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We report on a theoretical model to describe the non-steady-state photoelectromotive-force �photo-EMF�
effect in organic photoconductors. Unlike the conventional theory of the photo-EMF effect developed for
crystalline materials, this model accounts for the field dependence of the charge generation quantum efficiency
and charge carrier mobility. To verify our findings a detailed experimental study of the charge carrier genera-
tion and transport processes in a organic photorefractive composite was performed using the photo-EMF effect
and ac photocurrent measurements. The investigated composite was based on a conjugated triphenyldiamine
based polymer �TPD-PPV� sensitized with a highly soluble fullerene derivative �PCBM�. Our results show that
at zero and low dc field the dependence of the photo-EMF signal on frequency, grating period and external
electric field is well described by the standard model originally developed for an inorganic monopolar photo-
conductor with finite charge carrier lifetime. In this regime the photo-EMF effect was used to determine zero-
and low-field photoelectric material parameters including the low-field hole mobility ��0,h=1.3
�10−4 cm2/V s�, the effective charge carrier lifetime ��=45 �s�, the diffusion length �LD=114 nm�, and the
primary charge carrier generation efficiency ��=5.3�10−3% �. In addition, the validity of the Einstein relation
�D /�=25 meV� was verified for the low-field regime. At high electric fields the signal behavior deviates
significantly from the trend predicted by the standard model for inorganic photoconductors. This behavior
which is mainly attributed to the strong field dependence of the charge generation rate is well described by our
model.
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I. INTRODUCTION

Today organic semiconductors are considered as active
components for a wide range of electro-optic devices, includ-
ing solar cells,1 field effect transistors,2 light emitting
diodes,3 holographic storage media,4 and laser diodes.5

Among the main reasons for the strong interest in this class
of materials are their compatibility with low cost fabrication
processes, the inherent mechanical flexibility and the tunabil-
ity of their properties by chemical modification or blending.

Understanding and characterizing the photophysical prop-
erties of organic materials is one of the main challenges in
this field of research. Here, we demonstrate an alternative
characterization technique which is based on the periodic
excitation of the excess charge carriers created by two inter-
fering laser beams. The most important feature of this tech-
nique is the interaction between the photoinduced space
charge field grating and the grating of mobile photocarriers
which results in a periodic current flowing through the
sample. Numerous characterization techniques based on this
principle emerged during the last two decades �e.g., steady-
state photocarrier grating,6 transient grating,7 moving photo-
carrier grating8�. They have been successfully used for the
investigation of the photoconductive properties of inorganic
crystalline and amorphous materials.

One of the most successful techniques in this group is
based on the so-called non-steady-state photoelectromotive
force �photo-EMF� effect.9 Here, one measures the ac current
resulting from the illumination of the sample with an oscil-
lating interference pattern. The technique was applied to a
variety of crystalline inorganic materials �such as GaAs,10

LiNbO3,11 B12TiO20,
12 and multiple quantum well

structures13� and proved to be a powerful tool for the deter-
mination of important photoelectrical parameters such as the
photocarrier drift and diffusion length �L0, LD�, the mobility
��� and the charge carrier lifetime ���. In addition, this tech-
nique is suitable for material characterization in a wide range
of electric fields �starting from zero field� and allows for an
easy modification of the spatial and the temporal scale of the
measurement by changing the period of the interference
fringes or the frequency of oscillation.

Recently, we have demonstrated that the photo-EMF tech-
nique can also be used for characterization of amorphous
organic materials.14,15 However, our results indicated that the
theoretical model of the photo-EMF effect originally devel-
oped for inorganic crystalline materials requires significant
modification before it can adequately describe the situation
in organic materials.

The main reason for this is that many of the relevant
processes in organic, often highly disordered semiconductors
differ fundamentally from their inorganic, mostly crystalline
counterparts. The charge transport, for example, is mediated
by hopping processes due to the strong charge confinement
being present in organic semiconductors.16 This localization
of states also results in a relatively large exciton binding
energy which causes a strong field dependence of the charge
generation efficiency. Theoretical modelling and systematic
experimental investigation of the space charge grating for-
mation in organic amorphous photoconductors are, therefore,
essential for the future use of the photo-EMF technique in
this field.

In the first part of this paper we introduce a theoretical
model to describe the photo-EMF effect in organic photocon-
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ductors, taking into account the field dependence of the
charge carrier generation and mobility in these materials. The
second part compares the predictions made by this model
with experimental data. The investigations were performed
on a fullerene sensitized photoconductive composite based
on the hole-conducting conjugated copolymer of triphenyl-
diamine and phenylenevinylene �TPD-PPV�.17,18 The elec-
troluminescent green-emitting TPD-PPV was chosen as a
model system due to its relatively high mobility, which ren-
ders the material an interesting candidate for electrically
pumped lasers, photovoltaic devices, and organic field effect
transistors. Mixtures of TPD-PPV with electro-optic chro-
mophores and a small amount of PCBM �1 wt % � were re-
ported as a very efficient holographic recording medium.19

II. THEORETICAL ANALYSIS

In this section we derive the main theoretical expressions
for the non-steady-state photo-EMF current density in or-
ganic photoconductors. The energy structure we assume is
similar to the structure assumed in the Schildkraut model:
Optically generated electron-hole pairs are separated by elec-
tron accepting sensitizer molecules �with a concentration NS�
leaving mobile positive charges �with an effective concentra-
tion p� on the neighboring hole transport molecules.20 Drift
and diffusion forces lead to subsequent charge transport be-
fore the excited holes recombine with negatively charged
sensitizer molecules �with a concentration of NS

−�. In contrast
to the conventional theory we assume that charge generation
efficiency � and charge carrier mobility � have an arbitrary
field dependence, i.e., �=��E� and �=��E�. The following
set of equations can be used to describe the activation, re-
combination, and transport process of holes under a constant
electric dc field E0:

�p

�t
= s�I�NS − NS

−� − �pNS
− −

��j/e�
�x

, �1�

�NS
−

�t
= s�I�NS − NS

−� − �pNS
−, �2�

j = e�pE − eD
�p

�x
, �3�

�E

�x
=

e

��0
�p − NS

−� . �4�

Here e is the elementary charge, s is the optical absorption
cross section, I is the incident light intensity, � is the coeffi-
cient of hole recombination, j is the current density, D is the
charge carrier diffusion coefficient, E=E0+Esc is the local
value of the total electric field and ��0 is the dielectric con-
stant of the material. Esc is the space charge field. If satura-
tion of the activation-recombination centers is neglected Eqs.
�1� and �2� can be reduced to the following form:

�p

�t
= g −

p

�
−

��j/e�
�x

, �5�

�Ns
−

�t
= g −

p

�
. �6�

Here g=s�I�NS−NS
−� is the charge generation rate and

�=1/ ��NS
−� is the effective average lifetime of mobile holes

under uniform illumination.
Combining Eqs. �1�–�6� we arrive at a system of two non-

linear differential equations for the concentration of mobile
holes p�x , t� and the electric field distribution E�x , t�,

�2E

�x�t
= −

e

��0
��p

�E

�x
+ �E

�p

�x
+ Ep

��

�x
− D

�2p

�x2� , �7�
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�t
= g −

p

�
− ��p

�E

�x
+ �E

�p

�x
+ Ep

��

�x
− D

�2p

�x2� . �8�

Note, that neither the hole mobility ���, nor the quantum
yield of charge carrier generation ��� depend explicitly on
the spatial coordinate x, but that there is only an indirect
dependence which results from the dependence of � and �
on the electric field,

��

�x
=

��

�E

�E

�x
, �9�

��

�x
=

��

�E

�E

�x
. �10�

Now we consider the illumination of the material by an os-
cillating interference pattern which is formed by two coher-
ent plane waves one of which is periodically modulated in
phase with a frequency � and an amplitude 	. The spatial
distribution of the incident intensity is then given by

I�x� = I0�1 + m cos�Kx + 	 cos��t��� . �11�

Here I0 is the average light intensity, K is the spatial fre-
quency of the pattern, and m is the effective contrast of the
interference fringes. In the regime of small amplitude of
phase modulation �	
1� the complex representation of the
intensity distribution can be used

I�x� = I0 + I10 exp�iKx� + I11 exp�i�Kx + �t��

+ I1−1 exp�i�Kx − �t�� + I−10 exp�− iKx� + I−1−1

�exp�− i�Kx + �t�� + I−11 exp�i�− Kx + �t�� , �12�

where

I10 = I−10 =
m

2
I0,

I11 = I1−1 = I−11 = I−1−1 =
im	

4
I0. �13�

Here the upper indices denote the spatial and temporal har-
monic of the corresponding complex amplitude; a negative
sign in the upper index indicates complex conjugation of the
respective harmonic. For example, I11 is the complex ampli-
tude of the first spatial and first temporal harmonic.

We can now develop solutions for E�x , t� and p�x , t�
which are in form identical to the intensity decomposition
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given in Eq. �12�. Assuming small fringe contrast �m�1�
and ignoring all terms proportional to m2 we can linearize
Eqs. �7� and �8�. A detailed justification for this assumption
is given, for example, by Stepanov.21 For the linearization
procedure the following linear approximations of the field
dependent mobility and charge generation efficiency are
used,

��E� 	 ��E0� + 
 ��

�E



E0

Esc, �14�

��E� 	 ��E0� + 
 ��

�E



E0

Esc. �15�

The complex amplitudes for the concentration of holes p and
the space charge field Esc can now be expressed as

Esc
10 =

m

��E0�
�iED − E0� , �16�

p10 = mp0, �17�

Esc
11 =

i	m

4

�iED − E0�/��E0�
1 + i��� + �di�1 + K2L2

D + iKL0�/��E0�� − �2��di/��E0�
, �18�

p11 =
i	m

4
p0

�1 + i��di/��E0��
1 + i��� + �di�1 + K2L2

D + iKL0�/��E0�� − �2��di/��E0�
. �19�

Here ED=KD /�, LD is the diffusion length and L0 is the drift
length of the charge carriers. �di=��0 /
 is the dielectric re-
laxation time reflecting how fast the carriers relax to equilib-
rium distribution. 
=s�I��e is the average photoconductiv-
ity.

Equations �16�–�19� are similar to the expressions derived
for inorganic crystals21 with the important extension of the
dimensionless coefficient ��E0�,

��E0� = 1 +
E0

��E0�

 ��

�E



E0

+
E0

��E0�

 ��

�E



E0

− i
ED

��E0�

 ��

�E



E0

�20�

which accounts for the contribution of the field dependence

of mobility and charge carrier generation efficiency.
The fundamental harmonic of the photo-EMF current

density can then be calculated using the following combina-
tion of amplitudes:

jp-emf
� =

e�

2
�Esc

11p−10 + Esc
−10p11 + Esc

−11p10 + Esc
10p−11� .

�21�

Substituting Eqs. �16�–�20� into Eq. �21� the final expression
for the photo-EMF current density can be written as

jp-emf
� =

	m2

4


0�E0�
���E0��2� 2i�ED Im���E0�� + E0 Re���E0��� + ��di�iED + E0�

1 + i��� + �di�1 + K2L2
D + iKL0�/��E0�� − �2��di/��E0�

+
2i�ED Im���E0�� + E0 Re���E0��� − ��di�iED − E0�

1 + i��� + �di�1 + K2L2
D − iKL0�/� * �E0�� − �2��di/� * �E0�

� . �22�

It is important to note that all above expressions were de-
rived in the rather general approximation of small contrast of
the interference fringes �m�1� and small amplitude of phase
modulation �	�1�. No specific assumptions were made
about the energetic depth and occupation of the electron trap-
ping centers or about the form of the field dependence of the
photoconductivity parameters. This allows the potential use

of Eqs. �16�–�19� and �22� for a variety of materials as long
as the quasineutrality condition remains valid.

In the following, we will analyze the results obtained
above for two different dc field regimes: �1� at zero dc field
and in the low-field regime, i.e., when � and � are not field
dependent, and �2� at high dc fields when �=��E0� and
�=��E0�.

DETERMINING THE PHOTOELECTRIC PARAMETERS OF… PHYSICAL REVIEW B 75, 165203 �2007�

165203-3



A. Zero „E0=0… and low dc field (�, �Éconst)

If the � and � are not field dependent the field factor
��E0� becomes unity and Eq. �22� reduces to the well-known
form of the photo-EMF current density,

jp-emf
� =

	m2

4

0� 2iE0 + ��di�iED + E0�

1 + i��� + �di�1 + K2L2
D + iKL0�� − �2��di

−
2iE0 − ��di�iED − E0�

1 + i��� + �di�1 + K2L2
D − iKL0�� − �2��di

� �23�

for inorganic monopolar photoconductors with finite photo-
carrier lifetime.21 This indicates that at least for low dc fields
the theoretical tools developed for inorganic crystalline ma-
terials are also valid for amorphous organic materials and
that they can be used to characterize the material at low dc
fields. Note, that the direct determination of photoelectric
parameters at low dc fields is not possible by any of the
techniques which are commonly used for the characterization
of organic semiconductors �e.g., TOF, corona discharge,
etc.�.

In the following, we describe the experimental dependen-
cies of jp-emf

� for the case of a relaxation type photoconductor
��di��h� since this is the relevant case for the analysis of the
experimental results discussed later.

For intermediate frequencies of modulation ��di
−1
�


�−1� the field dependence of the signal can be expressed as

jp-emf
� �E0� =

m2	

2

0ED

ED�1 + K2LD
2 � − KL0E0

�1 + K2LD
2 �2 + K2L0

2 . �24�

It can be seen that jp-emf
� changes sign if the numerator of Eq.

�24� vanishes. Note, that since the absolute value of jp-emf
� is

the quantity that is experimentally accessible we expect a
minimum of the signal at this point. Assuming small spatial
frequencies �KLD
1� the term KLD can be neglected and the
change of sign is expected at an external field E0�= �1/���
��D /��1/2. It can be easily seen that at this point drift and
diffusion length are equal �LD=L0�. If the Einstein relation
between the diffusion coefficient and the mobility is fulfilled
�i.e., D /�=kbT /e=25 meV� the �� product and the diffu-
sion length are directly related to E0�,

�� =
1

E0�
2

kBT

e
,

LD =
1

E0�

kBT

e
. �25�

As � can be readily determined from frequency domain pho-
tocurrent measurements this relation provides a very interest-

ing tool for the determination of the charge carrier mobility
and the diffusion coefficient. However, it is well known that
the Einstein relation is not generally fulfilled in organic
semiconductors due to their often dispersive charge transport
characteristics.15,22–24 In order to determine the D /� ratio of
a material it has been proposed to measure the absolute value
of the photocurrent jph

� =
0E0,ph under experimental condi-
tions identical to the photo-EMF experiment �i.e., at the
same wavelength, average intensity, and geometry, and at
low external field E0�.15 Normalizing Eq. �23� with jph

� gives
an expression which does not depend on the photoconductiv-
ity 
0 anymore,

Jp-emf
�

Jph
� =

jp-emf
�

jph
� =

m2	

2E0,ph
K

D

�
. �26�

However, the method still requires measuring the absolute
value of the signal. This may lead to experimental errors
difficult to account for, e.g., internal reflection from elec-
trodes, nonperfect beam overlap, changes of the effective
contrast due to absorption.

Therefore, in this work a simpler method which does not
require the knowledge of the absolute value of the photo-
EMF signal is proposed. Let us consider the field depen-
dence of jp-emf

� �cf. Eq. �24�� for the case of small spatial
periods KLD�1. The minimum of the signal occurs at an
external field E0� which equals the diffusion field �E0�=ED

=KD /��. Consequently, the D /� ratio is simply given by
E0� /K. This relation provides a very direct and robust test of
the Einstein relation as it only requires the knowledge of the
applied field and of the angle of the incident beams. The
intrinsic limitation of this method is that it can be used only
in materials with relatively long diffusion lengths �LD

�� /4��, where the condition of small spatial periods
�KLD
1� is accessible for reasonable beam crossing angles.

B. High dc field †�=�„E0… ,�=�„E0…‡

Since the analysis of Eq. �22� at high dc field is rather
complicated, we will again restrict the discussion to the case
of relaxation type photoconductors where the dielectric re-
laxation time is much longer than the effective charge carrier
lifetime ��di��� and to the optimal frequency regime, i.e.,
where the observed photo-EMF signal is maximal ��di

−1


�
�−1�. In this limit the expression for the photo-EMF
current density amplitude reduces to

jp-emf
� =

	m2

2


�E0�
���E0��2

�
ED��1 + K2LD

2 �Re���E0�� + KL0 Im���E0��� − E0�KL0 Re���E0�� + �1 + K2LD
2 �Im���E0���

�1 + K2LD
2 �2 + �KL0�2 . �27�
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Further analysis of Eq. �26� requires the knowledge of the
functional dependencies of ��E0� and ��E0� which are de-
termined by material properties and experimental conditions.
In the following we assume a power-law field dependence of
the charge generation efficiency

��E0� = �0�1 + aE0
�� �28�

which is typical for sensitized organic photoconductors. Here
�0 is the primary quantum yield; � and a are phenomeno-
logical constants. A Poole-Frenkel field dependence is as-
sumed for the mobility

��E0� = �0 exp��E0
1/2� , �29�

where �0 is the mobility at zero dc field and � is a phenom-
enological constant. Based on Eqs. �28� and �29� the factor
��E0� can be rewritten as

��E0� = 1 + �
aE�

1 + aE� +
�E0

1/2

2
− i

ED

E0
�

aE0
�

1 + aE0
� . �30�

The imaginary part of ��E0� goes to zero with increasing dc
field and can hence be neglected. The real part, however,
grows as the square root of the applied dc field and must be
taken into account. If we also assume the case of large drift
lengths �KL0�1� the above expression simplifies even more,

jp-emf
� �

	m2

2

e��E0�
K Re ��E0�

. �31�

This shows that, as a result of the field dependence of the
photoconductivity parameters in organics �especially the
charge generation efficiency�, the behavior of the photo-EMF
current under large dc bias can deviate significantly from the
situation typical for inorganic materials. Note that for inor-
ganic materials the photo-EMF signal is constant in the lim-
iting case of large drift length:

jp-emf
� � �	m2/2�e�/K . �32�

Another interesting effect arising from the field dependence
of the photoconductivity parameters is that the dynamics of
the recording process will also change. In particular it is
interesting to investigate the resonances of the frequency
transfer function of the photo-EMF signal, which are associ-
ated with “running waves” appearing as eigenmodes of the
photoconductive medium in the transient regime.25 However,
the phenomenon is beyond the scope of this paper and will
be reported elsewhere.

III. EXPERIMENTAL DETAILS

The material under investigation consists of the polymer
poly�triphenyldiamine-co-phenylenevinylene� �TPD-PPV�
�56 wt. %, see Fig. 1 for the chemical structure�, an eutectic
mixture of the two azo-dyes 2,5-dimethyl-4-
�4�-nitrophenylazo�-anisole �DMNPAA� and 3-methoxy-4-
�4�-nitrophenylazo�-anisole �MNPAA� �15 wt. % each� and
the highly soluble C60 derivative PCBM �1 wt. % �. Due to
their low oxidation potential the azo-dyes are not expected to
participate directly in the charge generation and transport

process. Although their presence is not required for our study
the chromophores were added to the composite to ensure
comparability with earlier studies.4,19

Samples with a thickness of 54 �m were prepared by
sandwiching the material between indium tin oxide �ITO�
electrodes. In general a photo-EMF signal can only be ob-
served if the grating vector has a nonzero component in the
direction normal to the electrodes. As both beams were inci-
dent on the sample from the same side �transmission geom-
etry� this condition can only be met if the sample is tilted
against the bisector of the two incident beams �see Fig. 1�a��.
Additionally, samples with transversal electrode geometry
were made to study the photo-EMF signal under symmetrical
conditions and without the need to tilt the sample �see Fig.
1�b��.

The 633 nm output of a cw HeNe laser was used to illu-
minate the samples with an interference pattern of high
fringe contrast �m	1�. The phase of one of the beams was
periodically modulated by an electro-optic modulator
�Conoptics 350-105�. The total incident intensity was
0.8 W/cm2 at maximum and was adjusted with a neutral
density filter wheel. To allow scanning of the grating period
in the conventional transmission geometry a 4f setup with
two large aperture lenses �A=50 mm, f =125 mm� and a ro-
tating mirror was used.26 With this arrangement we were able
to vary the spatial period of the interference pattern between
2 �m and 300 �m. Since measurements in the KLD�1 re-
gime required grating periods below �0=800 nm a reflection
geometry setup was also employed �see Fig. 1�c��. Conven-
tional frequency domain photoconductivity measurements
were performed by blocking one of the two beams and by
modulating the other beam with a chopper wheel. To circum-
vent bandwidth restrictions the signal was preamplified with
a low noise current preamplifier �Stanford Research SR-570�

1 2
2

1

1 2

cba

K K
K E0E0

β

TPD-PPV

E0

FIG. 1. Top: Molecular structure of the TPD-PPV polymer used
in this work. Bottom: Schematic illustration of the three different
experimental setups used for the photo-EMF measurements: �a�
Conventional transmission configuration; the tilt between sample
normal and bisector of the incident beams is required to obtain a
component of the grating vector K in the direction of the collecting
electrodes. �b� Transversal configuration; the need for a sample tilt
is avoided as the grating vector is parallel to the collecting elec-
trodes. �c� In reflection configuration large spatial frequencies can
be achieved.
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before detection with a digital lock-in amplifier �Stanford
Research SR-830�.

IV. RESULTS AND DISCUSSION

A. Zero dc field „E0=0…

In the following, we discuss the situation when no exter-
nal electric field is applied to the sample. The theory predicts
that jp-emf

� maintains a constant value for modulation frequen-
cies � in the range between �di

−1 and �−1 �cf. Eq. �23�, assum-
ing E0=0, KLD
1�. Figure 2 shows the measured frequency
dependence of the photo-EMF signal. As expected the signal
falls off towards high and low frequencies and remains on a
plateau for intermediate frequencies. A two parameter
weighted linear regression algorithm was used to fit the data
to the predicted frequency dependence and to extract the
characteristic times �di and �. To verify that �di corresponds
to the dielectric relaxation time of the sample the frequency
response of the photo-EMF signal was measured at different
intensities �also see Fig. 2�. We found �di to be inversely
proportional to the intensity which is the dependence that is
expected for the dielectric relaxation time. We also note, that
in the intermediate frequency regime ��di

−1
�
�−1� the am-
plitude of the signal depends linearly on intensity which in-
dicates that there is no saturation of the charge carrier gen-
eration rate. For low frequencies ���di
1�, however, the
amplitude of the photo-EMF signal is intensity independent.
This observation is explained by the indirect intensity depen-
dence of Eq. �23�. If the expressions for 
0 and �di are in-
serted into Eq. �23� and all terms in ��di and �� are ne-
glected �which corresponds to the case of ��di
1� the
photo-EMF signal becomes intensity independent. To con-
firm that the second characteristic time corresponds to the
effective charge carrier lifetime the frequency response at
high frequencies was compared with conventional frequency
domain photocurrent measurements �see open symbols in

Fig. 2�. We found a very good agreement between the pho-
tocurrent and the photo-EMF measurements. Note, however,
that a weak negative intensity dependence of the respective
characteristic time was found in both measurements. We be-
lieve that this is due to the recombination rate being influ-
enced by the number of ionized sensitizer molecules in the
material.

For an average illumination intensity of 0.8 W/cm2 a di-
electric relaxation time of �di=25±5 ms and an effective
charge carrier lifetime of �=45±6 �s �
�di� were extracted
which clearly shows that the material belongs to the class of
relaxation photoconductors.

For the frequency range �di
−1
�
�−1 we also investi-

gated the spatial frequency dependence of the photo-EMF
signal. The signal is expected to increase linearly with K if
the spatial frequency is small �i.e., KLD
1� and to reach a
maximum for K=LD

−1. For the spatial frequency range under
investigation �K=2�103–2�104 cm−1� we found a strictly
linear increase of jp-emf

� with K �see Fig. 3 and conclude that
we are working in the regime of small spatial frequencies
�KLD
1�.

B. Low dc field

As an estimate of up to which field value the low-field
approximations developed in the preceding section are valid
we measured the ac photocurrent signal jph

� versus external
dc field E0. Figure 4 shows the field dependence of the signal
normalized to the applied field. Up to 10 kV/cm the value of
jph
� /E0 remains nearly constant, indicating that the photocon-

ductivity is independent of E0 below this value. Under these
conditions the field dependence of the photo-EMF signal can
be used to extract the diffusion length and the mobility-
lifetime product using Eqs. �25�. Figure 5�a� shows the

FIG. 2. The amplitude of jp-emf
� as a function of the oscillation

frequency of the interference grating for different light intensities:
0.8 W/cm2 ���, 0.4 W/cm2 ���, 0.2 W/cm2 ���. The solid lines
represent weighted linear regression fits to the data. The amplitude
of the alternating photocurrent signal at an external field of E0

=37 kV/cm is also shown ���.

FIG. 3. The amplitude of the photo-EMF signal as a function of
the spatial frequency. Modulation frequency � /2�=85 Hz, modu-
lation amplitude 	=0.43 rad, incident intensity I=0.8 W/cm2. The
linear increase of the signal indicates that the spatial frequency of
the grating is small compared to the diffusion length of the charge
carriers �KLD
1�.
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photo-EMF signal as a function of the applied electric field.
As expected the amplitude of the signal decreases with field
and reaches a minimum at an external field E0�	2 kV/cm.
The phase of the photo-EMF signal is also shown in Fig.
5�a�. The inflection point of the phase corresponds to the
change of sign of the photo-EMF current and, therefore, pro-
vides an alternative �and more precise� method to determine
E0�. Using the phase signal we obtain E0�=2.2±0.1 kV/cm.

As mentioned earlier the validity of the Einstein relation
needs to be checked before Eqs. �25� may be used. In order
to determine the D /� ratio the field dependence of the
photo-EMF signal is measured at large KLD values which
was realized in the reflection setup �see Fig. 1�c��. The field
dependence of amplitude and phase of jp-emf

� is shown in Fig.
5�b�. The inflection point of the phase and the minimum of
the amplitude are found at an external field E0�
=6.8±0.2 kV/cm. From this measurement we obtain D /�
=E0� /K=24.3 meV for K=4�n /�=2.8�105 cm−1� which is
in excellent agreement with the theoretical expectation of
D /�=kBT /e=25.2 meV at room temperature �T=293 K�.

Further evidence for the validity of the Einstein relation
came from a comparison of the amplitude of the photo-EMF
signal with the amplitude of the conventional photocurrent
signal. We used samples with transversal electrodes and a
normal angle of incidence �see Fig. 1�b�� to ensure a constant
fringe contrast throughout the active layer of the sample.
Another positive effect of this geometry is that the spatial
frequency of the interference pattern is independent of the
refractive index of the material. The amplitude of oscillation
was set to 	=0.43 rad, which is small enough to justify the
linear approximation �jp-emf

� �	� used in Eq. �24�. The pho-
tocurrent was measured at a moderate external field of
1.6 kV/cm, the space- and time-averaged intensity of illumi-
nation was identical for the photo-EMF and the photocurrent
measurement. Using Eq. �26� a D /� ratio of 25.7 meV was
found which is again in good agreement with the theoretical
expectation.31

In general, the validity of the Einstein relation indicates
Gaussian or nondispersive charge transport. Although typical

for most crystalline inorganic semiconductors this is not
common for amorphous materials. However, for several ma-
terials such as poly�9,9-dioctylfluorene� and ladder-type
poly-�paraphenylene�, nondispersive hole transport has been
observed in a certain field and temperature range.27,28 TPD-
PPV apparently falls in this class of materials, whereas this is
obviously not the case for the poly�N-vinylcarbazole� �PVK�
based composite on which we reported recently.15 A material
sush as TPD-PPV is a good candidate to study field-induced
effects in the absence of the effects resulting from disorder.

Knowing that the Einstein relation is valid at low dc
fields, Eqs. �25� may now be employed to calculate ��
= �5.7±0.5��10−9 cm2/V and LD=114±5 nm. Using �
=45 �s as determined from previous photocurrent measure-
ments we obtain a hole mobility of �0,h=1.3
�10−4 cm2/V s. This value is somewhat higher than the
number reported by Kulikovsky et al. �0.17�10−4 cm2/V s,
based on the analysis of photocurrent transients�.29 Since the
dielectric relaxation time is also known we can use the defi-
nitions of �di and 
 to estimate the quantum yield for zero
external electric field �0. Assuming �r	3.5 we obtain a
value of �0=5.6�10−5.

FIG. 4. Alternating photocurrent jph
� signal normalized to the

applied field versus applied field E0,ph. The chopping frequency was
� /2�=85 Hz, the incident intensity I=0.4 W/cm2. The line rep-
resents a power-law fit reflecting the expected proportionality of
jph
� /E0,ph to the charge generation efficiency ��E0�=�0�1+aE0

��.

(a)

(b)

FIG. 5. �a� Field dependence of jp-emf
� in the small spatial fre-

quency regime �KLD
1, transmission configuration�. At an effec-
tive external field of E0�=2.2 kV/cm the amplitude of the signal
reaches a minimum and the phase passes an inflection point. �b� At
large spatial frequencies �KLD�1, reflectance configuration� mini-
mum and inflection point are reached at an external field E0�
=6.8 kV/cm.
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C. High dc field

In the following we discuss the behavior of the photo-
EMF signal in the high-field regime. As shown in Figs. 4 and
5 jp−emf

� constantly increases with increasing field after the
signal has passed the minimum. The conventional model
which neglects the field dependence of mobility and charge
generation efficiency, however, predicts a saturation of the
signal at a field of E0=1/ �K���. This is illustrated by the
dashed line in Fig. 7 which represents a numerical simulation
of versus field based on the conventional model �using the
photophysical parameters obtained in the preceding section�.

Equation �27� shows that the most important field contri-
bution to the photo-EMF signal in our model is from the
photoconductivity 
�E0� which is expected to increase pro-
portional to the charge carrier generation efficiency ��E0�.
This expectation is based on the assumption that the recom-
bination processes in our sample are of the Langevin type
which means that the �� product is essentially field indepen-
dent ���1/� is the characteristic feature of this mechanism�.
The field dependence of ��E0� can be determined from the
ac photocurrent data shown in Fig. 4. The photocurrent am-

plitude was normalized to the applied electric field and fitted
to Eq. �28�. The resulting parameters are a=7.4�10−8 for
the prefactor and �=1.6 for the exponent of the power law.

The lifetime-mobility relation of the Langevin mechanism
can also be used to determine the field dependence of the
mobility. First, the field dependence of the charge carrier
lifetime was determined from photocurrent measurements
versus modulation frequency at different fields �see Fig.
6�a��. The inverse of ��E0� is expected to be proportional to
the mobility. Indeed the change of 1/��E0� with field agrees
with Eq. �29�, i.e., ln 1 /��E0�� ln ��E0� varies as the square
root of the applied dc field �see Fig. 6�b��. The slope of the
linear fit in Fig. 6�b� is equal to �= �3.5±0.5�
�10−3 �cm/V�1/2.

In principle the values for � and � obtained from the
photoconductivity measurements can be used with Eqs. �27�
and �30� and to simulate the field dependence of the photo-
EMF signal �see the dashed-dotted line in Fig. 7�. However,
we found that jp-emf

� shows a more pronounced field depen-
dence than expected from the above estimation. This points
towards a more efficient charge generation in the photo-EMF
experiment, possibly due to steady-state effects not ac-
counted for by the ac photocurrent measurement. Leaving all
other parameters unchanged and assuming �=2.2 instead of
1.6 we found an excellent agreement of the photo-EMF sig-
nal measured at high fields with the prediction of our model
�see the solid line in Fig. 7�. This implies that the unusual
behavior of the photo-EMF signal in the high dc field regime
can be explained by a strong field dependence of the charge
carrier generation efficiency. Note that the deviation between
simulation and experimental data in the low-field region
�1–3 kV/cm� results from the incomplete separation of the
dielectric relaxation time and charge carrier lifetime, which
contradicts the assumption of entirely separated characteris-
tic times used for the derivation of Eqs. �27� and �31�.

V. CONCLUSIONS

In conclusion, the non-steady-state photo-EMF effect in
polymer-based organic photoconductors was extensively

0 100 200 300 400 500 600

0

1

2

ln
(τ

0/τ
)

E1/2, (V/cm)1/2

(a)

(b)

FIG. 6. �a� The frequency dependent decay of the alternating
photocurrent amplitude is analyzed for different electric fields to
determine the field dependence of the charge carrier lifetime. Inci-
dent intensity I=0.4 W/cm2. �b� The Arrhenius plot of ln��0 /��
versus E1/2 is used to determine the field dependent reduction of the
activation energy �.

FIG. 7. Comparison of the conventional photo-EMF model
�dashed line�, the model assuming �=1.6 �dotted-dashed line�, and
the model assuming �=2.2 �solid line� with the experimentally ob-
tained field dependence of the photo-EMF signal.
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studied, both theoretically and experimentally. It was dem-
onstrated that combined with photocurrent measurements the
photo-EMF technique can be successfully applied to deter-
mine the main photophysical parameters of organic photo-
conductors. This was achieved by developing a quantitative
model for the photo-EMF effect which takes into account the
specific features of these materials, in particular the strong
field dependence of the mobility and charge generation effi-
ciency. It was shown that at high dc fields the conventional
model fails to describe the behavior of the photo-EMF signal
as the latter is dramatically affected by the field dependence
of the charge carrier generation rate. Experimental data ob-
tained for a TPD-PPV based photorefractive material showed
excellent agreement with the predictions of the theoretical
model both in the low and the high dc field regime. The
extracted material parameters are in good agreement with
values reported in the literature. Interestingly, the Einstein
law, relating carrier mobility to the diffusion coefficient, is
valid for the TPD-PPV based composite studied in this work.
At high dc fields the monotonic growth of the photo-EMF
signal which is predicted theoretically was experimentally
observed. We point out that from a practical point of view
this strong field dependence of the photo-EMF signal in or-
ganic semiconductors can be useful when designing adaptive

detectors for phase modulated optical signals. In fact, it was
shown that the signal-to-noise ratio of non-steady-state adap-
tive photodetector devices is limited by the noise of output
amplifier.30 Therefore, to improve the performance of the
device it is necessary to increase the absolute value of the
photo-EMF signal. Although the application of a dc field has
already been proposed to address this problem,26 this method
was not very successful in inorganic materials, because of
the saturation of the photo-EMF signal for large values of
KL0. However, our theoretical and experimental data show
that organic semiconductors are not affected by this limita-
tion.
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