bilayer cathode exhibit signif-

icant metal dependence. Preliminary analysis of all

existed data indicates that the variation of device

performance with the nature of metals is probably

related with interaction of aminoalkyl-substituted

polyfluorene with metal surface, rather than

work-function of metals. More detailed studies

are in progress and the results will be reported in
forthcoming report.



Table 2

Device performances of RGB PLEDs using PF-NR2/metals as a cathode in device configuration ITO/PEDOT/EL polymer/PF-NR2/

metals (for devices from PFO polymer device the configuration is ITO/PEDOT/PVK/PFO/PF-NR2/metals)

EL polymers Cathode Bias (V) Current density (mA/cm2) Luminance (cd/m2) QE (%) LE (cd/A)

MEH-PPV23 Al (u = 4.30 eV) 4.6 34.7 6 0.02 0.02

MEH-PPV23 PF-NR2 (3 nm)/Al 5.2 36.7 454 1.54 1.2

P-PPV23 Al (u = 4.30 eV) 7.7 34.7 115 0.11 0.3

P-PPV23 PF-NR2 (20 nm)/Al 8.8 33.3 7923 7.85 23.8

PFO23 Al (u = 4.30 eV) 14.4 34.7 2 0.02 0.01

PFO23 PF-NR2 (20 nm)/Al 9.7 30 380 1.62 1.3

MEH-PPV In (u = 4.12 eV) 4.8 33 1.1 0.003 0.003

MEH-PPV PF-NR2 (20 nm)/In 5.9 37.5 98 0.305 0.261

P-PPV In (u = 4.12 eV) 4 31 22.4 0.024 0.072

P-PPV PF-NR2 (25 nm)/In 7.4 29.7 3945.5 4.369 13.299

PFO In (u = 4.12 eV) 9 31.2 46.1 0.106 0.148

PFO PF-NR2 (25 nm)/In 9 29.8 326.2 1.391 1.095

MEH-PPV Ag (u = 4.26 eV) 5.1 32.9 0.8 0.003 0.002

MEH-PPV PF-NR2 (20 nm)/Ag 6.4 35.7 61 0.199 0.171

P-PPV Ag (u = 4.26 eV) 4.3 28.7 5.8 0.007 0.02

P-PPV PF-NR2 (20 nm)/Ag 5.6 29.1 908.5 1.025 3.125

PFO Ag (u = 4.26 eV) 20.2 30.3 11.4 0.048 0.038

PFO PF-NR2 (20 nm)/Ag 15 39.1 122.4 0.398 0.313

MEH-PPV Sn (u = 4.42 eV) 6.7 35.7 2.4 0.008 0.007

MEH-PPV PF-NR2 (20 nm)/Sn 7.6 31.4 66.4 0.246 0.211

P-PPV Sn (u = 4.42 eV) 3.9 31 5.8 0.006 0.019

P-PPV PF-NR2 (20 nm)/Sn 5.8 40.3 1192.8 0.974 2.962

PFO Sn (u = 4.42 eV) 20.7 30.1 9.3 0.039 0.031

PFO PF-NR2 (20 nm)/Sn 16.2 34.1 147.1 0.548 0.432

MEH-PPV Cu (u = 4.65 eV) 5.6 33.2 2.5 0.009 0.007

MEH-PPV PF-NR2 (25 nm)/Cu 8.9 36.4 334.4 1.071 0.918

P-PPV Cu (u = 4.65 eV) 3.2 37.1 4.9 0.004 0.013

P-PPV PF-NR2 (3 nm)/Cu 3.6 35.9 160.4 0.147 0.447

PFO Cu (u = 4.65 eV) 16 32.7 14.1 0.089 0.043

PFO PF-NR2 (25 nm)/Cu 13.5 35.1 416.6 1.509 1.188
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4. Conclusions

In summary, we successfully demonstrated for

the first time that barrier height between a most

noble and high work-function metal Au (or other

high work-function metal with work-function

u > 4.1 eV, such as In, Ag, Sn and Cu) and or-
ganic EL polymer can be turned down to allow
highly efficient electron injection into conjugated

polymers by the insertion of self-assembled amin-

oalkyl-substituted polyfluorene and fabrication

of high-efficiency PLEDs with a variety of RGB

EL polymers of different band-gaps. PV and

EA measurement confirm that built-in potential

across the device was significantly raised due to
decreasing barrier height. Vacuum level alignment

of EL polymer/Au interface was modified by di-

pole moment caused by self-assembly and align-

ment of the inserted PF-NR2 layer on the Au

surface. A small-angle X-ray diffraction pattern

indicates that such self-assembling in the MP

interface takes place. This first example of high-

efficiency PLEDs with Au cathode distinctly
demonstrates that EL polymer/metal interface,

together with the PLEDs architecture, can be

engineered by using novel solution-processable

materials, which allow using most noble and high

work-function metal Au as an efficient electron

injection cathode. The results show that interface

engineering in polymer and organic LEDs will
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lead to essentially new device architecture in the

future.
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Abstract

Current–voltage (I–V) and capacitance–voltage (C–V) characteristics of NiPc thin films deposited on p-Si as hetero-

junction have been investigated. For I–V measurements, the conventional rectifying properties were shown with recti-

fication ratio of 1750. At low voltages, current in the forward direction was found to obey the diode equation and the

conduction was controlled by thermionic emission mechanism. For relatively higher voltages, conduction was domi-

nated by a space-charge-limited conduction mechanism with single trap level of 0.36 eV. On the other hand, the carrier

generation-recombination process limits the reverse current. Also, various electrical parameters were determined from

the I–V and C–V analysis. The junction exhibits photovoltaic characteristics with open-circuit voltage (Voc) of 0.32 V, a

short-circuit current (Isc) of 186 lA and a power conversion efficiency (g) of 1.11%. These parameters have been esti-

mated at room temperature and under illumination of 6 mWcm�2 white light.

� 2005 Elsevier B.V. All rights reserved.

PACS: 73.61.Ph; 84.37.+q; 73.40.Lg

Keywords: Phthalocyanines; Thin films; Photovoltaic; Organic/inorganic heterojunctions
1. Introduction

Organic semiconductors are promising candi-

dates for future technological devices due to their

function and variety. Phthalocyanines are proto-
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv

doi:10.1016/j.orgel.2005.03.007
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type organic semiconductors and are characterised

by high thermal and chemical stability. They form

a large group of organic compounds, which have

been the main basis for the search of molecular

semiconductors for more than 40 years. Therefore,

numerous searches have been done for phthalocy-

anines mainly in thin films form. Despite that they

have been studied since 1930 [1], the interest in
their properties is still attractive because of their
ed.
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potential applications as semiconducting devices

such as: photovoltaic cells [2], laser printers [3],

dyes, pigments, photocopying agents [4], gas sen-

sors [5,6], optical data storage systems [7], solar

cells [8], light emitting diodes [9] and also in nuclear
reactor systems [10].

Despite that most of the organic photovoltaic

cells have been fabricated with low efficiencies

(�1%) [11–14], a significant jump in the conversion
yield of organic photovoltaic (PV) solar cells, pass-

ing from 1% [15] yield to about 5% [16].

Nickel phthalocyanine (NiPc) is a p-type mate-

rial [17]. Therefore, previous work on NiPc thin
films has reported a relatively high mobility value

(�10�5 m2V�1 s�1) [18], when compared with

mobility values reported for several other phthalo-

cyanine compounds (7.6 · 10�9 m2V�1 s�1 for

ZnPc [19], 3 · 10�7 m2V�1 s�1 for CoPc [20] and

10�8 m2V�1 s�1 for CuPc [21]). This particular fea-

ture makes NiPc a potential candidate for the

development of future electronic devices.
In the present work, Au/NiPc/Si/Al as p–p+ het-

erojunctions were fabricated by deposition of NiPc

thin films using the thermal evaporation technique

onto p-Si single crystals. The temperature depen-

dence of the current–voltage (I–V) characteristics

in both forward and reverse bias was studied in

an attempt to obtain information about the trans-

port mechanisms of the device. In addition, capac-
itance–voltage (C–V) measurements were applied

for the characterisation of these heterojunction

solar cells. Also photovoltaic properties have been

investigated by illuminated I–V characteristics.
2. Experimental details

The NiPc powder used in this study is obtained

from Kodak, UK. The p-type Si h100i single crys-
tal wafers with carrier concentration of 1022m�3 is

obtained from Nippon Mining Co. Pieces of 1 cm2

each and 450 lm thick were cleaned and etched by

using the CP4 solution (HF:HNO3:CH3COOH in

ratio 1:6:1). After etching, the Si wafers were

washed with distilled water and then with ethyl
alcohol. The Si wafers after being etched and

cleaned were coated from the front side by NiPc

thin films with different thicknesses using the con-
ventional thermal evaporation technique, and then

the NiPc layer was overcoated by an Au mesh to

be used as ohmic electrode. The back side of Si

was coated by a thick layer of aluminium elec-

trode. It was found that the annealing of the fabri-
cated junction at 373 K for 2 h is needed to

enhance the performance of the junction. This

annealing might remove any channels, which could

be raised during the fabrication. It was found also

that the thinner layer of NiPc is most efficient one.

Therefore it is used for the data displaying.

Measurements of dark current–voltage charac-

teristics within the temperature range 298–373 K
were made in air. The current flowing through

the cell was determined using a stabilized power

supply and a Keithley 617 electrometer. The

temperature was measured directly by mean of

Pt–PtRh thermocouple with monitor (Philips ther-

mostat PT 2282 A). A proportional temperature

controller (Eurotherm model no. 390-200) was

used to avoid the sudden drop in the heater tem-
perature. The cells were exposed to light coming

from a light source (white light) to get an intensity

of incident power of about 6 mW/cm2. The dark

C–V characteristics were measured at 1 MHz using

Model 410 CV Meter.
3. Results and discussion

3.1. Dark current–voltage characteristics

To study the junction properties, current–volt-

age characteristics (I–V) have been made. These

measurements, usually, provide a valuable source

of information about the junction properties such

as the rectification ratio (RR), the diode quality
factor (n), the reverse saturation current (I0), the

series (Rs) and the shunt (Rsh) resistances. Analysis

of the I–V characteristics is also extremely useful

to identify the transport mechanisms controlling

the conduction.

The current–voltage characteristics of NiPc

films with thickness 55 nm deposited onto p-Si at

different temperatures ranging from 298 to 373 K
are illustrated in Fig. 1. The curves exhibited a

diode-like behaviour, with the forward direction

to the positive potential on Si. This behaviour
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can be understood by the formation of p–p+ het-

erojunction, in which the barrier at the interface

limits the forward and reverse carrier�s flow across

the junction, where the built-in potential could be
developed.

Fig. 2 shows a semilogarithmic plot of the for-

ward and reverse currents versus the applied volt-

age. It shows an exponential increase in the
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Fig. 2. Semilogarithmic plots of the forward and reverse bias at

room temperature.
forward current with applied voltage for the junc-

tion at low voltage range. This exponential depen-

dence at lower voltage range can be attributed to

the formation of depletion region between Si

and NiPc thin film. From Fig. 2, the junction
parameters can be easily determined. The rectifica-

tion ratio, RR, is calculated as the ratio of the for-

ward current to the reverse current at a certain

applied voltage, i.e. RR = (IF/IR)v=const.

For nonideal diode, the experimentally mea-

sured characteristics often present a more complex

behaviour than the ideal diode due to the presence

of various conduction mechanisms. A summation
of two (or sometimes more) exponential expres-

sions is frequently used to model the various con-

duction mechanisms [22]:

I ¼ I01 exp
qðV � IRsÞ
n1kBT

� 1

� �

þ I02 exp
qðV � IRsÞ
n2kBT

� 1

� �
þ V � IRs

Rsh

ð1Þ

where I0 is the reverse saturation current, n is the

diode quality factor, Rs is the series resistance

and Rsh is the shunt resistance. The equation also

includes the effects of parasitic series and parallel
resistance, which can obscure the intrinsic para-

meters of the device. The series resistance, Rs,

and the shunt resistance, Rsh, are determined from

the plot of the diode junction resistance, RJ,

against voltage [23], where RJ = oV/oI, which can

be determined from the current–voltage curves.

A plot of RJ against V is shown in Fig. 3 for

NiPc/p-Si heterojunction. As observed at suffi-
ciently high forward bias the junction resistance

approaches a constant value, this value is the series

resistance, Rs. On the other hand, the junction

resistance is also constant at sufficiently high re-

verse bias, which is equal to the diode shunt resis-

tance, Rsh. However, junction series and shunt

resistances are important factors in improving cell

performance and design. The obtained values of
the rectification ratio (RR), the series resistance

(Rs) and the shunt resistance (Rsh) are determined

as 1750, 750 X and 1.7 MX, respectively.
The information about the conduction

mechanism can be obtained from current–volt-

age characteristics at different temperatures. The



-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
102

103

104

105

106

10
Rsh = 1.7 MΩ

Rs = 750 Ω

R
j (

Ω
)

V (V)

7

Fig. 3. Junction resistance, RJ, versus V for NiPc/p-Si

heterojunction.

132 M.M. El-Nahass et al. / Organic Electronics 6 (2005) 129–136
semilogarithmic plots of the forward current–volt-

age characteristics of NiPc/p-Si heterojunction at

different temperatures ranging from 298 to 373 K

are shown in Fig. 4. Two distinct regions charac-

terise these curves indicating different conduction
mechanisms. As it is observed in Fig. 4, within

the narrow low forward voltage (V 6 0.30 V), the

current increases exponentially. Thus, the voltage
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Fig. 4. Semilogarithmic plots of the forward bias of I–V

characteristics at different temperature and semilogarithmic

plot of ln(I0/T
2) versus 103/T for NiPc/p-Si heterojunction.
dependence of the junction current can be ex-

pressed in the simplified form as

I ¼ I0 exp
eV
nkBT

� �
ð2Þ

where I0 is the saturation current which can be ob-

tained by extrapolation of the linear ln(I)–V por-

tion to the ln(I) axis at zero voltage and n is the
diode quality factor. The parameters I0 and n

can be readily determined from the curve (room

temperature measurement) shown in Fig. 4 to-

gether with Eq. (2). The values of I0 and n are

calculated as 1.2 · 10�8 A and 1.51 ± 0.05, respec-

tively. Deviation of n from unity may be attrib-

uted to either recombination of electrons and

holes in the depletion region, and/or the increase
of the diffusion current due to increasing the

applied voltage [24]. The diode quality factor is

almost found to be constant at different tempera-

tures. This behaviour is in accordance with the

thermionic emission mechanism.

To confirm that the thermionic emission is the

operating conduction mechanism, more analysis

was carried out. According to the thermionic con-
duction, the saturation current is given by [25]

I01 / T 2 exp � e/b

kBT

� �
ð3Þ

where /b is the barrier height. Obtaining a straight

line from the plot of the logarithm of I0/T
2 against

1/T supports the thermionic mechanism. The inset
of Fig. 4 represents this plot, which clearly shows a

linear behaviour. From the slope of this straight

line the potential barrier height, /b, is determined

as 0.48 eV.

At relatively high forward voltages (0.5 6

V 6 1.2 V), a different mechanism is operating.

As observed in Fig. 5, the current shows a

power-law exponent of the form I � Vm. The slope
of the log(I)–log(V) characteristics, is about 2,

clarifying that the forward biased current is

space-charge-limited current (SCLC) controlled

by a single dominating trap level. Separate SCLC

measurements, supporting this result, were also

done for the samples in form of Au/NiPc/Au and

it is under processing with other transport mea-

surements. The current in this case is expressed
as [26]



0.0 0.5 1.0
10-11

1x10-10

1x10-9

1x10-8

1x10-7

1x10-6

1x10-5

1x10-4

2.6 2.8 3.0 3.2 3.4

10-6

10-5I R 
(A

)
V (V)

 373 K
 353 K
 333 K
 313 K
 298 K

I R
 (A

)

103 / T (K-1)

 0.6 V
 1 V

Fig. 6. A Semilogarithmic plots of the reverse bias of I–V

characteristics at different temperature and semilogarithmic

plots of IR versus 1000/T for NiPc/p-Si heterojunction at

different voltage.

-0.3 -0.2 -0.1 0.0 0.1
-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

2.6 2.8 3.0 3.2 3.4

10-3

10-2

Lo
g 

(I F
) (

A
)

Log (V) (V)

 373 K
 353 K
 333 K
 313 K
 298 K

I (
A

)

103 / T (K-1)

 V = 1 V
 V = 0.8 V

Fig. 5. Variation of log I with logV at higher forward voltage

bias for NiPc/p-Si heterojunction and variation of log I with

1000/T in SCLC for NiPc/p-Si heterojunction.

M.M. El-Nahass et al. / Organic Electronics 6 (2005) 129–136 133
I ¼ ð9=8ÞelA V 2

d3
ðN v=N tÞ exp

�Et

kBT

� �
ð4Þ

where e is the permittivity of NiPc film taken as

2.425 · 10�11 Fm�1 [27,28], l is the holes mobility

(10�5 m2V�1 s�1) [18], Nv is the effective density of

states which equals to 1027 m�3 [29] and Nt is the
concentration of traps at energy level Et, above

the valence band edge calculated as 1.15 ·
1011 m�3 and 0.36 eV, respectively, by plotting I

against 1/T as shown in the inset of Fig. 5.

On the other hand, the reverse current–voltage

characteristics of NiPc/p-Si heterojunction at dif-

ferent temperatures ranging from 298 to 373 K

are shown in Fig. 6. As usual for reverse direction
of a rectifier, the current does not nearly depend

on voltage. At relatively high voltage, the depen-

dence of the current on voltage is stronger than

predicted by pure thermionic emission or Schottky

effect, that leads to the assumption that nearly flat

reverse I–V characteristics could be fit over a wide

range of voltages assuming that generation and

recombination of carriers in the Si substrate is
the dominant source of the reverse current [4].

The reverse current due to carrier recombination

is thermally activated according to the form [7]
IR / expð�DE=kBT Þ ð5Þ

where DE is the minority carrier activation energy.

The semilogarithmic plot of the reverse current

versus 1/T is shown in the inset of Fig. 6. The acti-

vation energy was determined from the slope of

the straight line to have a value of 0.51 eV. The ob-

tained activation energy is approximately equal to
half the band gap of Si. This suggests that the main

source of the reverse current is the Si substrate and

indicates that the reverse current should be limited

by the carrier generation-recombination process.

3.2. Dark capacitance–voltage characteristics

Fig. 7(a) shows the C�2–V characteristic of
NiPc/p-Si heterojunction at room temperature,

which is reasonably interpreted by assuming an

abrupt heterojunction. This characteristic can be

discussed in terms of the junction type analysis

[30] in which the quasi-Fermi level for electrons

is separated from that for holes in the depletion re-

gion when a voltage is applied across the junction,

i.e. a net current flows across the NiPc/p-Si
heterojunction.
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The capacitance was measured using a small

a.c. voltage of 1 MHz. The resistivity, q1, of p-Si
used in this study was found to be lower than

0.1 Xm, so that the dielectric relaxation time

(q1e1, where e1 is the permittivity of Si) became

10�12 s, which indicated that the redistribution of
holes (majority carriers of p-Si) can respond to

the 1 MHz a.c. voltage. On the other hand, the

minimum value of resistivity, q2, for the p-NiPc

films was 1010 Xm. Therefore, the dielectric relax-

ation time became 10�2 s, which suggested that the

redistribution of holes (majority carriers of NiPc)

can not respond to an a.c. voltage higher than

100 Hz. Thus, the films may be considered as a
dielectric material in its behaviour in the case of

the 1 MHz a.c. voltage. This indicated that the

capacitance of NiPc film equals to its geometric

capacitance due to its longer dielectric relaxation

time. Since the capacitance of NiPc films measured

at 1 MHz showed a constant value of 129.1 pF,
independent of the applied voltage as shown in

Fig. 7(a), one can obtain information on the deple-

tion layer extending in the p-Si side regardless that

of NiPc side. Therefore, the total capacitance, C,

of the junction can be expressed by the relation
[31,32]:

1

C
¼ 1

C1

þ 1

C2

¼ 1

e0A
W 1

e1
þ d

e2

� �
ð6Þ

where C1, W1 and e1 are, respectively, the capaci-
tance, the width of the depletion region in the

p-Si side and the dielectric constant of p-Si, which

has a value of 11.9. A is the effective area of the

junction, and d, e2, and C2 are, respectively, the

thickness, the dielectric constant, 3.35 [28], and

the capacitance of the NiPc films which is given
by:

C2 ¼ e0e2
A
d

ð7Þ

According to the abrupt heterojunction model

[30], the following two relations are easily derived:

V D1 � V 1

V D2 � V 2

¼ N 2e2
N 1e1

ð8Þ

and

W 2
1 ¼

2e0e1
eN 1

ðV D1 � V 1Þ ð9Þ

where V1 and V2 are the d.c. bias voltages being

supported in the depletion region in p-Si and NiPc,

respectively, N2 is the effective density of localized

gap states in NiPc, N1 is the donor concentration

in the p-Si, �1022 m�3. Eq. (8) can be rewritten
in the following form:

V D1 � V 1

V D � V
¼ N 2e2

N 1e1 þ N 2e2
ð10Þ

where V = V1 + V2 is the total applied voltage

through the heterojunction and VD = VD1 + VD2

is the total built-in voltage.

From Eqs. (6), (7) and (10), the following rela-
tions can be easily derived as:

W 2
1 ¼ eoe1A

1

C
� 1

C2

� �� �2
ð11Þ

W 2
1 ¼

2eoe1e2N 2

eN 1ðN 1e1 þ N 2e2Þ
ðV D � V Þ ð12Þ
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The saturated capacitance value, C2, of 129.1

pF with the forward bias has been used to calcu-

late W1 in Eq. (11). The calculated values of W 2
1

are plotted versus V as shown in Fig. 7(b). This

plot reveals a good linear relationship indicating
that the abrupt heterojunction model is applicable

to the NiPc/p-Si structure.

It is clear from Eq. (12) that both N2 and VD

can be determined graphically from the slope of

the curve shown in Fig. 7(b) and the intercept

on the horizontal axis respectively; their values

were found to be 1.03 · 1016 m�3 and 0.46 eV,

respectively.

3.3. Photovoltaic properties

The current–voltage characteristics of a NiPc/p-

Si heterojunction solar cell in the dark and under

white light illumination of 6 mWcm�2 and active

area of 0.25 cm2 are shown in Fig. 8. It can be seen

from this figure that the current value at a given
voltage for NiPc/p-Si cell under illumination is

higher than that in the dark. This indicates that

the light generates carrier-contributing photocur-

rent due to the production of electron–hole pairs

as a result of the light absorption. It is well known

that the absorption region of all phthalocyanines
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Fig. 8. Current–voltage characteristics under illumination for

NiPc/p-Si heterojunction.
corresponds to the UV–VIS region [32]. Solar cells

based on monocrystalline silicon convert up to

24% of solar energy to electrical energy [33]. So,

it has been suggested that the light is absorbed at

both NiPc and Si. The generation of photoelec-
trons, via both NiPc and Si exciton intermediate,

followed by electron transfer from p-Si into NiPc

through the potential barrier at the interface. This

is a result of a difference in electron affinities be-

tween the two semiconductors. It is note worthy

that the photocurrent in the reverse direction is

strongly enhanced by photo-illumination. This

behaviour yields useful information on the elec-
tron–hole pairs, which were effectively generated

in the junction by incident photons. Under the

influence of the electric field at the junction, elec-

trons were accelerated towards the NiPc, while

the generated holes were swept towards the Si

along the potential barrier at the interface.

Different junctions were fabricated with differ-

ent thicknesses of NiPc layers. In agreement with
a previous work [34], the most effective junction

was with the thinner layer. This can be explained

as the increasing of the thickness, increases the ser-

ies resistance of the junction. It can be also ex-

plained by considering that the thinner layer

allows higher intensity of light to reach the Si

substrate.

It can be seen from Fig. 8 that the NiPc/Si junc-
tion shows a photovoltaic characteristic with short

circuit current (Isc) of 186 lA, open circuit voltage

(Voc) of 0.32 V, fill factor (FF) of 0.28 and power

conversion efficiency (g) of 1.11%. The value of

the fill factor is lower in comparison to those of

solar cells based on inorganic materials. The main

cause of this effect is generally found to be the field

dependent nature of the charge photogeneration
process or high series resistance of the organic

layer. However, the obtained value of g is in the

order of the values, previously, reported for

phthalocyanines heterojunction cells having Si as

substrates [34].
4. Conclusions

The organic/inorganic heterojunctions were

studied. The NiPc films were deposited onto p-Si
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h100i substrates by evaporation technique. The

current–voltage (I–V) and capacitance–voltage

(C–V) measurements have been performed to

determine the electrical properties of the junctions.

The junctions exhibit rectifying characteristics
showing p–p+ diode-like behaviour. Measure-

ments of the forward current versus voltage, and

the saturation current versus inverse temperature

suggest the existence of a potential barrier /b at

NiPc/Si interface, which has a value of 0.48 eV.

The rectification ratio of the junction was also cal-

culated at ±1 V, yielding a value of 1750. The dark

current–voltage measurements suggest that the
forward current in these junctions involves therm-

ionic emission mechanism, while at high-applied

voltage a space-charge-limited current mechanism

was operated with single trap, which has a value

of 0.35 eV. On the other hand, the reverse current

may be reasonably ascribed to a generated-recom-

bination current. From the capacitance–voltage

measurements at high frequency of 1 MHz, one
can obtain information on the depletion layer

extending in the Si side regardless of that in the

NiPc side. To study the photovoltaic conversion

properties at interface, current–voltage character-

istics in the transverse direction have been mea-

sured under illumination of 6 mWcm�2. These

measurements revealed the occurrence of electron

transfer at the interface supporting a spatial sepa-
ration of the electrons and holes in this optoelec-

tronic system.
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Abstract

It is shown that whenever traps, distributed exponentially in energy, are governing the conduction in electrical mate-

rials, a Meyer–Neldel observation is expected. This is a direct result of the model incorporating a high density of traps

by Shur and Hack. Since this type of conduction is common for low mobility materials, such as organic semiconductors

or amorphous silicon, they are therefore likely to obey the Meyer–Neldel rule.

� 2005 Elsevier B.V. All rights reserved.
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The Meyer–Neldel rule (MNR) [1] is observed

in many processes in nature. Applied to semicon-

ductor materials, the Meyer Neldel rule states that

the prefactor of the thermally activated mobility

increases exponentially with the activation energy.
What this means is that (1) the activation energy of

current or carrier mobility depends on the bias

conditions, (2) there exists a temperature, known

as the isokinetic temperature TMN, where the

dependence on bias disappears. In other words,
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv

doi:10.1016/j.orgel.2005.03.008

* Corresponding author. Tel.: +351 969541198; fax: +351

289800030.

E-mail address: pjotr@ualg.pt (P. Stallinga).
when presented in an Arrhenius plot (logarithm

of the measured quantity vs. reciprocal tempera-

ture), the curves of current or mobility are straight

lines that pass through or converge to a common

point not coinciding with infinite temperature.
The MNR is frequently observed in low-conduc-

tivity disordered materials. As examples: porous

and amorphous silicon [2,3], microcrystalline sili-

con films [4], ionic conductivity [5], glassy materi-

als [6] and organic materials [7]. The common

factor to all these materials is the existence of a

large density of localized states with high activa-

tion energy (traps). In this article we discuss the
link between trap states and the Meyer–Neldel rule
ed.
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using a model of Shur and Hack [8]. As an exam-

ple we show results of thin-film field-effect-transis-

tors of a-sexithiophene (a-T6), although the idea is
equally well applicable to other low mobility

materials.
In the standard model for field effect transistors,

the current in the linear region (Vds� Vg � Vt) is

of the form

Ids ¼
W
L

lCoxV dsðV g � V tÞ. ð1Þ

Here W and L are the source and drain electrode

length and distance respectively, l is the carrier
mobility, Cox is the insulator capacitance density

and Vds and Vg the drain–source voltage and

gate–source voltage respectively. Vt is the voltage

needed at the gate to open the channel. The above

equation allows for a definition of the as-measured
mobility via the derivative of a transfer curve (Ids
vs. Vg):

l ¼ L
WCoxV ds

oIds
oV g

. ð2Þ

Actually, this is the de facto standard used for

determining the carrier mobility in field effect tran-
sistors and is also sometimes called the field effect

mobility, lFET, to distinguish it from mobilities

measured by other techniques such as time-of-

flight or Hall effect. For various reasons, this

mobility can still depend on the bias conditions

and the temperature.

In the multi-trap-and-release model, the charges

spend most of their time on localized trap states,
where the mobility is zero. To contribute to con-

duction, a charge first has to be (thermally) excited

to a delocalized band where the mobility is high.

The field-effect mobility now, by the way it is mea-

sured, is a weighed average of the trap states and

the conduction bands and is not the intrinsic

mobility of free carriers. Since the thermal equilib-

rium of the distribution over the levels depends on
the temperature, the as-measured mobility de-

pends on the temperature. Parameters in this are

the band state density and the trap state density

and depth. Poole and Frenkel [9] have shown that

the effective trap depth can be lowered by the

application of an in-plane field. This makes

the as-measured mobility also field (drain–source
voltage) dependent. Many authors have shown

that non-crystalline low-conductivity materials

such as most organic materials or amorphous sili-

con are well described by this Poole–Frenkel con-

duction model [10], thereby showing that traps is
the limiting factor in the conductivity. In a recent

publication we have shown this to be true for a-
sexithiophene [11].

As shown by Shur and Hack, a high density of

trap states also causes the mobility to depend on

the gate voltage [8,12]. Because the ratio of free-

to-trapped charges increases with the gate voltage,

the transfer curves are supra-linear [8,11]. They
present a model with a density of traps that is

exponentially decreasing with depth. Their model

dictates that the drain–source current is of the

form [8, Eq. 53]

Ids ¼
ql0W
L

f ðT ; T 2Þ½CoxðjV g � V tjÞ� 2T 2=T�1ð ÞV ds

ð3Þ
with

f ðT ; T 2Þ

¼ NV exp
�EF0
kT

� �
kT �
q

sinðpT=T 2Þ
2p�T 2kTgF0

� �T 2=T

. ð4Þ

Here T2 is a parameter describing the slope of

the distribution of deep trap states in a logarithmic

energy diagram: d ln(NT)/dE = 1/kT2. NV is the

effective density of band states which is consid-

ered independent of temperature (assuming a

more accurate slowly-varying function, such as

NV / T3/2 [9], does not change the analysis). gF0
is the density of deep localized states at the Fermi

level EF0, which can be as large as NV. l0 is the
band mobility, � the semiconductor permittivity,
q the elementary charge and k the Boltzmann con-

stant. Note that a factor q has been removed from

the last term of the original form of Eq. (4) in

order to make the units correct.

Eq. (3) directly predicts the second part of the
Meyer–Neldel observation, namely a temperature

where the current does not depend on the gate

voltage:

TMN ¼ 2T 2. ð5Þ
In other words, the Meyer–Neldel temperature is

a direct measure of the distribution of deep



Table 1

Simulation parameters used to generate Fig. 1

Parameters Value Unit

NV 1019 cm�3

Cox 1.92 · 10�4 F/m2

EF0 484 meV

Vds �0.1 V

gF0 1016 cm�3 eV�1

T2 450 K

W 1 cm

L 30 lm
l0 3 cm2 V�1s�1

� 5�0
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trap states and this temperature can rapidly be

determined by taking temperature-scanned-cur-

rent curves at different biases.

For temperatures well below T2, the approxi-

mation sinðpT =T 2Þ 
 pT =T 2 can be made and, to-
gether with the relation ax = exp(x ln(a)) it is easily

shown that the Arrhenius plots of current are lin-

ear and the effective activation energy depends on

the gate bias (demonstrating the first part of the

Meyer–Neldel rule):

EA¼EF0

�kT 2 ln
1

2�ðkT 2Þ2gF0

 !
�2lnðCoxðjV g�V tjÞÞ

" #
.

ð6Þ

This activation energy can thus substantially devi-

ate from the depth of the traps at the Fermi level,

EF0. Moreover, because of the linearity of the

Arrhenius plots, one can easily make the mistake

of assuming a single discrete trap level to be
responsible for the activation of the current.

Eq. (6) also shows that the activation energy de-

pends on the bias condition Vg. Fig. 1 shows a sim-

ulation of a temperature-dependent-current (I–T)

experiment of a system with deep traps with the

parameters as of Table 1. In the inset, the as-mea-
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Fig. 1. Simulation of temperature-dependent currents (IT)

based on parameters of Table 1, with gate biases from 0.1 V

to 20 V as indicated. The solid dot (d) represents the Meyer–

Neldel point (TMN, IMN). The inset shows the effective activa-

tion energy as a function of bias.
sured activation energy is shown as a function of

bias, jVg � Vtj. This is indeed very similar to the
Meyer–Neldel observation seen in a wide variety

of materials. (Note: Since the parameters are inter-

dependent, the same results can be obtained for

other combinations of EF0 and gF0.)

Applying Eq. (2) for the as-measured mobility

to Eqs. (3) and (4) we find that the observed mobil-
ity has a similar behavior but becomes gate-volt-

age independent at a Meyer–Neldel temperature

of TMN = T2. Moreover, the as-measured mobility

is much smaller than the band conduction mobility

l0. As an example, for the parameters of Table 1
and jVg � Vtj = 6 V and T = 300 K, the measured

mobility is 8.0 · 10�3 cm2/Vs—three orders of

magnitude below the band mobility l0.
For a specific a-sexithiophene p-channel FET,

with geometric parameters W, L and Cox as given

in Table 1, I–T scans were made for various bias

conditions [11]. An example of an I–T curve for

Vg = �10.5 V and Vds = �0.5 V, together with a
simulation on basis of Eq. (3) is shown in Fig. 2.

A summary of the measured activation energies

of current as a function of gate bias is given in
Fig. 3. Unfortunately, in these experiments, the

scanning had to be limited to below 210 K to avoid

the phenomenon known as stress [14], substantial

shifts of the threshold voltage Vt with time and

upon changes of bias. This is especially pertinent

because the effect of bias on the measured activa-

tion energy is expected to be largest for Vg close

to Vt, as predicted by Eq. (6). Thus, small changes
of Vt influence the results dramatically. Recently,

Gomes et al. [13] have shown that a-sexithiophene
also suffers from this phenomenon for higher
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Fig. 2. Arrhenius plot of the current of an FET based on

sexithiophene with bias Vds = �0.5 V and Vg = �10.5 V. The
dashed line shows a simulation with EF0 = 535 meV,

NV = 1.7 · 1019/cm3, Vg � Vt = �2 V and other parameters as
of Table 1. The slope of the curve yields an effective activation

energy of 296 meV.
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Fig. 3. Measured activation energy as a function of bias of an

FET based on sexithiophene. The solid line is a fit to the data

yielding T2 = 250 ± 200 K and Vt = �8.5 ± 1.4 V. To avoid

systematic error, the measurements were carried out in random

order. Each point represents a curve such as shown in Fig. 2.
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temperatures and we expected to obtain distorted

results when stressing becomes important above

210 K. Even in the low temperature range chosen

for the experiment, we cannot exclude small

changes of Vt. However, it is clear from Fig. 3 that

the activation decreases with Vg as predicted by

the above theory. Moreover, to avoid systematic
errors in the measurement caused by stress, the

experiments were carried out in random order.

In another experiment [11], measuring the

mobility of the carriers as a function of tempera-

ture, Meyer–Neldel temperatures (TMN = T2) were
found to vary from sample to sample and different

T2�s were sometimes found in the high and low
temperature range, sometimes with an abrupt

change at around 200 K [11]. Using the above the-

ory this implies a change in the energetic distribu-

tion of deep trap states.

One final thing to note is that Eqs. (3) and (4)

also predict a current that is dropping for temper-
atures approaching T2 (see Fig. 1). For tempera-

tures beyond T2 (up to 2T2), the equations do

not yield a real value for the current. Interesting

in this respect is the lack of presented results in lit-

erature for measurements at the isokinetic temper-

ature. In all cases the Meyer–Neldel point is found

by extrapolation of the curves.

In a conclusion, we showed that the observation
of the MNR is a direct result of traps. Therefore,

the MNR is a sign of conduction governed by trap

states and the isokinetic temperature TMN, the

temperature where the current or the mobility is

independent of bias, is a parameter describing

the distribution of these trap states. As such, the

Meyer–Neldel temperature is a reliable and easily

measured parameter to determine trap states.
TMN can be called a figure-of-merit as suggested

by Pichon et al. [15]. The theory was applied to

an FET of sexithiophene which shows to con-

form to this model, although, due to stressing,

the parameters were difficult to extract.

As a final remark, we do not exclude the possi-

bility that other systems or factors will result in the

observation of the MNR. Moreover, even for trap-
rich systems there might be various explanations

for the MNR observation. Shur and Hack [8],

Crandall [16] and Vissenberg and Matters [17] all

use models of trap-rich systems resulting in similar

temperature and gate-bias dependence. We can ap-

ply the same analysis to show that these models

will thus predict the MNR observation. Vissenberg

et al. do not include the band states and the con-
duction is solely through hopping from trap state

to trap state. In a recent work we have shown

the model of Shur and Hack to be most adequate
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for describing the a-T6 FETs [11]. In the current
work we have shown how this then predicts a

Meyer–Neldel rule.

We would like to acknowledge D.M. De Leeuw

for valuable discussion. This work has been fi-
nanced by Portuguese grant POCTI/FAT/47956/
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Abstract

In order to increase the stability and practicality of polymer field effect transistor (FET) devices, different manufac-

turing parameters are investigated, including choice of material, processing solvent, and device geometry. It is found

that the performance of the devices is closely related to the choice of gate insulator material, the applied sample con-

figuration and the order of layer deposition. Thermally cross-linked polymers are investigated as insulator materials.

For a top gate configuration the key parameter is the choice of insulator material (and solvent) while for the bottom

gate configuration, device performance is largely dependent on interfacial properties, which may be controlled for

example by surface treatment. This study shows that care must be taken in designing and applying the gate insulator

layer of a FET.

� 2005 Elsevier B.V. All rights reserved.
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Electronic products based on polymers and

other organic materials have emerged recently,
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such as transistors, sensors, displays, and photo-

voltaic devices [1–3]. The transistor is a basic com-

ponent in modern electronics and high performing

organic transistors are thus the key to all-polymer

electronics.

Organic transistors, however, still lag behind
inorganic competitors in both peak performance

and stability. Still, there is great potential for
ed.
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organic electronics to replace current alternatives

in some areas due to its low cost and simple pro-

cessing capabilities, such as a continuous additive

printing type manufacturing process.

This paper addresses the influence of device
geometry and particularly the gate configuration,

and the choice of gate insulator material. The or-

ganic transistor is a thin film transistor (TFT) de-

vice and it is well known that the field effect is

determined largely by the insulator layer that

forms the metal–insulator–semiconductor (MIS)

capacitor [4]. For comparison all process parame-

ters, such as electrode material, drying times and
temperatures, annealing temperatures etc. are the

same in all devices. The field effect transistor

(FET) channel width and length are 1500 and

100 or 35 lm, respectively. Regioregular poly(3-

hexylthiophene) (RR-P3HT) from Merck Chemi-

cals dissolved in p-xylene (anhydrous, from

Aldrich) is used as an organic semiconductor, spun

at room temperature from a filtered 2 mg/ml solu-
tion giving a film thickness of 20–30 nm on glass.

The two types of samples are of bottom gate

(BG) or top gate (TG) configuration, as shown

in Fig. 1. The insulators are deposited by spin cast-

ing and the gold electrodes by shadow mask vac-

uum evaporation.

Four different insulating materials are

compared; poly(hydroxy styrene) (PHS) from
Electronic Polymers (DuPont); PHS and the

cross-linking agent poly(melamine-co-formalde-

hyde) (PMF) in a mixture (PHS:PMF) with 15

wt% PMF; a precursor polyimide (pPI) (PI2610

DuPont, purchased from Aldrich) in solution;

and a butanol based insulator formulation from

Merck Chemicals (TCI01), which is an aromatic

oligomeric resin. PHS and PHS:PMF are dissolved
in anhydrous ethyl acetate (from Aldrich). Typi-
(a) (b) G electrode
insulator
RR-P3HT
S & D electrodes
substrate

VD

VG

Fig. 1. Sample configurations used in this study; (a) bottom

gate, BG, with the measurement setup schematically shown,

and (b) top gate, TG, indicating the different layers and

materials of the device. The hatched area is the RR-P3HT

semiconductor layer. Layer thicknesses are not to scale.
cally TCI01 was spun at 2000 rpm, PHS (150 mg/

ml) at 1000 rpm and PHS:PMF (100 mg/ml) at

600 rpm. The pPI solution was diluted to 7 wt%

with N-methyl-2-pyrrolidone (NMP) to yield a

film thickness of �1 lm when spun at 2000 rpm.
The addition of PMF changes the wetting proper-

ties significantly for the PHS material mixture. An

insulator thickness of around 1 lm was chosen to

minimize the risk of pinholes and current leakage

to the gate electrode.

Transistor devices are characterized using an

Agilent HP4142B semiconductor analyzer. Insula-

tor capacitance is estimated by applying a linearly
increasing voltage with a voltage rise speed,

A = 100 V/s, over a plate capacitor device using

gold electrodes with an overlap of 1 mm2, and

measuring the charging current. This technique

[5] allows for accurate direct measurements of

the capacitance using simple laboratory equipment

and gives estimates for the capacitance even for

samples with a high conductivity. Mean values
for capacitance per unit area, Ci, for the different

insulator layers are for PHS 1.8 nF/cm2, for pPI

4.9 nF/cm2, for PHS:PMF 2.1 nF/cm2, and for

TCI01 2.5 nF/cm2. Mobility, l, is mainly esti-

mated from the modulation of the drain current

in the saturated region, see e.g. [6] for details.

The conductivity, r, of the RR-P3HT film is esti-

mated from the source current at a low drain volt-
age when the gate voltage is 0 V. Contact

resistance was assumed to be negligible as gold

electrodes are known to form good contacts to

RR-P3HT [7]. The leakage currents were reduced

by carefully wiping off the RR-P3HT around the

edges of the sample.

Using silicon substrates as a working gate elec-

trode inevitably results in a BG device configura-
tion. Polymer based devices are normally of a

TG configuration due to solvent compatibility rea-

sons between layers. One of the main topics of this

work is to investigate the influence of using differ-

ent insulator materials that can be thermally cross-

linked to form insoluble thin films thus providing

more freedom in device configuration. The chemi-

cal process involved in the cross-linking is not
investigated, the materials are used as received

and all films are cured/baked at 100 �C for 1 h.

The three cross-linkable materials are designed to



Fig. 3. Output curves for a TG device with low conductivity

using TCI01 as the gate insulator. Field effect modulation is

pronounced, with a clear saturated region typical of FETs. The

small offset between curves at low drain fields indicates a

leakage current on the gate electrode, occasionally a severe

problem especially on unpatterned low conductivity samples.
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be curable at low temperature and have been

tested for compatibility with xylene, the solvent

used for RR-P3HT deposition. Pure PHS can be

used for working devices when RR-P3HT is

quickly spun, despite the fact that the material is
not cross-linked. Sample preparation and mea-

surements are performed under controlled

atmosphere.

Fig. 2 shows the influence of gate configuration

on I–V characteristics for PHS samples. In general,

the I–V characteristics are more typical of transis-

tor behaviour in the BG configuration. A high

conductivity in the TG configuration is assigned
to increased doping of the semiconductor by the

addition of the insulator layer solution or the

introduction of impurities in the interface during

sample preparation. The latter may be due to the

fact that in this configuration the exposed top sur-

face of the semiconductor is where the FET chan-

nel is formed [8]. For samples using TCI01 as an

insulator, however, the difference between TG
and BG configuration is fairly small. An output

curve for a TG TCI01 transistor is shown in

Fig. 3. This sample features a low conductivity
(a)

(b)

Fig. 2. Output curves for (a) BG and (b) TG configurations

using PHS as gate insulator material. There is a typical

difference in current (and conductivity) of 100 between the

two geometries.
RR-P3HT film and shows typical transistor behav-

iour. The quality of a FET can be estimated by

comparing the mobility values extracted from

the linear and saturated regions, which in this sam-

ple are 3.7 · 10�4 cm2/Vs and 2.2 · 10�4 cm2/Vs,

respectively.
A low conductivity in both configurations for

the TCI01, provides indication that the RR-

P3HT layer is not affected by the curing of the

TCI01 film or by the solvent used for the insulator

solution. As will be discussed further in the context

of Fig. 4, the TG results may even suggest that this

configuration provides enhanced charge carrier

transport when using TCI01. This could be due
to a higher mobility or a change of density of

states as a result of improved film morphology

or local polarisation effects [9]. Apart from the

insulator material, the device properties are influ-

enced by other processing parameters relating to

the changed device configuration, such as the insu-

lator solvents, the cross-linking procedure and the

different semiconductor–insulator interface.
The PHS insulator works well in transistor de-

vices and is widely used for organic electronics

[10]. The material has good dielectric properties

but has been shown to be hygroscopic and there-

fore absorb humidity in ambient atmosphere affect-

ing the I–V characteristics of the unshielded device

[11]. PHS is soluble in many common solvents, nor-

mally restricting applicability to TG devices. PI, on



Fig. 4. Mobility vs. conductivity for the different device

configurations using the four different insulator materials.

Open and solid symbols correspond to BG and TG device

configurations, respectively. The dashed line represents the

universal rule [14] between the conductivity and mobility for

disordered conjugated material. The samples marked with an *
exhibit threshold voltage [0 V resulting in unreliable conduc-

tivity measurement using the chosen technique.
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the other hand, is a well-known insulator with

excellent electrical and mechanical properties.

Low-temperature precursors, however, are few.
To avoid degrading the RR-P3HT film, samples

must not be heated above �150 �C [12, p. 480].

Fig. 4 shows the collected results for the four dif-

ferent materials and both device configurations.

Additionally, the graph displays the general rule,

l � rd with d = 0.76, relating the mobility value

and the conductivity of the semiconductor for

RR-P3HT [13,14]. This ‘‘universal rule’’ is valid
for amorphous (disordered) material. However,

the rule serves as a measure to indicate the differ-

ence between increased mobility due to e.g. struc-

tural or interface changes and mobility due to

unintentional doping (high conductivity). In gen-

eral, samples with better performance are found

in the upper left corner of Fig. 4. At low conductiv-

ity values, a small gate leakage current affects the
measurement and the estimation of the conductiv-

ity is more complicated. This gives a larger spread

in the data at low conductivities, as seen in Fig. 4.

All samples follow the general rule marked with

the dashed line within a factor of 10–100, except

the TG TCI01 samples (marked by .), which ap-
proach the upper left corner in Fig. 4. Recorded

values are consistent with results reported in the

literature. Furthermore, BG configuration gener-

ally result in a lower conductivity than TG config-

uration. A proposed explanation is that for BG the
insulator is converted before the semiconductor is

applied. Using the TG configuration any conver-

sion products and solvents can interact with the

semiconductor during the cross-linking procedure.

The TCI01 in a TG configuration is the exception

since both a high mobility and a low conductivity

is obtained. BG gives very low conductivity values,

but mobility is correspondingly lower, following
the universal rule.

Film quality may have been an issue in the

PHS:PMF samples since this material combina-

tion had a large failure rate among the measured

samples. During the cross-linking step of TG

PHS:PMF (marked by �) it is speculated that

there could be structural changes in the film that

translate to the underlying RR-P3HT film causing
changes in film morphology and thus charge car-

rier mobility.

There was a very high failure rate for TG pPI

(marked by m) which is assigned to unidentified

harmful reactions taking place during the conver-

sion of the polyamic acid precursor polymer. Even

the presently used low curing temperature precursor

is more efficient, and would produce polyimide of a
higher quality with better insulator properties, if

cured at higher temperatures. BG structures can be

cured at higher temperatures if metal gate electrodes

are used, but forTG structures pPI is notwell suited.

The conversion of TCI01 does not seem to af-

fect RR-P3HT as much. The spread of values for

TCI01 (marked by $) is partly due to uncertainty

in the low currents. These samples show the best
transistor characteristics and exhibit turn on volt-

ages close to 0 V (in some cases even negative) but

accurate conductivity determination for such sam-

ples is not straightforward. The TCI01 insulator

provides the best performance in this study and a

TG device structure could even be beneficial for

practical TFTs, additionally providing a natural

encapsulation of the sensitive FET channel region.
It is speculated that the thermal cross-linking

procedure for TG TCI01 samples (marked by .)
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result in structural changes in RR-P3HT, which

maintains the high mobility even at low conductiv-

ity values. If the semiconductor is unchanged a de-

creased conductivity would result in lowering the

mobility following the general rule.
This study implies that the device structure and

the curing process must be controlled with great

care. A generally higher conductivity and a slightly

better reproducibility is obtained using the TG

structure. A generally poor ON–OFF ratio of the

FETs in this study (about 102–103 for the sample

in Fig. 3 at�40 V) could be improved by optimizing

FET geometry thus minimizing the interference of
the gate leak currents present on the transfer char-

acteristics. In this work FET structures were used

with a non-optimized channel size and the semicon-

ductor was not patterned, resulting in significant

parasitic gate leakage, the impact of which would

be much less if a shorter channel, and minimized

gate electrode overlap, was used. However, the

experiment was designed to reveal the differences
between samples using different gate configuration

and insulator material, and the device structure

was thus kept the same in all measurements.

As a conclusion, it is seen that the TG geometry,

often the device configuration of choice for organic

FETs, generally gives higher mobility values. We

note, however, that mobility and conductivity are re-

lated properties. The variations in conductivity is
large and the device properties depend highly on

the choice of insulator material. The spread in re-

cordedparameters is smaller using theBGconfigura-

tion and conductivity is also generally lower, which

gives better current modulation at low voltages. Sur-

face treatment procedures may provide means for

improving the interface to the semiconductor and

thus increase the mobility. The insulator TCI01 from
Merck is in this work the material of choice and

would be used in the TG configuration due to the

excellent l–r characteristics of these devices.
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Department of Electrical Engineering and Computer Science

Room 13-3138, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

For instructions on how to prepare the manuscript or how to submit online, please consult the Author Gateway at

http://authors.elsevier.com/journal/orgel. Note that authors should indicate in the cover letter to the Editor that the

manuscript is submitted for this Special Issue.

Organic Electronics 6 (2005) 147

www.elsevier.com/locate/orgel

doi:10.1016/j.orgel.2005.04.002



Organic Electronics 6 (2005) 149–160

www.elsevier.com/locate/orgel
Properties of organic light-emitting diodes by
aluminum cathodes modification using Ar+ ion beam

Soon Moon Jeong, Won Hoe Koo, Sang Hun Choi, Hong Koo Baik *

Department of Metallurgical Engineering, School of Materials Science and Engineering, Yonsei University,

134 Shinchon-dong, Seodaemun-ku, Seoul 120-749, Republic of Korea

Received 20 September 2004; received in revised form 14 March 2005; accepted 30 March 2005

Available online 12 May 2005
ED
Abstract

Organic light-emitting diodes (OLEDs) with aluminum cathodes prepared by the ion beam-assisted deposition

(IBAD) have a longer lifetime than thermally evaporated one. The electroluminescent features were examined to com-

pare the rate of degradation in the devices with thermally evaporated Al cathodes and ion beam-assisted Al cathodes.

The dense and highly packed Al cathode effectively prevents the permeation of H2O and O2 through pinhole defects,

which results in retarding dark spot growth. Employing thin Al buffer layer diminished Ar+ ion-induced damages in

phenyl-substituted poly-p-phenylene-vinylene (Ph-PPVs) and limited permeation against H2O and O2. The interface

between Al and Ph-PPV may be modified in IBAD case, even though buffered Al layer was deposited to 30 nm by ther-

mal evaporation prior to Ar+ ion beam irradiation. It is believed that the buffered Al film cannot screen the Ar+ ions or

Al atoms wholly due to the existence of pinholes or non-deposited regions among the columnar structures.

� 2005 Elsevier B.V. All rights reserved.

Keywords: OLED; Ion beam-assisted deposition; Passivation; Lifetime
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1. Introduction

Since efficient electroluminescence (EL) from an

organic light emitting device (OLED) was first re-

ported, there has been considerable interest in uti-

lizing OLEDs for full color flat panel displayRE

1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv

doi:10.1016/j.orgel.2005.03.010
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applications [1]. However, the OLED devices still

suffered from limitation of short lifetime due to

degradation such as crystallization of organic

materials [2,3], chemical reactions including oxida-

tion [4] and gas evolution [5,6], there has been little

mention of passivation layer that protect OLED

devices from water and oxygen in a room ambient.
As a result, conventional OLEDs exhibit a short

lifetime (generally defined as the time necessary

to reduce luminance to 50% of initial luminance
ed.

mailto:thinfilm@yonsei.ac.kr


Fig. 1. Schematic diagram of (a) ion beam-assisted deposition

(IBAD) system and (b) device structure (ITO/PEDOT/Ph-PPV/

LiF/Al).

150 S.M. Jeong et al. / Organic Electronics 6 (2005) 149–160

AC
value at constant current) as a usable device in

atmospheric conditions.

To increase the lifetime of OLEDs, various

methods and techniques have been devised for

encapsulating OLEDs with protective layers of
varying compositions. At present, a hermetic

encapsulation technique using a glass or metal lid

attached by a bead of UV cured epoxy resin has

been extensively performed to protect OLEDs

from oxygen and water vapors [4]. However, these

types of seals are very expensive to fabricate and

require extensive labor to assemble. In addition,

these seals are large and heavy so that they se-
verely limit the applications of OLEDs.

Polymer materials formed by using dry or wet

process have a relatively high H2O permeation rate

of 100–102 g/m2 [day] and are therefore inadequate

for encapsulating OLEDs. In addition, the mois-

ture barrier property below 5 · 10�3 g/m2 [day]
is difficult to achieve using inorganic materials

deposited at or near room temperature.
In the food packaging or medical device indus-

tries it is desirable to manufacture thin, flexible

and transparent films that act as a protector

against oxygen and moisture. Some researchers

proposed a quantitative model for SiOx/polymer

films which estimate the degree of oxygen perme-

ation through the lattice (�pore� size <0.3 nm),
nano-defects (0.3–1.0 nm), and macro-defects
(>1 nm) at a given oxide layer. The existence of

nano-defects in silica glasses has been previously

found based on observed decreases in the activa-

tion energy of permeation at low temperatures

[7]. The role of nano-defects was reported to be

effective for relatively large molecules (e.g., O2
and H2O) since their lattice permeabilities at room

temperature are virtually negligible. So note that
the passivation layer should not contain nano-de-

fects to protect the OLED device from O2 and

H2O.

However there have been few reports about

enhancing passivation property through cathode

modification. To minimize damage in organic

materials, the cathode has been deposited by the

thermal evaporation process with low adatom
mobility. This process allows the porous thin film

cathode having many pinholes, even though dam-

age is not produced.

RETR
In this paper, we develop the highly packed alu-

minum cathode using the IBAD technique, leading

to an increase lifetime of the OLED device

through the improvement of protection ability

against O2 and H2O.
2. Experiment

Indium tin oxide (ITO) coated glass was used as

the substrate for OLEDs which was about 200 nm

thick with a sheet resistance of approximately

15 X/square. ITO was patterned using a gas mix-
ture of hydrochloric acid (HCl) and nitric acid

(HNO3) with same volume quantity and then

3 mm-sized ITO stripes were obtained. After ITO

patterning, the standard cleaning procedure in-

cluded the sonication in a detergent, aceton, and

isopropyl alcohol successively, and then rinsing

in deionized water. A layer which has been used

is a dispersion of poly(3,4-ethylenedioxythio-
phene) (PEDOT) and poly(styrenesulfonic acid)

TED
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(PSS), commercialized by Starck (AI 4083), was

spin-coated up with 4000 rpm to a thickness of

50 nm as a hole transport layer (HTL). The resid-

ual water was removed at 200 �C for 5 min in air
condition. After heat treatment, yellow light emit-
ting polymer, phenyl-substituted poly-p-pheny-

lene-vinylene (Ph-PPVs) provided by Covion,

was spin-coated with 4000 rpm to have a thickness

of 80 nm as an emissive layer on the HTL layer in

air condition successively, and they were trans-

ferred in air to the evaporation chamber. Then,

Al cathodes were deposited up to about 100 nm

in thickness by the conventional thermal evapora-
tion method and IBAD process, respectively. The

schematic diagram of an IBAD system and the de-

vice are shown in Fig. 1. The Kaufman ion gun

was used to increase aluminum ad-atom mobility.

Ar+ ion energy and current density were 150 eV

and 70 lA/cm2, and Al deposition rate was 1–2
Å/s. In all cases of ion beam irradiation condi-

tions, the incident angle of the ion beam was 45�.
To avoid Ph-PPV damages by Ar+ ion bombard-
Fig. 2. Atomic force microscopy (AFM) images of various spin coa

1000 rpm (b) 3000 rpm (c) 4000 rpm and (d) root mean square (rms)

RETRA
ment, thermally evaporated Al is deposited up to

30 nm in thickness prior to ion beam-assisted

deposition.
3. Results and discussion

It was reported that smoother barrier coatings

have low values of diffusivity, whereas for rougher

coatings the diffusivity is much worse [8]. To

achieve highly flat aluminum thin films, the surface

morphology of Ph-PPV used as a substrate should

be flat because depositing film was influenced lar-
gely by substrate surface conditions. The surface

roughness and thickness of spin coated organic

materials is determined by two factors, one is a

spin speed and the other is a solution viscosity.

The viscosity that can be varied by volume ratio

between polymer and solvent is fixed, so the

roughness and thickness of Ph-PPV is decreased

with increasing spin speed. Fig. 2 shows the
surface morphology of spin coated Ph-PPV with

TED
ted phenyl substituted poly-p-phenylene-vinylene (Ph-PPV) (a)

values.

C



Fig. 3. The scanning electron microscopy (SEM) images of (a)–(c) thermally evaporated Al on LiF/Ph-PPV/PEDOT/ITO structure

with deposition rate of 50, 10, 1 Å/s respectively (d) ion beam-assisted Al with deposition rate of 1 Å/s and (e) root mean square (rms)

values obtained from atomic force microscopy (AFM).
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various spin speed using AFM. The larger spin

speed, the smaller roughness of Ph-PPV. We deter-

mine the optimized spin speed to 4000 rpm be-

cause the thickness of Ph-PPV at that spin speed

is 80 nm that was usually used in other reports.
In order to investigate the effects of deposition

rate on the roughness, we manipulated aluminum

deposition rate from 1 Å/s to 50 Å/s. It has been

generally accepted that the surface morphology is

flat at slow deposition rate because adatom mov-

ing time is longer than that of higher deposition

speed.

RE
 Fig. 3 shows the SEM images and root mean

square (rms) value of aluminum thin films on

LiF/Ph-PPV/PEDOT/ITO substrate having differ-

ent deposition rates. The aluminum deposition

rate varies from 1 Å/s to 50 Å/s and the spin coat-
ing speed of Ph-PPV and PEDOT layer is fixed at

4000 rpm spin. In Fig. 3(a)–(c), the surface of alu-

minum thin films obtained at low deposition speed

is smoother than that at high deposition speed.

We must now relate the surface diffusion which

an adsorbate molecule travels during film deposi-

tion. This is an adaptation of the classic random-



Fig. 4. (a) Water vapor transmission rate (WVTR) of Al layer

prepared by thermal evaporation and ion beam-assisted depo-

sition on polycarbonate (PC) substrate (b) Optical image of

bare polycarbonate (PC) substrate.
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walk problem. Since each hop is equally likely to

be forward or backward in any given direction

on the surface, there is no net motion in any one

direction. However, as time (=t) passes, the mole-

cule is more likely to be found further from its
starting point. This is equivalent to saying that if

one carries out a large number of trials of starting

a molecule diffusing from a single point at t = 0,

then with increasing t the final locations of these

molecules become more widely dispersed from

the starting point [9]. As a result, the roughness de-

crease in slowly deposited Al film because adatom

can diffuse further distance if the deposition rate is
lower.

Fig. 3(e) indicates the root mean square (rms)

value obtained from Atomic Force Microscopy

(AFM) measurement. This is might be due to pro-

longed adatom moving time.

The impingement of energetic ions or atoms

upon a solid surface produces a wide variety of ef-

fects, and there has been a vast amount of experi-
mental and theoretical work on the subject. Many

of these effects are beneficial to thin film deposi-

tion, thus ion bombardment is one of the most

important thin film process parameters. Careful

studies of atomic trajectories during ion impact

onto a porous microcolumnar surface structure

clarified the essential mechanisms which contrib-

ute to an improvement in layer growth: (i) ion
bombardment during growth removes overhang-

ing atoms and causes void regions to remain open

until filled by new depositing atoms; (ii) sputtered

atoms are redeposited mainly in voids; (iii) ions in-

duce surface diffusion (diffusion distance is a few

interatomic spacings), local heating, collapse of

voids and recrystallization [10].

The ion beam-assisted deposition process was
adopted to obtain a highly flat and packed alumi-

num structure. Fig. 3(d) shows the SEM data of

the Al cathodes deposited by thermal evaporation

and IBAD process. In the thermally evaporated Al

cathode, islands and voids are very large. On the

other hand, the Al cathode deposited by IBAD

contains the fine islands and voids that may re-

strict the permeation of H2O and O2. The Al
atoms bombarded by energetic Ar+ ion produce

the cathode having the highly packed structure

due to their high surface adatom mobility. The

RETR
degree of surface roughness of the Al films depos-

ited by IBAD is lowered remarkably for Ar+ ion

energy of 150 eV.

To study the effect of ion beam-assisted Al on

the protection against H2O, the water vapor trans-
mission rate (WVTR) of bare PC (polycarbonate)

and cathodes obtained from different deposition

processes, thermal evaporation and IBAD with

1 Å/s, on PC substrate was measured using a MO-

CON instrument at 37.8 �C. All WVTR values are
reported in units of g/m2 per day.

In Fig. 4(a), it can be seen that the Al layers

from thermal evaporation and IBAD have much
lower WVTR value than the bare PC substrate

does. Further the WVTR value of the Al layer

D
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from IBAD is even lower than that from thermal

evaporation. But these values are somewhat higher

than those reported for the most commonly used

coatings on PET (poly ethylene terephthalate):

Al [11,12]; SiO [13–15]; and AlOx [16]. This might
be due to the macro-defects existed in the bare PC

substrate as shown in Fig. 4(b). These macro-de-

fects induce the pinholes in Al films that act as a

pathway of H2O due to the shadowing effect.

However, the shadowing effect can be minimized

in the ion beam-assisted Al layer because of its rel-

ative high adatom mobility, resulting in a decrease

in the value.
The lowest value of WVTR may be caused by

not only macro-defects existed in bare PC substrate

but also nano-defects or lattice interstices. Roberts

et al. reported that macro-defects (>1 nm), nano-

defects (0.3–0.4 nm) and the lattice interstices

(<0.3 nm) all contribute to total permeation [7].

The relative contribution of each component

depends on the size of the permeant molecule (or
atom), and the number and size of each class of

defect. Although the relative contribution of each

factor were not clearly examined in this experi-

ment, it is obvious that films prepared with ion

bombardment have packed grain structure and flat

grain morphology resulting in smaller size of nano-

defects or lattice interstices [17]. These may induce

the lower WVTR value in ion beam-assisted Al
sample.

In order to compare the passivation properties

of the thermally evaporated Al and ion beam-

assisted Al cathode, the storage lifetime test was

performed. The samples used for storage lifetime

test are thermally evaporated Al device and ion

beam-assisted Al device with 1 Å/s and substrates

were fabricated identically for the comparison of
two different cathodes. The resulting specimens

were stored in air condition and electrolumines-

cent features were captured using optical micros-

copy to investigate the growth of dark spots. The

corresponding devices consisted of multi-layers,

ITO/PEDOT/Ph-PPV/LiF/Al, without any encap-

sulation or passivation layer.

Fig. 5 shows the optical images of both Al cath-
odes. Driving conditions of the thermal evapo-

rated Al device and ion beam-assisted Al device

were 10 V, 2 mA, 2500 cd/m2 and 10 V, 3 mA,

RETR
3500 cd/m2, respectively. Dark spots induced by

dust particles were formed inevitably since the de-

vices were fabricated at an ordinary laboratory

without filtering process from the air. In the ther-

mally evaporated Al device, the dark spots were
growing gradually with time whereas in the ion

beam-assisted Al device remained almost steady.

It was believed that the formation of pinholes

resulting from dust particles was minimized due

to high surface adatom mobility for the IBAD-re-

lated device. However, some of the dark spots in

the thermally evaporated Al device may be almost

steady with time. Wang and coworkers [18] re-
ported that the growth rate of dark spot is corre-

late with the pinhole size and diffusion controlled

process. Although the Al has a porous structure

in thermal device, dark spot growth can be slow

if the pinhole size is very small. However, it is cer-

tain that the growth rate of all dark spot in ther-

mal device is faster than the IBAD one.

Moreover, this enhanced passivation property
can be explained by dense Al structure using Ar+

ion irradiation resulting in reduced pinholes.

Atomic force microscopy has been employed to

identify differences arising in surface morphology

and roughness of samples prepared by thermal

evaporation and IBAD exhibiting barrier

efficacies.

To ascertain if morphological features are at
least partly responsible for the differences in

H2O, higher resolution 2 lm—2 lm phase and ob-

lique (3D) images are presented in Fig. 6. These

images reveal that the surface of Al films can be

described as columnar or granular structure. The

phase images displayed in Fig. 6(a) show that the

Al film surface prepared by IBAD consists of den-

sely packed small spherical clusters (grains) with
well-defined boundaries.

Such fine uniform features are responsible for

the lower WVTR value because the penetrant mol-

ecules locate and diffuse through the relatively few

and small defect sites (due to the dense packing of

particles) within the Al film. In case of Al film pre-

pared by thermal evaporation, a poorer barrier

coating is produced. An increase in particle size
is accompanied by an increase in grain boundary

area. When this effect is combined with the irregu-

lar grain texture, it is anticipated that a greater

CTED



Fig. 5. Optical images of the electroluminescent features with time in Al cathodes with 1 Å/s prepared by thermal evaporation (a) and

ion beam-assisted deposition (b).

S.M. Jeong et al. / Organic Electronics 6 (2005) 149–160 155

RACTED
number of penetrant molecules will diffuse through

intergranular pores. When compared on a fixed
vertical scale (z-range of 100 nm), the topography

of the IBAD sample (Fig. 6(b)) appears to be com-

posed of uniformly distributed, small columnar

features, whereas large domes create valleys that

may not be completely covered with Al, thereby

forming diffusive pathways in coatings that exhibit

poor barrier quality in thermal sample. Such

megalithic structures increase the rms surface
roughness, which is shown in Fig. 6(b).

In addition, the cell even degraded due to the

permeation of H2O and O2 at its edge. This is be-

cause the present device was a passive matrix hav-

RET

ing the structure exposed to air at the interface

between Al and Ph-PPV, and so we failed to show
the optical image of electroluminescence only after

3 hours for the thermal evaporated Al device.

However, edge permeation in the IBAD device is

much smaller than the thermal device due to its

high packed Al structure.

Fig. 7(a) shows H2O or O2 permeation progress

in thermal evaporated Al device through the edge

structure with increasing time. When the device
was stored in air condition, dark spots were grow-

ing with increasing time. However, the degrada-

tion of edge was too fast to observe growth of

dark spots.



Fig. 6. Atomic force microscopy (AFM) images of Al films prepared by thermal evaporation and ion beam-assisted deposition on LiF/

Ph-PPV/PEDOT/ITO structure with same deposition rate of 1 Å/s (a) phase (2D) images (b) oblique (3D) images.
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After storing the device in air condition for 3

hours, electroluminescent region was shrunk by

edge permeation as shown in Fig. 7(a). This Al

cathode oxidation by edge permeation of H2O

and O2 can be observed even when bias is not ap-

plied to the device. The dashed vertical line is an

indication to the degree of oxidation region with
time by edge permeation. It shows that the bright

region was shrunk to the center of active area

with time due to the edge permeation. In Fig.

7(b), gas bubbles can be seen in the oxidation

region when the EL is switched off and these bub-

bles have domelike structure filled with gases

(mostly oxygen) presumably evolved during elec-

trochemical and photoelectrochemical processes
in the presence of water [19]. Gases stimulated

by significant heating during the device operation

form these bubbles, and then cause cathode

delamination at metal/organic material interface

[20].

RETR
 On the other hand, in case of IBAD sample,

edge permeation is reduced compared than

thermal case even though an Al buffer layer is

deposited to 30 nm in thickness by thermal evapo-

ration prior to ion beam-assisted deposition to

avoid ion bombardment induced damages in Ph-

PPV. This indicates that IBAD process may influ-
ence the interfacial state because edge permeation

is slower than thermal case.

Although an Al buffer layer is deposited to

30 nm in thickness by thermal evaporation prior

to ion beam-assisted deposition to avoid ion bom-

bardment induced damages in Ph-PPV, IBAD

process may influence the interfacial state because

edge permeation is slower than thermal case. Hung
and Madathil [21] reported that catastrophic fail-

ure still occurs even though 10 nm of MgAg is suf-

ficient thick to protect the organic layer stack,

when organic films are subjected to irradiation

through pinholes. The formation of pinholes is



Fig. 7. Optical images of edge permeation in electroluminescent devices of thermal evaporated Al (a) during luminescence

(b) comparison with off-luminescence The dashed vertical line is an indication to the degree of oxidation region with time by edge

permeation.

Fig. 8. Schematic diagram of ion beam-assisted deposition

process in buffered Al layer.
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possibly related to the island-like growth of thin

films of MgAg on Alq [22].

Fig. 8 illustrates the deposition process of Al to

make the buffered IBAD device. As thermally

evaporated Al is deposited to 30 nm in thickness

prior to Ar+ ion irradiation, the buffered Al film
may have many pinholes and porous structure

due to the low surface adatom mobility. When

the Ar+ ions or their activated Al atoms are irradi-

ated to the buffered Al film surface, they cannot be

screened by the buffered Al film wholly because

they can transmit to Ph-PPV through the pinholes

or non-deposited regions among the columnar

structures. This idea can be supported by TEM
data indirectly.

Fig. 9 is TEM images showing the plane views

of Al specimens prepared by three different pro-

RETR
cesses. In this experiment, the thickness of the Al

film is fixed at 30 nm for transmitting the electron

beam through it in a given transmission electron



Fig. 9. TEM images (·100,000) of Al prepared by (a) thermal evaporation (30 nm) (b) thermal (20 nm) + IBAD(10 nm) (c) IBAD Al

(30 nm) on Ph-PPV/ITO structure.
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microscopy. Here, the conventional TEM sample

preparation method cannot be used for the present

organic samples. Fig. 9(a) is a TEM image of the

Al film (30 nm) deposited by thermal evaporation.

The resulting buffered Al film consists of thermally

evaporated Al (20 nm) prior to the Al film (10 nm),

which is obtained by only Ar+ ion beam-assisted
deposition, as shown in Fig. 9(b) and (c).

Although they are different from the previous

buffered Al film which is deposited up to 30 nm

just by thermal evaporation, TEM data show the

decreased average grain size in buffered Al film

(Fig. 9(b)) compared with thermally evaporated

Al (Fig. 9(a)). That might be caused by transmit-

ting Ar+ ions or activated Al atoms through the
pinholes resulting in breakup of 3D structure

(Fig. 8). So the significant enhancement in the pas-

sivation properties of the OLEDs prepared with

ion bombardment result from not only densifica-

tion of the Al structure but also interface modifica-

tion between Al and Ph-PPV retarding H2O and

O2 permeation at edge structure.

RETR
 In order to observe whether Ar+ ions or acti-

vated Al atoms transmit through the pinholes or

non-deposited regions, we investigated the electri-

cal characteristics of OLED device to measure

damages in buffered IBAD device. Fig. 10 shows

the current–voltage (I–V) characteristics of the

OLEDs with ion beam-assisted Al cathodes were
measured and compared with that of a conven-

tional Ph-PPV based device. The Al cathode depo-

sitions by IBAD were made with the thermally

evaporated Al buffer layer about 300 Å before

using IBAD process to avoid Ph-PPV damages

by Ar+ ion bombardment. The measurements have

been carried out in a glove box filled with argon

gas of 99.9999% purity to exclude the permeation
effect of H2O and O2 because dark spots formed

by the cathode oxidation restrain the current

injection.

There is some leakage current even in buffered

IBAD device as shown in Fig. 10. Although above

I–V data cannot be related directly with the gener-

ation of damages through pinholes in buffered Al
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film, it is certain that the leakage current is induced

by Ar+ ion induced damages because the leakage

current must not be generated at reverse bias re-

gime due to large barrier for electrons and holes
injection.

More physical information about the device

characteristics can be extracted from a logarithmic

representation. In log I–logV plots, we can reveal

the complex nature of device performance, and

demonstrate the physics of the injection, transport,

and recombination processes (Fig. 11).

From the log I–logV plot, charge-carrier injec-
tion and transport processes of conventional ther-

mal evaporated Al device can be explained by

RET
Schottky barrier model, where the current is pre-
dominantly carried by holes and is limited by the

Schottky contact at the PPV/metal interface and

a serial resistance. The contact of PPV with the

high work function metal ITO is regarded as oh-

mic which, in the ideal case, has negligible resis-

tance [23].

In forward bias (V > 0), the I–V curve of ther-

mally evaporated Al device shows an exponential
current rise with increasing voltage between 2 V

and 4 V. This is because holes surmount the built

in potential barrier formed at Al/PPV interface

with increasing voltage. Schottky barrier model

can be applied well in thermally evaporated Al de-

vice. With increasing voltage, the slope of the

logV–log I plot is decreased. The power-law

dependence of the I–V was observed consistent
with the pervious work, where it was suggested

that current in OLED was limited basically by

traps and space charge effects [24–27]. Most

researchers demonstrated that the current I de-

pends quadratically on the voltage V at higher bias

regime which current transport is limited by bulk

PPV resistance because injected charge is very

large [25]. This behavior is characteristic for trap
free space charge limited current (SCLC), but

SCLC behavior was not observed in our data be-

cause of the large trap concentration and low

mobility in organic semiconductors. It has been

CT
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proposed that the carrier transport in OLEDs is

trap charge limited (TCL) [26,27].

The I–V curves of ion beam-assisted Al devices

were different from thermally evaporated Al de-

vice. The increase of leakage current is induced
by Ar+ ion irradiation during Al electrode deposi-

tion. In case of the IBAD device, although ther-

mally evaporated Al film is deposited to 30 nm

prior to Ar+ ion irradiation, the buffered Al film

cannot screen the Ar+ ions wholly because that

may have many pinholes and porous structure

due to the low surface adatom mobility. So Ar+

ions or Al atoms can transmit to PPV through
the pinholes or non-deposited regions among the

columnar structures resulting in increase of leak-

age current.
A

4. Conclusion

It was investigated in the present work that the
Al cathode generated by IBAD has the more im-

proved passivation properties than that by thermal

evaporation by allowing the more dense structure

that restricts the permeation of H2O and O2.

Employing thin Al buffer layer diminished Ar+

ion-induced damages in Ph-PPV and limited per-

meation against H2O and O2 at the edge structure

exposed to air. It might result from transmitting
Ar+ ions through porous buffered Al film, leading

to prolonged lifetime. R
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Abstract

Polymer field effect transistors (PFETs) were made from polymeric semiconductors and insulators on flexible poly-

meric substrates. The electrodes were patterned from thin films of conducting polymers or metals using an excimer

laser. This technique yields highly resolved source and drain electrode patterns with channel lengths below 10 lm which

is a preposition for fast transistors and electronic circuits. Together with the available processing rates this technique

makes a well-balanced compromise between pattern resolution and processing demands. Moreover, these PFETs show

a long-term stability of more than two years without any special protection.

� 2005 Elsevier B.V. All rights reserved.

PACS: 85.30.Tv; 79.20.Ds; 73.61.Ph
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1. Introduction

Plastic electronics based on organic semicon-

ductors is a very promising technology to enter

the low cost low performance segment of the elec-

tronic market. Radio frequency identification sys-

tems like ident tags, electronic watermarks, smart

cards, electronic labels can be produced in a large
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv

doi:10.1016/j.orgel.2005.04.003
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scale. Thin film transistors for active matrix dis-
plays seem to be possible as well.

Organic field effect transistors (OFETs) with the

conjugated polymer polythiophene as semiconduc-

tor were first reported by Koezuka and co-workers

[1,2] in 1987. Since this time, many progress con-

cerningdevice parameters aswell as fabrication tech-

nologies could be achieved. The polythiophene as

semiconductorwas followedby solublepoly(3-alkyl-
thiophenes), polyfluorenes, poly(thienylene-vinyl-

ene) [3–9] and low molecular compounds like

oligothiophenes [10–12] or pentacene [12,13]. The

polymers have the advantage of easy processability
ed.

mailto:schroedner@titk.de


Fig. 1. Exploded view of two top-gate polymer FETs.
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from solution whereas the low molecular com-

pounds possess a high carrier mobility exceeding

0.1 cm2/V s for polycrystalline materials and more

than 1 cm2/V s for single crystallites [11,14].

The prerequisite for a successful application of
OFETs is the realisation of sufficiently good device

parameters using extreme low-cost technologies in

high throughput processes. The selection of suit-

able technologies depends among others on the

materials used. The use of soluble polymers which

can be easily processed from solutions or pastes

should be favoured. This holds for all functional

layers (electrodes, semiconductor, insulator) and
processing steps necessary, i.e., the resulting device

is an all-polymer field effect transistor (PFET).

At the sight of these demands, several techno-

logical approaches have been proposed and tested.

For patterning of source–drain electrodes, which is

one of the most important steps, printing tech-

niques like ink-jet printing [9], microcontact print-

ing (lCP) [15–17], offset printing [18] and pad
printing [19] are under investigation.

To achieve good dynamic parameters, i.e., a

high cut-off frequency, the channel length L should

be as low as possible, possibly smaller than 15 lm.

Lithographic processes can yield such fine pat-

terns, but they do not fit well to high throughput

processes. Laser assisted techniques can partially

close this gap. In [20] a laser generated thermo-
transfer process is described, which allows the gen-

eration of conducting tracks by a selective transfer

of 5 lm · 2.7 lm pixels of a conducting polymer.

The throughput is 0.1 m2/min.

In this paper, we present results on PFETs

using electrodes patterned by UV-laser ablation.

This method can be applied to several conductors

like polymers, metals or oxides. It has the potential
to combine a high pattern resolution with a mod-

erate throughput. In a previous paper, we already

demonstrated patterns down to 1 lm spacing

made by UV-laser ablation of the conducting poly-

mer poly-3,4-ethylenedioxythiophene (PEDOT)

[7].

The combination of PFETs to integrated cir-

cuits (IC) like inverters and ring oscillators was
also successfully demonstrated by several groups

[3,4,6,9,13,17,21,22]. Ring oscillators made from

semiconducting polymers could be operated at
106 kHz using channel lengths of 2 and 5 lm

[21]. De Leeuw and co-workers realised a fully

functional 64-bit-code generator which consists

of about 700 OFETs [22].

Despite the progress made, much further re-
search is still necessary to develop organic based

electronics inclusive appropriate techniques for

commercial production. Besides, a further improve-

ment of transistor and IC parameters many groups

in the world work on the development of a suitable

technology for a mass production of low-cost poly-

mer ICs.
2. Experimental

PFETs were prepared in top-gate architecture

(Fig. 1) by spin coating of regioregular poly(3-

alkylthiophene) solutions (Aldrich) on polyethyl-

ene terephthalate (PET) or polyimide films. The

plastic films contain the source and drain elec-
trodes which were patterned by laser ablation from

thin layers of conducting films. We used an exci-

mer laser Compex 205 (Lambda Physik) operating

at 248 nm wavelength and about 20 ns pulse

length. The maximum repetition rate is 50 s�1.

The source–drain geometry is comb-like structured

with geometry factors W/L ranging from 200 to

6000. The insulator was spin coated from a solu-
tion of poly(4-vinylphenol) (P4VP). The gates

were made from gold, a graphite dispersion or a

polyaniline (PANI)/polyamide (PA) composite

(Ormecon L5000).

The electrical characterisation was done at

ambient conditions with the help of source moni-

tor units (SMUs) HP 4142 (Agilent) controlled
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by the ICS software of Metrics Technol. Inc. The

electrodes were contacted by use of a Suss wafer

prober PM 5. The layer thickness was determined

ellipsometrically using a Wollam spectral ellipso-

meter. Pattern quality was tested using the l-surf
confocal microscope (Nanofocus).
3. Results and discussion

3.1. Laser patterning of S/D electrodes

The patterning of fine electrodes by laser abla-
tion of thin films can be applied to many conduct-

ing materials like metals and conducting polymers.

This is an one-step process without any subsequent

treatment like developing, etching, stripping and

so on. The material can be locally removed by an

intense laser pulse of a fluence of 200–1000 mJ/

cm2. The photon energy, which in our case is

5 eV, is high enough to break chemical bonds of
the illuminated material resulting in low molecular

mass fragments moving away from the surface as

an explosively expanding plasma cloud (plume).

The electrode pattern in the substrate plane is

obtained by a 1:5 image projection of a positive
Fig. 2. Confocal micrograph of laser patterned PEDOT electrodes; th
mask (chromium on quartz) using a special UV-

objective. The illuminated area is 5 mm · 5 mm

for the optical setup used. Before passing the

mask, the laser beam has been expanded and

homogenized by an fly�s-eye homogenizer which
consists of an array of 7 · 7 lenses at each side.

For more details see [23].

We used this technique to generate source and

drain electrodes from gold, copper, carbon black

composites, PEDOT and polyaniline [24]. It is pos-

sible to remove the layers by only one or two laser

pulses depending on the optical properties of the

coating and base materials, the chemical structure,
the layer thickness and the incident light energy.

Pattern resolutions down to 1 lm could already

be demonstrated [7]. The quality of the electrode

patterns can be examined by e.g., confocal micros-

copy (Fig. 2). The figure shows a well-defined

PEDOT pattern of about 8 lm channel length

with sharp edges and low roughness.

3.2. Organic–inorganic hybrid FETs

PFETs with poly(3-hexylthiophene) (P3HT)

and poly(3-dodecylthiophene) (P3DDT) as semi-

conductor were processed as described above.
e z-dimension is given as a gray scale; channel length L = 8 lm.
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The FET structure is schematically drawn in Fig.

1. The thickness of the semiconductor and the

insulator were typically about 20 nm and 400 to

1000 nm, respectively. Source, drain and gate elec-

trodes were made by laser patterning of gold.
Typical output and transfer characteristics are

shown in Fig. 3. The transistors have low thresh-

old voltages in a range of slightly negative values

up to 0 V and an on/off ratio of about 103 (deter-

mined at DVG = 25 V). The inverse subthreshold

slope of our devices normally exceeds 1 V/dec

which is often found for organic FETs. Such high

values can be ascribed to traps, originating from
unintentional doping at the semiconductor–insula-

tor interface or in the semiconductor bulk [25].

The charge carrier mobility, which has been de-

rived from the slope of the transfer characteristics,

is in the order of 10�2 cm2/V s which is a rather
Fig. 3. Output characteristics of a PFET with gold as source–drain ele

gate electrode (W = 60 mm; L = 10 lm); transfer characteristics is giv
high value for polymer semiconductors. One possi-

ble explanation can be again unintentional doping

in the channel.

An important characteristic for applications is

the long-term stability of the polymer or organic
transistors. To get a first clue we have repeatedly

measured some FETs from time to time. (These

transistors were still patterned by conventional

lithography, but in principle have the same layer

setup as described above.) Surprisingly, we found

that the transistors work over a long period of

time with only small changes in their characteris-

tics. Fig. 4 shows the output characteristics of
one and the same transistor shortly after preparing

and more than two years later (825 days). In the

time between the transistor has been stored in

the laboratory under ambient conditions without

any special protection. This effect possibly can
ctrodes, P3HT as semiconductor, P4VP as insulator and gold as

en as an insert.
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result from the top-gate architecture used in our
experiments. It provides a more or less effective

encapsulation of the polymer semiconductor by

the substrate from the bottom side and by the

insulator and gate from the top side. The results

are in accordance to [6], who used also a top-gate

setup with similar materials.

3.3. All-polymer FETs

For the preparation of all-polymer FETs the

metallic source and drain electrodes were replaced

by the conducting polymer PEDOT which was

patterned as described in Section 3.1. The semicon-

ductor (P3DDT) and the insulator were coated as

described above with the same thickness of the lay-

ers. The gate electrode was made from a graphite
composite. The output and transfer characteristics

of such an all-polymer FET is shown in Fig. 5.

From the transfer characteristics a charge carrier

mobility of 1.5 · 10�3 cm2/V s and an on/off ratio

of about 102 have been calculated. The transistors

again have a slightly negative threshold voltage of

about �5 V.
In another version, we used a polyaniline/poly-
amide composite as gate electrode material. The so

obtained FETs had high drain currents of more

than 100 lA and on/off ratios up to about

4.7 · 103 [26], but the lifetime was only a few days.

These high currents, which significantly differ from

those shown in Fig. 5, can be due to different sol-

vent constituents of the gate polymer suspension

which can cause partially swelling of the insulator
and a subsequent penetration by polyaniline

resulting in a reduction of the effective thickness

of the insulator. This, together with the migration

of counter ions may also cause the relatively low

shelf life of this type of PFET.
4. Summary and conclusions

Our results demonstrate the feasibility of poly-

mer FETs, inclusive all-polymer FETs, using

UV-pulse lasers for electrode patterning. The high

resolution capability of this technique allows the

production of FETs with small channel lengths L

in the lower micron range. Using state of the art
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excimer lasers it is possible to emit up to 300 light

pulses per second. Assuming an illuminated area

of about 0.5–2 cm2 per pulse, one can process an

area of between 0.9 m2 and 3.6 m2 per minute.

This is much higher compared to e.g., ink-jet print-

ing, microcontact printing or the thermo-transfer
laser process of [20]. On the other hand, it is much

lower compared to high-volume offset or gravure

printing which can process an area of more than

1000 m2/min [18]. But taking into account the

higher resolution of our laser technique it is possi-

ble to produce more transistors or electronic cir-

cuits per unit area. Furthermore, the dynamic

performance of PFETs of smaller channel length
should be much better due to the L�2 dependence

of the cut-off frequency.

Taking into consideration all aspects, we believe

that excimer laser patterning represents a good

compromise between pattern resolution, which

determines the device performance and processing

speed. Moreover, this technique can be applied to
a lot of materials. The method enables cost-effec-

tive sheet to sheet as well as reel to reel patterning

processes.

Long-term investigations demonstrated a rather

high shelf life of more than two years without any

additional protection for the FET build-up used.
Acknowledgement

Financial support from the German Bundes-

ministerium fuer Wirtschaft und Technologie

(project No. 1014/99 and 277/02) is gratefully

acknowledged.
References

[1] H. Koezuka, A. Tsumura, T. Ando, Synth. Met. 18 (1987)

699.

[2] A. Tsumura, H. Koezuka, T. Ando, Synth. Met. 25 (1988)

11.



M. Schrödner et al. / Organic Electronics 6 (2005) 161–167 167
[3] C.J. Drury, C.M.J. Mutsaers, C.M. Hart, M. Matters,

D.M. de Leeuw, Appl. Phys. Lett. 73 (1998) 108.

[4] G.H. Gelinck, T.C.T. Geuns, D.M. de Leeuw, Appl. Phys.

Lett. 77 (2000) 1487.

[5] A. Ullmann, J. Ficker, W. Fix, H. Rost, W. Clemens, I.

McCulloch, M. Giles, Mat. Res. Soc. Symp. Proc. 665

(2001) C7.5.1.

[6] J. Ficker, A. Ullmann, W. Fix, H. Rost, W. Clemens,

SPIE Int. Soc. Opt. Eng. (2001) 4466.

[7] H.-K. Roth, S. Sensfuss, M. Schrödner, R.-I. Stohn, A.

Bernds, W. Clemens, Materialwiss. u. Werkstofftechnik. 32

(2001) 789.

[8] Sirringhaus, N. Tessler, R.H. Friend, Synth. Met. 102

(1999) 857.

[9] H. Sirringhaus, T. Kawase, R.H. Friend, T. Shimoda, M.

Inbasekaran, W. Wu, E.P. Woo, Science 290 (2000) 2123.

[10] G. Horowitz, D. Fichou, X. Peng, Z. Xu, F. Garnier,

Solid State Comm. 72 (1989) 381.

[11] G. Horowitz, R. Hajlaoui, F. Kouki, Eur. Phys. J. Appl.

Phys. 1 (1998) 361.

[12] G. Horowitz, D. Fichou, X. Peng, F. Garnier, Synth. Met.

41–43 (1991) 1127.

[13] A.R. Brown, A. Pomp, C.M. Hart, D.M. de Leeuw,

Science 270 (1995) 972.

[14] T.W. Kelley et al., Mater. Res. Soc. Symp. Proc. 771

(2003) L6.5.1.

[15] Y. Xia, D. Qin, G.M. Whiteside, Adv. Mater. 8 (1996)

1015.
[16] T. Granlund, T. Nyberg, L. Stolz Roman, M. Svensson,

O. Inganäs, Adv. Mater. 12 (2000) 269.

[17] U. Zschieschang, H. Klauk, M. Halik, G. Schmid, C.

Dehm, Adv. Mater. 15 (2003) 1147.

[18] A. Huebler, U. Hahn, W. Beier, N. Lasch, T. Fischer, in:

Proc. 2 Int. IEEE Conf. Polym. Adhesives Microelectron.

Photon., 2002, p. 172.

[19] A. Knobloch, A. Bernds, W. Clemens, in: Proc. 1 Int.

IEEE Conf. Polym. Adhesives Microelectron. Photon.,

2001, pp. 84–90.

[20] G.B. Blanchet, Y.-L. Loo, J.A. Rogers, F. Gao, C.R.

Fincher, Appl. Phys. Lett. 82 (2002) 463.

[21] W. Fix, A. Ullmann, J. Ficker, W. Clemens, Appl. Phys.

Lett. 81 (2002) 1735.

[22] D.M. de Leeuw, G.H. Gelinck, T.C.T. Geuns, E. van

Veenendaal, E. Cantatore, B.H. Huisman, IEDM 2002

Tech Digest 293 (2002).

[23] H.-K. Roth, R.-I. Stohn, M. Schrödner, K. Schultheis, in:

Proc. 1 Int. Conf. Technol. Polym. Electron. (TPE04),

2004, pp. 65–70.

[24] M. Schrödner, H.-K. Roth, S. Sensfuss, K. Schultheis, e & i

(6) (2003) 2056.

[25] S. Scheinert, G. Paasch, M. Schrödner, H.-K. Roth, S.

Sensfuss, T. Doll, J. Appl. Phys. 92 (2002) 330.

[26] M. Schrödner, S. Sensfuss, H.-K. Roth, R.-I. Stohn, W.

Clemens, A. Bernds, Proc. 2. Internat. IEEE Conf. on

Polymers and Adhesives in Microelectron. and Photonics,

2002, p. 188.



Organic Electronics 6 (2005) 168–174

www.elsevier.com/locate/orgel
‘‘Band bending’’ in copper phthalocyanine
on hydrogen-passivated Si(111)

M. Gorgoi *, D.R.T. Zahn

Insitut für Physik, Technische Universität Chemnitz, D-09107 Chemnitz, Germany

Received 18 March 2005; accepted 25 May 2005
Available online 17 June 2005
Abstract

Ultraviolet photoemission spectroscopy (UPS) and inverse photoemission spectroscopy (IPES) were employed to
study the electronic density of states of copper phthalocyanine (CuPc) layers deposited onto hydrogen passivated
Si(111) substrates. The highest occupied and lowest unoccupied molecular orbital (HOMO respectively LUMO) fea-
tures are found to shift gradually in the same direction with increasing film thickness. At approximately 15 nm, the
shifts saturate with a total amount of about 0.4 eV.
� 2005 Elsevier B.V. All rights reserved.

PACS: 79.60.�i; 79.20.Kz; 71.20.Rv

Keywords: Copper phthalocyanine; Ultraviolet photoemission; Inverse photoemission; LUMO; HOMO
1. Introduction

Considerable attention has been given to phtha-
locyanine materials in the last years because of
their increasing importance in organic-based de-
vices. Their attributes such as chemical and ther-
mal stability and the tendency to form highly
ordered layers result in an increase of device effi-
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv
doi:10.1016/j.orgel.2005.05.001
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ciency [1]. Therefore, metal phthalocyanines are
promising candidates for applications, e.g. in or-
ganic light emitting diodes, organic field effect
transistors, photovoltaic solar cells and gas sen-
sors. While a large number of articles were pub-
lished regarding the characterization of bulk
CuPc, only very few studies describe the interface
formation between CuPc and different types of
substrates, e.g. metals or semiconductors. Metal–
organic interfaces have received considerable
attention due to their important role in the
injection of carriers into the organic layer [2–5].
Organic–organic heterojunctions were investigated
ed.

mailto:mihaela.gorgoi@physik.tu-chemnitz.de


M. Gorgoi, D.R.T. Zahn / Organic Electronics 6 (2005) 168–174 169
regarding carrier transport in multilayer light
emitting structures [6]. Organic–inorganic semi-
conductor heterojunctions did not receive the
same attention. They could, however, become rel-
evant for future devices, in particular hybrid solar
cells.
With respect to energy level alignment, it was

shown for metal–organic interfaces that the vac-
uum levels in general do not align [4,7,8]. This
assertion is also accepted for organic–inorganic
semiconductor interfaces [3]. The difference in vac-
uum levels is attributed to interface dipoles, for
which values between 0.2–1 eV were found for sev-
eral metal–organic interfaces using photoemission
spectroscopy. Another important issue is the
occurrence of a ‘‘band bending’’-like electrostatic
energy shift for organic layers which was observed
in many metal–organic systems [9]. In most cases,
this shift is confined to a regime of only a few
nanometres, which cannot be accounted for using
the conventional band bending theory of inorganic
semiconductors. Considering the Schottky model
[10], at the CuPc/Au interface which has a built-
in potential of 1.2 eV (interface dipole), for a
depletion width of 10 nm the calculated density
of carriers has a value of 1.2 · 1017 cm�3. This
value is 10 orders of magnitude higher than the
carrier concentration estimated from electrical
measurements for undoped organic semiconduc-
tors such as metal phthalocyanines [11].
Energy shifts occurring in small thickness

ranges i.e. 15 nm can be due to a change in the
intermolecular interaction, for instance, due to a
change in the molecular orientation as a function
of the film thickness. This observation has been
made for CuPc films grown on MoS2 substrates
[12]. Angular resolved ultraviolet photoemission
spectroscopy using synchrotron radiation was
used to determine the energy position of the
HOMO and the orientation of the molecules as a
function of the film thickness. For a layer thick-
ness of 0.3 nm, the HOMO is found �1.05 eV be-
low the Fermi level, while for films of 5 nm
thickness, the HOMO shifts by about 0.3 eV to
higher binding energies. Following the intensity
of the HOMO as a function of emission angle
and sample azimuth, the tilt angle of the CuPc
molecular plane with respect to the substrate sur-
face is determined to be 0� and 10� for the 0.3
and 5 nm thick films, respectively.
Shimada et al. [13] studied the behaviour of

CuPc on three types of layered substrates (no dan-
gling bonds): semiconducting MoTe2, semi-metal-
lic highly oriented pyrolytic graphite (HOPG)
and metallic TaSe2. The substrates were chosen
due to their different work function. Flat band
condition—absence of both energy shifts and
interface dipoles—was observed on HOPG and
MoTe2. In the case of CuPc on TaSe2, two mech-
anisms were proposed: an interface dipole and
‘‘band bending’’ by n-type carriers with an overall
value of 0.5 eV. Moreover Peisert et al. [14] dem-
onstrated the presence of both mechanisms: inter-
face dipole and ‘‘band bending’’ at the CuPc/Au
interface. The value for the interface dipole was
estimated to be 1.2 eV. On the other hand, for
the CuPc/GeS(110) interface no ‘‘band bending’’
is present and the determined interface dipole has
a value of 0.5 eV. All these studies employ a com-
bination of ultraviolet photoemission spectroscopy
and X-ray photoemission spectroscopy, which al-
lows the determination of HOMO position of the
organic material and the interface chemistry, but
not the LUMO position. The LUMO can be deter-
mined by employing inverse photoemission (IPES)
experiments. Having the energy position for both
HOMO and LUMO, the transport gap Et can be
determined.
It is known that wet chemical etching of silicon

produces ideally H-terminated Si(111) surfaces
[15]. This type of non-reactive surface is preferred
for organic molecular beam deposition (OMBD)
since it favours ordered arrangement of the organic
molecules. The present paper focuses on character-
izing the interface formation between CuPc and
H–Si(111) using UPS and IPES measurements as
a function of film thickness. The results of this work
complement the picture of thickness dependent
energy level shifts in organic materials, particularly
in the class of phthalocyanine materials.
2. Experimental

Hydrogen-passivated p-type, (111) oriented sil-
icon with a doping concentration of approximately
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1.5 · 1015 cm�3 was used as the substrate. The pas-
sivation process consists of a wet chemical etching
in a solution containing HF 40%. After the passiv-
ation process, the samples were transferred into
UHV. All measurements were performed on
freshly evaporated organic layers. Sublimed CuPc
provided by Sensient Imaging Technologies
GmbH (former SynTec) was employed with no
further purification. The organic material was
evaporated from Knudsen cells kept in a tempera-
ture range of 340–370 �C. During OMBD, the
pressure was better than 2 · 10�8 mbar. The evap-
oration rates were in the range of 0.1–2 nm/min
and the substrate was kept at room temperature.
The film thickness and the evaporation rate were
determined by means of a quartz crystal microbal-
ance and confirmed by post-growth ellipsometry
measurements. The UPS and IPES measurements
were performed on two UHV systems (base pres-
sures 3 · 10�10 and 8.5 · 10�10 mbar, respectively),
each comprising an analysis and a preparation
chamber. UPS spectra were recorded in normal
emission with a hemispherical analyser and using
He I radiation (21.22 eV), providing an overall res-
olution of 0.1 eV. The IPES experimental set-up
working in the isochromat mode is a ‘‘home’’ built
system. The fixed-energy photon detector [16] con-
sists of a Geiger–Müller tube with a magnesium
fluoride (MgF2) window filled with a gas mixture
containing ethanol and argon. The ionisation en-
ergy of ethanol and the transmission function of
the MgF2 provide a value of 10.9 eV as the nomi-
nal detection energy of the detector. A low energy
electron gun [17] was used to produce a mono-
energetic electron beam. The overall IPES instru-
mental resolution, estimated from the width of
the Fermi edge measured on an Ar sputtered
nickel sample, is 0.4 eV. Spectra were recorded at
normal incidence with a current density in the
range of 10�6 A/cm2. This value is low enough in
order not to damage the organic film [3].
3. Results and discussion

Fig. 1 depicts the thickness-dependent ultravio-
let photoemission and inverse photoemission spec-
tra of CuPc deposited on H–Si(111). The spectra
were normalized with respect to the highest peak
and shifted vertically for clarity. The HOMO and
LUMO peak and onset positions are marked by
vertical bars. The three UPS characteristic peaks
for CuPc3 already appear at very low coverage
(0.5 nm). Zooming into the HOMO region as
shown on the right hand side of Fig. 1(a), a strong
shift of the HOMO peak and onset positions to-
wards higher binding energies is observed with
increasing thickness. The shift shows a saturation
tendency above 10 nm. The overall value of the
shift is approximately 0.4 ± 0.07 eV. The same
amount of shift is found in the LUMO position
as a function of thickness as shown in Fig. 1(b).
Similar to the UPS case, the CuPc features appear
for 0.5 nm and become better resolved for higher
thicknesses. The LUMO shifts towards the Fermi
level with increasing film coverage. To determine
the LUMO peak positions, a polynomial back-
ground was subtracted and the remaining peaks
were fitted with Gaussian functions. In addition,
the LUMO onsets were determined with respect
to the Fermi level by a linear extrapolation of
the low energy edge of the LUMO feature after
background removal. The determination of the
LUMO onsets in IPES presents an experimental
difficulty due to the broadening effects as a conse-
quence of the resolution (0.4 eV) which leads to a
smearing out of the features. However, the onset
positions are determined after deconvoluting the
spectra with a Gaussian function that has a
FWHM of 0.4 eV. In this manner, the effect of
the IPES resolution is more or less eliminated.
Fig. 2 summarizes the resulting HOMO–

LUMO peak and onset positions as a function of
film thickness and with respect to the Fermi level.
The HOMO–LUMO peak-to-peak difference
calculated for all coverages is approximately
2.9 ± 0.2 eV. The transport gap determined as
the difference between the onset positions of
LUMO and HOMO is found to be 2.2 ± 0.2 eV.
This value is in rather good agreement with the
one determined by Hill et al. using UPS-IPES [3]
(2.3 ± 0.4 eV), but somewhat larger than the one
determined by cyclic voltammetry [18] (1.71–
1.84 eV).
The evolution of the electron affinity (EA)

determined using the LUMO onset energy



Fig. 1. (a) UPS thickness dependent measurements on CuPc/H–Si(111); (b) IPES thickness dependent measurements on CuPc/
H–Si(111).

Fig. 2. The HOMO–LUMO peak and onset positions. The
dotted curves are plotted as a guide for the eye.

Fig. 3. EA, / and IE of the CuPc film as a function of its
thickness. The 0 point thickness represents the values for the
H–Si surface.

M. Gorgoi, D.R.T. Zahn / Organic Electronics 6 (2005) 168–174 171
position, work function (/) and ionisation energy
(IE) as a function of the CuPc thickness is pre-
sented in Fig. 3. For simplicity, the band bending
of the substrate is omitted so that the energy levels
corresponding to the substrate represent those of
the substrate surface. At zero coverage, the values
of EA, / and IE of the hydrogen-passivated silicon
were included. The EA of H–Si was estimated
using the known transport gap of silicon 1.12 eV
and the onset position of the valence band maxi-
mum (VBM) from the UPS measurement. The
dashed lines are plotted as a guide to the eye.
When 0.5 nm of CuPc is deposited, a sudden
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change of EA and IE occurs. Proceeding to larger
CuPc thicknesses, EA and the IE remain constant.
On the other hand, the work function linearly in-
creases as a function of thickness.
Fig. 4 summarizes the measurements by show-

ing the energy band diagram of CuPc/H–Si(111)
interface. The determined values for thick
CuPc layer (20 nm) are IE = 4.82 ± 0.07 eV, / =
3.88 ± 0.07 eV and EA = 2.5 ± 0.2 eV. An inter-
face dipole of 0.34 ± 0.07 eV is measured as well.
The onset positions of the HOMO and LUMO
were employed in order to sketch the energy band
diagram and to calculate these values. In the case
of H–Si(111), the onset position of the VBM
was taken into consideration for determining the
IE = 5.02 ± 0.07 eV and / = 4.22 ± 0.07 of the
surface. The VBM is obtained in the direction per-
pendicular to the (111) plane of silicon. However,
the conduction band minimum is not situated in
the same direction [10]. The conduction band
(CB) position of H–Si(111) was determined by
IPES and it represents a local minima in the energy
scale of the unoccupied states of the hydrogen-
passivated silicon surface.
Considering again the spectra in Fig. 1(a) and

(b), it should be noted that all the peaks shown
are gradually shifting with increasing CuPc thick-
ness while the relative distance between the peaks
remains unchanged. This indicates that no chemi-
cal interaction occurs during the interface forma-
tion process. Furthermore, no marked changes in
the peak shape of the HOMO as well as LUMO
features are observed. The values of the full width
half maximum (FWHM) for the HOMO and the
LUMO are almost constant as a function of film
thickness and have values of 0.50 and 1.1 eV with-
out deconvoluting with the instrumental resolu-
tion, respectively. Calculations of the band
structure for the b-metal free phthalocyanine sug-
gest that the FWHM of the HOMO and LUMO
are in the range of 0.1–0.4 eV along the molecular
stacks where the molecules have the greatest p–p
overlap [19]. The FWHM of the HOMO observed
for individual phthalocyanine molecules in the gas
phase has a value of 200 meV [20]. In the gas
phase, molecule–molecule interaction is negligible
and as a consequence, the observed HOMO does
not have a contribution from the vibrational cou-
pling of adjacent molecules. Consequently, the
broadening of the HOMO even at a low CuPc cov-
erage suggests the development of a band struc-
ture, i.e. molecule–molecule interaction.
Above 15 nm CuPc coverage, the energy shift

saturates. At this point, the CuPc layer has
reached the characteristics of the bulk-like organic
material. The CuPc molecular bulk configuration
presents the HOMO state at �1.6 eV binding en-
ergy (BE) and two other molecular levels at higher
BE [3,21] with respect to the Fermi level.
The energy shift that appears at the H–Si(111)/

CuPc interface might have several explanations.
As already discussed for metal–organic interfaces
[3,14], the formalism of electrostatic band bending
model can hardly explain the formation of these
interfaces. Applying Poisson�s equation as for
inorganic semiconductors, using a depletion width
of 15 nm, the built-in potential calculated from the
difference of / of H–Si and CuPc, and the reported
relative dielectric constant of CuPc (about 5) [22],
the charge carrier density is found to be very high,
i.e. 2.3 · 1016 cm�3. Consequently, the results of
such an interpretation would be unreasonable
since the intrinsic carrier concentration of CuPc11

was previously estimated to be �107 cm�3.
Even though the conventional band bending

model is quite unlikely to explain the energy shifts
at the CuPc/H–Si interface, this model was not
completely ruled out in previous publications
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[13,23]. The formation of inorganic–organic semi-
conductor interfaces is still under discussion. Pos-
sible factors which can affect the interfacial layer
are chemical interaction, polarization in the molec-
ular layer and a surface rearrangement. The
appearance of the energy shift due to charge trans-
fer occurring as a result of chemical interaction
may be excluded since the distance between the
gradually shifting peaks as well as their line shape
remains unchanged. In the case of chemical inter-
action, the appearance or disappearance or at least
changes in the line shape of features in the valence
band is expected. Polarization in the molecular
layer is consistent with such energy shifts in the
HOMO position as found by Peisert et al. [14]
and initially considered for other organic mole-
cules as well, i.e. perylene derivatives [3]. The dis-
tribution of charge on the molecules changes
with the changing of environment from the hydro-
gen-passivated silicon substrate to the thick CuPc
film. Moreover, this is also influenced by the
slightly different arrangement of the molecules in
the vicinity of the substrate compared with the
ones in the thick film. Furthermore, the surface
roughness of the substrate may also play a role
in the overall molecular arrangement. Nakamura
et al. [24] determined the growth mode of CuPc
on a NH4F passivated Si(111) substrate. The
molecular column of CuPc was found to be paral-
lel to the surface on a relatively rough substrate,
while the column was found perpendicular to the
Si(111) plane on an atomically flat substrate.
The hydrogen passivation involving HF immer-
sion was already proven to produce a relatively
rough substrate surface [25,26]. Considering that
the FWHM values of the HOMOs are not chang-
ing, the adsorption geometry of CuPc molecules
may be estimated. The molecules seem to form
clusters even at a monolayer coverage, which
would grant them already bulk like properties
and result in band formation. Peisert et al. [14]
determined that CuPc on polycrystalline gold be-
haves in a similar way. Comparing the polycrystal-
line gold surface and the H–Si(111) surface, a
common characteristic is found: namely the rela-
tive large roughness of both substrates. Although
the wet chemical treatment based on HF dip gives
an ideally hydrogen terminated surface, this sur-
face is non-uniform [27]. By means of STM, the
estimated value of the roughness is about 3–4 Å.
This may favour the clustering of the molecules
in the first monolayers. Furthermore, in order to
determine the influence of the surface roughness
on the energy shifts, we performed another set of
UPS-IPES experiments on CuPc/H–Si(111) sys-
tems with a slightly different hydrogen-passivation
treatment (spectra are not shown here). The details
of the passivation procedure are given elsewhere
[28]. The roughness of H–Si(111) is then in the
range of 2–3 Å as judged from STM images. The
ionisation energy and the work function of
the H–Si(111) are in excellent agreement with
the ones determined above. The values are
4.94 ± 0.07 and 4.24 ± 0.07 eV, respectively.
Moreover, the same value of 0.4 ± 0.07 eV is
found to represent the energy shift of HOMO
and LUMO as a function of CuPc film thickness.
The shift saturates in the same manner above
15 nm. These results indicate that the surface
roughness of the substrate does not play a major
role for the energy shifts at the interface.
Several other studies have shown that the mole-

cules change their orientation as a function of
layer thickness [29–31]. An incomplete overlapping
of the CuPc molecules results in a partial superpo-
sition of the p-orbitals. As a consequence, when a
change in molecular orientation occurs, it will re-
sult in a change of the intermolecular interaction
and will affect of the p-electron system. The
HOMO and LUMO features correspond to p-
character molecular orbitals [21,32]. Conse-
quently, any change of molecular orientation will
influence the recorded UPS and IPES spectra
and the HOMO and LUMO features, respectively.
Following this hypothesis, angular dependent
NEXAFS was performed on the CuPc/H–
Si(111) system. These NEXAFS spectra reveal a
change in the molecular orientation of CuPc from
monolayer range to thick films. At 0.5 nm CuPc,
the orientation of molecular plane with respect to
the substrate was found to be 70� ± 2� while for
20 nm the angle is 90� ± 1� [33]. Thus, the rear-
rangement of the CuPc molecules is most likely
the reason for the observed energy shifts at the
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CuPc/H–Si(111) interface, since the energy shifts
are independent of surface treatment and surface
roughness.
4. Summary

The interface between CuPc and hydrogen-pas-
sivated silicon was investigated using UPS and
IPES and their electronic properties were deter-
mined. The measurements as a function of film
thickness show a energy shift of 0.4 eV of the
HOMO and LUMO bands at the CuPc/H–
Si(111) interface. The transport band gap, how-
ever, remains constant at 2.2 ± 0.25 eV. The rear-
rangement of the CuPc molecules is attributed as
being the cause of such type of energy shifts. The
energy level alignment was determined for the
CuPc/H–Si(111) system.
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Abstract

The electronic interaction between the transparent anode material indium tin oxide (ITO) and the common organic
hole injection material copper phtalocyanine has been investigated by means of angle-resolved UV photoemission. The
study was made on two differently treated ITO substrates, both cleaned in common organic solvents and one of them
heated in air after the cleaning. The heat treatment efficiently removes surface carbon-containing contamination, and
has also an oxidizing effect. As a result, the ITO work function is increased by 0.4–0.6 eV. This surface preparation has
significant impact on the electronic properties of adsorbed CuPc. We find that the Pc HOMO level, important for trans-
port properties, is shifting by 0.5 eV depending on surface conditions. This is interpreted as an effect of Fermi level pin-
ning within the gap of the spin-split Cu derived b1g molecular orbitals.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

There is currently a growing interest in evapo-
rated organic molecular layers due to the versatility
of the molecular materials. Multilayer structures
are implemented in devices like transistors, solar
cells, and light emitters (OLEDs) [1–3]. OLEDs
consist typically of an anode for hole injection, a
ed.
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hole transport layer (HTL), a recombination layer,
an electron transport layer (ETL), and a cathode.
Carriers are injected into the device by an applied
electric field and are transported to the emissive
region. The charge injection and transport proper-
ties are to a large extent controlled by the interfaces
at the electrodes and between the active layers. The
most common anode material is indium tin oxide
(ITO), which has a relatively high work func-
tion, good transport properties, and high optical
transparency in the visible range. The ITO work
function is very sensitive to different surface treat-
ments, such as chemical etching, oxygen or argon
plasma treatment, as well as irradiation with UV
light. After such treatments the work function
can take values ranging from below 4 to above
5 eV [4,5]. The HTL layer is usually added to re-
duce the voltage needed to inject holes from the
ITO into the optically active region. The HTL
material is chosen such that its highest occupied
molecular orbital (HOMO) is positioned between
the Fermi level and the HOMO of the active layer.
In addition to the HTL a thin buffer layer is some-
times grown in-between the ITO and the HTL,
which further improves the OLED functionality.
The predominantly used material for this purpose
is copper phthalocyanine (CuPc) [6–9]. It has been
suggested that the CuPc layer improves the
mechanical properties of the devices, and experi-
ments show that a thin film of CuPc makes it pos-
sible to obtain a continuous HTL layer of NPB on
ITO [10]. Without this layer the NPB form islands.

The CuPc/ITO interface is of great interest, and
particularly so the structural and electronic prop-
erties of the first few molecular layers. In this study
we have used angle-resolved ultraviolet photoelec-
tron spectroscopy (ARUPS) to examine this sys-
tem on two differently treated ITO substrates.
ARUPS is a highly surface sensitive probe and
provides information about the electrostatic situa-
tion in the interface region, such as interface
dipoles and the band offset situation.
The amount of CuPc deposited on the two substrates in nm

Substrate Thickness (nm)

Heated ITO 0.4 0.7 1.3 2.6 5.2 10.4
Wet cleaned 0.2 0.4 0.7 1.3 2.6 5.2

Using a density of 1.64 g/cm3 [12] and assuming unit sticking
coefficients on the quartz crystal and the ITO substrate.
2. Experimental

ITO films on glass substrates with a surface
resistivity of 15 X/h and a thickness of 100 nm
were ultrasonically cleaned with acetone and meth-
anol (15 min in each), and rinsed with deionised
water. After this chemical cleaning one of the
sheets was additionally heated in air at 400 �C
for 20 min. The two samples were characterized
with Auger electron spectroscopy (AES) for sur-
face composition, and atomic force (AFM) and
scanning tunnelling microscopy (STM) for surface
morphology. The samples were then mounted on
the same substrate holder and introduced into
a combined ultra high vacuum (UHV) photo-
emission and deposition system. Commercially
available CuPc (Sigma–Aldrich, purity >99% sub-
limation grade) was out gassed for �5 h before
evaporation onto the ITO substrates from a quartz
crucible, mounted at a distance of approximately
15 cm from the substrate. The growth was moni-
tored with a quartz crystal microbalance. The
CuPc was deposited incrementally, to the total
amount shown in Table 1. Assuming formation
of the CuPc a-polymorph with the crystallo-
graphic b-axis oriented perpendicular to the sur-
face (i.e., the molecules lying flat on the surface)
and a density of 1.64 g/cm3 [11,12], the depositions
would correspond to 1, 2, 4, 8, 16, 40 nominal
monolayers on the heated surface, and 0.5, 1, 2,
4, 8 and 20 nominal monolayers on the wet-
cleaned substrates. However, one should note that
in an earlier study (of which we were unaware at
the time of the present experiments) CuPc was
found to grow in a standing orientation [13]. The
UPS measurements were performed in a VG
ADES 400 system connected to the evaporation
chamber. The photoelectron spectra were excited
with HeI light (21.2 eV) incident at 45� relative
to the surface normal, and all spectra discussed
in this paper were recorded in normal emission.
The angular resolution was around 3�, and the en-
ergy resolution was set to 0.1 eV.
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3. Results and discussion

Auger electron spectroscopy (AES) of the ITO
substrates showed that the surface carbon, was sig-
nificantly reduced after heating in air (see Fig. 1).
Judging from the attenuation of the In and Sn sig-
nals, the initial thickness of the contamination
layer was about 0.5 nm. The metal/oxygen ratio
was estimated from Auger amplitudes, corrected
for element sensitivities, but not for matrix effects.
The observed metal/oxygen ratio was reduced
from 1.4 to 1.2 in the heating process. Any oxygen
content in the initial contamination layer, as ad-
sorbed CO, would have changed the ratio in the
opposite direction. We conclude that the ITO sur-
face must have been oxidized by the heat treat-
ment. The surface RMS roughness of the two
samples was basically the same, about 1.4 nm as
determined by atomic force microscopy (AFM)
and scanning tunnelling electron microscopy
(STM) measurements. Also the structures of the
surfaces were similar, consisting of grains 20–
50 nm in size. However, the image of the
wet-cleaned surface reveals a smooth over-layer
covering the ITO grains (see Fig. 2). Local spots
with reduced conductivity on the heat-treated sur-
face were also observed in the STM scans, mainly
at the highest region of the grains.
Fig. 1. Auger electron spectra of the two ITO substrates with
the spectra on top from the heated substrate.
In the initial stages of deposition, the quantity
of the deposited material is reflected by the spec-
tral intensity of the species characteristic features.
For non-clustered growth one expects the peak
area (intensity) to increase linearly as a function
of the amount of deposited material up to full
monolayer coverage. A linear dependence can in-
deed be seen in the photoemission data, but the
linearity is broken at a nominal coverage of about
2 ML (0.7 nm). From this we conclude that the
growth geometry is not that assumed at the outset,
i.e., a flat lying molecular structure, but closer to
the standing orientation assessed in a previous
study [13]. With such an arrangement the full den-
sely packed monolayer would correspond to
roughly 3 monolayers of flat lying molecules. The
break observed at 2 ML of nominal thickness
(0.7 nm) can be taken as an indication that the
molecular orientation is slightly tilted, i.e., neither
oriented perpendicular nor flat. We also note that
the HOMO intensity develops differently for the
two films, which indicates different structural
properties.

In photoemission, the first important result is
the observation of a modified ITO work function
by the heat treatment. The spectral cut-off is
shifted by about 0.5 eV to higher kinetic energy
(reflecting the work function increase) and be-
comes significantly broadened (from �50 meV to
�250 meV). The broadening of the cut-off on the
heated surface shows that it is electronically more
inhomogeneous, which may be connected with the
local reduction in conductivity observed in the
STM scans and/or different surface morphologies.
The different electronic characteristics of the two
surfaces are also reflected in the detailed electronic
properties of the subsequently deposited CuPc, as
will be shown in the following.

The photoemission spectra from the CuPc lay-
ers deposited on the two surfaces are on the whole
very similar, except for a slight overall shift in en-
ergy. More detailed examinations reveal, however,
some significant differences. In the remaining part
of the paper we focus on the properties of the
HOMO emission, since this structure is separated
from other features, and hence easiest to analyze.
The peak positions and widths were determined
using a numeric peak fitting routine. Fig. 3 shows



Fig. 2. AFM scans of the two ITO surfaces. (a) Shows the wet treated substrate and (b) the heat-treated substrate. The AFM
measurements were performed in tapping mode.

Fig. 3. HOMO evolution on the two substrates as a function of deposited film thickness. The wet-cleaned substrate is shown in the left
spectra and the heated substrate in the right one.
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Fig. 4. The four figures show the energy position, HOMO peak
area, work function, and peak width for the CuPc thin films on
the two substrates, as a function of deposited thickness in no. of
nominal ML. The symbol (·) means the wet cleaned and (s)
the heat-treated substrate.
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spectra of the HOMO peak for the two samples
and progressing film thickness. For the first layer,
the HOMO on the wet-cleaned sample is located at
about 0.5 eV higher binding energy compared to
the heat-treated sample. For thicker films the dif-
ference is gradually reduced (see below). In agree-
ment with previous studies we thus find that the
energy difference between the ITO Fermi level
and the HOMO of the CuPc varies with different
ITO work functions [14–16]. This is in contrast
to the results in [6] where the difference was found
to be independent of the ITO work function. It
should however be mentioned that the work func-
tion for all data in that study is very high
�5.1–5.35 [6]. The peak positions as well as their
development as a function of thickness are clearly
different on the two substrates. The variation in
peak energy (shown in Fig. 4a) is larger for the
heat-treated substrate, where for the first mono-
layer the HOMO peak appears around 1.0 eV
below the Fermi level, and shifts to about 1.3 eV
for the thickest layer. On the wet-cleaned substrate
the HOMO peak behaves differently. At low cov-
erage the energy changes rapidly, but becomes
quite constant (around 1.5 eV) above 4 ML
(1.3 nm) nominal coverage.

The differences in HOMO energies can be
understood in terms of the detailed electronic
structure of CuPc. According to spin-unrestricted
calculations [17], two Cu3d derived states
(�0.5 eV separation) are located in the HOMO-
LUMO gap of the Pc, one of them is filled, the
other empty. The density of states (DOS) between
these two is very low in the molecular film, and by
virtue of their relatively high DOS they define two
intrinsic pinning levels.

The formation of molecular solid interfaces is
usually described within the Shottky model, i.e.,
emphasising the role of the work functions and
affinities of the free surfaces. Deviations from the
‘‘intrinsic’’ alignment are then accumulated in
interface dipoles. Adsorption on a low work func-
tion surface will thus result in pinning at the upper
of the two states, and for a high work function sur-
face the pinning will be shifted to the lower state.
For moderate differences in electronegativities the
charge transfer is small, and the pinning should
occur at the high (low) energy side of the lower
(higher) lying d-state. This account for the occur-
rence of two distinctly different initial pinning sit-
uations found in our data, and explains also
similar observations in a recent spatially resolved
photoemission study of CuPc [18]. With this rea-
soning we can also understand the changes of the
HOMO energy with increasing CuPc coverage.
On the heated substrate we have electron transfer
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from CuPc to ITO forming a small interface dipole.
Each additional CuPc layer will contribute filled
Cu-derived band-gap states, which will be shared
with the previously deposited layers. In this way
the CuPc charging will be ‘‘diluted’’ and the
HOMO should shift gradually towards the position
of the neutral molecule. For each given thickness
the electrostatic situation in the CuPc layer can of
course be described in terms of band bending,
and the discussion above describes the gradual
development of a band bending situation. The dif-
ference from a ‘‘conventional’’ band bending is that
the charge depletion does not involve defect states
(impurities), but intrinsic Cu-derived states. An-
other distinction from band bending at inorganic
semiconductor surfaces is that the present effects
are not induced by surface defects. Band bending
has earlier been reported for CuPc films on ITO
treated with UV-ozone [6], and argon/oxygen ion
sputtering [16]. This indicates that more aggressive
cleaning methods produce a more reactive surface.

The carbon-contaminated surface shows a
much smaller thickness dependent shift. In this
case the alignment occurs close to the charge neu-
trality level of the molecule, i.e., between the Cu-
derived gap states and the situation resembles a
‘‘flat band’’ system. In this respect the data are
similar to those reported by Hill and Khan [15],
who studied deposition on ITO prepared in a sim-
ilar way as our wet treatment.

Out-diffusion of oxygen from the ITO substrate
could also modify the electrostatic situation within
the CuPc layer [19]. We do not believe that this oc-
curs in the present case, because similar thickness
dependence is observed for CuPc layers on clean
Cu surfaces [16]. Spectral shifts in photoemission
can also be due to final state effects. However,
the dielectric properties of CuPc and ITO are com-
parable (with dielectric constants between 3 and 4)
[20,21], which means that screening effects should
not give any significant energy shifts as function
of film thickness. Therefore, we ascribe the major
part of the thickness dependence of the HOMO
to the mechanism described above. The changes
at low coverage up to 1 ML (0.4 nm) can be ex-
plained by increasing efficiency of intra-layer
screening, going from individually adsorbed mole-
cules to a complete layer. The increased CuPc
adlayer–substrate distance on the wet-cleaned sur-
face, as a consequence of the contamination layer,
implies a reduced substrate related screening of the
ionized final state. For the heated surface, the
CuPc molecules interact directly with the ITO sur-
face, and the substrate related screening is initially
more efficient.

The ionization potentials (IP) of the two sam-
ples (determined from the relation IP = hl �
(EHOMO � Ecut)) are also different. Even after
deposition of relatively thick layers the IP of CuPc
on the heated ITO is about 70 meV smaller than
for CuPc on the wet-cleaned substrate. This differ-
ence is small but nevertheless significant, as the
spectra were recorded under identical experimental
conditions (the two samples were studied in paral-
lel, just by shifting the sample holder vertically in
front of the electron energy analyzer). We can thus
conclude that the two layers have different elec-
tronic properties.

We note that the shift in the HOMO energy le-
vel does not match the shift in vacuum cut-off
energies which results in a thickness dependence
of the ionization potential, see Fig. 4a and c, for
both surfaces. We can thus conclude that the spec-
tral energy shifts are not purely a result of different
interfacial dipoles. The different ionization poten-
tials of the two samples indicate that the CuPc lay-
ers are structurally dissimilar, confirming the
conclusion drawn from the development of the
HOMO intensity. The large difference in peak
widths shown in Fig. 4d, where the peaks are wider
for the heated substrate, can be explained by the
fact that the heated surface is more inhomoge-
neous. This has already been commented in con-
nection with the broadening of the low energy
spectral cut-off. Such inhomogenity may be very
important for the electronic performance and sta-
bility of devices based on such structures.
4. Conclusions

From the combined spectroscopic data we con-
clude that in-air heat treatment of ITO is very
effective in removing adsorbed carbon-containing
species as well as changing the surface oxide com-
position. The electronic properties differ between
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the two substrates, with a significantly higher work
function for the heated one. The heated surface is
also electronically more inhomogeneous. The
binding energy of the CuPc HOMO is found to
be lower on the heated substrate, which is inter-
preted as an effect of different pinning situations
on the two surfaces. This indicates that the heat-
treated substrate would be preferable for OLED
fabrication over the wet-cleaned one because of
the lower injection barrier due to a closer align-
ment of the ITO work function and CuPc HOMO
level. However, the surface inhomogenity may be
disadvantageous for the stability of such devices.
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Abstract

Significant progress has been made in the area of p-type organic field effect transistors while progress in developing
n-type materials and devices has been comparatively lacking, a limiting factor in the pursuit to develop complementary
organic electronic circuits. Given the need for n-type organic semiconductors we have carried out studies using two dif-
ferent fullerene molecules, C60 and C70. Here, we report mobilities for C60 ranging from 0.02 cm2/V s up to 0.65 cm2/V s
(depending on channel length), and mobilities from 0.003 cm2/V s up to 0.066 cm2/V s for C70. All devices were fabri-
cated with organic films deposited under high vacuum but tested at ambient pressures under nitrogen.
� 2005 Elsevier B.V. All rights reserved.

PACS: 85.30.Tv; 85.65.+h; 73.61.Wp

Keywords: Organic electronics; Complementary logic; Thin-film transistors; Fullerenes
1. Introduction

Organic field-effect transistors (OFETs) hold
promise for electronic applications where low cost,
large area, simplified processing and mechanical
flexibility are of interest. Individual transistors with
field-effect mobilities greater than 1 cm2/V s, thresh-
old voltages near 0 V, and on/off current ratios
greater than 106 are routinely achieved in thin films
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv
doi:10.1016/j.orgel.2005.06.002
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of the p-type (hole transport) organic semiconduc-
tor pentacene [1]. This level of performance is com-
parable to that of amorphous silicon thin-film
transistors used to drive some liquid–crystal dis-
plays. However, in order to realize applications
such as organic complementary logic circuits [2],
both p-type and n-type organic semiconductors
are needed and should exhibit comparable electrical
performance. In contrast, electron field-effect
mobilities have only recently exceeded 1 cm2/V s;
where the highest value reported in a thin-film
device was 1.7 cm2/V s using the perylene-based
compound PTCDI-C8 [3]. The fullerenes are
ed.
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Fig. 1. Diagram of the OFET device geometry where the source
(S), drain (D), and gate (G) electrodes are electron-beam
evaporated Ti/Au (10 nm/100 nm).
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another well known class of n-type organic semi-
conductor that have previously been used for
OFETs. In thin films of the fullerene C60, reported
field-effect mobility values have increased over time
from 0.08 cm2/V s, reported by Haddon et al. [4] to
0.56 cm2/V s, reported by Kobayashi et al. [5,6]. In
both cases threshold voltages were approximately
15–20 V, and on/off current ratios increased from
>106 for Haddon to >108 for Kobayashi. Thin films
of the fullerene C70 have also been studied in OFET
devices by Haddon [7] and the field effect mobility
was two orders of magnitude lower than C60,
0.002 cm2/V s. Compared to Haddon�s C60 OFETs,
these devices also exhibited higher threshold volt-
ages (27 V compared to 15 V) and on–off current
ratios that were one order of magnitude lower
(105 compared to 106).

Because n-type organic semiconductors are
susceptible to the effects of oxygen [8], fullerene de-
vices exhibiting the highest mobility values [4–7]
have been both fabricated and tested under ultra-
high vacuum (UHV) conditions. One report of
stable operation of C60 OFETs in air used an Ar
sputtered, low oxygen content alumina (Al2O3)
passivation layer that resulted in no degradation
in transistor performance for more than one
month but the mobility was only 0.1 cm2/V s [9].

Here, we present results on thin-film C60 and
C70 OFETs fabricated under high vacuum and
tested in nitrogen at ambient pressure. These de-
vices exhibit electron field-effect mobilities as high
as 0.65 cm2/V s in C60 and 0.066 cm2/V s in C70.
2. Experiment

Transistors were fabricated on heavily n-doped
silicon substrates (as the gate electrode) with
200 nm of thermally grown silicon dioxide as the
gate dielectric (er = 3.9) and Ti/Au (10 nm/
100 nm) backside metalization as the external gate
contact. Bottom contact geometry Ti/Au (10 nm/
100 nm) source and drain electrodes defining chan-
nels with 500 lm and 1000 lm widths and lengths
ranging from 1 lm to 50 lm were patterned on the
SiO2 layer using lift-off photolithography (Fig. 1).

Commercially obtained (Alfa Aesar) C60 and
C70 were first purified using gradient zone sublima-
tion and then deposited at 0.6 Å/s onto the source
and drain electrodes to a thickness of 50 nm.
Depositions were performed at room temperature
using physical vapor deposition at a pressure of
5 · 10�8 Torr. Subsequent to organic layer deposi-
tion the devices were transferred into a nitrogen
glove box (O2, H2O < 1 ppm) connected to the
vacuum deposition system and then transferred
in an air-tight vessel to a second glove box filled
with nitrogen (O2, H2O < 0.1 ppm) for electrical
characterization. During testing electrical connec-
tions were made with a micro-probe station con-
tained within the second 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
after deposition of the organic layer were the de-
vices exposed to air. For each individual device
output characteristics (IDS vs. VDS at multiple, dis-
crete VGS values) and transfer characteristics (IDS
vs. VGS at fixed VDS) were measured. Field-effect
mobilities and threshold voltages were calculated
in the saturation regime by fitting the

ffiffiffiffiffiffiffi
IDS

p
vs.

VGS data to the square law:

IDS ¼ lCOX
W
2 L

ðV GS � V TÞ2 ð1Þ

where l is the field-effect mobility, COX is the
capacitance density of the gate dielectric [F/cm2],
VT is the threshold voltage, and W (width) and
L (length) are the dimensions of the semicon-
ductor channel defined by the source and drain
electrodes.
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3. Results

For the C60 OFETs mobility values generally
increased with channel length and ranged from a
minimum of 0.02 cm2/V s for the width 1000 lm,
length 1 lm device to the maximum value of
0.65 cm2/V s for the width 500 lm, length 50 lm
device (Fig. 2). This field effect mobility value is
greater than the 0.56 cm2/V s value reported by
Kobayashi et al. [5,6] and, more recently, the
0.5 cm2/V s value reported by Tapponnier et al.
[10], for devices fabricated and tested under
UHV. Transfer characteristics for this device are
shown in Fig. 3b. In addition to the mobility value,
the linear fit to the

ffiffiffiffiffiffiffi
IDS

p
vs. VGS data yielded a

threshold voltage of approximately 32 V. Semi-
logarithmic plots of IDS vs. VGS yielded an on/off
current ratio >106 and a sub-threshold slope of
3.2 V/decade. Output characteristics for the width
500 lm, length 50 lm device are shown in Fig. 3a
for VDS between 0 V and 60 V and VGS between
0 V and 60 V. Results for the C70 OFETs behaved
similarly to those of C60 where mobility values in-
creased with channel length and ranged from a
minimum of 0.003 cm2/V s for the width 500 lm,
length 1 lm device to the maximum value of
0.066 cm2/V s for the width 500 lm, length 50 lm
device (Fig. 2). This field-effect mobility value is
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Fig. 2. C60 and C70 field-effect mobility values as a function of
channel length for devices with 500 lm and 1000 lm wide
channels.

Fig. 3. Output characteristics (a) and transfer characteristics
(b) of a C60 OFET with a 500 lm wide and 50 lm long channel.
more than 30 times the 0.002 cm2/V s value re-
ported by Haddon et al. for devices fabricated
and tested under UHV [7]. Transfer characteristics
for this device are shown in Fig. 4b. The linear fit
to the

ffiffiffiffiffiffiffi
IDS

p
vs. VGS data yielded a higher threshold

voltage of approximately 40 V and semilogarith-
mic plots of IDS vs. VGS yielded an on/off current
ratio >105. The lower mobility and higher thresh-
old voltage in C70 reflect the same trend observed
by Haddon. C70 however, did exhibit a lower
sub-threshold slope of 2.2 V/decade. Output char-
acteristics for the width 500 lm, length 50 lm C70

OFET are shown in Fig. 4a for VDS between 0 V
and 60 V and VGS between 0 V and 60 V.

One significant difference in the performance of
the two materials is the non-ohmic behavior in the
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output characteristics at low VDS in the C60 device
compared to the C70 device. Such behavior sug-
gests the presence of contact resistance between
the organic semiconductor and the source and
drain electrodes. While contact resistance can be
attributed to many factors including film morphol-
ogy at the electrode/organic interface [11] and
interactions between the electrode and organic
semiconductor [12] it is difficult to determine an
absolute cause for the non-ohmic behavior in our
devices. However, bottom contact Ti/Au elec-
trodes have shown in the literature to produce
more ohmic output characteristics that what we
have presented here [6]. Common to both materi-
als is a decrease in the drain current in the usual
saturation regime above pinch-off. This pheno-
menon is as of yet unexplained but it has been
observed in other n-type organic field-effect tran-
sistors [13].

Our devices were also sensitive to ambient
atmosphere exposure. When C60 devices similar
to those discussed previously were exposed to
ambient atmosphere for 1 h and then returned to
the glove box for testing, drain currents were
found to drop by half (Fig. 5b) relative to those
measured in the pristine state (Fig. 5a). This was
accompanied by a drop in mobility and on/off cur-
rent ratio as well as an increase in threshold volt-
age (Table 1). Similar to other reports in the
literature [8,10], post-exposure device performance
(drain current, mobility, threshold voltage, on/off
current ratio) could be improved by storing the de-
vices in the inert atmosphere for 24 h prior to
retesting (Fig. 5c, Table 1). Compared to pristine
devices (Fig. 6a), C70 OFETs showed a factor of



Table 1
Values of the field-effect mobility, threshold voltage and on/off current ratio for the C60 and C70 devices shown in Figs. 5 and 6
(respectively) as a function of exposure to ambient and nitrogen atmospheres

C60/C70 C60/C70 C60/C70

Pristine device l = 0.192/0.060 cm2/V s VT = 29.7/34.7 V Ion/Ioff = 1.5 · 106/3.9 · 105

Post 1 h ambient exposure l = 0.159/0.042 cm2/V s VT = 35.6/40.1 V Ion/Ioff = 8.3 · 105/1.5 · 105

Post 24 h nitrogen exposure l = 0.170/0.041 cm2/V s VT = 33.5/42.2 V Ion/Ioff = 1.0 · 106/1.2 · 105
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three reduction in drain currents after a 1 h expo-
sure to ambient atmosphere (Fig. 6b) along with a
decrease in mobility and on/off current ratio and
an increase in threshold voltage (Table 1). Unlike
the C60 device however, performance continued
to degrade after storage under inert atmosphere
for 24 h (Fig. 6c, Table 1).

Another point of interest regarding our results
on C60 is that the mobility value of 0.65 cm2/V s
is slightly higher than the highest mobility mea-
sured in single crystals of C60 (0.5 cm
2/V s) by the

time-of-flight technique [14]. Material morphology
plays a significant role in charge transport and
mobility measurements in organic single crystals
are usually considered upper values. For instance,
recent work has shown that hole mobilities as large
as 35 cm2/V s could be measured in single crystals
of pentacene as measured by space-charge limited
current methods [15]. These values should be com-
pared with hole mobilities of 5 cm2/V s measured
in thin films of pentacene in a field-effect transistor
geometry [16]. Our results would then suggest that
the mobility of 0.5 cm2/V s measured in single crys-
tals of C60 was limited by extrinsic effects such as
impurities and structural defects and that the
intrinsic electron mobility of C60 can possibly be
significantly higher than 1 cm2/V s.
4. Conclusions

Organic field-effect transistors have been fabri-
cated from thin films of C60 and C70 purified by
zone sublimation and deposited into thin films
under high vacuum. These devices have been tested
in an inert nitrogen atmosphere at ambient pres-
sure and have exhibited saturation regime electron
field-effect mobilities as large as 0.65 cm2/V s for
C60 and 0.066 cm2/V s for C70. The mobility value
for C60 is slightly higher than the state of the art
value obtained from devices tested under ultra-high
vacuum and the mobility value for C70 is more than
an order of magnitude improvement over the state
of the art value in that material (also obtained from
devices tested under ultra-high vacuum). Our re-
sults indicate that carefully passivated devices
fabricated from a highly purified fullerene and pen-
tacene could be good candidates for complemen-
tary organic semiconductor circuits.
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Abstract

We have observed bistability in single layer devices made from fullerenes (C60) mixed with polystyrene (PS) and
sandwiched between two Al electrodes. By merely changing the concentration of C60 in PS we found three distinctly
different device properties, namely a true insulator, a bistable device switching between an OFF and an ON state having
ON–OFF current ratios larger than 104 and a write-once, read-many times (WORM) device. An additional negative
differential resistance (NDR) was observed in the ON state of both the bistable and WORM devices leading to multi-
level switching capability of the devices. This opens up a wide range of application possibilities of such devices in dis-
posable printable electronics.
� 2005 Elsevier B.V. All rights reserved.

PACS: 73.61.Wp; 85.65.+h; 73.40.Sx; 84.37.+q
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1. Introduction

The past few years have seen an upsurge in
fabrication and characterization of two-terminal
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv
doi:10.1016/j.orgel.2005.06.005
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nonvolatile memory devices using organic semi-
conductors and polymers [1–7]. These devices can
switch between a high- and a low-impedance state
upon application of an electric field. Different
active materials and device architectures have been
suggested for this purpose. Small molecules and
conjugated polymers used as semiconductors in a
metal/semiconductor/intermediate metal/semicon-
ductor/metal (MSIMSM) structure reported
ed.

mailto:himadri.majumdar@abo.fi


H.S. Majumdar et al. / Organic Electronics 6 (2005) 188–192 189
switching of �106 times [1–3]. The MSIMSM de-
vices switch to an ON state under a certain bias
and retained the state even after the bias was
switched off. There is, however, a difference in
the nonvolatile nature of the memory as the de-
vices can get back to its OFF state upon applica-
tion of bias of same magnitude but with reverse
polarity [1], shortening (i.e., application of 0 V)
[2], or application of higher magnitude of bias with
same polarity [3]. The switching mechanism sug-
gested in all the cases is different as well. For de-
vices where the ON state is erased by application
of a bias of opposite polarity, the explanation
was based on a model proposed by Sheng et al.
[8]. The electrons tunnel through the insulating
barriers between the metallic grains (grain size 5–
10 nm) dispersed in the insulator matrix. This
causes the charging of the granular intermediate
metal layer in the MSIMSM devices.

Simmons and Verderber [9] observed multista-
bility in SiO films with electroforming due to diffu-
sion of Au particles upon evaporation forming an
impurity band of charge transport levels as well as
deeper charge-trapping levels. Charging of these
levels under bias leads to a N-shaped current curve
and is seen as negative differential resistance
(NDR). A similar NDR effect was also observed
upon deliberate introduction of metal particles
within a semiconductor layer in a MSIMSM archi-
tecture [3]. In this letter, we will show that memory
switching can be achieved using single layer de-
vices with a dispersed solution of Buckminster
fullerenes (C60) in a polystyrene insulating matrix
(PS:C60) as the active layer suitable for printed
electronics. The solution processibility of the de-
vice and its easy and inexpensive fabrication
makes it a good candidate for roll-to-roll printing
and manufacturing of cheap throw-away
electronics.
2. Experiments

The Al/PS:C60/Al thin films were fabricated on
a glass substrate in a nitrogen atmosphere inside a
glove-box. The PS:C60 solution was mixed from
150 mg/ml and 1 mg/ml solutions of PS and C60
in p-xylene, respectively. Both PS and C60 were
bought from Aldrich Chemical co. and were used
as such. 5% concentration of PS:C60 solution is
defined as PS and C60 weight ratio of 20:1 in the
mixed solution. To fabricate the device the
PS:C60 solution was spin coated on a �50 nm
Al-coated glass substrate at a speed of 1000 rpm.
The top Al electrode layer was vacuum-evaporated
on the film. Both the top and bottom Al were
evaporated at a pressure of �1 · 10�5 mbar with
a uniform rate of 0.7–1.0 nm/s to avoid penetra-
tion into the active layer. The device thickness
was in the range of 50–60 nm and the active area
of the devices was 6 mm2. We divide the devices
in three categories depending on their different
electrical characteristics observed. Device I de-
notes devices from 1% concentration, device II
from 5% and device III from concentrations be-
tween 7.5% and 20%.

The devices were characterized using both con-
stant wave (cw) and transient measurements. A
Keithley 2400 programmable source meter was
used for the cw measurements and the transient
measurements were carried out using a Stanford
Research Systems DS345 function generator and
Tektronix TDS 680B oscilloscope. The details for
the transient measurements are provided elsewhere
[11]. All cw measurements were carried out in volt-
age steps of 0.4 V and a delay of 2 s between suc-
cessive steps, if not mentioned otherwise. The
bottom Al electrode was used for positive bias
for all the measurements reported here, but all
the devices (I–III) work identically even when the
top Al electrode is used to apply the positive bias.
Electrical characterization was done on the devices
after they were kept in the measurement chamber
under dynamic vacuum of �10�5 bar overnight.
3. Results and discussions

The cw current–voltage (J–V) characteristics
shown in Fig. 1 provide the first idea of the
Al/PS:C60/Al device working as a memory device.
The figure shows currents for typical devices I–III.
The voltage across the devices was varied in the cy-
cle 0 V to 7.5 V to �7.5 V to +7.5 V to 0 V in all
the cases shown in figure. We find that the current
values for device I are orders of magnitude smaller
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than for the devices II and III, suggesting that the
device works like an insulator for such a low
concentration of C60. Device II started from a
high-impedance OFF state and went to a low-
impedance, high-current-conducting ON state
when voltage was increased to +7.5 V. The ON
state is retained during the voltage scan back from
+7.5 V to �7.5 V. The device II current once again
decreased by 3 orders of magnitude and came back
to its original high-impedance OFF state during
the �7.5 V to 0 V scan. This voltage cycle was re-
peated over again showing current level tracing the
same path always. There is, however, a threshold
voltage below which the device did not switch
ON when the voltage cycle was done. The thresh-
old voltage varies between 4.5 V and 5.5 V. Hence
we have obtained a bistable device that switches
between two different impedance states similar to
the observations in the MSIMSM devices by Ma
et al. [1].

Device III also started from a high-impedance
OFF state and went to a low-impedance ON state
with increasing voltage to +7.5 V in the first scan.
It then retained the ON state even for a scan to
bias of opposite polarity and back, unlike device
II. Hence the possibility of obtaining a write-once,
read-many (WORM) device is realized. Such
WORM application has previously been reported
in polymeric devices working as fuses [13] and
silica-based devices working as anti-fuses [14 and
references therein]. The threshold voltage for de-
vice III is similar to device II (between 4.5 V and
5.5 V) meaning that the WORM memory requires
a probe voltage higher than the threshold voltage
in order to disturb the OFF state. When device
III was brought in contact with air by breaking
the vacuum, the current level immediately came
down to one similar to the pristine device. The de-
vice behaved identically as before when we got it
back into vacuum once again, suggesting that the
sudden rise of conductivity is not due to degrada-
tion of the device. The decrease of conductivity of
the C60-based devices in air is a known phenome-
non [15,16]. C60 molecules adsorb oxygen from
atmosphere even at room temperature which cre-
ates new defect and impurity states acting as effi-
cient traps for electrons in the conduction band
of C60. This decreases the carrier lifetime and, in
turn, brings down the conductivity of the device
[16].

Thus, we have obtained two different memory
devices—multiple read–write devices, commonly
called bistable devices, (device II) and WORM de-
vices (device III) from an all-organic single layer
device merely by changing the concentration of
C60 in PS. We found that the ON state decreased
less than 5% in devices II and III even after 30
days, suggesting a very high retention time with
applications in disposable printed electronics in
mind.

The observations in all three devices above are
in accordance with prior experimental observa-
tions [1–3] and a recent proposal [10] where tunnel-
ing is identified as the basic device mechanism. In
device I there is no tunneling between the C60 par-
ticles as the C60 particles are far apart. So, we
never get a change in conductivity upon applica-
tion of bias—making it a mere insulator. For de-
vice II tunneling occurs since the C60 molecules
are separated by a proper distance for the electrons
to tunnel from one C60 to the other without form-
ing a continuous network. We estimated the aver-
age distance between the C60 molecules in device
II to be �3 nm from concentration and structural
parameters. The charged C60 molecules increase
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the conductivity of the device. The C60 molecules
loose the charged state upon injection and/or
extraction from/to the other electrode under bias
of opposite polarity and the device falls back to
its initial low-conducting state. For device III,
the C60 molecules are more closely packed and
form increasingly large conducting networks with-
in the bulk of the device, allowing the C60 network
to be charged by tunneling. It has been previously
seen that charge can delocalize in systems of C60 if
the intermolecular coupling is large enough [12].
We suggest that the charge delocalization in the
(unconnected) networks create an environment
where some charges will always be stored in the de-
vice even after application of bias of reverse polar-
ity. We note that for devices with C60 well above
the percolation threshold i.e., higher concentration
of C60 in solutions, no switching was observed.

We now turn our attention to the NDR ob-
served in the ON state of both devices II and III.
In Fig. 1 NDR occurred for both polarities of bias
and for all scan directions only when the device is
in the ON state. This phenomenon has previously
been observed both in devices with intermediate
metal layers [3] and with electroformed metal in
SiO [9]. In Fig. 2 we apply a linearly increasing
voltage of different amplitudes but with the same
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Fig. 2. Current density (J) characteristics of device III for
different linearly increasing voltages at a scan speed of 100 V/s.
The current for successive voltage scans are indicated in the
figure. The circled area indicates the variation of current in the
low-voltage regime. The arrows indicate the Vmax (�5.2 V) and
Vmin (7.2 V).
scan speed of 100 V/s over device III, which is al-
ready in the ON state, and measure the current
[11]. For voltage ramps with amplitudes up to
Vmax � 5.2 V we observe the same high-current
density through the device. By further increasing
the voltage amplitude above 5.4 V the current
starts to decrease till it reaches a minimum at
Vmin � 7.2 V making it an N-shaped current curve
[3,9]. This allows for an additional memory effect
in the ON state of the already observed bistable
and WORM devices. We note, however, that the
OFF state current in device II and III are still or-
ders of magnitude lower than the current at Vmin

(see Fig. 1).
The current difference in the low-voltage regime

(circled) in Fig. 2 is especially of interest. It shows
that if we apply a certain bias within the NDR re-
gime (5–7.2 V), the consequent low-voltage probes
will show a device history, i.e., memory. This leads
to multistability response of the device as seen in
Ref. [9]. We applied a ramp ‘‘pump’’ write voltage
varying between 2.5 V and 7.2 V and probed the
device current using a smaller read voltage (1 V)
as shown in the inset of Fig. 3. We find distinct
read current values for all write voltages. Thus,
we can create different ‘‘states’’ of the device that
respond differently to the same probe voltage,
leading to multistability.
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Fig. 3. Current density of the probe pulse in device III. The
device current was ‘‘read’’ with a 1 V ramp after a state is
‘‘written’’ by applying linearly increasing pump voltages in the
2.5–7.2 V range. Inset shows the scheme of the experiment.
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Measurements on devices with various thick-
nesses reveal that both the bistability and NDR
in devices II and III are voltage driven phenome-
non. We have also observed that the NDR is inde-
pendent of temperature down to 240 K.
4. Conclusions

In conclusion, we have fabricated a simple
memory switching device. The device was fabri-
cated by using C60 mixed into a common organic
insulator—polystyrene. By merely changing the
concentration of the C60 in PS we found three dis-
tinctly different device mechanisms, namely a true
insulator, a bistable device switching between an
OFF and ON state (device II) and a write-once,
read-many switch (device III). Furthermore, both
devices II and III show NDR in their ON states
allowing for fabrication of multistable devices.
The device physics can be quantitatively under-
stood based on a mechanism similar to tunneling
and impurity band conduction.
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Abstract

The surface current stimulated by light in tetracene layers was investigated. The tetracene sample was prepared by
evaporation in vacuum on the glass substrate. The sample was equipped with the gold electrodes deposited on the glass
or on the top of the tetracene layer. Illumination of the tetracene layers was perpendicular to the flat area. Two methods
of illumination were applied—from glass substrate side (S) or from non-substrate side (NS).

Photocurrent characteristics as a function of wavelength (k), light intensity (I0) and voltage (U) were measured.
We concluded that mechanism of the photocurrent stimulation results from triplet exciton-trapped charge carrier

interaction, which leads to detrapping of charge carriers and enhancement of the current.
It was shown that current–wavelength characteristics have antibatic behaviour (reverse proportionally to the absorp-

tion coefficient) under illumination of non-substrate side, and symbatic (proportionally to the absorption coefficient)
under illumination of substrate side of the sample.

Based on the experimental results, it is thought that the phenomenon results from non-uniform distribution of the
trapping charge carriers in the tetracene layers in perpendicular direction, which leads to non-uniform detrapping of
charge carriers by excitons.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The increase of current, resulting from illumina-
tion of the sample, is usually induced by exciton
detrapping of trapped carriers [1–4]. The pheno-
menon is known as a photoenhancement of current
ed.
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Fig. 1. Scheme of experimental arrangement of the vacuum deposited tetracene layers with bottom and top contacts. Direction of
possible illumination by flux of light (I0) is shown.
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(PEC). Optical processes are based on the assump-
tion that charge carriers are detrapped out from the
traps by excitons created by the exciting light in the
organic material. In the tetracene, the first singlet
exciton energy is ES = 2.2 eV and the lowest triplet
exciton energy is ET = 1.2 eV [2], so the difference
energy 2ET � ES is equal 0.2 eV [5,6]. As a conse-
quence the probability of intersystem crossing is
very low in tetracene crystals. As a result of very
effective singlet fission process, the triplet excitons
play an important role in charge carrier detrapping
processes. From these reasons PEC reaches extre-
mely high values in organic molecular materials
when the examined samples are illuminated by light
from the region of singlet exciton absorption.
Under such conditions, the charge carriers detrap-
ping by exciton significantly dominates over the
photon detrapping. The behaviour results from
much smaller value of the cross-section for photon
absorption by trapped charge carrier than for the
exciton-trapped charge carrier interaction [1,2].

PEC in organic materials was the subject of
many experimental and/or theoretical investiga-
tions. However, all of these works were carried
out on samples with electrodes in sandwich
arrangement, on both monocrystals and vacuum-
evaporated layers [3,7–12].

Our analysis of PECs concerns the conductivity
of vacuum-evaporated tetracene samples in sur-
face arrangement (see Fig. 1). The investigations
of these type of samples, illuminated perpendicular
to the flat part of the layer, give us information
about some properties of the surface region of
the layers from the substrate (S) and non-substrate
(NS) side (where S is the side contiguous to the
substrate glass and NS is the opposite side of the
layer, see Fig. 5).

In this paper we present the experimental results
concerning the photoenhanced current obtained
for samples in surface arrangement with electrodes
deposited on substrate (bottom contacts—BC) or
on non-substrate (top contacts—TC) side of the
organic layers (see Fig. 1). In both cases the layers
were illuminated from S and NS side. The conclu-
sions resulting from experimental measurements
are completed by a theoretical model which partic-
ularly explains the photocurrent dependence on
wavelength under the illumination from S and
NS side.
2. Experimental details

Tetracene (Aldrich, 98% pure), purified by re-
peated vacuum sublimation has been used for
deposition. The thin films samples were obtained
by evaporation in vacuum of gold electrodes
(thickness about 20 nm) directly onto a micro-
scope slide 150 lm thick at a pressure of 10�3 Pa
at room temperature for bottom contacts or on
the tetracene layer for top contacts, with tetracene
deposition rate of about 2 Å/s. The evaporation
parameters were controlled by EDWARDS Auto
306 turbo, turbomolecular vacuum evaporation
system.

The electrical contact of samples with terminals
was achieved by means of silver paste. The samples
were placed in the measurement chamber and
resulting currents were measured by Keithley
487 electrometer. The thin layer samples were
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illuminated with a KB 5703 Xenon lamp trough a
monochromator SPM-2. All measurements have
been done in air, at room temperature. The entrance
slit of the monochromator was adjusted to give the
same quantum light intensity at different
wavelengths.

For investigations the samples with different
thickness of the tetracene layers from d =
0.75lm to d = 1.5 lm and with different distances
between electrodes ‘‘L’’ (Fig. 1) have been used.
Layers were illuminated from both substrate and
non-substrate side. The samples had ohmic elec-
trodes, formed from gold contacts. In the paper
the results are presented on the layer of 0.75 lm
thickness.

2.1. Experimental results and their analysis

The experimental analysis were based on the
measurements of photoenhanced current as a
function of the wavelength, light intensity and ap-
plied voltage. The current–wavelength characteris-
tics obtained for the tetracene layer at two
directions of illumination is shown in Fig. 2. It
can be noticed that under the illumination of the
layer from S side, the PEC characteristic shows
symbatic dependence (proportional to the absorp-
tion coefficient) which is independent from posi-
tion of electrodes, TC or BC. When the NS side
Fig. 2. Spectral characteristics of the surface photocurrent in tetracen
of top contact (a) and bottom contact (b). The illumination of the laye
in the top left corner). Results were obtained at U = 20 V, I0 = 1015 p
Values of photocurrent for the sample with bottom contact under illu
comparison with photocurrent spectrum the absorption spectrum of th
[14].
of the layer is illuminated, spectral characteristics
transform into an antibatic relation (inversely pro-
portional to the absorption coefficient). It is note-
worthy that the values of photoenhanced currents
are generally higher when the S side is illuminated.

Next, we present the experimental data of
the photocurrent vs. intensity of incident light
(Fig. 3) for BC only. The samples were illuminated
by the monochromatic lights of k = 505 nm and
k = 530 nm wavelengths, which correspond to the
strong and weak region of light absorption of the
tetracene layer, respectively. Analysing these plots
difference between the value of the currents slope
obtained for the illumination from S and/or NS
side of the investigated layer can be observed. In
every case the curves start from horizontal posi-
tion, which corresponds to the dark currents. It
can be noticed, that for weak light absorption
(Fig. 3b, k = 530 nm) differences between values
of the photoenhanced current for illumination
from S and NS side of the layer are much smaller
than for strong light absorption region (Fig. 3a,
k = 505 nm). Moreover, it can be seen, that the in-
crease of photocurrent under the illumination
from S side starts later, that for illumination from
NS side of the layer.

In Fig. 4. the photocurrent as a function of the
applied voltage obtained for the samples with BC
arrangement under the light illumination from
e layers for distance between electrodes L = 0.2 mm, in the case
rs was through S or NS side of the layer (see schematic drawing
hotons/cm2 s and for the thickness of the sample d = 0.75 lm.
mination from NS side were multiplied by the factor of 4. For
e tetracene layer is presented on the basis on the literature data



Fig. 3. Characteristics of photocurrent vs. intensity of incident light for layers with bottom contact (see schematic drawing in the top
left corner). Results were obtained for wavelengths k = 505 nm (plot (a)) and k = 530 nm (plots (b)) at U = 20 V, L = 0.2 mm and for
the thickness of the sample d = 0.75 lm.

Fig. 4. The photocurrent–voltage curves for layers with bottom contacts (see schematic drawing in the top left corner). Results were
obtained for wavelengths k = 505 nm (plots (a)) and k = 530 nm (plots (b)) at intensity of incident light I0 = 1015 photons/cm2 s,
L = 0.2 mm, d = 0.75 lm.
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strong and weak absorption region of tetracene
crystal is shown. According to the experimental re-
sults presented in Fig. 4, it can be seen that the
dark current dependence on applied voltage is
linear with slope close to 1, and the relationship
between photocurrent and applied voltage is
derived for the light illumination from weak and
strong absorption region of tetracene crystal is
superlinear with slope > 1.

It is worth to point out that the difference be-
tween the values of photocurrent obtained under
the illumination of the sample from S and NS side
is bigger for k = 505 nm (left plot) than for
k = 530 nm (right plot).
3. Simple model describing surface photoenhanced

current in the layer

Charge carrier detrapping process in molecular
layer, due to its illumination, depends on trapped
charge carrier and excitons [1–10].

The charge carrier distribution in the thin insu-
lator layers, in the direction perpendicular to the
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layer, was analysed in [13]. According to that ap-
proach it can be assumed that the charge carriers
in the layer are mostly situated near the surfaces
of the layer due to coulombic repulsion. In order
to explain experimental results, the simple model
of the processes has been used. For the sake of
the present discussion, it suffices to recall the most
important assumptions:

(i) the trapped charge carriers are localised only
in the short distance equals a/2 from each
surface of the layer,

(ii) the thickness of the layer where the trapped
charge carriers are situated (a) is small in
comparison to the layer thickness,

(iii) there is no current flow in the direction per-
pendicular to the layer because there is no
permanent source of charge carrier.

From the last assumption it follows that electric
field intensity is close to zero in the direction per-
pendicular to the layer and the trapped charge car-
rier concentration (nt0) is the same for S and NS
side of the sample. The schematic representation
of the sample is presented in Fig. 5.
Fig. 5. Scheme of assumed trapped charge carrier distribution
in direction perpendicular to the layer (a), where: nf0 and nfd are
concentrations of free charge carrier near position y = 0 (S side)
and y = d (NS side), a/2 is thickness of the layer which contain
the trapped charge carrier near the surface H0 and Hd is
concentration of the traps correlated with position y = 0 and
y = d, respectively. I0 is intensity of the light flux, nt0 is
concentration of trapped charge carriers.
According to the above, the current flow in the
direction parallel to the layer is realised in narrow
part of the sample equals a. As a result the value of
measured current can be described as

I ¼ ðnf0 þ nfdÞleE0ab; ð1Þ
where nf0 and nfd are concentrations of free charge
carrier near substrate side and non-substrate side,
respectively, e is elementary charge carrier, l is
mobility of a charge carrier, E0 is an average value
of the electric field in the direction parallel to the
layer, a is total thickness of the layer which con-
tains the trapped charge carrier and b is width of
the layer in the active region for the charge carrier
transport.

After illumination of the layer, via singlet exci-
tons fission process triplet excitons are generated.
The triplet excitons can interact with the trapped
charge carriers. As a consequence we expect an
efficient free charge carriers production.

Taking into account the exponential distribu-
tion of traps according to the energy,

hðEÞ ¼ H
‘kT

exp � E
‘kT

� �
ð2Þ

and for efficient charge carriers detrapping process
the relation between free and trapped charge car-
rier, can be described as follows [3]:

nfðyÞ ¼
N eff

H
gs0jI0e�ky

m

� �1�1=‘

ntðyÞ; ð3Þ

where H is the concentration of the traps, ‘ is the
parameter describing energetically distribution of
the traps, Neff is effective density of the states, g
is efficiency of charge carrier detrapping by exci-
tons, s0 is the life time of excitons, j is linear
absorption coefficient, I0 is intensity of the incident
light flux and y is the direction perpendicular to
plane of the layer.

Due to the beam of light can be applied from
substrate side and from non-substrate side of the
sample, two different cases have been taken into
consideration.

For case I(y ! 0) (see Fig. 5), using Eqs. (1) and
(3) and the assumption that E0 � U/L, where U is
voltage applied to the sample and L is the distance
between electrodes, the current may be expressed
as
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I I ¼
N effnt0elUab

L
½gs0jI0�1�1=‘

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A

1

H 0

þ e�jdð1�1=‘Þ

Hd

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

B

.

ð4Þ

An analogous relationship for the case II (y ! d),
may be obtained:

I II ¼
N effnt0elUab

L
½gs0jI0�1�1=‘

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A

e�jdð1�1=‘Þ

H 0

þ 1

Hd

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

B

.

ð5Þ
Eq. (4) (for the case I) and (5) (for the case II)
represent the photocurrent flowing through the
sample in direction parallel to the layer, under
the light illumination perpendicular to the layer
in presence of trapped charge carriers near the sur-
face with different concentration of traps at the
substrate (H0) and non-substrate side (Hd) and
with exponential distribution of the traps accord-
ing to the energy.
4. Results and discussion

According to Eqs. (4) and (5), the term A de-
scribes photocurrent as a function of light intensity
(I0) and the term B describes the photocurrent
dependence on the absorption coefficient (j). Tak-
ing into account traps concentration and analysing
Eq. (4) for the case I we can finally show, that

1

H 0

� e�jdð1�1=‘Þ

Hd
; ð6Þ

the surface photoenhanced current is directly pro-
portional to the light intensity and absorption coef-
ficient (j � (I0j)

1�1/‘). This type of relationship is
usually called as symbatic and it has been observed
under the sample illumination in the case I (Fig. 2a
and b). The symbatic behaviour of the photocur-
rent is possible when H0 � Hd. When H0 � Hd,
based on Eq. (4) the antibatic relationship for the
measured photocurrent can be obtained. Antibatic
relation was not obtained experimentally under the
illumination in the case II.

Analysing the relationship (5), under the case II,
we can conclude that
1

Hd
� e�jdð1�1=‘Þ

H 0

. ð7Þ

From the above we obtained antibatic relation
describing the surface photoenhanced current.

Conclusion presented above, from Eqs. (6) and
(7), stay in a good agreement with experimental re-
sults presented in Fig. 2. Eqs. (4) and (5) follow
underlinear photocurrent–light intensity charac-
teristics. Slope of photocurrent-light intensity
characteristics is equal n = 1 � 1/‘. Based on
experimental data presented in Fig. 3, we can find
‘I ffi 2.5 for substrate side and ‘II ffi 2 for non-
substrate side of the layer. It seems that energetical
distribution of traps is not so different, at different
value of concentration of the traps. The photocur-
rent dependence on applied voltage is presented in
Fig. 4. Based on experimental data and results of
theoretical analysis we can conclude, that in tetra-
cene layers concentration of traps is much smaller
at the substrate side (H0) than at non-substrate
side (Hd) of the sample.

The last statement leads to conclusion, that
greater value of the enhanced photocurrent can
be obtained under low concentration of traps
and with the value of traps distribution parameter
from the range (‘ ffi 2 to 2.5) from both sides.

These results can be to understood that after
detrapping of charge carrier, electrical currents
are function of Schubweg distance (S).

The distance of Schubweg can be estimated as
follows:

S ¼ lE0s; ð8Þ

where l is charge carriers mobility and s is charge
carriers lifetime in the band.

The charge carrier lifetime can be described as
follows:

s ¼ ðHtrÞ�1
; ð9Þ

where r is the cross-section for charge carrier trap-
ping, t is the charge carrier thermal velocity.

When charge carrier traps concentration at sub-
strate side (H0) is smaller than at non-substrate
side (Hd) the charge carrier lifetime at the substrate
side can be represented as follows:

s0 ¼ ðH 0trÞ�1 ð10Þ
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and its value is greater than the lifetime at non-
substrate side which is given by

sd ¼ ðHdtrÞ�1. ð11Þ
The results following from the above relationships
can be closed by the statement that the distance of
Schubweg at the substrate side S0 is greater than at
non-substrate side Sd. Longer distance of Schu-
bweg leads to higher enhancement of the
photocurrent.
5. Final conclusion

The surface photoenhanced current transport
investigation in the direction parallel to the layers
show that charge carrier transport is realised near
Fig. 6. Possible direction of current flow in layer for a different
configuration of the experimental system for the sample.
the substrate surface (Fig. 6). This effect results
from non-uniform distribution of the charge carri-
ers traps in the tetracene layers in direction
perpendicular to the layer, which causes non-
uniform detrapping of charge carriers by excitons.
This conclusion is very important for the construc-
tion of field effect transistors and phototransistors
for molecular physics.
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Abstract

We examine the role of the density of states in determining the performance of amorphous organic devices. Specif-
ically we compare the exponential density of states and the Gaussian density of states. We find that the shape of the
density of states affects dramatically the ideality factor of P–N diodes and the gate voltage dependence of the mobility
in field effect transistors. By comparing to experimental results we conclude that a real DOS should have the attributes
found in Gaussian density of states. Also, since the Gaussian density of states do not easily allow to produce simple
analytical expressions, methods that are developed for Gaussian density of states can more easily be adapted to real
shapes of density of states which are not necessarily described by a single Gaussian.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In organic polymers or small molecule devices
one often finds that the classical models found in
inorganic device textbooks [1] and the I–V charac-
teristics that they predict do not fit experimental
data. In the literature there exist models that focus
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserv
doi:10.1016/j.orgel.2005.06.006

* Corresponding author. Tel./fax: +97 248294719.
E-mail address: nir@ee.technion.ac.il (N. Tessler).
on the charge transport phenomena or charge
injection. In the charge transport context one can
find models based on charge density effects only,
as in trap-filling [2–5], models based only on field
induced lowering of transport barriers [6–10], or
even non-equilibrium models [11–14], where the
concept of mobility is a bit vague. Similarly, one
can find models for contact injection which are
based on the assumption of equilibrium at the con-
tact interface [15–18] or non-equilibrium [19–22].
ed.
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(We restrict the discussion here to amorphous
films and we only mention that the balance of pro-
cesses is different in high purity organic crystalline
materials [23,24].) An outsider to this field may be
tempted to conclude that these materials are so ill-
defined that each group is actually studying a dif-
ferent material and hence must resort to a different
physical picture in order to achieve a perfect over-
lap between theory and experiment. However, if
one looks carefully, it is apparent that sometimes
even a single group studying the same material is
using a different physical model each time. This
indicates that the materials are not at fault and
that better self-consistency is required.
In the past 5 years there have been extensive ef-

forts to extend the physical picture developed, at
the early stages of the field, originally for low
charge density experiments [6,7,11,12,22], as the
time of flight, to the LED, FET and solar cell
operating conditions [14,25–27]. In our study we
have been insisting on using a single physical pic-
ture for all device architectures and operating con-
ditions [18,26–28] and we chose the most popular
physical picture that was put forward by Bassler
and coworker, i.e. hopping in a Gaussian density
of states. While the immediate result was that
many experimental curves could not be perfectly
fitted any more it had positive effects on our theo-
retical and experimental work. In the theoretical
part it forced us into expanding the Bassler model
to account for both charge-density and electric-
field effects [26,27,29,30] and find methods where
it can be directly integrated into device models
[18] and thus describe also the contact phenomena.
The contribution of Arkhipov et al. in expanding
[20,25,31,32] the Gaussian DOS model is of great
importance in the current context. In the experi-
mental part it made us realize that many ‘‘stan-
dard’’ methods to extract parameters, such as
mobility or contact barrier height, are not suitable
for disordered organic materials [30,33,34]. Such
single-model attitude has led us to the conclusion
that the most important and missing parameter
is the actual density of states of a pristine material
that is embedded in a realistic device configura-
tion. This implies that any formalism that is to
be developed must be simple and flexible enough
to allow for any DOS shape that would eventually
be measured. We do not believe we have found the
bench-mark model that would solve all problems
or unify all physical scenarios but we believe that
the approach that led us to this model would yield
the most useful device-related models. Our goal
here is to demonstrate the importance of the den-
sity of state shape for device applications and of
self-consistency or single physical picture
approach.
We limit ourselves here to the regime where the

device is close to the steady state and hence (in
most cases) one can apply standard device model
approach that relies on the existence of equilib-
rium (or quasi-equilibrium) in the sample. In other
words, from the device point of view, it is impor-
tant to be able to define the shape of the charge
density of states (DOS) and the value of the
quasi-Fermi-level. Since all expressions for the
I–V characteristics of devices start with the current
equation

Jh ¼ qlhnhE � qDh
d

dx
nh

it is important to examine the mobility (l) and the
diffusion coefficient (D) and again, in the context
of devices, the ratio between the two (generalized
Einstein relation [26,35,36]) is the most important
factor.
2. The diffusion coefficient

The generalized Einstein relation is derived
from the current equation under the assumption
that the net current that flows is much smaller then
the drift or diffusion currents and it can be
regarded as a very small perturbation ðqlhnhE �
qDh

d
dx nh � JhÞ. This is then expressed as

lh ¼ Dh 1nh
dnh
Edx ¼ �Dh 1nh

dnh
dV where in order to intui-

tively understand its meaning we need to remem-
ber that the role of diffusion is in smoothing and
averaging out charge density differences. Having
that in mind, the last expression actually implies
that if the system (DOS) is such that a change in
potential (Fermi-level) should result in a very small
increase of the charge density ðdnh

dV � 1Þ then, for
the current equation to still hold, the diffusion
coefficient must become large so as not to allow
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a voltage drop to create large density differences.
To make the derivation more formal we use the
fact that a difference in potential between two
points is defined as the difference between the
quasi-Fermi-levels [26,35]:

D
l
¼ �n

dn
dEf

� ��1

ð1Þ

For a Gaussian DOS, DOSgauss ¼ NVffiffiffiffi
2p

p
	r

exp � e�e0ffiffi
2

p
	r

� �2� �
we find:

D
l
¼ kT

q

Z 1

�1
exp � e� e0ffiffiffi
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� �2" #
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1þ exp e�eF
kT

� � de
Z 1

�1
exp � e� e0ffiffiffi

2
p

	r

� �2" #
	

exp e�eF
kT

� �
1þ exp e�eF

kT

� �
 �2 de
¼ kT

q
gG ð2Þ
0

0.5

1

1.5

2

2.0

10-6 10-5 10-4 10-3 10-2 10-1

1

2

3

4

5

1014 1015 1016 1017 1018 1019

σ=5kT

σ=4kT

(A)
σ=7kT

E
nh

an
ce

m
en

to
f E

in
st

ei
n 

R
el

at
io

n

T0=400K
T0=500K

T0=600K

Relative Charge Density

(B)

Charge Density (cm-3)

1

(C

(D

Fig. 1. Enhancement of the Einstein relation as a function of charge d
the DOS is Gaussian and for widths of 100 meV, 130 meV, 180 meV
temperatures of 400 K, 500 K, and 600 K. (C) Assuming Gaussian DO
The solid line was calculated for relative charge density of 10�4 (1016

(1018 cm�3). (D) Assuming the DOS is exponential and for character
And for an exponential DOS, DOSexp ¼ Nt
kT 0

expð e
kT 0

Þ , we find:
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Fig. 1A shows the calculation of the enhancement

of the Einstein relation D
l

q
kT

� �
assuming a Gauss-

ian DOS, for several DOS widths (r). We note that
at very low charge density the Einstein relation

enhancement tends towards 1 D
l ¼ kT

q

� �
indicating

that the material is non-degenerate at low charge
densities and becomes degenerate at device related
densities. Fig. 1B shows the calculation of the

enhancement of the Einstein relation D
l

q
kT

� �
E
nh

an
ce

m
en

to
f E

in
st

ei
n 

R
el

at
io

n

1.5

2

2.5

3

3.5

4
40 50 60 70 80

100meV

30

180

1/kT

)

1/kT

1

1.5

2

2.5

3

3.5

40 50 60 70 80

T0=400K

500K

600K)

ensity (A and B) and of temperature (C and D). (A) Assuming
. (B) Assuming the DOS is exponential and for characteristic
S of 100 meV (circles), 130 meV (squares), 180 meV (diamonds).
cm�3) and the dashed lines for relative charge density of 10�2

istic temperatures of 400 K, 500 K, and 600 K.



N. Tessler, Y. Roichman / Organic Electronics 6 (2005) 200–210 203
assuming an exponential DOS, for several charac-
teristic temperatures (T0). We note that unlike the
Gaussian DOS the generalized Einstein relation
for exponential DOS is independent of the charge
density and is always higher then kT/q.
In order to gain some insight as to the origin of

the above differences we plot in Fig. 2 the average
energy of the charge population as a function of
the quasi-Fermi-level (charge density).
The line with rectangle markers was calculated

for exponential DOS with T0 = 450 K and the line
with circular markers was calculated for a Gauss-
ian density of states with r = 100 meV. We note
that for the exponential DOS the average energy
tracks the value of the quasi-Fermi-level for any
value. The position of the charge population close
to the Fermi-level is an indication that the material
would be degenerate at any charge density and in-
deed the generalized Einstein relation shown in
Fig. 1B is larger than one. The straight line depen-
dence indicates that the exponential DOS is never
empty nor full. This difference between the two dis-
tribution have been noted in different ways in the
past and was also used to explain why an exponen-
tial DOS will more easily tend towards non-equilib-
rium transport and hence transport in such system
will be highly dispersive [37–39]. This no-bottom
effect have been linked to the basic description of
dispersive transport [11,12] measurements that
seem to exhibit any time scale and specifically as
long as one would be able to measure. Very few
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Fig. 2. Average energy of the carrier population as a function
of the position of the quasi-Fermi-level for an exponential DOS
characterized by T0 = 450 K (squares) and for a Gaussian DOS
characterized by r = 100 meV (circles).
experiments did attempt to test the hypothesis of
‘‘as long as one would be able to measure’’ but
for example in [40] it is shown that there is a cut-
off at long time scales or slow rates and in [41] a de-
tailed discussion of dispersive to non-dispersive
transition may also be found. Such a cut off indi-
cates that while in some cases one can ignore the
existence of a bottom to the DOS it is still there.
In fact one can realize that a physical DOS must
have a bottom simply by realizing that it is not pos-
sible to have the electron population belonging to
the LUMO level residing below the HOMO level.
The Gaussian DOS however, exhibits a bottom

like effect where the average carrier energy cannot
go below a certain value (�r2/kT). Since the energy
distribution of the charge carrier is dictated by the
DOS multiplied by the Fermi–Dirac distribution a
bottom like effect will occur where the DOS decays
much faster then the Fermi–Dirac function, that
asymptotically behave like expðE�EF

kT Þ. Such faster
decay cannot be found in an exponential distribu-
tion and for a Gaussian DOS it occurs at �r2/kT
below the center of the Gaussian.
Having said the above one should still remem-

ber that models based on exponential DOS have
been very successful over the years and specifically
are reported to be good enough to describe certain
aspects of organic FETs [5,42].
3. Low field mobility

Using the mean medium approximation [30] it
becomes possible to calculate the effect of both
the charge density and electric field on the mobility
value. As other models typically address only one
or the other we start with examining the charge
density dependence at the low field limit (see
Fig. 3). It turns out that the results from the full
calculation can be approximated using the follow-
ing expression:

l ¼ lmax 	 w 	 ð1þ ðtanhðð�p=0:05ÞkÞÞ=wÞ ð4Þ
where �p ¼ P3D

PDOS
is the 3D charge density normalized

to the total DOS, lmax is the maximum mobility,
and w = lmin/lmax. For �r ¼ r

kT between 4 and 8
w ’ 10�ð�r�3Þ and in this range the parameter k is
expressed as:
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k ¼ 0.73–1.17 	 ð�r þ 1Þ 	 exp � �r þ 1
1.65

� �
ð5Þ

The good agreement between the expression
shown in Eq. (4) and the full calculation is shown
in Fig. 3A. Fig. 3B shows the slope of the log–log
plot (power law) as a function of charge density.
This figure demonstrates two issues: (a) The para-
meter k in Eq. (5) is the maximum slope which is
positioned at the high density regime. (b) At lower
densities (found in LED/diodes) the density depen-
dence of the mobility is much weaker and in cer-
tain circumstances can be neglected.
If one examines Fig. 3A in the experimentalist

eyes and try to make the best linear fit across as
wide as possible range then such an averaging will
approximate the mobility as l / Pk [30] where

j ¼ 0.73–1.17 	 �r 	 exp � �r
1.65

� �
ð6Þ

Next, we compare the results with those obtained
using exponential DOS where it has been shown
[5,43] that the mobility can be described as a power
law of the form:

l / P
T 0
T �1ð Þ ð7Þ

This expression is supposed to be valid for all
charge densities and hence cannot be compared
with the Gaussian model predictions. However, if
we limit ourselves to a narrow range (of normal-
ized charge concentration near 10�3 or 10�2), as
may be found in a single experiment, we can com-
pare Eqs. (6) and (7). Doing so we find that
�r ¼ 5! T 0 ¼ 435 and �r ¼ 7! T 0 ¼ 485.
4. Field and density dependent mobility

In Ref. [30] we reported that the electric field
dependence of the mobility predicted by the
MMA model for the low charge density regime
(lmin in Eq. (4)) is identical to the predictions pre-
viously made by Bassler et al. for the Gaussian
model using Monte Carlo simulations at the low
density limit [6]:

l ¼ lE¼0 expfc½�r2 � 2.25�
ffiffiffiffi
E

p
g ð8Þ

where c � 2 · 10�4 (cm/V)0.5. Using this we can
extend expression (4) to account for it simply by
redefining w as:

w ¼ lmin 	 expfc½�r2 � 2.25�
ffiffiffiffi
E

p
g=lmax ð9Þ

Namely, Eqs. (4), (5) and (9) reproduce empirically
the results of the field and density dependent
mobility obtained by the MMA method [30].
5. Temperature dependence

The MMA model as developed in [30,44] (using
the Miller Abraham rate) is not expected to
fully reproduce temperature dependence of the
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mobility. The applicability of the MMA model, as
developed in [30,44], to any DOS, to any charge
density, and to a wide range of electric fields comes
with a penalty that it is not valid at very low tem-
peratures. This is due to the fact that the polaronic
effects such as polaron binding energy (0.2–0.4 eV)
and phonon temperature (350–500 K) [45,46] are
not included. Also, the notion of the conductivity
being determined by percolation paths [47,48], that
is important primarily at low temperatures, is not
included. Nevertheless, for the sake of complete-
ness we show the prediction of this model for the
temperature dependence of the mobility. Fig. 4
shows the mobility calculated using the MMA
model versus 1/T0.25, following Mott�s notion of
variable range hoping [47]. The upper curve was
calculated for a filling factor (relative to the total
DOS) of 10�3 and the lower for 10�4. The dashed
line shows the slope of exp(1/T0.25) dependence.
6. Device performance and analysis

6.1. Diode or P–N junction

Our aim here is to examine how the I–V charac-
teristics of a classic diode structure are altered due
to charge density dependence of the mobility and
of the Einstein relation. More specifically we will
derive an expression for the effective ideality fac-
tor. The motivation for this analysis is the appear-
ance of high quality organic-diodes based on N
and P doping [36]. For simplicity of the calcula-
tions we assume a N+P where the current across
the junction is carried mainly by electrons and
the P side is long (wide diode). We start with the
equation relating the built in electric field (E) to
the charge distribution across the junction:

E ¼ �D
l
1

�n
d�n
dx

ð10Þ

The built in voltage (VB) is then:

V B ¼ �
Z 1

�1
EðxÞdx ¼

Z x2

x1

D
l
1

�n
d�n
dx
dx ð11Þ

where x1 and x2 are well outside the junctions. If
D/l is varying slowly, compared to the charge den-
sity, across the junction one can relate the built in
potential (VB) to the equilibrium electron density
on the N ð�nNÞ and P ð�nPÞ sides of the junction in
the form:

V B ¼ �
Z P

N

De
le

1

n
dn ¼ �De

le
	 lnðnÞjPN ð12Þ

which yields:

V B ¼ De
le

����
N

	 lnð�nNÞ �
De
le

����
P

	 lnð�nPÞ ð13Þ

Once an external voltage is applied (VA) the actual
voltage drop across the junction (Vt) is related to
the charge density under current/voltage excitation
(nN and nP):

V t ¼ V B � V A

¼ De
le

����
N

	 lnð�nNÞ �
De
le

����
P

	 lnðnPÞ ð14Þ

where we have used nN ffi �nN due to electrons being
the majority carrier on the N side. After rearrang-
ing the terms:

nP ¼ exp
le
De

����
P

De
le

����
N

	 lnð�nNÞ � V B þ V A

� �� �

¼ n0 exp
le
De

����
P

V A

� �
ð15Þ

where n0 is a constant defined by Eq. (15) and its
value is dictated by the junction profile. The excess
minority charge profile on the P side takes then its
usual form:
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n̂PðxÞjx>0þ ¼ n0 e
lVA
D � 1

� �
e
� xffiffiffi

Ds
p ð16Þ

where s is the minority (electron) recombination
rate in side P.
The electron current can thus be deduced as:

Iej0þ ¼ qADe
d

dx
ðn̂pÞ

����
x>0þ

¼ � qAn0ffiffiffi
s

p
e

ffiffiffiffiffi
le
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s
e

leVA
De � 1

� �
ð17Þ

Using the general Einstein relation (see Eq. (2) or
(3)) of D

l ¼ g kT
q :

Iej0þ ¼ � qAn0ffiffiffi
s

p
e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gekT
q

le

s
e
qVA
gekT � 1

� �

If we recall that the mobility is density dependent:

le / nj
p / e

jleVA
De

Eq. (17) then takes the form:
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ffi
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l
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2ð Þ
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ð18Þ

which accounting for the general Einstein relation
results in:

Iej0þ � �R0

ffiffiffiffi
D
l

s
exp

V Aq
g

1þj=2 kT

 !
ð19Þ

And the ideality factor nf is:

nf ¼
g

1þ j=2
ð20Þ

Using Eqs. (2), (3), (6) and (7) in (20) we can cal-
culate the ideality factor predicted by a Gaussian
DOS or exponential DOS models.
Fig. 5 describes the ideality factor as a function

of inverse temperature for a device made with a
semiconductor comprising of a Gaussian DOS
(Fig. 5A) or exponential DOS (Fig. 5B). In the
exponential DOS case the interplay between the
enhancement of the Einstein relation and of the
mobility nearly cancel out the dependence on T0
and makes the ideality factor almost constant
and smaller than 2. In the Gaussian DOS case
(Fig. 5A) we note a relatively strong temperature
dependence which varies with the amount of disor-
der found in the sample (r). The solid lines in
Fig. 5A were calculated for relative charge density
of 10�4 (1016 cm�3) and the dashed lines for rela-
tive charge density of 10�2 (1018 cm�3). This shows
that for a Gaussian DOS the ideality factor would
also be density dependent (or bias dependent). We
now refer the reader to the experimental data ob-
tain by Harada et al. [36] who studied high quality
organic diodes. Especially we refer to Fig. 3A of
that paper which shows the experimentally deter-
mined ideality factor as a function of the inverse
temperature. The data presented in this paper
looks very similar to the predictions made by the
Gaussian model (Fig. 5A). Namely, the DOS in
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the real device is very likely to have the attributes
of a Gaussian DOS [49] and is by no means
exponential.
7. Field effect transistor

The field effect transistor is a well studied device
structure where the common equations used to de-
scribe it are:

IDS Lin ¼
W
L

lCins ðV GS � V TÞV DS �
V 2DS
2

� �

for V GS in accumulation regime and

jV DSj 6 jV GSj ð21Þ

IDS Sat ¼
W
LEFF

lCins½V G � V T�2

for V GS in accumulation regime and

jV DSj P jV GSj ð22Þ

The derivation of the above equations for the lin-
ear (21) and saturation (22) regime assumes a con-
stant mobility. However, for an FET based on the
conductor–insulator, p-conjugated technology
(CIp-FET) one has to account for charge density
and possibly also electric field dependence
[33,42,43] and hence, one has to recalculate the
current equations. The charge 2D-density at the
channel can be written as:

nsðxÞ ¼ ðCg=qÞ½V GS � V T � vðxÞ� ð23Þ
Where m(x) is the potential in the channel at point
x. The current at each point can be written then as:

IDS ¼ WqnsðxÞlðxÞ
�dvðxÞ
dx

ð24Þ

Integrating Eq. (24) from 0 to L:Z L

0

IDS dx ¼
Z L

0

WqnsðxÞlðxÞ
�dvðxÞ
dx

dx

IDS ¼
W
L

Z L

0

Cg½V GS � V T � vðxÞ�lðxÞ dvðxÞ
dx

dx

ð25Þ
And finally replacing the integration over x with
that of the channel potential:
jIDS Linj ¼ W
L

R V DS
0

Cg½V GS � V T � v�

�lðV GS � V T � vÞdv

jIDS Satj ¼ W
L

R V GS�V T
0 Cg½V GS � V T � v�

�lðV GS � V T � vÞdv

8>>>>>><
>>>>>>:

ð26Þ

For example, the simplest way of fitting the mobil-
ity is through a simple polynomial [33] function:

lðV GS � V T � vÞ ¼
XN
n¼0

ln½V GS � V T � v�n ð27Þ

where ln are coefficients to be fitted. The equations
describing the current take the form (assuming
VGS � VT > 0):

IDS Lin ¼ Cg
W
L

XN
n¼0

ln

nþ 2 ½ðV GS � V TÞnþ2

� ðV GD � V TÞnþ2� ð28Þ

for VGS in accumulation regime and VDS 6 VGS
and

IDS Sat ¼ Cg
W
L

XN
n¼0

ln

nþ 2 ðV GS � V TÞnþ2 ð29Þ

forVGS in accumulation regime andVDS P VGS.
Using this formalism it is possible to fit the current
and find the coefficients (l0. . .lN) and thus derive
the mobility even for the low density regime which
is inevitably associated with non-uniform charge
distribution across the channel.
Eqs. (28) and (29) look very similar to equations

derived under the assumption that the mobility
can be described using a single power law
[4,5,42,50,51] which have their physical origin in
the exponential distribution of trapping states.
The advantage of Eqs. (28) and (29) is that one
does not force a specific DOS and it allows for
both exponential DOS as well as DOS that results
in an onset and a saturation of the density depen-
dence (see for example Fig. 3A). Moreover, as we
will show below, it also shows where electric field
dependence has to be taken into account too.
There is no doubt that a single power law can give
an excellent fit over an order of magnitude how-
ever, some details of the physical picture are lost
in the process.
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Fig. 6A shows the transfer characteristics of
CIp-FET made using Si/SiO2 and MEH–PPV.
The current shows an onset at about 2 V gate–
source voltage for the range of drain source bias
measured (only VDS = �1,�2,�4 are shown).
These I–V curves were fitted using Eqs. (28) and
(29) from the very onset of current (determined
by our measurement set-up sensitivity) and up to
the high voltage regime. This fit results in a set
of coefficients, ln, which are used in Eq. (27) to cal-
culate the mobility. The results of such procedure
are shown in Fig. 6B. The x-axis corresponds to
the voltage that drops across the insulator and
the 2D charge density is directly related to it
through n2D = CinsVins/q (see top axis). The results
show that the lowest bias is not low enough to
prove of disprove the existence of an onset of
charge density dependence of the mobility. How-
ever, if one considers also values extracted fron
light emitting device configuration such an onset
can be found. The high voltage (charge density)
range clearly shows the appearance of saturation.
This feature can not be explained using exponen-
tial DOS and would be missed if the analysis
would have been based on such assumption.
Turning our attention to the relative shapes of

the curves. As long as VGS is below VDS the tran-
sistor is in saturation and the potential across the
channel is changing and equal VGS. Once VGS is
larger then VDS the potential across the channel
is fixed at VDS and the electric field along the chan-
nel stops changing. Based on the above we would
expect all the mobility curve to be the same for the
low bias range regardless on the value of VDS,
which indeed is the case. If the mobility is electric
field dependent we would expect the curves to
gradually depart from each other as we cross the
relevant VDS values. This again is exactly what
we see in Fig. 6B. Since the curve for VDS = �1 V
is almost a perfect straight line up to the saturation
point we tend to conclude that up to the corre-
sponding electric field of �103 V cm�1 the mobility
is practically field independent. Examining the
maximum mobility derived for each VDS value
we find that the mobility varies by less then an
order of magnitude (�·6) between �103 V cm�1

and �104 V cm�1. Again, we see that a DOS that
is close to Gaussian is more appropriate to capture
a wide angle of the physical picture. If we insist on
fitting the mobility data using a single Gaussian
then the best fit would be for r � 130 meV.
8. Conclusions

We have compared the analysis of organic de-
vices assuming an exponential DOS and Gaussian
DOS. We found that while the exponential DOS
approach can provide excellent fits over a limited
physical picture (as found in a single device exper-
iment) it can not capture the full physical picture.
It was shown that the approach that relies on a
DOS that has the attributes found in a Gaussian
(top and bottom) is more readily compatible with
real device analysis and can help to bridge across
different devices. Specifically we have presented a
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calculation of the ideality factor in organic diodes
and of the mobility in field effect transistors. We
also emphasized that the ‘‘true’’ DOS is not neces-
sarily described by a single Gaussian and hence
device analysis must allow for different DOS
shapes. In this context we highlighted the use of
polynomial expansion of the mobility in FETs
and of the general Einstein relation in diodes.
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Abstract

The challenge of generating crystals of organic materials has been pursued by many research groups who aim to
develop materials sets for active electronic and optoelectronic devices, including field-effect transistors [C.D. Dimitrak-
opoulos, P.R.L. Malenfant, Adv. Mater. 14 (2002) 99; H.E. Katz, Z. Bao, J. Phys. Chem. B 104 (2000) 671; Y.Y. Lin,
D.J. Gundlach, S.F. Nelson, T.N. Jackson, IEEE Trans. Electron Dev. 44 (1997) 1325], photodetectors [P. Peumans, V.
Bulović, S.R. Forrest, Appl. Phys. Lett. 76 (2000) 2650] and optical modulators [S.R. Marder, J.W. Perry, C.P.
Yakymyshyn, Chem. Mater. 6 (1994) 1137]. Here we describe a method for in-plane growth of millimeter-scale
crystalline organic needles from initially amorphous thin films of the molecular organic semiconductor tris(8-hydroxy-
quinoline)aluminum (Alq3). The needles form when the vacuum-deposited amorphous films are exposed to chloroform
vapor at room temperature and pressure, and can be as large as several microns thick, several microns wide, and one
centimeter long (limited in length by the substrate dimensions). As such, the Alq3 needles are more than 1000 times
longer than any previously reported organic crystals formed via a similar solvent-vapor annealing process [F. Iwatsu,
T. Kobayashi, N. Uyeda, J. Phys. Chem. 84 (1980) 3223; F. Iwatsu, J. Cryst. Growth 71 (1985) 629; A.M. Hor, R.O.
Loutfy, Thin Solid Films 106 (1983) 291; B.A. Gregg, J. Phys. Chem. 100 (1996) 852; J.C. Conboy, E.J.C. Olson, D.M.
Adams, J. Kerimo, A. Zaban, B.A. Gregg, P.F. Barbara, J. Phys. Chem. B 102 (1998) 4516; M. Brinkmann, J.C.
Wittmann, C. Chaumont, J.J. Andre, Thin Solid Films 292 (1997) 192; F. Toffolo, M. Brinkmann, O. Greco, F. Bisca-
rini, C. Taliani, H.L. Gomes, I. Aiello, M. Ghedini, Synth. Met. 101 (1999) 140]. Moreover, the Alq3 needles are
spatially separated from one another and oriented with their long axes parallel to lithographically pre-defined periodic
submicron grooves in the substrate surface.
� 2005 Published by Elsevier B.V.
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1. Introduction

The growth of free-standing organic crystals
millimeters in size has been previously demon-
strated by resublimation [13–18] and solvent
recrystallization [5,13,14], and in a few studies dis-
crete active devices have been fabricated using
such crystals [19–22]. However, in order to enable
monolithic integration of active organic compo-
nents [1–5] into all-organic or hybrid integrated
systems, it is necessary to form organic crystals
in the plane of a large area (cm2) substrate. The
deposition of high purity molecular organic mate-
rials onto planar substrates is most often accom-
plished by vacuum sublimation, but the
deposited thin films are typically amorphous or
at best polycrystalline with grain sizes on the scale
of microns [23–26]. Substrate temperatures are
often elevated during deposition in order to im-
prove crystallinity or select a particular crystalline
phase [3,11,23–28]. In addition, post-deposition
thermal treatment, solvent exposure, and solvent-
vapor exposure have been shown to induce grain
growth as well as amorphous-to-crystalline or
polymorphic transformations in molecular organic
thin films [6–12,29,30]. In the case of solvent-vapor
annealing, a solvent in which the thin film material
has only slight solubility is typically used. The
results reported here differ in that Alq3 is readily
soluble in common organic solvents including
chloroform.

We demonstrate the crystal formation method
using Alq3 since it is among the most extensively
studied molecular organic semiconductors. Vac-
uum-sublimed thin films of Alq3 are typically
amorphous and have been shown to be morpho-
logically stable under inert atmosphere and room
temperature conditions [31]. It has been observed,
however, that micron-scale disk-like clusters of
crystals form [32] when amorphous thin films of
Alq3 are thermally annealed above the Alq3 glass
transition temperature (Tg = 175 �C) [33]. More-
over, vacuum evaporation of Alq3 onto heated
glass substrates pre-rubbed with polytetrafluoro-
ethylene (PTFE) was shown to yield polycrystal-
line Alq3 films of planar �1–2 lm crystallites
[23]. In the PTFE study, the Alq3 crystallites were
also oriented relative to the PTFE sliding direc-
tion, with the orientation primarily attributed to
the van der Waals interaction of Alq3 molecules
with the aligned PTFE chains. Such ordering is
driven by the minimization of interfacial tension
between the crystal and the substrate, and has been
demonstrated in other studies that used litho-
graphically-defined periodic surface relief to influ-
ence the growth and orientation of inorganic
crystalline overlayers [34,35], to uniaxially orient
liquid crystalline molecules over large areas [36],
and to generate long-range order in self-assem-
bling block copolymer thin films [37].

Similar to thermally-assisted Alq3 crystal for-
mation [23,32], exposure of Alq3 films to acetone
vapor was previously reported to yield micron-
scale crystallized regions [12]. In this study we
demonstrate that much larger (millimeter-scale)
Alq3 crystalline needles can be formed by sol-
vent-vapor annealing amorphous Alq3 films on
submicron surface-relief gratings.
2. Experimental

Interference lithography was used to fabricate
grating lines in Si or SiO2 with periods ranging
from 180 nm to 300 nm and etch depths from
30 nm to 70 nm. The trilayer resist stack consisted
of an anti-reflection coating (ARC) layer, an evap-
orated silica interlayer, and a photoresist layer,
with the layers deposited sequentially onto silicon
or thermally oxidized silicon wafers. A 325 nm
wavelength HeCd laser was used to expose grating
lines in the resist. After exposure and development
of the resist, the pattern was transferred through
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the silica interlayer and ARC layer and into the Si
or SiO2 via reactive ion etching. After removal of
the residual resist stack by cleaning in 5:1:1
H2O:H2O2:NH4OH at 80 �C for �10 min, a
square-wave grating topography remained in the
Si or SiO2.

After the patterned wafers were diced into
�cm2 pieces, the substrates were cleaned via the
following steps: ultrasonication in dilute detergent,
ultrasonication in deionized water, ultrasonication
in acetone, immersion in boiling 1,1,1-trichloro-
ethane, ultrasonication in acetone, and immersion
in boiling 2-propanol. The substrates were then
dried in a stream of nitrogen and further cleaned
by UV-ozone treatment for 30 min. The substrates
were subsequently treated with octadecyltrichloro-
silane (OTS). The vapor phase OTS treatment was
accomplished by placing the substrates in a vessel
together with a crucible containing �0.03 ml of
OTS. The vessel was evacuated to a pressure of
<1 Torr and heated to 120 �C in an oil bath for
�2 h. The OTS-treated substrates were hydropho-
bic, with contact angles (measured on unpatterned
substrates) of �87�.

Alq3 films of 10–20 nm thickness were depos-
ited by thermal evaporation in vacuum
(<10�6 Torr) onto room temperature substrates
at rates of 0.1–0.3 nm/s as measured by a quartz
crystal thickness monitor. Following the evapora-
tion of Alq3, the substrates were placed in a glass
jar together with a beaker of chloroform, and the
jar was sealed with a Teflon-lined cap. Exposure
times ranged from several hours to two days.
The dimensions of the Alq3 needles formed via
chloroform-vapor annealing were characterized
by optical microscopy (needle length), and scan-
ning electron microscopy (SEM) and atomic force
microscopy (AFM) (needle width, thickness).
Optical properties of the needles were investigated
via fluorescence microscopy and confocal micro-
scopy (365 nm excitation wavelength).

In order to monitor the growth of Alq3 crystals
during chloroform-vapor exposure, an alternate
annealing chamber was constructed from stainless
steel and quartz vacuum components. A stereo-
microscope was used to view a substrate mounted
beneath a quartz view port, and video was cap-
tured via an attached CCD camera.
3. Experimental results

Exposure of the Alq3 thin films to chloroform
vapor for times ranging from several hours to
two days results in the formation of elongated
and oriented Alq3 needles such as those shown in
the optical and SEM micrographs of Fig. 1. The
narrowest needles are two to three hundred nano-
meters wide, spanning a single grating groove
(Fig. 3(c)), while the widest are several microns
wide and span tens of grooves (Fig. 1(d)). Needle
thicknesses range from one hundred nanometers
to several microns, exceeding the depth of the grat-
ing grooves by as much as a factor of 50, and the
thickness of the initial amorphous Alq3 film by as
much as a factor of 200. The needles are often 1000
times longer than they are wide or thick, ranging in
length from hundreds of microns to one centimeter
(the size of the substrate). In some cases the nee-
dles extend several microns beyond the substrate
edge, retaining their elongated geometry, consis-
tent with the growth of a crystal (Fig. 1(c)).

The distinct facets (Fig. 1(d)) and diamond-
shaped cross sections (Fig. 1(e)) of the Alq3 nee-
dles are also indicative of crystallinity. The optical
smoothness of the needle facets is evidenced in
fluorescence micrographs that show waveguiding
of the Alq3 fluorescence with outcoupling occur-
ring at the needle edges and defects (Fig. 1(c)).
Polarized fluorescence measurements show a
change in luminescence intensity with polarization
angle, with a maximum at �15� from the long axis
of the needle (Fig. 2(a)). Fluorescence spectra of
the crystal needles, obtained via confocal micro-
scopy, peak at Epeak = 2.36 eV (kpeak = 525 nm)
in agreement with the previously reported spec-
trum of polycrystalline a-Alq3 (Fig. 2(b)) [38].

Not all of the Alq3 is incorporated into the nee-
dles during the chloroform-vapor exposure. In fact,
two regimes of residual Alq3 are observed along-
side the needles (Fig. 3). In the first regime (‘‘Re-
gime I’’ in Fig. 3), the Alq3 is in the form of
�100 nm diameter convex globules and microcrys-
tallites that cluster in the grating grooves to form
�1 lm long features (Fig. 3(d)). The Regime I
residual Alq3 is visible in the optical micrographs
as shade/color variations (darker region on the left
in Fig. 1(a), green background in Fig. 1(b)).



Fig. 1. Alq3 crystalline needles formed by exposure of amorphous Alq3 thin films to chloroform vapor at room temperature. (a)
Optical micrograph of oriented Alq3 crystal needles that formed from a 10 nm thick film of amorphous Alq3. (b) False-color optical
micrograph showing Alq3 needles colored white, regions containing ‘‘Regime I’’ residual Alq3 colored green, and regions containing
‘‘Regime II’’ residual Alq3 colored magenta. (c) Optical micrograph (left) and fluorescence micrograph (right, 365 nm excitation
wavelength) of an Alq3 needle that extends �35 lm beyond the substrate edge. (d) SEM micrograph (top view) showing the distinct
facets of an Alq3 needle. (e) SEM micrograph showing the typical diamond-shaped cross section of an Alq3 needle.
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Although it appears from the optical micrographs
that the Alq3 has been cleared from the substrate
in the vicinity of the needles (bulk of the substrate
in Fig. 1(a), elongated magenta regions in
Fig. 1(b)), SEM and AFM characterization reveals
a second regime of residual Alq3 (‘‘Regime II’’ in
Fig. 3). In contrast to the non-wetting globules
and microcrystallites of Regime I, the residual
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Fig. 2. Fluorescence of Alq3 needles. (a) Plot of the normalized
photoluminescence (PL) intensity (365 nm excitation wave-
length) as a function of polarizer angle, where 0� corresponds to
the polarizer aligned with the long axis of the needle. The
decrease in fluorescence intensity from 0 to 180� is due to
gradual photooxidation of the Alq3 during the measurement as
indicated by the straight dashed line. The sinusoidal response of
PL with polarizer angle and the composite of the PL response
and the gradual oxidation are plotted in dashed and solid lines,
respectively. (b) Fluorescence spectra (365 nm excitation wave-
length) of an as-deposited Alq3 thin film and an Alq3 crystal
needle, obtained via confocal microscopy. The solution fluo-
rescence spectrum (408 nm excitation wavelength) of Alq3 in
chloroform is also plotted.
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Alq3 in the grooves adjacent to the needles appears
fluid-like and wets the substrate, forming strips
that span individual grating grooves, and smaller
droplets clinging to the groove sidewalls (Fig. 3(c)
and (d)). In general, the area of the Regime II re-
gion surrounding a needle increases with increasing
needle size (e.g., compare Fig. 1(a) and 1(b)), and
these regions are elongated in the grating direction
(Fig. 1(b)).

Time-based experiments provide insight into
the relationship between the Regime I and Regime
II Alq3 morphologies. The structural evolution
shown in the Fig. 4 AFM images was produced
by exposing identical Alq3 thin film samples to
chloroform vapor for different lengths of time.
The as-deposited Alq3 film shown in Fig. 4(a) is
continuous, conforming to the underlying grating,
but is rough due to the OTS pre-treatment.
(Unlike Alq3 on clean Si or SiO2, which forms
smooth, continuous films even when very thin
(�1 nm), Alq3 on OTS-treated surfaces forms
isolated islands during the initial stages of growth
due to increased interfacial tension.) Film continu-
ity is lost during the first 5 min of exposure to
chloroform vapor (Fig. 4(b)). After exposure for
30 min, the Alq3 resides primarily in the grating
grooves in the form of Regime I globules and
microcrystallites (Fig. 4(c)). Increasing the expo-
sure time to 60 min yields aggregation of the glob-
ules/microcrystallites to form micron-long clusters
(Fig. 4(d), see also Fig. 3(d)). During an additional
30 min of exposure, the aggregated globules/
microcrystallites begin to dissolve into Regime II
liquescent strips that extend along the grating
grooves (Fig. 4(e), see also Fig. 3(d) inset). Chloro-
form uptake in the Alq3 film should increase with
prolonged vapor exposure, suggesting that the
Alq3 transitions from Regime I to Regime II with
increasing chloroform concentration.

Most of our experiments were carried out as de-
scribed above, with samples characterized after
being removed from the annealing chamber. While
it is conceivable that the evaporation of chloro-
form upon removal from the saturated chamber
atmosphere may influence or even produce the ob-
served Alq3 structures, we have disproved the lat-
ter by monitoring the growth of Alq3 needles
during chloroform-vapor exposure as described
in the Experimental section. The sequence of opti-
cal micrographs shown in Fig. 5 corresponds to a
50 nm thick Alq3 film on a grating pre-treated with
phenyltrichlorosilane. In this case, chloroform-
vapor exposure produced a tree-like structure of
crystalline Alq3 with branching needles aligned
predominantly parallel to the grating direction.



Fig. 3. Residual Alq3 structural regimes. (a) SEM micrograph of an Alq3 needle (in cross section) showing the morphological
transition of the residual Alq3 near the needle with Regimes I and II indicated. (b) Plot of the predicted Tg of Alq3 solvated with
chloroform as a function of chloroform volume fraction, calculated from Eq. (1). (c) AFM height image of the tip of an Alq3 needle
showing liquescent Alq3 in the immediately adjacent grooves. (d) SEM micrograph corresponding to the dashed box in (a), and AFM
height image insets (displayed with top illumination to highlight edges and contours).

Fig. 4. AFM height images showing the structural evolution of Alq3 thin films when exposed to chloroform vapor for increasing times.
The initial film was 10 nm thick, deposited onto an OTS-treated surface-relief grating.
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Fig. 5. Time-lapse optical micrographs showing the growth of Alq3 crystalline needles during chloroform-vapor exposure. The initial
film was 50 nm thick, deposited onto a phenyltrichlosilane-treated surface-relief grating.
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During the course of an hour-long exposure to
chloroform vapor, new branches formed, the
‘‘trunk’’ and branches grew larger, and the sur-
rounding ‘‘cleared’’ region increased in area.

As evidenced by the Fig. 5 micrographs, the for-
mation of Alq3 crystals via chloroform-vapor
exposure is not limited to OTS-treated substrates.
In fact, we have also observed millimeter-scale
Alq3 crystals on untreated Si gratings and on grat-
ings having a thin (<10 nm) coating of copper
phthalocyanine (deposited by thermal evaporation
immediately prior to deposition of the Alq3 film),
but we have not studied these substrate systems
as thoroughly as the OTS-treated system. We have
also observed formation of Alq3 crystalline needles
on unpatterned substrates; however, these needles
are generally slower to form, fewer in number,
shorter, and have random in-plane orientations,
highlighting the influence of the grating grooves
on both nucleation and mass transport.

The chloroform uptake of Alq3 thin films was
quantified using a quartz crystal thickness moni-
tor. A beaker of chloroform was placed beneath
the thickness monitor such that the quartz crystal
was �1 cm above the chloroform level. The beaker
and thickness monitor were capped with alumi-
num foil to simulate the sealed annealing chamber.
This experiment was performed first on a blank
quartz crystal, and was then repeated for the same
crystal after deposition of a 50 nm thick film of
Alq3. The maximum mass increase after exposure
to chloroform vapor was 10 times larger for the
Alq3 coated crystal than for the blank quartz crys-
tal, and corresponds to a chloroform mass fraction
of 0.21.
4. Discussion

Previous reports of solvent-vapor annealing of
amorphous or polycrystalline molecular organic
thin films focused on metal phthalocyanines [6–
8,11] and perylene derivates [9,10], where the goal
was to improve photoactivity for applications such
as xerography or photovoltaic devices. The films
tended to have low solubility in the annealing
solvents, and adsorption of solvent molecules
during solvent-vapor exposure was presumed to
result in a saturated solvent solution on the film
surface. Two main mechanisms were proposed
for the observed crystalline transformations. First,
solvent molecules may interact electronically with
the thin film molecules to change their p-electron
distributions, triggering a change in molecular
packing. Alternately, adsorbed solvent molecules
may cause a relaxation of a metastable crystal lat-
tice or an increase in molecular motility at the sur-
face of an amorphous thin film, thereby enabling
nucleation of a stable crystalline form. The latter
mechanism was consistent with observations that
(1) transformation rates tend to increase with
increasing solubility [6] and (2) similar transfor-
mations can be activated via thermal treatment
[11]. In cases where an increase in crystal size
was observed (rather than a polymorphic transi-
tion), the growth was attributed to Ostwald ripen-
ing, with the solvent solution serving as a transport
medium. The largest reported crystals were a few
microns in length.

Although we observe some similarities in the
structural changes of vapor-annealed Alq3 films,
the higher solubility of Alq3 in chloroform
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influences the active mechanisms. First, adsorbed
chloroform molecules have an increased tendency
to diffuse into the amorphous Alq3 film, enabling
‘‘bulk’’ rather than surface transformations. The
imbibed chloroform imparts motility to the Alq3
molecules via a plasticization effect, whereby the
Tg of a glassy material is reduced by the presence
of low molecular weight additives (such as solvent
molecules). The effect of plasticization on Tg can
be estimated from semi-empirical equations based
on free-volume considerations [39]:

T g �
T go

1þ T go

T gs
� 1

� �
Us

ð1Þ

T gs �
2

3
Tms ð2Þ

where Tgo and Tgs are the glass transition temper-
atures of the pure glassy material and pure solvent,
respectively, and Us is the volume fraction of the
solvent. The melting temperature of the solvent
Tms is used to estimate Tgs using the relationship
given in Eq. (2). Using Tgo = 448 K for Alq3 and
Tms = 210 K for chloroform, the Alq3 Tg is calcu-
lated to drop below room temperature (298 K)
when the film is 23% chloroform by volume
(Fig. 3(b)). This value is in good agreement with
our quartz crystal measurement of 21% by mass
chloroform uptake for a 50 nm thick Alq3 film.
In order to compare mass and volume fractions,
we are assuming that the density of the film does
not change significantly with chloroform uptake;
that is to say, the density of chloroform in Alq3
is assumed to be closer to the density of neat
Alq3 (1.16 g/cm3 [40]) than to the density of neat
chloroform (1.48 g/cm3) due to less dense packing
in the solvated structure. The reduction of Tg via
chloroform uptake provides the molecular motility
necessary for the Alq3 to minimize interfacial ten-
sion by dewetting from the substrate (Fig. 4(b)),
and overall free-energy by forming the Regime I
globule/microcrystallite clusters (Figs. 3(d), 4(c)
and (d)), both at room temperature. Nucleation
of the larger crystalline needles also likely results
from the reduced Alq3 Tg, although the seeding
process is not yet understood.

Initially the level of chloroform uptake is such
that, in effect, chloroform is dissolved in Alq3
‘‘solvent’’. However, due to the solubility of Alq3
in chloroform, the chloroform concentration is
able to increase to the point of dissolving the
Alq3 globules and microcrystallites. Since solubil-
ity decreases with increasing size, the larger
crystalline needles do not dissolve, but rather grow
at the expense of the submicron residual Alq3
structures (i.e., via Ostwald ripening). When the
Regime I residual Alq3 dissolves, the solvated
Alq3 begins to wet the substrate as evidenced by
the shapes of the Regime II strips and droplets
(Figs. 3(c), (d) and 4(e)). This wetting behavior is
consistent with the observed spreading of a drop
of neat chloroform on an OTS-treated substrate.

Although the morphological transition from
Regime I globules/microcrystallites to Regime II
fluid-like strips/droplets can be effected by in-
creased annealing time, as illustrated in Fig. 4,
the coexistence of both regimes on a single sub-
strate (Fig. 3) suggests that other factors influence
the local chloroform concentration. For example,
the exclusion of chloroform when Alq3 molecules
crystallize at the needle/solution interface would
result in an increase in chloroform concentration
near the needle. This would explain the observed
collocation of Regime II regions containing liques-
cent Alq3 (i.e., high chloroform concentration) and
the Alq3 needles. In fact, needle growth not only
contributes to but also benefits from the increased
local chloroform concentration, since needle
growth relies on transport of Alq3 to the needle/
solution interface and in general transport is facil-
itated by an increase in fluidity. Moreover, the
submicron grating grooves provide a means for
capillary flow of liquescent Alq3, greatly enhancing
the transport of Alq3 along the grooves [41]. The
resulting anisotropic mass transport is evidenced
by elongation of the Regime II ‘‘flow regions’’ in
the grating direction (Fig. 1(b)) and is responsible
for growth of the needles parallel to the grating
direction.
5. Conclusions

In summary, we have formed millimeter-scale
crystalline Alq3 needles via room temperature sol-
vent-vapor exposure of initially amorphous thin
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films on patterned substrates. The remarkable size
of the needles results from enhanced mass trans-
port due to (1) the solubility of Alq3 in chloroform
and (2) capillary flow along the substrate grooves.
The crystallization method has been demonstrated
for Alq3 thin films annealed in chloroform vapor,
but is expected to be generally applicable to other
material/solvent/substrate systems. An under-
standing of the crystal seeding process, which
would enable placement of the oriented needles
at specified locations on a substrate, will be valu-
able in optimizing the method for potential device
fabrication. Organic crystalline needles generated
via this technique may have enhanced charge car-
rier mobilities necessary for organic electronic
applications such as low-voltage field-effect tran-
sistors and high-efficiency solar cells, or non-linear
optical properties required for organic optoelec-
tronic devices such as modulators, optical filters,
and polarization rotators.
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Abstract

We have developed a patterning procedure based on laser-ablation in combination with the use of water-soluble sac-
rificial-resists that we use to pixelate different light emitting polymers (LEPs) on a surface, creating a simple array of light
emitting diodes (LEDs). We demonstrate that our patterning process is capable of high spatial resolution, with structures
having a characteristic length-scale of 10 lm achieved. Importantly, we demonstrate that the patterning process has no
detrimental effect on the electronic properties of the LEPs or of the underlying polymeric anode. Our process is compatible
with a high-volume manufacturing environment and furthermore it could also be applied to pattern and integrate a wide
range of functional polymeric materials for use in other applications.
� 2005 Elsevier B.V. All rights reserved.
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Patterning semiconducting polymers on a surface
is an important enabling technology in the creation
of devices such as LED displays and low-cost elec-
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tronics [1,2]. The integration of different conjugated
polymers into a full colour display necessarily re-
quires the definition of different pixels emitting
red, green or blue (RGB) light. The methods that
have been previously explored to pattern p-conju-
gated polymers broadly divide into either reactive
or non-reactive processes [1]. Reactive methods usu-
ally involve using radiation to locally initiate a
chemical reaction in a polymer or precursor–
polymer film [3–5], usually creating insoluble
.
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Fig. 1. A schematic of the laser-assisted patterning process
described in the text.
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regions in an otherwise soluble film [6–9]. High-en-
ergy electrons can also be used to selectively initiate
cross-linking in a conjugated polymer [10], allowing
a second polymeric material to be deposited onto
the first material without removing the original pat-
terned material. Perhaps the most promising dem-
onstration of reactive-patterning of conjugated
polymers has been the direct UV initiated cross-
linking of various precursor polymers to form a sim-
ple three-colour display [11].

Non-reactive patterning methods involve using
lithographic techniques to pattern a polymer in its
final form without the requirement of further chem-
ical or thermal treatments. These include screen
printing [12,13] and soft-lithography. Soft-lithogra-
phy involves using an elastomeric stamp that has
been �inked� using conjugated polymers. This is then
used to print different pixels, often permitting struc-
tures having length-scales of several microns to be
realized [14]. Alternatively, elastomeric materials
can be used as a contact mask, also permitting
micron-scale pixels based on thermally-evaporated
small-mass dyes to be created [15]. Ink-jet printing
has been widely explored to directly pattern both
conjugated polymers and conductive films [16–21].
To improve the spatial resolution of the patterns
that are printed, surfaces can be pre-patterned using
conventional lithographic techniques to define
hydrophobic and hydrophilic surface layers. These
surface layers direct the deposition of the electro-
nically functional polymer and thus improve the res-
olution of the technique. This has permitted field
effect transistors to be created having gate channel
widths as narrow as 500 nm [22].

In this paper, we describe a non-reactive pattern-
ing technique that we have developed that is based
on laser-ablation combined with the use of sacrifi-
cial-resists. Laser processing is already recognized
as a highly versatile and accurate manufacturing
process [23] that can be used to directly pattern
organic thin films for LED applications via ablation
[24,25]. The attraction of laser-machining is that the
size of the features that can be written is often only
limited by optical-diffraction. By using short-wave-
length light-sources (k = 157 nm) ablation patterns
can be written with a resolution as small as
100 nm [26]. Laser-machining can also be used to
pattern moving substrates, permitting large-areas
to be exposed at speed. One technique that has been
recently developed to pattern functional organic
materials is that of laser-assisted thermal-imaging
[27,28]. Here, the surface of a flexible �receiver� film
is held in direct contact with a �donor� film using a
vacuum. The donor film consists of a light-to-heat
conversion layer coated with the organic material
of interest. When a laser-beam is focused onto the
film, the heat generated within the light-to-heat
layer creates an expanding bubble of gas that pro-
pels the functional organic material onto the recei-
ver substrate. The two films are then separated to
leave a patterned structure on the receiver. As we re-
port here, our laser-assisted patterning technique
permits all processing to be done on a single
substrate, with the functional polymeric films being
directly deposited via spin-casting. Importantly the
functional organic materials that we deposit are
never directly exposed to the laser-radiation that is
used to define their location. As we demonstrate
below this largely eliminates any possible photo-in-
duced oxidation. The strength of our patterning
process is that it is not material specific and we
are thus able to pattern state-of-the-art electronic
polymers. The resolution that we have demon-
strated is as good as (or in some cases better than)
other patterning techniques used to pattern conju-
gated polymers. Our process could also be readily
scaled-up into a high-volume manufacturing
environment.

The patterning process—shown schematically in
Fig. 1—is based on the ablation of polymer films
using pulses from a 248 nm excimer laser (pulse
duration approximately 25 ns), followed by a lift-
off process using a resist that is soluble in a range



Fig. 2. Fluorescence micrograph of conjugated polymers pat-
terned using the laser-assisted methodology. Part (a) shows
fluorescence of 200 · 200 lm pixels consisting of a red, green and
a blue-emitting polymer patterned on a silicon substrate. Part (b)
shows fluorescence from 10 lm wide stripes of the same polymer
also patterned on silicon.
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of solvents that are orthogonal to those used to pro-
cess conjugated polymers. The process starts by
spin-coating a 100 nm thick film of a light emitting
polymer (LEP) film onto a surface from toluene.
An excimer laser is then used to ablate selective re-
gions of the polymer (step A). For laser-ablation,
the laser light is imaged onto the film surface using
a 0.13 numerical aperture lens in the shape of a line
whose width can be varied between 10 and 200 lm.
All laser patterning was done in air and at room
temperature. The regions of the surface that are ab-
lated in this first step are the regions that will even-
tually separate the different LED pixels in the array.
After ablating a series of lines into the film, the sub-
strate is rotated by 90� and the process is repeated to
create a grid. The regions of the film that are ex-
posed to the laser pulse rapidly absorb a large
amount of energy that results in their local explosive
removal. To achieve ablation, it is necessary that the
target material has a reasonably large absorption
coefficient at the laser wavelength. In general, the
LEPs that we have used have had a relatively large
absorption coefficient at 248 nm (ranging between
a = 60,000 and 140,000 cm�1).

A thin film (100 nm) of polyvinyl alcohol [PVA]
is then spin-cast from water (step B) onto the
laser-patterned surface. The PVA used was sup-
plied by Aldrich Chemicals, and had a molecular
weight 10 kDa with 80% hydrolyzation. The pur-
pose of the PVA is to prevent the mutual mixing
of different LEP layers that are deposited in the
subsequent processing steps. We find that there is
negligible penetration of the organic solvent
through the PVA layer to the underlying LEP film.
Solvent penetration can however occur if there are
pinholes in the PVA over-layer. Such pinholes
usually arise if there are dust-particles on the
substrate surface or within the PVA or LEP layers.
By ensuring that the substrate is kept dust-free,
and that all polymer solutions are filtered prior
to spin-casting, the formation of pin-holes in the
PVA can be suppressed.

Control experiments have shown that for most
conjugated polymers studied, there is no significant
change in the thickness of the underlying LEP film
caused by spin-casting a PVA overcoat. Further-
more as we show below, the electronic properties
of the LEP are not adversely affected by the deposi-
tion (and subsequent removal) of the PVA. The
PVA-coated LEP structure is then ablated using
the excimer laser to remove every third pixel row
(step C). This ablation step defines the location for
the second set of pixels. Even though the LEP is
coated with PVA, it can still be ablated as PVA
has a negligible absorption coefficient at 248 nm
(a = 400 cm�1). A LEP material is then spin-coated
onto the PVA surface (step D). PVA has negligible
solubility in toluene and thus a stable multilayer
film can be formed. A grid is then ablated into the
film to re-define the pixel separators (step E).
The substrate is washed in water, which removes
the PVA and its top-coat of LEP (step F). Impor-
tantly, we have found that the pixel separators per-
mit the water to penetrate into the PVA layer and
therefore assist the lift-off process. The surface is
again coated with a layer of PVA (step G), followed
by ablation to define the location for the third set of
LEP pixels (step H). A third LEP material is then
spin-coated onto the substrate (step I), which is then
followed by a final ablation step to define the pixel
separators (step J). The substrate is then given a
final wash to remove PVA and unwanted LEP
material, resulting in a surface patterned by three
different types of LEP pixels (step K).

To demonstrate this process, we have used three
proprietary polyfluorene-based co-polymers that
emit R, G and B luminescence. Fig. 2(a) shows a
fluorescence micrograph of an array of pixels



2 We found that air storage of spin-cast polymer films can have
a significantly detrimental effect on PL quantum efficiency. For
air storage periods of 1 month, we found that the PL quantum
efficiency of red, green and blue emitting LEPs was reduced to
80%, 40% and 20% of their original value respectively.
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patterned on a silicon surface. Here, each individual
pixel has a size of 200 · 200 lm. Fig. 2(b) shows a
fluorescence micrograph of 10 lm wide stripes of
R, G and B polymers patterned using our process.
The stripes are in general well formed and have
clean straight edges, demonstrating that limit of res-
olution of this patterning technique is significantly
below 10 lm. Note, that the background blue emis-
sion observed from the regions between the polymer
pixels does not result from PL emission from un-re-
moved blue LEP material. Rather, it originates
from a small amount of scattering of the excitation
radiation from the surface.

Whilst Fig. 2(b) demonstrates the feasibility of
high-resolution laser patterning of LEPs, it is
important to determine whether the polymers that
are deposited retain their optical and electronic
functionality. Potential concerns arise as to un-
wanted photo-oxidation caused by stray laser light
and the possible damage occurring to an underlying
anode caused by the laser-ablation steps C and H.
Furthermore, it is possible that the deposition and
subsequent removal of PVA from the surface of a
conjugated polymer may cause damage to the sur-
face layer that will be eventually be positioned next
to the cathode. However as we demonstrate below
each of these processes has a negligible effect on
the electronic properties of either the LEPs or the
(hole-injecting) anode.

To determine whether the laser-ablation step re-
duces the PL efficiency of the remaining un-ablated
polymers, we performed the following experiments:
Firstly we measured the photoluminescence quan-
tum efficiency of freshly cast R, G and B polymer
thin films using a technique described previously
[29]. We obtained values for the quantum yield of
the different LEPs as follows: G = 90%, R = 85%,
B = 68%. The polymer films were then coated with
a thin film of PVA that was then stripped off using
water. Within the accuracy of our measurement
technique, we found that this process had no dis-
cernable effect on their PL quantum yield. To test
the effect of the stray laser light on the polymer pix-
els, we prepared R, G and B films coated with PVA.
A pattern of 100 lm stripes on a pitch of 100 lm
was then ablated into each film. The PVA was
stripped from the surface using water and the PL
quantum efficiency of the remaining un-ablated
LEP measured. Here, it was necessary to compare
the quantum efficiency of the patterned films to a
control that had experienced a similar processing
history. Here films had been stored in the dark, in
air for approximately one month.2 Compared to
the control, we found that there is no discernable
effect on the PL quantum efficiency.

At first sight, this is a somewhat surprising obser-
vation considering the large laser flux used to ablate
the polymer film. However due to the relatively
large absorption coefficients of the different poly-
mers at the laser wavelength, any stray laser light
that is scattered or waveguided within the polymer
film will only travel a relatively short distance
(�200 nm) into the edge of any un-ablated polymer.
As the lateral size of the smallest pixels that we have
created is �50 times larger than the width of any
photo-oxidised edge region, it is perhaps not unrea-
sonable that the overwhelming majority of the poly-
mer is not damaged by stray laser light. This
conclusion was also confirmed using fluorescence
microscopy of ablated LEP films, with no change
in the intensity of fluorescence at the edge of the
pixel being detected. Note that a small amount of
radiation induced damage to the edges of the pixels
would not present a significant problem in a real dis-
play application, as in most cases the size of the
LED anode would be significantly smaller than
the size of the patterned LEP pixel, making edge-
effects largely unimportant.

For display applications, it is also important that
the emission spectra of the LEPs are not compro-
mised by the patterning process. Any changes in
LEP emission spectra could have a negative impact
on the CIE coordinates of the R, G or B pixels
within the display and reduce the accessible colour
palette. We have therefore explored the effect of
the processing procedure on the PL emission spectra
of the red, green and blue LEPs. Specifically, thin
films of each of the R, G and B LEPs were coated
with a PVA film, which was then stripped from
the surface by immersion in water for 1 min.
Encouragingly, we find that the PL emission spectra
of the LEPs are almost completely unaffected by this
process; an observation in accord with the relative
insensitivity of their PL quantum yield to the pat-
terning process.

To test the effect of the laser-ablation process on
the LED anode (i.e. steps C and H), a 70 nm thick



Fig. 3. Typical current–voltage–luminance curves for a control
LED and a �processed LED� (see text for details).
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poly(3,4-ethylene–dioxythiophene)/poly(styrene–
sulphonic acid) (PEDOT:PSS) hole-injecting poly-
mer was coated onto a metallic anode. A 60 nm thick
filmof a green-emittingLEPwas then coated onto the
PEDOT:PSS anode. The surface was then ablated
with a series of laser pulses, having a fluence between
50 and 300 mJ cm�2 (in steps of 25 mJ cm�2). The
depth of the ablation region was thenmeasured using
a surface profiler. It was found that the entire thick-
ness of the LEP was removed following a single laser
pulse having a fluence between 50 and 150 mJ cm�2.
However at this pulse fluence, no significant removal
of the underlying PEDOT:PSS polymer was ob-
served. Between a laser fluence of 175 and
200 mJ cm�2, mild ablation occurred to the under-
lying PEDOT:PSS, with significant removal occur-
ring following a laser pulse of fluence P225 mJ
cm�2. This relative insensitivity of PEDOT:PSS to
ablation results from its relatively low absorption
coefficient at 248 nm (a = 7500 cm�1).

This structure was washed in toluene to remove
the LEP from the surface and a fresh film of the
LEP was then spin-coated on to the surface. A thin
top layer of calcium was evaporated over the entire
substrate to act as an LED cathode. A voltage of
5 V was applied to the cathode and the emission
from the entire substrate recorded using a micro-
scope. By comparing the relative intensity of EL
from the different ablated regions, we find that the
electronic properties of the underlying PEDOT:PSS
anode are only damaged following ablation from a
single laser pulse having a fluence of 225 mJ cm�2.
At ablation fluxes below this threshold, the hole-
injecting properties of the PEDOT:PSS anode ap-
pear unaffected. Interestingly, the damage threshold
that we determine for PEDOT:PSS is above that re-
quired for partial ablation, and shows that the PED-
OT:PSS anode can withstand limited removal of its
surface layer without significant damage to its elec-
tronic properties. Importantly, this suggests that pix-
els in which the anode is never exposed to the laser
(corresponding to the blue pixels in Fig. 1), should
have similar properties to those from which a LEP
has been removed in a previous processing step.

Finally, to test whether the deposition and subse-
quent stripping of PVA from an LEP damages the
electronic properties of the polymer-surface, we
have deposited a green-emitting LEP on top of a
PEDOT:PSS coated ITO electrode. A 100 nm thick
film of PVA was then spin-coated onto the polymer.
The PVA film was then stripped from the polymer-
surface by rinsing the substrate in cold water for
1 min. We found that it was important to first
cross-link the PEDOT:PSS film by adding 5% glyc-
erol (by weight) to the PEDOT:PSS solution. The
PEDOT:PSS film was then baked at 180 �C under
vacuum for 30 min which rendered it insoluble. In
this process, the glycerol cross-links a small fraction
of neighbouring PSS molecules via an esterification
reaction involving the pendant SO�

3 groups. This
cross-linking procedure rendered the PEDOT:PSS
polymer largely insoluble and did not apparently
compromise its electronic functionality. Without
this initial cross-link, small quantities of water can
penetrate through the LEP layer and partially dis-
solve the PEDOT:PSS causing the structure to
delaminate. After the PVA film had been stripped,
the surface of the conjugated polymer film was dried
using a jet of compressed air, and the structure was
fabricated into an LED by thermally evaporating an
electrode onto the surface composed of 10 nm of
calcium backed by 100 nm of aluminum. As a con-
trol, an LED was fabricated from otherwise identi-
cal thin films of PEDOT:PSS and the green-emitting
LEP, however in this case the cathode was directly
coated onto the green-emitting LEP without the
intermediate PVA coating and stripping steps.

Fig. 3 plots the current–voltage–luminance curves
of a representative LEDmade from a green LEP that
had had PVA stripped from the polymer surface
(designated as a ‘‘processed device’’) along with a
representative control. In general (apart from a slight
increase in leakage current), we find that the
electronic properties of the control and the processed



Fig. 4. An image of a simple array of 1 mm2 polymer pixels
emitting either red, green or blue electroluminescence.

3 Note that the emission from the green-emitting pixel appears
yellow in colour, however this is due to the poor colour-rendering
of the camera used to take the image rather than degradation of
the polymer film.
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devices are similar in terms of efficiency, turn-on
voltage and emission brightness, indicating that the
electronic properties of the LEP are not significantly
compromised by the deposition and subsequent re-
moval of the PVA. We also note that the relative
insensitivity of device performance to the processing
procedure indicates that very little water remains
within the structure after the film has been processed.
It therefore appears that any residual water is effec-
tively removed from the structure during the vacuum
pump-down that occurs prior to the cathode coating.

X-ray photoelectron spectroscopy (XPS) mea-
surements were performed to study the surface of
an LEP film from which PVA has been stripped.
XPS measurements were performed using a VG
(East Grinstead, UK) CLAM 2 electron energy ana-
lyser mounted on an ultra high vacuum chamber
equipped with a Mg X-ray anode (hm = 1253 eV).
An 80 nm thick film of a green-emitting LEP was
coated onto a silicon wafer, which was then coated
with a PVA film. This film was then stripped by
immersion in water for 1 min. Control films com-
posed of a pure PVA layer and a pure LEP film were
also studied. By detecting the photoelectrons emit-
ted as a function of angle, we can gain approximate
information regarding the elemental composition of
the film as a function of depth. To probe the depth-
dependent distribution of the LEP we determined
the relative concentration of sulfur (S) (an element
characteristic to many LED-applicable co-polymers
[30]) by measuring the relative intensity of the S 2p
photoelectrons, which have a characteristic binding
energy of �165 eV. To gain simple depth-resolution
information, measurements were made at electron
take-off angles of 30�, 60� and 90�.

At 30� (where the first �5 nm of the film compo-
sition is probed) we did not detect any sulfur. How-
ever sulfur was detected at an angle of 60� and 90�
(which probes down to a characteristic depth of 8–
10 nm). This indicates that the first 65 nm is princi-
pally composed of PVA (i.e. not containing sulfur).
The presence of such a surface layer most likely re-
sults from the entanglement of polymer chains
resulting from the interpenetration of the PVA mol-
ecules into the LEP layer. The formation of interface
layers having widths very similar to this is a well
characterized phenomena in bilayer systems com-
posed of two immiscible polymers [31]. We have per-
formed AFM scans of the surface of unprocessed
and stripped LEP films to determine their surface
roughness. Encouragingly, it seems that the rough-
ness of films are very similar, both being around
�1 nm. This indicates that the PVA stripping does
not result in significant modification of the LEP sur-
face. Importantly, this surface layer of PVA does not
seem to compromise the performance of the LED.
Whilst the exact reason for this is not currently
understood, we note that experiments have demon-
strated that thin (<10 nm) layers of insulating poly-
mers which were deliberately deposited on LEP
films, actually improved their EL efficiency. This ef-
fect was ascribed to improved electron-injection [32].

To demonstrate that the patterning process could
be used to fabricate a display, we have fabricated a
simple array of R, G and B LEDs. Fig. 4 shows an
image of a device consisting of nine 1 mm2 pixels
emitting either R, G, or B EL. Here, the LED array
is fabricated onto a silicon back-plane and utilizes a
metallic anode and a common, transparent, calcium
cathode, with the devices driven at a voltage of 9 V.
Due to the use of a common anode and cathode, it
was necessary to prevent a short circuit occurring
between the anode and cathode through the regions
of the film uncoated with conjugated polymer. This
was achieved by first coating a layer of photoresist
onto a metallic anode material, which was then
photo-patterned using conventional lithography to
selectively remove the photoresist from the areas
of the anode where the pixels were subsequently pat-
terned. We stress however that in a practical imple-
mentation of this technology where pre-pixelated
substrates are generally employed (e.g. in an active
matrix display), no such lithographic step would
be necessary. Whilst we have not yet characterized
the current–voltage–luminance of the individually
patterned pixels, it can be seen that the different col-
or pixels have approximately equal brightness.3
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Importantly, such prototype devices were still active
six months after fabrication, indicating that it is un-
likely that significant stability problems arise due to
laser-assisted patterning.

We have therefore demonstrated a laser-ablation
assisted patterning protocol that can pattern differ-
ent polymeric thin films on a surface having a char-
acteristic length-scale of 10 lm. We have shown
that the electronic properties of such patterned
LEPs are not compromised by the patterning pro-
cess, and have used our methodology to create a
simple prototype array of LED pixels emitting
either red, green or blue EL. We have not yet deter-
mined the minimum feature size than could be
achieved using our process, however we have used
direct laser-ablation to pattern polymer–films with
a resolution of 1 lm. It is clear that our process
could be adapted to pattern a range of polymers
for a number of different applications; provided
the performance of organic field effect transistors
(FETs) can be improved to drive PLED pixels at
display brightness, it could be used to define, inter-
connect and integrate fully organic displays and
their associated drive electronics. It could also be
used to pattern polymers that have a chemical, bio-
chemical or opto-mechanical response [33,34],
which could allow the direct integration of elec-
tronic and functional polymeric materials together
to create new types of miniaturized chemical
sensors and micro-machines.
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Abstract

An analysis of recombination in bilayer organic light-emitting diodes is presented using numerical simulations and ana-
lytical model. It is shown using simulations that although recombination occurs close to the organic–organic interface, the
recombination peak can lie either in the hole transport layer (HTL) or the electron transport layer (ETL) of the device. An
analytical model is presented which provides insight into charge accumulation and transport across the organic interface
and explains the shift in recombination peak with changes in interfacial barrier heights. The impact of interfacial barrier
heights on electric field at the organic interface is also discussed.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Organic light-emitting diode (OLED) displays
are being increasingly viewed as the flat panel tech-
nology of the future due to their several advantages
including wide viewing angle, fast response time,
thin size and low cost [1–3]. The simplest OLED
structure consisting of a single organic material
sandwiched between an anode and a cathode suffers
from poor recombination efficiency [4,5]. This is
because in most organic materials, the hole mobility
is much larger than electron mobility so that carriers
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved
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recombine predominantly in a region close to cath-
ode where there is much greater probability of non-
radiative recombination. By incorporating an
additional suitably chosen organic layer, recombi-
nation can be shifted predominantly to a region
close to the organic interface. As a result of the shift
in recombination peak away from the quenching
sites next to the cathode, much higher radiative
recombination efficiency can be obtained. Since they
were first reported [1], several studies have been con-
ducted to investigate the operating principles of
these bilayer devices [6–13]. These studies have led
to a greater understanding of the role of interfacial
barrier heights in achieving current balance despite
large differences in hole and electron mobilities
and injection barriers at the contacts. Although
.
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recombination in bilayer devices takes place pre-
dominantly in a region very close to the organic
interface, the recombination peak can occur either
in HTL or ETL depending on device parameters.
The location of recombination peak is important
because of its impact on the emission spectrum of
the OLED. Although it is recognized that recombi-
nation profile depends on interfacial barrier heights,
a detailed study of the underlying mechanism has
not yet been carried out. We describe in this paper
an analysis of carrier recombination in bilayer
devices and present a simple analytical model which
provides insight into recombination processes close
to the organic interface.

2. Recombination profile

A bilayer device consisting of an organic mate-
rial-1 which serves as a hole transport layer (HTL)
and an organic material-2 which serves as an elec-
tron transport layer (ETL) is shown in Fig. 1(a).
The associated band diagrams are shown in
Fig. 1(b). DEC (DEV) is the discontinuity in the
LUMO (HOMO) level at the organic–organic inter-
face. The numerical simulations described in this
work were carried out using SimWindows device
simulation software [14] and assumes trap-free,
drift-diffusion transport in the bulk. For simplicity
and ease of correlation of numerical results with
analytical model, a constant mobility model is
taken. Carrier transport at the organic–organic
interface is modeled by SimWindows as thermionic
emission with backflow similar to that assumed by
Crone et al. [9]. For recombination the Langevin
Material-2Material-1
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Fig. 1. Schematic diagram of a bilayer organic LED (a) and its
associated energy band diagram (b).
form is assumed. Although both anode and cathode
contacts are taken to be Schottky barriers, the bar-
rier height between the anode (cathode) metal and
HTL (ETL) is taken to be 0.2 eV or less so that both
hole and electron current in the device are bulk-lim-
ited. Along with constant mobility model, this
assumption simplifies not only development of ana-
lytical model but also allows demonstration of
effects of changes in interfacial barrier heights in
an unambiguous manner. Like in most bilayer
devices such as small molecule Alq3/TPD or poly-
mer PPV/CN-PPV devices, the hole mobility in
HTL is assumed to be much larger than electron
mobility in ETL. Both the materials are also
assumed to have the same dielectric constant. In
both numerical simulations and analytical model,
material parameters such as mobility, energy gaps,
interfacial barrier heights, etc. were chosen to be
similar to those used in earlier studies [9].

Fig. 2(a) shows a typical recombination profile
within a bilayer OLED. As expected, recombination
predominantly occurs close to the organic interface.
However, the fraction of carriers that recombine in
HTL or ETL depends on the relative magnitudes of
interfacial barrier heights. To investigate the role of
interfacial barrier heights, consider a situation
where for a fixed HOMO energy offset (or hole bar-
rier height), the LUMO energy offset (or electron
barrier height) in the device is varied from zero to
a value larger than HOMO energy offset. The
remaining device parameters and applied voltage
are kept constant. Fig. 2(b) shows the recombina-
tion rate on the two sides of the organic interface
as a function of LUMO energy offset for a constant
HOMO energy offset of 0.6 eV. It can be seen that
initially, the recombination predominantly takes
place within HTL close to the organic interface
but when electron barrier height is increased beyond
a certain threshold value, the recombination shifts
entirely to the ETL side of the interface. For the
extreme case of zero electron barrier height, it is
easy to understand that recombination rate is high
in HTL because the electrons injected from cathode
can easily flow into HTL and recombine with the
large number of holes therein. Recombination rate
in ETL is negligible because the large hole barrier
(0.6 eV) suppresses injection of holes into ETL.
For the other extreme case of 0.8 eV electron barrier
height, it is also understandable that recombination
rate in HTL is negligible because the large electron
barrier completely blocks injection of electrons into
HTL. However, it is not so apparent how most of
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Fig. 2. (a) A typical recombination profile in a bilayer device.
Results shown are for a device with Eg1 = 2.4 eV, Eg2 = 2.6 eV,
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nation rate immediately to the left (solid line) and to the right
(broken line) of the organic–organic interface as a function of
LUMO energy offset.
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recombination shifts to ETL side in view of the fact
that hole barrier height remains constant at a large
value of 0.6 eV. Fig. 2(b) shows that recombination
rate in ETL actually increases with increase in elec-
tron barrier height. It might appear that this occurs
primarily due to increased accumulation of elec-
trons in ETL since bimolecular recombination rate
is proportional to product of both electron and hole
densities. However, this does not provide the full
picture because as will be shown later, current in
the device remains relatively constant as LUMO
energy offset is increased. This means that all the
holes injected from the anode which were earlier
recombining in HTL now recombine in ETL. This
leads to the implication that hole injection into
ETL must increase also with increase in electron
barrier height even though the hole barrier height
and applied voltage remain constant. In order to
explain the mechanism underlying the dependence
of recombination on interfacial barrier heights an
analytical model is described in the next section.

3. Analytical model

Consider first a bilayer device in which there is
only a HOMO energy offset of a fairly large magni-
tude of 0.6 eV and zero LUMO energy offset at the
organic–organic interface. The choice of 0.6 eV is
rather arbitrary and results discussed are applicable
in general as long as HOMO energy offset is large
enough to ensure that recombination of carriers
occur predominantly near the organic interface.
When the diode is forward biased, there will be an
accumulation of holes in HTL close to the organic
interface due to the presence of a barrier to hole cur-
rent flow. Despite this accumulation of holes, the
hole current injected into ETL would however be
very small due to the large barrier seen by the holes.
The electrons injected from the cathode would drift
across the ETL and recombine with the large num-
ber of holes in HTL. Because of the large density of
holes at the interface, very few electrons will be able
to penetrate deeper into the HTL so that the recom-
bination peak is expected to lie in HTL close to the
organic interface. Due to the fact that electron
mobility in ETL is significantly smaller as compared
to hole mobility in HTL, the voltage applied would
drop largely across the ETL layer and current in the
device would be determined primarily by the arrival
of electrons at the interface. This picture of current
flow suggests that the bilayer device under these
conditions can be modeled effectively as a single
layer, single carrier device consisting only of elec-
tron transport layer in which current is dominated
by electrons injected by the cathode. In this �sin-
gle-layer� model, the cathode serves as the injecting
contact and the accumulated hole density at the
organic interface serves the role of second contact
by acting as a near perfect sink for the injected elec-
trons. Under trap-free condition, the current can be
described by space charge limited flow (SCLC) [11]:

J ¼ 9=8� eoer � ln2 �
ðV � V biÞ2

d3
2

ð1Þ

where Vbi is the built-in voltage, ln2 is the mobility
of electrons in ETL layer and d2 is the thickness of
ETL layer. Fig. 3(a) shows that results obtained
from simulations match quite well with that
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predicted by Eq. (1). Let us next consider the case
where for a fixed interfacial hole barrier of 0.6 eV,
the LUMO energy offset (or electron barrier height)
at the organic interface is gradually increased from 0
to 0.8 eV. Due to the presence of a barrier to elec-
tron flow, electrons would now tend to accumulate
in ETL close to the interface. The accumulation of
electrons at the interface can be understood by not-
ing that as a result of the barrier, the electron den-
sity to the right of the interface (n(0+)) will be
much larger than electron density to the left of it
(n(0�)). The continuity of electric field at the inter-
face means that the drift component of electron
current to the right of the interface ðJdrift

N ð0þÞÞ would
be much larger than electron current to the left of
the interface ðJdrift

N ð0�ÞÞ. The only way in which
continuity of electron current across the interface
can then be maintained is if there is a large compo-
nent of electron diffusion current to the right of the
interface which is practically equal and opposite to
the electron drift current. As a result, the electrons
can be assumed to be in quasi-equilibrium in ETL
close to the interface. In this case also the bilayer
device can be modeled effectively as a �single-layer�
device consisting only of ETL where the cathode
serves as the injecting contact and the accumulated
electron density in quasi-equilibrium serves as a sec-
ond ohmic contact. Since I–V characteristics of a
single-layer device under these conditions is still
described by space charge limited current, Eq. (1)
would continue to hold for non-zero LUMO energy
offsets as well. Fig. 3(b) shows the I–V characteris-
tics of a bilayer device for a constant HOMO energy
offset of 0.6 eV and LUMO offset varying from 0 to
0.8 eV. It can be seen that the I–V characteristics are
almost independent of the interfacial electron bar-
rier height. Although the change in I–V characteris-
tics is relatively negligible as the electron barrier
height is increased from 0 to 0.8 eV, there is a large
impact on carrier density and recombination peak
as seen from Fig. 2(b). To understand this behavior
consider first the case where electron barrier height
is relatively small and recombination peak lies in
HTL. In this case the electrons injected by the cath-
ode recombine predominantly in HTL. Assuming
that due to the large electric field at the interface,
the drift component is predominant, the electron
current in HTL at the organic interface can be
expressed as:

J ffi qln1Eð0Þnð0�Þ ð2Þ
where E(0) is the electric field at the organic inter-
face, ln1 the mobility of electrons in HTL and
n(0�) is the density of electrons in HTL at the
organic interface. Using the relation n(0�) = n(0+)
exp(�DEC/kT), we can re-write Eq. (2) as:

J ¼ qln1 � Eð0Þ � nð0þÞ � expð�DEC=kT Þ ð3Þ

Since the current remains relatively constant with
increase in the magnitude of LUMO energy offset,
the product of electric field and electron density at
the organic interface must increase proportionately
according to Eq. (3). To obtain an analytical esti-
mate of the increase in electric field or electron den-
sity separately, a relationship between electron
density and electric field next to the interface is
required. The results from simulations indicate that
carrier density decays rapidly away from the
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interface in a complicated manner. To capture the
sharp variation in electron density, we assume for
simplicity that electron density in ETL decays in
an exponential manner away from the organic
interface:

nðx P 0Þ ¼ nð0þÞ � expð�d2xÞ ð4Þ
Integration of Eq. (4) gives the net accumulated
electron density in ETL close to the interface:

Qint.
N ¼ qnð0þÞ � d�1

2 ð5Þ
As discussed earlier, the accumulation of electrons
close to the interface also means that electron drift
and diffusion currents must be almost equal and in
opposition to each other. This assumption of
quasi-equilibrium condition together with Eq. (4)
can be used to obtain an expression for electric field
at the interface :

Eð0Þ ¼ kT=q� d2 ð6Þ
Using this expression, Eq. (5) can be re-written as

Qint.
N ¼ nð0þÞ � kT

Eð0Þ ð7Þ

Assuming that the accumulation layer in HTL is
like a charge-sheet, another expression relating
charge and electric field can be obtained through
application of Gauss�s law at the interface:

Eð0Þ ¼ Qint.
N =eþ Eb2 ð8Þ

where Eb2 is electric field in the bulk of ETL close to
the interface. Substitution of Eq. (8) in Eq. (7) gives
a relationship between electron density and electric
field at the organic interface:

Eð0Þ ¼ 0:5Eb2 � 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ nð0þÞ

n2

s8<
:

9=
; ð9Þ

where n2 ¼ ðeE2
b2=4kT Þ. Eq. (9) can be rewritten in a

form which is more amenable to verification:

2Eð0Þ � Eb2

Eb2

� �2

¼ 1þ nð0þÞ
n2

ð10Þ

In order to verify Eq. (10), numerical simulations
were carried out to obtain values of E(0) and
n(0+) for electron barrier height in the range of
0–0.4 eV. The electric field in the bulk of ETL
(Eb2) was taken to be the electric field at a distance
of 50 Å away from the organic interface. Fig. 4(a)
shows that a plot of LHS of Eq. (10) as a function
of electron density can be fitted with a straight line
in agreement with the predictions of the analytical
expression. Substitution of Eq. (9) in Eq. (3) yields
an expression which can be used to determine the
impact of increase in LUMO energy offset on elec-
tron density at the organic interface:

J ffi 0:5qln1 � Eb2 � 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ nð0þÞ

n2

s8<
:

9=
;

� nð0þÞ � expð�DEC=kT Þ ð11Þ

Eq. (11) can be re-written as:

J
expð�DEC=kT Þ

� �2

/ nð0þÞ2 � 1þ nð0þÞ
n2

� �
ð12Þ

Fig. 4(b) shows that a plot of left hand side of Eq.
(12) (F2) vs. the right hand side (F1) obtained from
simulations can be fitted with a straight line thereby
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indicating that the form of Eq. (11) is also qualita-
tively correct. It was described earlier that with in-
crease in electron barrier height, the current
remains relatively constant. Eq. (11) then implies
that an increased accumulation of electrons and
hence an increase in electric field must occur so as
to maintain a constant current despite increase in
electron barrier height. However, the electron den-
sity at the organic interface increases in accordance
with Eq. (11) only for values of LUMO energy offset
below about �0.4 eV. Fig. 5(a) shows that for larger
values of interfacial electron barrier height, the elec-
tron density saturates to a constant value. To under-
stand this behavior, it is necessary to understand the
impact of increase in interfacial electron barrier
height on hole density next to the organic interface.
As described earlier, an accumulation layer of holes
is formed in HTL close to the organic interface due
0.0 0.2 0.4 0.6 0.8

10
17

10
18

10
19

10
20

10
21

(a)

0.0 0.2 0.4 0.6 0.8
10

9

10
10

10
11

10
12

10
13

10
14

10
15

(b)

n
(0

+ )
(c

m
-3

)
p

(0
+ )

(c
m

-3
)

∆EC(eV)

∆EC(eV)

Fig. 5. (a) Electron density in ETL at the organic interface vs.
electron barrier height. (b) Hole density in ETL at the organic
interface vs. electron barrier height. The simulation conditions
were same as in Fig. 4.
to the presence of a hole barrier. This accumulated
hole density can be modeled in a manner similar
to the accumulated electron density in ETL and a
set of expressions similar to Eqs. (4)–(8) can be writ-
ten to obtain the following expression relating the
electric field to the hole density in HTL immediately
to the left of the interface:

Eð0Þ ¼ 0:5Eb1 � 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ pð0�Þ

p1

s( )
ð13Þ

where p1 ¼ ðeE2
b1=4kT Þ and Eb1 is the field in the

bulk of HTL close to the organic interface. The hole
density injected into ETL (p(0+)) can be written as:

pð0þÞ ¼ pð0�Þ � expð�DEV=kT Þ

¼ 4p1 �
Eð0Þ � Eb1

E2
b1=Eð0Þ

� �
� expð�DEV=kT Þ

ð14Þ

We have seen earlier that with increase in DEC an
increasing accumulation of electrons occurs at the
interface so as to maintain a constant current with
the consequence that the electric field at the inter-
face also increases. Eqs. (13) and (14) then imply
that as a result of this increase in electric field, the
accumulated hole density in HTL and injected hole
density in ETL should also increase. The results
obtained from simulations shown in Fig. 5(b) con-
firm this increase in injected hole density in ETL
with increase in interfacial electron barrier height.
To understand the full implications of this very
important result, consider the two components of
electron current as illustrated in Fig. 6. The compo-
nents JN1 and JN2 result from recombination of elec-
trons with holes in HTL and ETL, respectively. The
magnitude of JN1 (or JP1) is determined primarily by
number of electrons that are able to cross over to
the HTL because hole density therein is very large.
On the other hand, the magnitude of JN2 (or JP2)
is determined primarily by the number of holes that
JP1 JP2

HTL ETL

Anode Cathode

JP

JN

JN2JN1

Fig. 6. Schematic diagram of a bilayer device illustrating the
components of electron and hole currents.
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are able to cross over to ETL. For smaller values of
interfacial electron barrier height, the current com-
ponent JN1 is dominant and most of the recombina-
tion takes place in HTL. However, as discussed
earlier, with increase in the barrier height, the hole
injection into ETL also increases so that the fraction
of electron current carrier by JN2 also increases. In
light of the above discussions, the ratio of these
two currents can be expressed as:

JN2

JN1

/ pð0þÞ
nð0�Þ ð15Þ

The expressions for hole and electron density ob-
tained from Eqs. (14) and (9), respectively can be
used to re-write the above expression:

JN2

JN1

/ Eð0Þ � Eb1

Eð0Þ � Eb2

� �
� exp

DEC � DEV

kT

� �
ð16Þ

Since the current components JN2 and JN1 are also
proportional to recombination rates U(0+) and
U(0�), respectively, an expression relating recombi-
nation rates and interfacial barrier heights can be
obtained:

Uð0þÞ
Uð0�Þ / exp

DEC � DEV

kT

� �
ð17Þ

In obtaining Eq. (17), the terms involving electric
field have been neglected because they have much
less impact than the exponential term involving bar-
rier heights. Fig. 7 confirms that the variation of
recombination rates with interfacial barrier heights
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difference of electron and hole barrier heights. The solid line is the
linear fit to the simulation results. Simulation conditions were
same as in Fig. 3.
is in qualitative agreement with predictions of Eq.
(17).

To summarize the mechanism underlying the shift
in recombination from HTL to ETL with increase in
electron barrier height, the first important fact is that
current in a bilayer device is insensitive to the magni-
tude of electron barrier height at the interface. Ini-
tially, when the electron barrier height is small, it is
easier for electrons to crossover to HTL side and
recombine with the large density of holes accumu-
lated therein. The holes on the other hand find it dif-
ficult to scale the hole barrier height (assumed to be
large and constant) and as a result very few recom-
bine with electrons in ETL. As a result, the electron
current component JN1 is dominant and the recom-
bination peak thus lies in HTL.With increase in elec-
tron barrier height, an increased accumulation of
electrons occurs at the interface so that despite
increase in electron barrier height, enough electrons
are able to scale the barrier and recombine with
holes so as to maintain a constant current. This
raises the electric field at the interface and causes
an increased accumulation of holes on the HTL side
of the interface. As a result, even though the hole
barrier height may be constant, an increased injec-
tion of holes into ETL takes place with increase in
electron barrier height. The hole current JP1
increases in magnitude and more recombination
takes place in ETL. Eventually when the electron
barrier height becomes sufficiently large (�greater
than the hole barrier height), recombination shifts
entirely to the ETL side of the interface. The current
now is determined not by electrons reaching HTL
after scaling the interfacial electron barrier but by
hole injection into ETL. As a result, the interfacial
electron barrier height ceases to have any significant
influence on accumulated electron density in ETL
which saturates to a constant value as seen in
Fig. 5(a). This leads to electric field and hole density
injected into ETL also becoming constant leading to
a constant recombination rate U(0+).

As a result of accumulation of electrons and
holes, the electric field at the organic–organic inter-
face is significantly higher than elsewhere in the bulk
of the bilayer device. Since an excessively large elec-
tric field can be detrimental from the point of reli-
able operation of the device, it is important to
understand the factors that determine its strength.
Depending on the relative magnitudes of electron
and hole barrier heights there can be two situa-
tions. For the case DEC < DEV, recombination as
indicated by Eq. (17) occurs largely in HTL. The
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magnitude of electron density and thus electric field
at the interface is determined by the electron barrier
height as shown in Fig. 5(b). Since electric field
increases with increase in DEC, an optimal choice
of HTL and ETL organic materials would be one
in which interfacial electron barrier height is zero.
For the case DEC > DEV, recombination takes place
in ETL and both electron density and electric field
are independent of the magnitude of electron barrier
height and are determined by the magnitude of hole
barrier height instead. This can be understood from
the observation that electric field increases with DEC

and saturates to a constant value when DEC

becomes larger than DEV. In this case a smaller hole
barrier height is desirable for obtaining smaller
charge accumulation and electric field at the organic
interface.

4. Conclusion

To summarize, numerical simulations and ana-
lytical model developed in this work provide insight
into the impact of interfacial barrier heights on the
location of recombination peak in bilayer devices.
The mechanism by which recombination shifts from
HTL side of the organic–organic interface to the
ETL side with increase in LUMO energy offset is
described in detail. It is also shown that the magni-
tude of electric field and charge accumulated at the
organic–organic interface is determined by which-
ever interfacial barrier, electron or hole, is smaller.
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Abstract

Polymer double-layer light-emitting diodes were fabricated with inorganic/organic hybrid composite as hole transport-
ing layer. Two conjugated polymers, poly(9,9-dibutyl)fluorene (PDF) and a dendritic polyfluorene derivative, poly((9,
9-dibutyl-2,7-diiodo-9H-fluorene)trisphenylamine) (PDFA) were introduced as light-emitting layer. The former organic
double-layer devices showed luminance as high as 833 lm/m2, and the power efficiency reached 0.065 lm/W. The latter
showed maximum luminance of 1100 lm/m2 and the quantum efficiency reached 0.104 lm/W. The values were higher than
those single-layer devices without inorganic/organic hybrid hole transporting layer (HHTL). The improvement in the elec-
troluminescent properties of these devices was attributed to that the introduction of HHTL enhanced hole injection and
balanced the combination of hole and electron injected from anode (ITO) and cathode (Mg:Ag).
� 2005 Elsevier B.V. All rights reserved.

PACS: 78.55.Kz; 78.60.Fi; 78.66.Qn

Keywords: Electroluminescence; Organic/inorganic hybrid; Hole transporting layer; Polyfluorene
1. Introduction

Organic electroluminescence (EL) possesses
extensive applications, such as backlights of liquid-
crystal displays, ultra thin flat-displays, and efficient
illuminators [1–3]. Since first electroluminescence of
conjugated poly(p-phenylenevinylene) (PPV) sand-
wiched between an anode and a cathode with
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2005.08.002
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appropriate work functions was reported in 1990
[4], EL polymers and polymer light-emitting diodes
have expanded rapidly. It is well known that most
of the polymer organic light-emitting diodes
(OLED) are fabricated using spin-coating tech-
nique. However, the spin-coating technique is diffi-
cult to fabricate multilayer devices (that allows
well-balanced double injection for holes and elec-
trons) because the organic solvent would damage
the underlaying film.

Sol–gel technique provides a very attractive
method to prepare organic/inorganic hybrid
.
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Fig. 1. Structure of OLED device and chemical structure of materials in this study.
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composite [5–7]. They exhibit good optical quality
and chemical stability. In particular, multilayer
device can be readily fabricated because these com-
posites are insoluble in any organic solvent.

In this work, we report a novel blue two-layer
polymer light-emitting device with organic/inorganic
composite as hole transporting layer (HHTL). Two
polymers, poly(9,9-dibutyl)fluorene (PDF) and
a dendritic polyfluorene derivative, poly((9,
9-dibutyl-2,7-diiodo-9H-fluorene)trisphenylamine)
(PDFA) were synthesized to be used as light-
emitting layer. The results showed that the introduc-
tion of HHTL can greatly improve the emission
intensity and the quantum efficiency of the devices.



350 400 450 500 550 600

0.0

0.2

0.4

0.6

0.8

1.0

In
te

ns
ity

Wavelength (nm)

 HHTL
 PDFA
 PDF

Fig. 2. Photoluminescence spectra of ITO slide coated with
HHTL and PDF, PDFA in spin-coated film.

300 400 500 600 700 800 900
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

In
te

ns
ity

Wavelength (nm)

 PDF
 PDFA
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2. Experimental

2.1. Synthesis of the polymers

Two polymers, PDF and PDFA were synthesized
using NiCl2 as catalyzer and the chemical structures
were shown in Fig. 1. The details about the syn-
thetic process can be found in our previous work [8].

2.2. Preparation of HHTL and light-emitting diodes

The chemical structure of the HHTL can be
found in Fig. 1. The active unit of HHTL was
achieved from 9-ethyl-3-carboxylic acid-carbazole
(ECAC), which was obtained from 9-ethyl-
3- carbalde hyde oxidized by hydrogen peroxide.
A precursor N-ethyl-carboxylic(trimethoxypropylsi-
lane)aminoformate (ECTAF) was prepared from
ECAC and aminopropyltrimethoxysilane (APTMS)
in toluene at room temperature. ITO electrodes with
a sheet resistance of 20 X/sq were pretreated accord-
ing to a regular chemical cleaning using detergent,
deionized water, acetone and anhydrous ethanol in
sequence. The precursor was spin-coated onto the
cleaned ITO slide to afford the HHTL. Then the
slide was heated at 120 �C in ambient environment
in order to make ECTAF change to acyl amine [9]
and sufficiently hydrolyze. The thickness of the
HHTL was estimated to be 23 nm on a Jobin Yivon
M200 VIS AGMS ellipsometer.

The polymers, PDF and PDFA were dissolved in
chloroform and spin-coated onto the ITO substrate
with pre-coated HHTL. The thickness of the film
was estimated to be �100 nm using ellipsometer.
Finally, a 170 nm thick layer of Mg:Ag was depos-
ited onto the substrate as the cathode of the OLED.
The EL measurements were carried out in air
condition.

3. Results and discussion

3.1. Photophysical properties

The photoluminescence (PL) spectra of ITO slide
with hybrid hole transport layer (HHTL) are shown
in Fig. 2. HHTL showed absorption maximized at
355 nm, and the PL spectrum peaks at a wavelength
of 415 nm. The absorption and photoluminescence
mostly are attributed to the active unit (carbazole
group) [10]. The PL spectra of PDF and PDFA in
spin-coated film were also shown in Fig. 2. The
emission of PDFA display an evident blue shift
related to PDF, indicating that the aggregation of
the molecules was effectively suppressed due to the
dendritic structure of PDFA.

3.2. EL characteristics

The EL spectra are depicted in Fig. 3. The EL
spectra of double-layer devices are coincident with
those of single-layer devices, indicating that the
emissions are produced from PDFA and PDF,
respectively. The device of ITO/HHTL/PDFA/
Mg:Ag showed an emission with maxima at 455
and 489 nm which fell in the blue region with the
CIE coordinates of (x = 0.19, y = 0.22). PDF dis-
plays a blue-green emission peaked at 520 nm and
the CIE coordinates are (x = 0.26, y = 0.42). PDFA
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shows a better light purity than PDF. This might
attributed to the dendritic structure of PDFA which
can enhance the steric hindrance of the molecules
and effectively prevent the aggregation of the mole-
cules [11–13]. The difference between EL spectra
and PL spectra of PDFA and PDF was speculated
to be related to the formation of excimers [14,15],
the definite mechanics is being under investigation.

Fig. 4 shows the luminance-voltage and current–
voltage characteristics of the devices based on PDF
and PDFA. For comparison, a device without
HHTL was also fabricated. The forward bias cur-
rent was obtained when the ITO was a positive elec-
trode and Mg:Ag as a negative one. The current and
light output increased with the forward bias voltage.
In the case of device based on PDF, the device with
HHTL exhibits a relatively low turn-on voltage of
8 V, while the turn-on voltage of single-layer device
is 12 V. The maximum luminance and quantum effi-
ciency of the double-layer device was about 833
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Fig. 4. Brightness-voltage and current–voltage characteristics of
the devices based on two polymers: (a) PDF (b) PDFA.
lm/m2 and 0.065 lm/W, respectively. For the sin-
gle-layer device, these values were only 18 lm/m2

and 0.008 lm/W. Apparently, the introduction of
HHTL to the OLED can greatly improve the elec-
troluminescent property of the light-emitting device.
The reason was assumed by that HHTL has high
hole injecting and transporting ability, which could
enhance hole injection and balances of combination
of hole and electron injected from anode (ITO) and
cathode (Mg:Ag). Besides, the self-assemble always
occurred between APTMS and ITO substrate, as
shown in Fig. 1 [16–18]. HHTL can be steadily
associated to ITO substrate with strong chemical
bonding through the hydrolyzation of APTMS,
and the hole injection ability may be greatly
improved by these chemical bond [19]. The device
based on PDFA exhibited an apparently better
light-emitting efficiency than the one based on
PDF. This result suggested that the introduction
of triphenylamine group in PDFA can effectively
improve the charge transfer ability [20].
4. Conclusion

Organic/inorganic hybrid composite was intro-
duced into organic light-emitting device as hole
transporting layer. Based on this layer, we fabri-
cated organic double-layer light-emitting diodes
with two conjugated polymers of PDF and PDFA.
The results showed that light output intensity and
quantum efficiency can be greatly improved when
HHTL was inserted between ITO substrate and
light-emitting layer. We expected that, by using
HHTL, organic light-emitting devices can be fabri-
cated by spin-coating technique at room tempera-
ture and the manufacturing technology will be
further simplified consequently.
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Abstract

The performance of small-molecular weight organic double heterojunction donor–acceptor bilayer solar cells is studied
as a function of the purity of the donor material, copper phthalocyanine (CuPc). We find that the power conversion effi-
ciency under simulated AM1.5G, 1 sun illumination conditions increases from (0.26 ± 0.01)% to (1.4 ± 0.1)% as the CuPc
layer purity increases. Concomitant with the improvements in power conversion efficiency, we find that the hole mobility of
the unpurified CuPc is nearly three orders of magnitude lower than for purified source material. Mass spectrometry and
Fourier transform infrared spectroscopy are used to identify metal-free phthalocyanine as the primary impurity that
degrades both device efficiency and hole mobility.
� 2005 Elsevier B.V. All rights reserved.
Small molecular weight organic semiconductors
have been recognized for their potential use in
large-area, flexible, and low cost photovoltaic
applications since Tang demonstrated the first
bilayer heterojunction cell in 1986 [1]. The copper
phthalocyanine (CuPc)/3,4,9,10-perylenetetracarb-
oxylic bis-benzimidazole (PTCBI)/Ag planar hetero-
junction system has exhibited a peak power
conversion efficiency of (1.1 ± 0.1)% since its first
demonstration [2]. Only recently has this materials
system broken the 1% barrier, achieving a power
1566-1199/$ - see front matter � 2005 Elsevier B.V. All rights reserved

doi:10.1016/j.orgel.2005.09.001
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E-mail address: forrest@princeton.edu (S.R. Forrest).
conversion efficiency of (2.7 ± 0.1)% with the use
of a bulk heterojunction structure grown via organic
vapor phase deposition (OVPD) [3]. Similar devices
based on the CuPc/C60 system have resulted in single
cell efficiencies up to (5.0 ± 0.3)% [4–7]. Previous
work investigating the purity dependence of solar
cell performance using phthalocyanines as donor
materials have shown that diode leakage characteris-
tics [8] and power conversion efficiencies can quadru-
ple with increasing purity of the source material [9].
Here, we find the performance of a CuPc-based thin
film cell is strongly impacted by materials purity.
Specifically, we find that the cell responsivity and fill
factor increase with hole mobility, which is found in
turn to depend on material purity as assessed using
.
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mass spectrometry and Fourier transform infrared
spectroscopy (FTIR). In particular, double hetero-
junction cells employing the highly purified CuPc–
PTCBI material system show a peak power
conversion efficiency of (1.4 ± 0.1)% (under simu-
lated AM1.5G 1 sun intensity illumination) com-
pared to less than 0.3% for unpurified CuPc source
material. This study provides a clear linkage between
organic material purity, charge transport properties,
and device performance.
Two different source batches of CuPc were

compared: the ‘‘unpurified’’ batch was commercially
obtained [10], and was quoted by the manufacturer
as 98% pure by mass; whereas the ‘‘purified’’ batch
was refined by a single step thermal gradient purifi-
cation process [11]. Here, the material was heated
under a pressure of 610�6 Torr for four to six days
in a three zone furnace, each zone having a length
of 20 cm. The temperature of the first zone was
415 �C, the second was 360 �C, and the third was
320 �C. Purified material was obtained from the
second zone. Source materials were loaded into a
high vacuum thermal evaporation chamber with a
base pressure of 5 · 10�7 Torr, leading to a growth
pressure of 1 · 10�6 Torr for purified, and
1 · 10�5 Torr for unpurified material at a deposition
rate of 2 Å/s. When not under high vacuum, the
sources were stored under a nitrogen atmosphere,
with water and oxygen levels below 1 ppm. Purified
material was also grown by ultra high vacuum
organic molecular beam deposition [11] (OMBD)
at a base pressure of 5 · 10�10 Torr, and growth
pressure of 1 · 10�9 Torr.
Glass substrates coated with a 1500 Å thick

indium tin oxide (ITO) anode having a sheet resis-
tance of 15 X/h were cleaned with detergent in
deionized water, followed by a rinse in deionized
water, sonication in 2-propanol, 5 min in boiling tri-
chloroethylene performed twice, 5 min sonication in
acetone performed twice, 5 min in boiling 2-propa-
nol performed twice, and 5 min exposure to an
ultraviolet-ozone surface treatment. The double het-
erojunction solar cell structure was 200 Å CuPc/
250 Å PTCBI/100 Å bathocuproine (BCP)/Ag.
Both PTCBI and BCP were purified prior to
thermal deposition via a standard thermal gradient
sublimation process [11]. A single vacuum break
during growth was necessary to attach a shadow
mask in the purified nitrogen environment prior to
patterned Ag cathode deposition. For space-
charge-limited current (SCLC) measurements, CuPc
films varying from 1000 Å to 8000 Å thickness were
also grown on similarly prepared ITO-coated glass
substrates forming an ITO/CuPc/Au structure. As
in the case of the photovoltaic cell film growth, a
single vacuum break and exposure to air after CuPc
deposition was necessary to attach the shadow mask
prior to Au cathode deposition.
The source material in the unpurified boat was

not changed throughout this study. Successive film
growths, therefore, result in purification of the
unpurified material. Solar cell structures and those
used for the SCLC measurements were alternately
grown to enable measurement at different points
in the growth timeline, thereby revealing the charac-
teristics of films with increasing purity. Over the
same time period, purified CuPc was also used to
grow multiple solar cells and films for SCLC mea-
surements, and these measurements showed consis-
tency, within experimental error.
Current–voltage measurements were obtained at

room temperature using a semiconductor parameter
analyzer. For comparison with previous work on
this ‘‘standard’’ device, and unless otherwise noted,
solar cell performance was characterized in the dark
and under simulated AM1.5G solar illumination
using a 150 W Xenon arc lamp [12]. The cell diame-
ter was 1 mm as defined by the shadow mask open-
ings. In addition, to obtain a more accurate
measurement of the absolute power efficiency, in
some experiments we included the spectral mismatch
of our source and the solar spectrum using a Si ref-
erence cell traceable to National Renewable Energy
Laboratory standards [13–15]. For SCLC measure-
ments, the device diameter varied from 0.33 mm to
0.5 mm. Materials purity was assessed using X-ray
photoelectron spectroscopy (XPS) of 300 Å thick
CuPc films deposited under high vacuum on Ag-
coated Si substrates. Additionally, mass spectra of
the source powders employed a laser desorption ion-
ization time-of-flight Hewlett-Packard G2025A
mass spectrometer, and FTIR was carried out on
750 Å thick films deposited on KBr substrates.
Previous investigations into the purity of metall-

ophthalocyanines have found that purity depends
on different preparation methods, manufacturers
and batches [16]. Principle impurities are typically
phthalocyanines other than that which was being
studied: i.e. the metal-free phthalocyanine (H2Pc),
or different metal-substituted phthalocyanines
mixed with the particular compound of interest
[16,17]. Low resolution mass spectra of unpurified
and purified source powders are shown in
Fig. 1(a). All unlabeled peaks in the figure are
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assigned to residue from sinapinic acid used in some
runs as a matrix. The unpurified CuPc sample shows
several peaks not present in the purified sample. The
largest peak at 522 amu is assigned to H2Pc. The
intensity of the H2Pc peak suggests that it is
the most abundant impurity present in the unpuri-
fied source material. The mass of metal-free phtha-
locyanine is 514 amu, which differs somewhat from
that measured, possibly due to the low resolution
of the spectrometer and complexation of the
metal-free Pc. The peak at 562 amu is tentatively
assigned to CuPc lacking a single amine group,
and that at 648 amu may be a form of CuPc that
is coordinated to an extra Cu atom.
Both purified and unpurified CuPc films exhib-

ited nearly indistinguishable FTIR spectra, except
in the region between 1515 and 1554 cm�1 where
two peaks are detected for the unpurified sample,
Fig. 1(b). While a spectrum for CuPc shows no
peaks in this region, that for H2Pc has a small peak
near 1540 cm�1 [18], providing further evidence to
support the presence of the metal-free phthalocya-
nine as the principle impurity.
The XPS spectra for both source materials are

nearly identical. Five peaks are obtained: a C 1s
peak at a binding energy of 285 eV, N 1s at
399 eV, Cu Auger at 571 eV, Cu 2p3 at 936 eV,
and Cu 2p1 at 956 eV. The relative height of impu-
rity peaks in mass spectra and the low yield of the
purification process (<50%) indicate that if the
impurities contained elements different from those
in CuPc, they would be present in concentrations
above the detection limit of XPS. Hence, we con-
clude that the impurities result from incomplete
reactions in the production of CuPc, and are pri-
marily composed of the same elements as CuPc.
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To investigate the electrical effects of the impuri-
ties, we extracted mobilities for the purified and
unpurified materials by fitting the current–voltage
characteristics of ITO/CuPc/Au samples to Child�s
Law: J ¼ 9

8
ere0l V 2

d3
, with a field-dependant hole

mobility of l = l0exp(cE
1/2). Here J is the current

density, er = 3.6 is the relative permittivity of CuPc
[21], e0 is the permittivity of vacuum, V is the
applied voltage, d is the film thickness, l0 is the
zero-field mobility, and c is its characteristic field
dependance [19,20]. The J–V characteristics were
fit in the region where average electric field was
<105 V/cm to limit the effects of sample heating
and material breakdown. Previous CuPc hole
mobility measurements are typically obtained in-
plane, and hence normal to the growth direction,
whereas the current measurements analyzed here
are obtained parallel to the growth direction, consis-
tent with the transport direction in thin film solar
cells.
The zero-field mobility, l0, found for purified

CuPc films deposited in high vacuum, ranged from
2 · 10�5 to 3 · 10�4 cm2/Vs. Literature values for
the hole mobility of CuPc measured via time-of-
flight and field-effect methods vary widely [21–24],
from 10�7 to 10�2 cm2/Vs, indicating a strong
dependence on sample preparation conditions [21]
and exposure to oxygen [24], among other factors.
As shown in Fig. 2, l0 obtained for the unpurified
material for successive growth runs climbs by three
orders of magnitude, from 4.2 · 10�7 cm2/Vs to
1.8 · 10�4 cm2/Vs, the latter value within the range
measured for the purified material (shown as dotted
lines in Fig. 2). By the 7th evaporation cycle, lo falls
off due to the evaporation of less-volatile impurities
when the boat temperature is increased to maintain
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a growth rate of 2 Å/s as it empties. From these
measurements we conclude that changes in mobility
can be directly correlated with material purity,
which improves with each evaporation cycle.
The impact of CuPc purity on solar cell perfor-

mance was measured by comparing the power
conversion efficiency and factors that affect efficiency
at different points in the growth timeline, shown in
Fig. 3. Except for the first unpurified, highly-resistive
device, the open circuit voltage showed little variation
between different materials and different growths. At
1 sun, the value of the responsivity of the unpurified
material increases from 0.020 ± 0.001 A/W to
0.051 ± 0.004 A/W, the latter near that obtained for
the purified material deposited in both high and ultra
high vacuum (0.050 ± 0.003 A/W). Similarly, the fill
factor significantly increases during successive
growths of the originally unpurified material. At 1
sun illumination intensity, it progresses from
0.26 ± 0.01 to 0.59 ± 0.03; the latter value is compa-
rable to that obtained for the purified material grown
in both high and ultra high vacuum (0.59 ± 0.05). At
1 sun, the unpurified power conversion efficiencies
increase from (0.26 ± 0.01)% to (1.3 ± 0.1)% during
four successive growth runs. In comparison, the puri-
fied material has an average power conversion effi-
ciency of (1.4 ± 0.1)% when deposited in high
vacuum, and (1.3 ± 0.1)% in ultra high vacuum.
These values show a significant improvement when
compared with past work [1,2] on CuPc/PTCBI cells,
whose efficiencies consistently are in the range of
(1.0 ± 0.1)%. When spectral mismatch factor [12,13]
corrections are made to compensate for the differ-
ences between the solar and simulated spectra, the
1.4% efficiency is decreased to (1.1 ± 0.1)%. From
these data, we conclude that the purity of the source
material has a greater impact on device performance
than chamber background pressure.
To verify that the CuPc is responsible for the

enhancement in power conversion efficiency, the cell
external quantum efficiency (gEQE) was measured as
shown in Fig. 4. Once again, we see a trend of increas-
ing efficiency as the material is purified: the unpuri-
fied material starts with a peak gEQE = 10.5% at a
wavelength of k = 625 nm, increasing to 18.1% at
k = 625 nm for the last unpurified run, similar to val-
ues measured for the fully purified material. Both
high vacuum and ultra high vacuumpurifiedmaterial
have gEQE P 18%. The largest increase in external
quantum efficiency occurs between k = 550 nm and
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750 nm, corresponding to the peak absorption of
CuPc [2]. This indicates that the response due to
absorption in the CuPc donor material is principally
responsible for the increase in cell power conversion
efficiency with material purity.
In conclusion, we have found that the purity of

the organic small molecular weight material used
in the active layers of solar cells strongly impacts
the device performance. Mass and FTIR spectra
used in conjunction with charge carrier mobility
data suggest that impurities such as H2Pc can signi-
ficantly influence the electrical characteristics of
vacuum deposited organic solar cells employing
CuPc as the donor material. We have observed a
trend of improving mobility as the source is purified
during the growth process, which correspondingly
leads to higher photovoltaic cell fill factors, respon-
sivities, and power conversion efficiencies.
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of conjugated polymer light emitting diodes ................................................................................................................... 6 (2005) 221

Lin, C.S., see Chen, S.F........................................................................................................................................................ 6 (2005) 92

Lin, C.Y., see Chen, S.F. ...................................................................................................................................................... 6 (2005) 92

Liu, S., see Chen, S. .............................................................................................................................................................. 6 (2005) 111
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Singh, Th.B., N. Marjanović, G.J. Matt, S. Günes, N.S. Sariciftci, A. Montaigne Ramil, A. Andreev, H. Sitter,

R. Schwödiauer and S. Bauer, High-mobility n-channel organic field-effect transistors based on epitaxially grown C60

films ................................................................................................................................................................................. 6 (2005) 105

Sitter, H., see Singh, Th.B. ................................................................................................................................................... 6 (2005) 105

Smith, H.I., see Mascaro, D.J............................................................................................................................................... 6 (2005) 211

Snook, J.H., L.A. Samuelson, J. Kumar, Y.-G. Kim and J.E. Whitten, Ultraviolet photoelectron spectroscopy of na-

nocrystalline TiO2 films sensitized with (2,20-bipyridyl)ruthenium(II) dyes for photovoltaic applications..................... 6 (2005) 55

Sparrowe, D., see Sandberg, H.G.O. .................................................................................................................................... 6 (2005) 142

Stallinga, P. and H.L. Gomes, Trap states as an explanation for the Meyer–Neldel rule in semiconductors..................... 6 (2005) 137

Stohn, R.-I., see Schrödner, M. ............................................................................................................................................ 6 (2005) 161

Stubb, H., see Majumdar, H.S.............................................................................................................................................. 6 (2005) 188

Stubb, H., see Sandberg, H.G.O........................................................................................................................................... 6 (2005) 142

Tardy, J., see Deman, A.-L................................................................................................................................................... 6 (2005) 78

Tengelin-Nilsson, M., see Andreasson, M. ........................................................................................................................... 6 (2005) 175

Tengstedt, C., A. Crispin, C.-H. Hsu, C. Zhang, I.D. Parker, W.R. Salaneck and M. Fahlman, Study and comparison of

conducting polymer hole injection layers in light emitting devices................................................................................. 6 (2005) 21

Tessler, N. and Y. Roichman, Amorphous organic molecule/polymer diodes and transistors––Comparison between

predictions based on Gaussian or exponential density of states ..................................................................................... 6 (2005) 200

Thompson, M.E., see D�Andrade, B.W................................................................................................................................ 6 (2005) 11

249Author index of Volume 6 / Organic Electronics 6 (2005) 247–250



Thompson, M.E., see Mascaro, D.J. .................................................................................................................................... 6 (2005) 211

Thompson, M.E., see Salzman, R.F. .................................................................................................................................... 6 (2005) 242

van Elsbergen, V., see Weijtens, C.H.L. ............................................................................................................................... 6 (2005) 97

Voigt, M., see Lidzey, D.G................................................................................................................................................... 6 (2005) 221

Voigt, M., J. Chappell, T. Rowson, A. Cadby, M. Geoghegan, R.A.L. Jones and D.G. Lidzey, The interplay between

the optical and electronic properties of light-emitting-diode applicable conjugated polymer blends and their phase-

separated morphology ..................................................................................................................................................... 6 (2005) 35

Wan, A., J. Hwang, F. Amy and A. Kahn, Impact of electrode contamination on the a-NPD/Au hole injection barrier 6 (2005) 47

Wei, W., see Li, F. ................................................................................................................................................................ 6 (2005) 237

Weijtens, C.H.L., V. van Elsbergen, M.M. de Kok and S.H.P.M. de Winter, Effect of the alkali metal content on the

electronic properties of PEDOT:PSS............................................................................................................................... 6 (2005) 97

Whitten, J.E., see Snook, J.H. .............................................................................................................................................. 6 (2005) 55

Wright, J., see Lidzey, D.G. ................................................................................................................................................. 6 (2005) 221

Wu, H., F. Huang, J. Peng and Y. Cao, High-efficiency electron injection cathode of Au for polymer light-emitting

devices.............................................................................................................................................................................. 6 (2005) 118

Wu, Z., see Chen, S. ............................................................................................................................................................. 6 (2005) 111

Xue, J., see Salzman, R.F. .................................................................................................................................................... 6 (2005) 242

Zahn, D.R.T., see Gorgoi, M. .............................................................................................................................................. 6 (2005) 168

Zhang, C., see Tengstedt, C.................................................................................................................................................. 6 (2005) 21

Zhang, X., see Haddock, J.N................................................................................................................................................ 6 (2005) 182

Zhao, Y., see Chen, S. .......................................................................................................................................................... 6 (2005) 111

Zhokhavets, U., see Al-Ibrahim, M...................................................................................................................................... 6 (2005) 65

250 Author index of Volume 6 / Organic Electronics 6 (2005) 247–250


	1.pdf
	3-9.pdf
	Theoretical analysis on light-extraction efficiency of organic light-emitting diodes using FDTD and mode-expansion methods
	Introduction
	Calculation of light-extraction efficiency by 3D FDTD
	Mode-expansion method
	Conclusion
	Acknowledgements
	References


	11-20.pdf
	Relationship between the ionization and oxidation potentials of molecular organic semiconductors
	Introduction
	Ultraviolet photoemission spectroscopy and�cyclic voltammetry
	Analytical comparison between UPS and CV measurements
	Experimental
	Results and discussion
	Conclusion
	Acknowledgements
	References


	21-33.pdf
	Study and comparison of conducting polymer hole injection layers in light emitting devices
	Introduction
	Experimental
	Synthesis and material
	PAni ndash PAAMPSA
	PAni ndash PAAMPSA ndash PAM
	PAni ndash PSSA
	PEDOT ndash PAAMPSA
	PEDOT ndash PSSA

	Device fabrication
	General procedure
	Film specifications

	Material analysis

	Results and discussion
	PAni ndash PAAMPSA
	PAni ndash PAAMPSA ndash PAM
	PAni ndash PSSA
	PEDOT ndash PAAMPSA
	Device performance

	Summary and conclusions
	Acknowledgements
	References


	35-45.pdf
	The interplay between the optical and electronic properties of light-emitting-diode applicable conjugated polymer blends and their phase-separated morphology
	Introduction
	Experimental methods
	Structural characterisation of F8:F8BT blends
	Photoluminescence from F8:F8BT blends
	Electroluminescence from F8:F8BT blends
	Summary
	Acknowledgements
	References


	47-54.pdf
	Impact of electrode contamination on the  alpha -NPD/Au hole injection barrier
	Introduction
	Experimental
	Results and discussion
	Au substrate contamination and work function
	Au/ alpha -NPD interface
	In situ I ndash V measurements
	Discussion

	Summary
	Acknowledgements
	References


	55-64.pdf
	Ultraviolet photoelectron spectroscopy of nanocrystalline TiO2 films sensitized with (2,2 prime -bipyridyl)ruthenium(II) dyes for photovoltaic applications
	Introduction
	Experimental
	Sample preparation
	UPS measurements
	UV ndash Vis absorption measurements

	Results and discussion
	Conclusions
	Acknowledgements
	References


	65-77.pdf
	The influence of the optoelectronic properties of poly(3-alkylthiophenes) on the device parameters in flexible polymer solar cells
	Introduction
	Experimental techniques
	Results and discussion
	HOMO/LUMO determination by cyclic voltammetry
	Optical properties of poly(3-alkylthiophenes)
	Detection of charge transfer by photoluminescence quenching and ESR experiments
	Flexible photovoltaic devices based on�P3AT/PCBM

	Summary
	Acknowledgements
	References


	78-84.pdf
	PMMA -- Ta2O5 bilayer gate dielectric for low operating voltage organic FETs
	Introduction
	Experimental
	Results and discussion
	Electrical properties of evaporated Ta2O5
	OFET with only Ta2O5 gate oxide
	Devices with PMMA/Ta2O5 bilayer gate dielectric

	Conclusions
	Acknowledgements
	References


	85-91.pdf
	Polarization at the gold/pentacene interface
	Introduction
	Experiments
	Results and discussion
	Summary
	Acknowledgements
	References


	92-96.pdf
	The effect of doping iodine on organic light-emitting diode
	Introduction
	Device design, fabrication and measurement
	Results and discussion
	Conclusion
	Acknowledgements
	References


	97-104.pdf
	Effect of the alkali metal content on the electronic properties of PEDOT:PSS
	Introduction
	Experimental
	Results
	Discussion
	References


	105-110.pdf
	High-mobility n-channel organic field-effect transistors based on epitaxially grown C60 films
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


	111-117.pdf
	Efficient organic light-emitting device from exciplex emission between 4,4 prime ,4 Prime -tris[3-methylphenylphenylamino] triphenylamine and 2,2 prime ,2 Prime -1,3,5-benzenetriyltris- [1-phenyl-1H
	Introduction
	Experiments
	Results and discussions
	Conclusion
	Acknowledgements
	References


	118-128.pdf
	High-efficiency electron injection cathode of Au for polymer light-emitting devices
	Introduction
	Experimentals
	Results and discussion
	Conclusions
	Acknowledgement
	References


	129-136.pdf
	Photovoltaic properties of NiPc/p-Si (organic/inorganic) heterojunctions
	Introduction
	Experimental details
	Results and discussion
	Dark current ndash voltage characteristics
	Dark capacitance ndash voltage characteristics
	Photovoltaic properties

	Conclusions
	References


	137-141.pdf
	Trap states as an explanation for the Meyer -- Neldel rule in semiconductors
	References


	142-146.pdf
	Insulators and device geometry in polymer field effect transistors
	Acknowledgements
	References


	147.pdf
	149-160.pdf
	Properties of organic light-emitting diodes by aluminum cathodes modification using Ar+ ion beam
	Introduction
	Experiment
	Results and discussion
	Conclusion
	References


	161-167.pdf
	Polymer field effect transistors made by laser patterning
	Introduction
	Experimental
	Results and discussion
	Laser patterning of S/D electrodes
	Organic ndash inorganic hybrid FETs
	All-polymer FETs

	Summary and conclusions
	Acknowledgement
	References


	168-174.pdf
	 "Band bending"  in copper phthalocyanine on hydrogen-passivated Si(111)
	Introduction
	Experimental
	Results and discussion
	Summary
	Acknowledgement
	References


	175-181.pdf
	Importance of ITO surface conditions for the interaction with thin CuPc layers
	Introduction
	Experimental
	Results and discussion
	Conclusions
	References


	182-187.pdf
	Fullerene based n-type organic thin-film transistors
	Introduction
	Experiment
	Results
	Conclusions
	Acknowledgement
	References


	188-192.pdf
	Fullerene-based bistable devices and associated negative differential resistance effect
	Introduction
	Experiments
	Results and discussions
	Conclusions
	Acknowledgements
	References


	193-199.pdf
	Surface photocurrents in tetracene layers
	Introduction
	Experimental details
	Experimental results and their analysis

	Simple model describing surface photoenhanced current in the layer
	Results and discussion
	Final conclusion
	References


	200-210.pdf
	Amorphous organic molecule/polymer diodes and transistors mdash Comparison between predictions based on Gaussian or exponential density of states
	Introduction
	The diffusion coefficient
	Low field mobility
	Field and density dependent mobility
	Temperature dependence
	Device performance and analysis
	Diode or P ndash N junction

	Field effect transistor
	Conclusions
	References


	211-220.pdf
	Forming oriented organic crystals from amorphous thin films on patterned substrates via solvent-vapor annealing
	Introduction
	Experimental
	Experimental results
	Discussion
	Conclusions
	Acknowledgements
	References


	221-228.pdf
	Laser-assisted patterning of conjugated polymer light emitting diodes
	Acknowledgements
	References


	229-236.pdf
	Impact of interfacial barriers on recombination profile in bilayer organic light-emitting diode
	Introduction
	Recombination profile
	Analytical model
	Conclusion
	References


	237-241.pdf
	Blue polymer light-emitting diodes with organic/inorganic hybrid composite as hole transporting layer
	Introduction
	Experimental
	Synthesis of the polymers
	Preparation of HHTL and light-emitting diodes

	Results and discussion
	Photophysical properties
	EL characteristics

	Conclusion
	Acknowledgments
	References


	242-246.pdf
	The effects of copper phthalocyanine purity on organic solar cell performance
	Acknowledgements
	References


	247-250.pdf

