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We studied the dark conductivity (j dark), the photoconductivity (j photo), and the charge carrier photogenera-
tion efficiencyh of poly~N-vinylcarbazole!–based photorefractive~PR! materials with different glass-transition
temperatures (Tg) and chromophore content (rCHR). Measurements were carried out at wavelengths similar to
those used in degenerate four-wave mixing~DFWM! and two-beam coupling~2BC! experiments. Both thick
~37 mm! and thin samples~'1 mm! were analyzed. Photoconductivity experiments at different temperatures
show that bothj dark and j photo are thermally activated. Forj dark the activation is not related to the glass-
transition temperature of the blends, whereas photocurrents exhibit a universal behavior with respect toTr

5Tg2T. The charge carrier photogeneration efficiencyh was measured by xerographic discharge experi-
ments.h was found to be independent of bothTg and ofrCHR. The photoconductivity gain factorG defined
as the number of charge carriers measured in photoconductivity in relation to the number of carriers initially
photogenerated as determined by the xerographic experiments is used to compare the results of photoconduc-
tivity and xerographic discharge experiments.G is found to be much smaller than unity even for thin samples,
which indicates that the mean free path of the photogenerated charge carriers is less than 1mm at photoelec-
trical equilibrium. Using Schildkraut’s model for the space-charge field formation in organic PR materials, trap
densitiesTi of approximately 1017 cm23 could be derived fromG. The field and temperature dependence ofTi

is independent ofrCHR and might account for the universalTr dependence ofj photo. The estimated trap
densities are used to calculate the first-order Fourier component of the space-charge field in the PR materials
illuminated with a sinusoidal intensity pattern. Modifying Schildkraut’s model so that the tilt between the
applied electric field and the index of refraction grating is taken into account yields saturation fields of
approximately 100 V/mm in agreement with findings from PR experiments. The dramatic decrease of the
space-charge field when the temperature exceeds the glass-transition temperature of the blend is fully explained
by a decrease in trap density. The fact that the trap density depends on the temperature with respect toTg and
not on the absolute temperature suggests that the relevant traps are most likely of conformational nature.
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INTRODUCTION

The photorefractive~PR! effect is defined as the spatia
modulation of the index of refraction in an electro-optica
active material due to the redistribution of charge carri
photogenerated under nonuniform illumination. For t
buildup of the refractive index grating the following pro
cesses are necessary:~i! photogeneration of charge carrier
~ii ! diffusion or drift of the mobile charge carriers,~iii ! trap-
ping of these charge carriers in the regions of low light
tensity, and~iv! change of the index of refraction due to th
buildup of an internal space-charge field. To relate a mat
al’s PR performance to these fundamental processes,~i! and
~ii ! can be studied by photoconductivity.1–3 The electro-
optical response~iv! has been investigated with ellipsometr
techniques.4

In contrast to these intensively studied processes, ch
PRB 610163-1829/2000/61~20!/13515~13!/$15.00
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trapping~iii ! in PR polymers is less well understood. Eve
though trap densities have been extracted from two-be
coupling ~2BC! experiments,5–7 few attempts have bee
made to identify the trapping sites and to apply independ
techniques to determine their density. Recently, absorp
spectroscopy was used to determine the C60 radical anion
concentration in C60-sensitized PR polymers based on t
photoconductor poly~N-vinylcarbazole! ~PVK!.8 It was con-
cluded thatC60

2 acts as the primary hole trap, and trap de
sities determined by this simple spectroscopic method w
in good agreement with those inferred from 2BC expe
ments. In analogy to the model for PVK/C60, West et al.
proposed a trapping mechanism for a PVK/2,4,7-trinitro
fluorenone system.9 However, in this work no independen
technique was employed to determine the trap density,
the proposed model is merely based on the compariso
blends containing different chromophores. In a polysiloxa
13 515 ©2000 The American Physical Society
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13 516 PRB 61T. K. DÄUBLER et al.
TNF system photoconductivity experiments were used to
dependently determine the density of recombinat
centers.10 The charged recombination sites were identifi
with occupied deep traps, and their density was in reason
agreement with calculations from 2BC experiments.
should be noted that all trap densities~from either 2BC or
independent experiments! were calculated using the standa
model for photorefractivity that was developed for inorgan
PR crystals.11,12

It is now well established that the index grating in organ
PR materials can be further enhanced by the rotational
bility of the chromophores.13 The effect of this ‘‘orienta-
tional enhancement mechanism’’ depends strongly on
plasticity, i.e., the glass-transition temperature (Tg) of the
polymer.14,15 Recently, we have studied the influence ofTg
and chromophore content on the steady-state performan
PVK-based PR polymers by degenerate four-wave mix
~DFWM! experiments and ellipsometric techniques.15 While
the expected performance improvement with increas
chromophore content and decreasingTg was confirmed for
systems withTg above room temperature, an optimum w
observed for the highly doped systems withTg close to room
temperature~RT!. It was demonstrated that this was the r
sult of two counteracting effects:~i! the poling of the chro-
mophore becomes more efficient with decreasingTg , and
~ii ! the strength of the space-charge fieldESC decreases for
Tg below room temperature. Based on the intensity dep
dence of the photocurrent, it was suggested that the decr
in ESC is due to a reduced trap density forTg,RT.15

In this paper we investigate the photoresponse of the s
PVK-based PR materials by photoconductivity~PC! and xe-
rographic discharge~XD! experiments. By completing th
characterization of the fundamental processes involved in
PR effect, a consistent picture of the photoconductivity,
charge carrier photogeneration efficiency, and the PR per
mance of PVK-based PR materials is provided. While
XD technique is known to be the most accurate method
determine the charge carrier photogeneration efficiency,16,17

the transport and trapping properties of the materials can
further addressed by PC experiments. Due to these additi
processes the photocurrent efficiency can deviate from
charge carrier photogeneration efficiency determined by
experiments. The concept of photoconductivity gain can
used to relate the results of both techniques.18–20By employ-
ing Schildkraut’s model for the space-charge field format
in organic PR materials,21,22 a relation between the trap den
sity and the photoconductivity gain factor is elaborated. F
lowing this approach, measurements of the photocurrent
the charge carrier photogeneration efficiency of blends w
different Tg and chromophore content are used to determ
trap densities in the photoelectrical equilibrium. Finally, t
same model is employed to predict the equilibrium photo
fractive performance of these PVK-based PR materials.

EXPERIMENT

The investigated PR materials are based on the photo
ductor poly~N-vinylcarbazole! ~PVK!, the electro-optic chro-
mophore 2,5-dimethyl-4-~p-nitrophenylazo!anisole ~DMN-
PAA!, the plasticizer N-ethylcarbazole ~ECZ!, and the
photosensitizer 2,4,7-trinitro-9-fluorenone~TNF! ~Fig. 1!.
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PVK secondary standard and ECZ were purchased from
drich. ECZ was purified by recrystallization, while PVK wa
used without further purification. DMNPAA was synthesize
by azocoupling of a para-nitroaniline-diazonium salt w
dimethylanisole and purified by column chromatograph
Tg’s of the blends were varied by changing the ratio of PV
ECZ. The compositions and the correspondingTg’s of the
investigated blends are listed in Table I. Glass-transit
temperatures were derived from differential scanning ca
rimetry ~DSC! measurements~with a heating rate of 20
K/min!.

The devices for PC experiments were prepared by s
coating from toluene/cyclo-pentanone 4:1 mixtures on top
indium tin oxide–~ITO! coated glass substrates. The samp
were kept in vacuum to remove residual solvent prior
evaporation of an Al top electrode. The photoconductivity
samples identical to those used for DFWM and 2BC exp

FIG. 1. Chemical structures of the different components in
PR blends used in this study: 2,5-dimethyl-4-~p-nitrophenylazo!-
anisole~DMNPAA!, poly~N-vinylcarbazole! ~PVK!, 2,4,7-trinitro-
9-fluorenone~TNF!, andN-ethylcarbazole~ECZ!.

TABLE I. Composition and glass-transition temperaturesTg of
the investigated PVK-based PR materials.

System
rCHR

a

~wt. %!
rPVK

a

~wt. %!
rECZ

a

~wt. %!
Tg

b

~°C!

50a 50 50 0 35
50b 50 45 5 24.5*
50c 50 40 10 14
40a 40 60 0 72
40b 40 55 5 48.5*
40c 40 50 10 25
30z 30 70 0 120
30a 30 60 10 62
30b 30 55 15 37*
30c 30 50 20 12
20a 20 60 20 59.5*
20b 20 55 25 30
20c 20 50 30 14*

arCHR, rPVK , rECZ: content of the chromophore DMNPAA, PVK
and the plasticizer ECZ in the PR materials, respectively. For
systemsrTNF was 1 wt. %.

bGlass-transition temperaturesTg measured by DSC or interpolate
between measured values~the latter are marked with an asterist!.
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ments was also measured. Those devices were prepare
melt pressing. The blends were sandwiched between
ITO-coated glass substrates at elevated temperature u
37-mm glass spacer beads to adjust the film thicknessL. A
strict preparation and measurement protocol was obeye
obtain reproducible results.23 Samples for xerographic dis
charge experiments were prepared by spin coating f
toluene/cyclopentanone 4:1 solution on polished stainle
steel substrates. The thickness of the polymer layer was t
cally 1–2mm.

Current-voltage (I -V) characteristics were recorded
dry nitrogen atmosphere in a temperature-stabilized setu24

For experiments under illumination a 689-nm diode la
with a photon flux of about 531017 photons/cm2 s was used.
Data were recorded pointwise and refer to currents es
lished after the respective bias voltage was applied for 3
Dark currents, measured as a function of the electric fi
before and after experiments under illumination, were s
tracted from currents measured under illumination to g
the photocurrent (j photo5 j light2 j dark). In the study presented
here, the current was measured with a Keithley 617 e
trometer and the voltage~2100 to 100 V! was supplied by
the build-in voltage source.

XD experiments were performed with a self-construc
setup.17 The sample was charged to the initial surface pot
tial U(t0)5Q(t0)/C by a corona process and then d
charged upon irradiation. Here,Q(t0) is the surface charge
density andC is the sample capacitance per unit area.U(t)
was recorded with a sampling frequency of 40 Hz. T
photoinduced discharge quantum efficiencyh8 is calculated
from

h852
1

eF S dQ

dt D
t0

52
1

eF
CS dU

dt D
t0

, ~1!

whereF is the absorbed photon flux density,e is the electron
charge, (dQ/dt) t0

represents the rate of change of the s

face charge density, and (dU/dt) t0
is the initial photoin-

duced discharge rate. Under emission-limited conditions~no
recombination, no space charge effects!, h8 is independent of
both sample thickness and light intensity and equals
charge carrier photogeneration efficiencyh. To ensure
emission-limited conditions, the incident photon flux w
kept as low as possible (1013– 1014 photons/cm2 s). A halo-
gen lamp with various interference filters was used for il
mination, except at 355 nm, for which a UV-CAMAG lam
was used. The measurements were performed with illum
tion upon the positively charged surface. All experime
were carried out at ambient conditions.

For each measurement presented here, the material
positions were carefully chosen to guarantee a good re
ducibility of the experiments. One particular problem is th
thin spin-coated films of blends with high chromophore co
centration and lowTg are not very stable, since the chr
mophore tends to diffuse to the surface and subseque
crystallize at the film/air interface. TheTg dependence of the
charge carrier photogeneration efficiency was measured
blends 20a (Tg559.5 °C), 20b (Tg530 °C), and 20c (Tg
514 °C) with a low chromophore concentration, while t
effect ofrCHR on h was studied using the high-Tg blends 20a
by
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(Tg559.5 °C), 30a (Tg562 °C), and 40a (Tg572 °C).
Temperature-dependent studies of the photocurrent w
conducted for thick devices of blends 20c (Tg514 °C), 30c
(Tg512 °C), and 40b (Tg548.5 °C). Since the maximum
output voltage of the used electrometer is 100 V, the elec
field strength in these experiments was rather low. Photo
rents at higher fields were recorded on spin-coated sam
of the high-Tg blends 30a, 30z (Tg5120 °C), and 40a. We
are aware of the fact that these experimental limitatio
might affect the universality of the conclusions drawn belo
There is, however, significant evidence that the photocur
data can be parameterized inTr , independent of the particu
lar sample composition. Note that the carbazole concen
tion rcarb5rPVK1rECZ varies between 50 and 80 wt. % fo
the blends studied here, i.e., only by a factor of less than

RESULTS

Figure 2 shows the field dependence of the dark curren
a 0.9-mm-thick layer of blend 30a between an Au bottom a
an Al top electrode. Even though the work functions of t
bottom and top contacts are different, there was no signa
of asymmetry or even rectification. The Arrhenius plot of t
dark current at 25 V/mm gives a rather high activation en

FIG. 2. ~a! Dark I-V characteristics of a 0.9-mm-thick layer of
blend 30a (Tg562 °C) between an ITO bottom and an Al top ele
trode. j dark was measured at 43 °C~n!, 53 °C ~l!, 65 °C ~L!, and
75 °C ~d!. The measurements were performed in dry nitrogen
mosphere (p51 bar), starting with negative polarity~ITO2! from
zero bias.~b! An Arrhenius plot of j dark at a field of125 V/mm.
The solid line corresponds to an activation energy of 1.5 eV.
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13 518 PRB 61T. K. DÄUBLER et al.
ergy of 1.5 eV. Note that there is no change in the therm
activation of the dark current as the temperature is increa
aboveTg .

The photocurrentj photoof a 0.9-mm-thick sample of blend
30a as a function of the field at different temperatures
shown in Fig. 3. The field dependence of the photocurren
linear at low fields and quadratic at high fields. For
samples the currents under illumination were much lar
than dark currents for measurements at room tempera
j photo and j dark became comparable only at high temperatu
due to the large activation energy ofj dark, but they still could
be clearly distinguished. Also shown is the external pho
current efficiencyfex, defined as the number of measur
charge carriers per incident photon:

fex5
hc

el

j photo

I
, ~2!

whereI is the light intensity andl the wavelength of light.
The temperature dependence of the photocurrents is c

pared for different samples in Fig. 4. For all three materi
shown, there is a pronounced increase inj photo aboveTg .
When plotted as a function of the reduced temperatureTr
5Tg2T, the data show a universal behavior for all thr
samples. Thus,j photo is mainly a function of the temperatur
with respect toTg and does not strongly depend on the ch
mophore or the plasticizer content.

The field dependence of the charge carrier photogen
tion efficienciesh for PR blends with differentTg’s and
chromophore content is compiled in Fig. 5. In the analysis
the xerographic data only the absorption of PVK/TNF w
taken into account. Absorption spectra of a PR blend an
the same material without the sensitizer are shown in Fig
The absorption is governed by the chromophore in the sh
wavelength range but exhibits clear signatures of the PV
TNF charge-transfer~CT! complex at longer wavelengths

FIG. 3. I-V characteristics of the photocurrent of a 0.9-mm-thick
sample of blend 30a (Tg562 °C). Currents were measured at 10
~j!, 30 °C ~h!, 43 °C ~m!, 53 °C ~n!, 65 °C ~l!, and 75 °C~L!.
The sample was illuminated through the ITO electrode withl
5689 nm and a constant photon flux of 531017 photons/cm2 s. Ex-
periments were performed in dry N2 with the ITO bottom electrode
biased as the anode.
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Absorption coefficients of the CT complex only are shown
the inset. These data were obtained by subtracting spe
recorded on materials without TNF from the spectra of
PR blend with TNF. In Fig. 5 no dependence ofh on the
chromophore content and the glass-transition tempera
can be observed. The field dependence ofh is well described
by Onsager’s theory as outlined below. Note that the abso
tion of the chromophore is still low at 580 nm and does n
significantly attenuate the incident light in the;2-mm-thick
samples.

The field dependence ofh of a PVK/TNF film ~2 wt. %
TNF! was analyzed~Fig. 7! to compare the results obtaine
on the PR blends, where only the absorption of the CT co
plex was used in the XD-data analysis, to a system that o
contains PVK and TNF. Measurements were performed w
illumination in the absorption range of PVK and with wav
lengths, for which only the PVK/TNF CT complex absorb
Note that the experimental error in the latter case is m
higher due to the low absorption coefficient. Furthermo
the error decreases with increasing electric field. Taking
into account, only a weak dependence of the charge ca
photogeneration efficiency on the excitation wavelength
observed. The field dependence ofh is again well described
by Onsager’s theory.

FIG. 4. ~a! Photocurrent as a function of temperature at a field
1 V/mm for blend 20c~m; Tg514 °C!, blend 30c~L; Tg512 °C!,
and blend 40b~j; Tg548.5 °C!. Measurements were performed o
37-mm-thick films between ITO electrodes. Illumination was atl
5689 nm with a constant photon flux of 531017 photons/cm2 s.
Arrows indicate the glass-transition temperatures of the mater
~b! Same data plotted as a function of the reduced temperaturTr

5Tg2T.
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DISCUSSION

Dark-current behavior

Dark-current–voltage characteristics were measured to
vestigate the effect of the glass-transition temperature
the composition of the PR blends onj dark. In these experi-

FIG. 5. Field dependence of the charge carrier photogenera
efficiencyh for PR blends with differentTg and chromophore con
tent rCHR: blend 20a~Tg559.5 °C; d51.1mm; m, n!, blend 20b
~Tg530 °C; d50.9mm; l, L!, blend 20c ~Tg514 °C; d
50.95mm; j; h!, blend 30a~Tg562 °C, d50.95mm; ., ,!,
and blend 40a~Tg572 °C; d51.0mm; d, s!. Data were obtained
by xerographic discharge with illumination at 580 nm~filled sym-
bols! and 671 nm~open symbols!. h was calculated using only th
absorption of the carbazole:TNF charge transfer complex. The
perimental error is indicated for low and the high electric fields. T
solid line is a fit using Onsager’s theory with ad distribution of the
initial CT radii. The fitting parameters are listed in Table II.

FIG. 6. Absorption spectra of a PR blend with 50 wt. % DMN
PAA, 42 wt. % PVK, 7 wt. % ECZ, and 1 wt. % TNF~solid line!
and of the same material without TNF~dashed line!. The absorption
coefficients of the PVK/TNF charge-transfer complex in the blen
is shown in the inset. The data were calculated by subtracting
spectra without TNF from the spectra of the PR blend with TN
n-
d

ments no correlation betweenj dark and Tg was found. The
Arrhenius plot of the dark current gives a high activati
energy (EA) of 1.5 eV, which does not change as the te
perature is raised aboveTg @Fig. 2~b!#. Similar results were
obtained for PR materials with different chromophore co
tent and differentTg’s. Three different basic processes m
govern j dark: ~i! thermal bulk generation,~ii ! injection from
the electrodes and injection-limited current,~iii ! injection
from the electrodes and transport-limited currents. From
data we can neither prove nor safely exclude any of th
three processes. Thermal bulk generation is supported by
large activation energy, but the pronounced field depende
of the dark current is difficult to explain under this assum
tion. Injection-limited currents are unlikely since theI -V
characteristics are symmetric even though an asymmetric
vice geometry was used. The difference between the w
functions of the ITO (f'4.6– 4.9 eV) and Al (f
'4.1– 4.3 eV) electrode25 should give rise to asymmetric o
even rectifiedI -V characteristics at low fields, neither o
which are observed experimentally@Fig. 2~a!#. Process~iii ! is
supported by the finding that the average dark current~aver-
age of j dark for increasing and decreasing field! is propor-
tional to E2 for E.10 V/mm, which might indicate space
charge limited current~SCLC! behavior, i.e., transport
limited currents. However, the analysis of the data
different PR blends using Child’s law for SCLC,26–28

j SCLC5 9
8 e0emeff

U2

L3 , ~3!

results in very small mobilitiesmeff of 10213– 10210cm2/V s.
These values are far below the typical hole mobilities
PVK systems (1027– 1025 cm2/V s).29,30

One possible explanation is that the dark current is g
erned by the transport of injected electrons via deep tra

on

x-
e

s
e

FIG. 7. Field dependence of the charge carrier photogenera
efficiencyh determined by XD experiments for a 2.5-mm-thick film
of PVK/TNF ~2 wt. %!. The sample was illuminated at 355 nm~j!,
385 nm~m!, 510 nm~L!, and 671 nm~,!. The experimental error
is indicated for low and the high electric fields. Solid lines are fits
Onsager’s theory with ad-distribution of the initial CT radii. The fit
parameters are listed in Table II. Also shown is a fit~dashed line!
using the data by Melz~Ref. 32! ~e53.0, r 053.5 nm,h050.23!.
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possibly the sensitizer or the chromophore. The absence
Tg effect in the temperature dependence ofj dark and the pro-
nounced hysteresis effects for low temperatures and fi
suggest the presence of deep traps. A consistent descri
of the dark-current behavior requires further experime
with different contacts, which will be the subject of forth
coming work.

Photocurrent characteristics

Experiments at different temperatures clearly show t
photocurrents are also thermally activated. In contras
j dark, the increase ofj photo with temperature is significantly
accelerated above the glass-transition temperature. Inde
dent of the chromophore concentration,j photo is mainly a
function of the measurement temperature relative toTg @Fig.
4~b!# but not of the absolute temperature.

Xerographic discharge experiments

The analysis of the xerographic data taking into acco
only the photons absorbed by the carbazole/TNF CT co
plex yields photogeneration efficiencies that are almost in
pendent of the chromophore content and the glass-trans
temperature~Fig. 5!. Since the fraction of photons absorbe
by the chromophore varies significantly for the studi
samples~more than a factor of 2 going from 20 to 50 wt. %
DMNPAA!, the close similarity of the photogeneration ef
ciencies indicates that the chromophore does not sig
cantly contribute to charge carrier photogeneration. XD
periments on blends containing no TNF indeed show m
smaller generation efficiencies. For example, in samples w
20 wt. % chromophore content and without TNF,h51.1
31025 and 6.231024 at E510 and 53 V/mm, respectively,
for l5480 nm. Note that the total absorption coefficient
an order of magnitude higher at this wavelength compare
l5580 nm and that we have used the chromophore abs
tion coefficient in the XD-data analysis in this case. T
absence of arCHR dependence ofh confirms the conclusions
drawn from photoconductivity experiments. The finding th
h is, furthermore, independent ofTg allows us to exclude
contributions of aTg-dependent photogeneration efficien
to the universalTr dependence ofj photo. Thus, the change
in j photo are most likely related to changes in the transp
and recombination properties withTg .

Charge carrier photogeneration efficiencies in the
blends are approximately 3% at a field of 100 V/mm ~Fig. 6!.
As h is almost proportional toE2, the efficiency decrease
rapidly with decreasing field to only 0.7% at 50 V/mm. Fur-
thermore, the generation efficiency is the same for illumi
tion with 580 and 671 nm. One might presume that la
errors can be caused by irradiating at a wavelength with
absorption. In this case light penetrates through the wh
sample and the requirement of emission-limited discha
may no longer be met. Thus, the analysis of the xerograp
data might yield incorrect values of the absolute photo
neration efficiency.

To investigate the effect of penetration depth on the
termination of the charge carrier photogeneration efficie
arising from the absorption of the PVK/TNF complex, w
carried out XD experiments on a 2.5-mm-thick layer of PVK
doped with 2% TNF. Measurements were performed for
f a
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lumination in the wavelength range of strong absorptio
within the PVK absorption range, as well as below the po
mer absorption band. Previous investigations by Andre,
ver, and Moisan31 showed thath measured at a field of 50
V/mm is almost independent of wavelength for illuminatio
between 400 and 650 nm and decreases for excitation w
lengths longer than 700 nm. In agreement with this,h de-
pends only slightly on the excitation wavelength in our e
periments~Fig. 7!. The fit to Onsager’s model with a singl
CT radiusr 0 indicates that this difference is mainly due to
slightly smaller value ofr 0 at longer wavelength while the
primary quantum yieldh0 is constant~Table II!. The ob-
tained fit parameters are in good agreement with publis
data.32

Note that absolute quantum efficiencies are similar for
blends and the PVK/TNF system. However, the Onsage
to the photogeneration efficiency in the PR materials yield
smaller CT radius and a higherh0 than those in PVK/TNF.
In the former case, a higher dielectric constante55.5 has
been used, which represents a typical value measured
blends containing 20–30 wt. % DMNPAA.15 Fitting the
same data with a lower value fore would yield a largerr 0
and a lowerh0 . Note that the separation of charge carrie
occurs in a rather local environment within nanosecon
Thus, the correct choice ofe in the Onsager fit might differ
from the macroscopically measured value.

Determination of the trap density

For a given electric field, the photogeneration efficiencyh
as determined by XD experiments is several orders of m
nitude higher than the external photocurrent efficiencyfex
calculated fromj photo ~Figs. 3 and 5!. The objective of the
following discussion is to provide a consistent picture of t
photoconductivity, the charge carrier photogeneration,
the PR performance of the same materials as publis
earlier.15 This will be achieved by relatingfex to h and to
the trap density in the material.

Commonly, Kukhtarev’s model for photorefractivity i
inorganic crystals is used to describe the PR effect in po
meric systems.11,12 An alternative model developed b
Schildkraut and co-workers21,22 includes several feature
typical for organic PR compounds. Its basic concept is
picted in Fig. 8. Mobile holes are generated solely by ph
toexcitation of neutral sensitizer molecules@initial density
Si ; generation rateg(E)#. Thermal generation and charg
carrier injection are neglected. Upon excitation free ho
and negatively charged sensitizer moleculesS2 are gener-

TABLE II. Fit parameters for the electric field dependence
the charge carrier photogeneration efficiency in PVK/TNF and p
torefractive blends at different illumination wavelengths. Ad func-
tion was used for the distribution of the initial CT radii (r 0) in
Onsager’s model.e is the dielectric constant andh0 the primary
quantum yield.

System lexc ~nm! e r 0 ~nm! h0

PVK/TNF ~2 wt. %! 355, 385 3.5 2.6 0.1
510 3.5 2.35 0.1

PR blend~1 wt. % TNF! 580 5.5 1.3 0.35
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ated. The latter can act as recombination centers for the
holes ~recombination rater!. The mobile holes might, fur-
thermore, be captured by traps~initial density Ti ; trapping
rate t!. Finally, trapped carriers might be detrapped by th
mal activation~detrapping rated!. While the general set o
coupled equations can only be solved numerically,21 Schild-
kraut and Cui gave zero- and first-order analytical expr
sions for either the case of deep traps~no detrapping! or no
traps (T50).22 In the following, only the deep trap limit will
be discussed. Since all equations and results by Schildk
and co-workers are in dimensionless form, the most imp
tant expressions are translated into SI units in the followi
~A detailed treatment of Schildkraut’s model in SI units
given in Ref. 33.!

The photogeneration rateg(E) is expressed by

g~E!5h~E!
aI

\v
, ~4!

whereh is the charge carrier photogeneration efficiency,a is
the absorption coefficient due to the sensitizer molecules,I is
the light intensity, and\v the photon energy. It is assume
that h and the hole mobilitym are field dependent, and

m5m i exp@C~AE2EA/b!# ~5a!

is obtained from the disorder transport formalism discus
by Pautmeier, Richert, and Ba¨ssler.34 m i is a constant andEA
is the activation energy at zero field.b andC are experimen-
tally determined parameters. For the fields typically appl
to organic PR materials, a power law

h~E!5h iEp ~5b!

serves as a good approximation to the Onsager field de
dence as shown by Braun35 and observed here for electr
field strengths between 10 and 100 V/mm. h i is a constant
andp is an experimentally determined parameter.

The sample is illuminated by a sinusoidal fringe patte
with the light intensityI (x) given by

FIG. 8. Schematic representation of Schildkraut’s model for
photorefractive effect in organic materials. Initially, all sensitiz
molecules~initial density Si! are neutral and all hole traps~initial
density Ti! are empty and neutral. Under illumination, holes a
photogenerated with a field-dependent rateg(E). For every photo-
generated hole, a negatively charged sensitizer molecule is g
ated. The motion of the holes is described by a field-depend
mobility m(E). r is the recombination rate of photogenerated ho
with negatively charged sensitizer molecules. Holes can be capt
by traps with a trapping ratet. The detrapping rate back to the ho
transport band isd.
ee

-

-

ut
r-
.

d

d

n-

I ~x!5I 0@11m cos~Kx!#, ~6!

wherem is the contrast factor of the interference pattern,K
52p/L is the grating vector in thex direction, andL is the
grating spacing. The density of free holes is expanded
Fourier series:

r5r01r1 exp~ iKx !, ~7!

where we neglect time-dependent terms that characterize
grating formation, i.e., we only consider steady-state con
tions. Expressions identical to Eq.~7! are written for all
x-dependent variables.

In the limit of photostatic equilibrium all relevant trap
are filled, independent of the position relative to the illum
nation grating~at this point we abstain from any assignme
of the nature of these traps!. As a consequence a fraction o
the sensitizer moleculesS2 equal to the trap density wil
remain ionized and act as recombination centers for hole
is further assumed that the trap density is higher than
density of free holes such that

r0!Ti . ~8!

With the above assumptions the zero-order Fourier com
nent of the hole density is given by

r05r*
Si2Ti

r* 1Si2Ti
, ~9a!

r* 5
ah0I 0

\v

1

gTi
. ~9b!

Here,r* is the zero-order hole density for uniform illumina
tion with a sufficiently small light intensity.h0 is the photo-
generation efficiency at a given external fieldE0 ,

h05h iE0
p , ~10!

andg is the coefficient for the recombination of holes wi
ionized sensitizer moleculesS2 defined by

]r

]t
52gS2r52

r

t r
. ~11!

t r is the average lifetime of the holes. In organic solids t
recombination of a free hole with an ionized sensitizer
described by Langevin recombination with the recombin
tion coefficientg given by36

g5
em

e0e
. ~12!

For low illumination intensities the density of photogene
ated holes is much smaller than the total density of sensit
moleculesSi . If in addition Ti!Si , the zero-order Fourier
component of the hole densityr0 is equal tor* .

In this case the photocurrent is given by

j photo5er* m0E0 ~13a!

5eGg~E0!L, ~13b!

whereL is the sample thickness andg(E0) is the generation
rate at the external fieldE0 . In Eq. ~13b! the photoconduc-
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13 522 PRB 61T. K. DÄUBLER et al.
tivity gain factor G is used to express that the number
carriers flowing through the external circuit in steady-st
photoconductivity experiments which can be larger
smaller than the number of primarily photogenerated cha
carriers.18,19 In any case,G is related to the internal photo
current efficiencyf in , defined as the number of charge ca
riers per absorbed photon, calculated fromj photo,

f in5Gh, ~14!

which in the case of weak absorption is related to the ex
nal photocurrent efficiencyfex, defined by Eq.~2!,

f in5
fex

ln 10a10L
. ~15!

Here,L is the thickness of the sample anda10 the absorption
coefficient taken to log base 10. Using Eqs.~13! and~9b! and
Eq. ~12! for the Langevin recombination coefficient, the ph
toconductivity gain factorG can be related to the initial tra
densityTi in Schildkraut’s model:

G5
ee0E0

eLTi
. ~16!

By settingS25Ti and using Eqs.~11! and~12!, this expres-
sion translates into the well-known relation forG,18,19

G5
t r

t t
, ~17a!

with the carrier transit timet t given by

t t5
L

mE
. ~17b!

With Eqs.~14!, ~15!, and~16!, the relation betweenfex and
h0 becomes

fex5 ln 10a10

e0eE

eTi
h0 . ~18!

Note that a similar equation was derived by Ba¨uml et al.10

for the density of recombination centers, which were iden
fied with deep traps. The derivation in this work was bas
on an estimate of the lifetime of a photogenerated cha
carrier before being trapped in a recombination center.

In order to determineTi we plot the external and interna
photocurrent efficiency for different samples as a function
the electric field. This is shown in Fig. 9 together with t
field dependence of the charge carrier photogeneration
ciency h as derived from XD experiments. Since materia
with different Tg’s were used, all PC data were normaliz
to photocurrents atTr50 using the data in Fig. 4. Also in
cluded are efficiencies as determined from earlier PC exp
ments at high fields~comparable to those in applied in XD
experiments! on a 37-mm-thick samples~containing 50 wt. %
chromophore! using an external high voltage~HV! voltage
source.15 For each data set,Ti ~and thusG! was adjusted
such thatf in /G @Eq. ~14!# is in good agreement with th
predictions forh from the Onsager fits of the xerograph
data. The resulting values ofTi and G are summarized in
Table III. Note that for each sample, all data are resca
using only one field-independent value forTi . The field de-
f
e
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d
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f

fi-

ri-

d

pendence ofh(E) as determined by the adjusted photocu
rent data is in good agreement with theh-E curves predicted
by Onsager’s theory. However, the comparison of the lo
field data (E'1 V/mm) needs to be regarded carefully, sin
only the high-field XD data were considered in the Onsa
fits. Charge carrier photogeneration efficiencies are com
rable for the compounds with 30 and 40 wt. % DMNPA
over the entire investigated field range.

For all samplesG is much smaller than unity, even for
layer thickness of only 0.8mm. This implies that only a
small fraction of photogenerated charge carriers can diff
over a distance of 1mm. This seems to be in contrast t
results from time-of-flight~TOF! and transient holographic
diffraction experiments, which indicated free path lengths

FIG. 9. ~a! A comparison of the field dependence of the pho
generation efficiencyh determined by XD experiments on a 1.0
mm-thick layer of blend 40a~L! with calculatedh ~open symbols!,
the internal photocurrent efficiencyf in ~filled symbols!, and the
external photocurrent efficiencyfex ~crossed symbols!. The other
symbols correspond to data obtained from PC measurement
blend 40b~37 mm; squares!, blend 40a~0.8 mm; circles!, and blend
50c~37 mm, triangles; taken from Ref. 15!. The values offex, f in ,
and h were calculated according to Eqs.~2!, ~14!, and ~15!. For
each data set, the photoconductivity gain factorG was optimized
using Eq.~16! to give a continuous dependence ofh on the electric
field. ~b! The same comparison as~a! except thath is measured on
blend 30a~0.95 mm; L!. The other symbols in~b! correspond to
data calculated from PC measurements on blend 30c~37 mm;
squares! and blend 30z~0.8 mm; circles! of h ~open symbols!, f in

~filled symbols!, andfex ~crossed symbols!. The solid lines in~a!
and ~b! are fits using Onsager’s theory with ad distribution of CT
radii. The fit parameters are the same as used for the master cur
Fig. 5 ~Table II!. The values ofTi and thus ofG used to adjust the
PC data to the field dependence ofh are summarized in Table III.
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several micrometers.30 However, those transient experimen
were performed on ‘‘fresh’’ samples which were not in ph
tostatic equilibrium. The low drift length in the steady-sta
PC experiments presented here were measured on sam
that had previously been biased and exposed to light, re
ing in a significant concentration of ionized sensitizer m
ecules acting as recombination centers. This behavior is
actly predicted by Schildkraut’s model, where charg
recombination centers are not initially present in the ma
rial, but must be generated by the photoexcitation of
sensitizer. Optical activation of deep trapping sites that m

TABLE III. Parameters for the calculation of the photocondu
tivity gain in Fig. 9 according to Eq.~16! at an excitation wave-
lengthl5689 nm.

System L ~mm! e
Ti

(1017 cm23)
G/E0

(1024 mm/V)

30c 37 5.3 0.20 3.96
30z 0.8 5.3 1.10 33.3
40b 37 5.9 0.15 5.88
40a 0.8 5.9 1.60 25.5
50a 37 6.5 0.44 2.21
50c 37 6.5 0.46 2.11
n

y

les
lt-
-
x-

d
-
e
y

act as recombination centers was also observed
others.8,37,38

The adjustment of the photocurrent data yields values
(0.15– 0.5)31017cm23 for Ti for samples with 37mm thick-
ness. However, for the thin spin-coated filmsTi
.1017cm23. These values are in good agreement with tr
densities determined in C60-sensitized PR polymers b
Grunnet-Jepsenet al.8 and in TNF-containing guest-hos
polymers by Ba¨uml et al.10 Even though the difference inTi
between the two types of samples~1 and 37mm thickness! is
not very large, it is consistent for all sets of samples stud
here~Table III!. It can be assumed that either a higher tr
density at the interface to the electrodes or effects due to
injection of electrons from the Al top electrodes of the th
samples cause an overall increase inTi . In the following
discussion, a trap densityTi'531016cm23 at Tr50, as de-
termined for the thick samples with 50-wt. % chromopho
content and high fields will be used.

Estimates for the space-charge field

The estimated trap density can be used to predict the fi
order Fourier component of the electric space-charge fieldE1
caused by illumination with a perfect sinusoidal fringe p
tern. In the limits outlined above, Schildkraut’s model yiel
the following relation:
ESC5E152mAEq

E02 iED

FED1~11pA!Eq1S 11
Em

E0
DEj G1 i FE01

EDEq

E0
S Em

E0
2pAD G , ~19a!
he
nce

ch

e

ter-

the
al

al
wherem is the contrast factor of the interference pattern,p is
the exponent of the power law used for the field depende
of the charge carrier photogeneration efficiency@Eq. ~5b!#,
and

A5
r* Ti~Si2Ti2r0!

r0~r01Ti !~Si2Ti !
. ~19b!

The ‘‘fields’’ are defined by

ED5
kBTK

e
, ~19c!

Ej5
er0

e0eK
, ~19d!

Em5 1
2 CAE0

3, ~19e!

Eq5
e

e0eK

r01Ti

11
r*

r0

Ti

Si2Ti

. ~19f!

For large applied fields the diffusion fieldED can be ne-
glected. Furthermore, the field dependence of the mobilit
assumed to be weak (C50), resulting inEm50. As in the
ce

is

DFWM and 2BC experiments previously carried out on t
PR blends studied here, a contrast factor of the interfere
patternm51 is used in the following. In the limit of low
excitation, i.e., when the photogeneration rate is mu
smaller than the initial hole trapping rate,Ej can be ne-
glected andA is equal to 1. The following expression for th
space-charge field is then obtained:

ESC52Eq

E0

~11p!Eq1 iE0
, ~20a!

with

Eq5
e

e0eK
Ti . ~20b!

Schildkraut’s model was, however, developed for the ex
nal electric field E0 parallel to the grating vectorK. In
DFWM and 2BC experiments on organic PR materials,
grating vector is typically tilted with respect to the extern
field direction by an anglew. Thus, the field componentE0
parallel toK will be smaller than the total applied extern
field E0,T according to

E05E0,T cosw. ~21!
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Using Eqs. ~20! and ~21! and the approximations give
above, the following relations are obtained for the amplitu
uESCu of the space-charge field and the phase shiftf for
small values ofw:

uESCu5E0S Eq
2

~11p cos2 w!2Eq
21E0

2D 1/2

, ~22a!

f5tan21S E0

~11p cos2 w!Eq
D . ~22b!

Note that the dependence ofuESCu on the external fieldE0 in
the limit of E0!Eq is

uESCuE0!Eq
5

E0

~11p cos2 w!
. ~23!

Therefore, the model predicts a decrease of the first Fou
component of the space-charge field if the charge car
photogeneration efficiencyh is strongly field dependent
which is reflected in the factorp. Furthermore, the expres
sion of the phasef contains a modified saturation field i
comparison to the standard model:11,39

Eq,eff5~11p cos2 w!Eq . ~24!

We estimatedEq,eff based on the results of our photoelect
cal experiments for parameters typically used in PR exp
ments: grating vector tilt anglew560° ~corresponding to an
average internal tilt angle of the PR grating of 30° with r
spect to the surface normal!, L53 mm, and E0,T
560 V/mm, which gives E0530 V/mm. As discussed
above, the trap density was set to 531016cm23 and e
56.5. Furthermore,p52.2 was estimated from the field de
pendence of the charge carrier photogeneration efficie
~Fig. 5! for a field of 60 V/mm. Calculation with Eqs.~20b!,
~22!, and ~24! yields Eq569 V/mm, ESC518 V/mm, Eq,eff
5106 V/mm, andf516°. The calculated phase shift of th
PR grating is in good agreement with measured values.40 The
estimate forEq,eff should be compared to the saturation fie
which is experimentally determined by comparing the d
fraction efficiency and the two-beam coupling gain at t
conditions given above. For PR materials with 50 wt. % D
NPAA, values of approximately 160 V/mm15 are obtained,
which is in reasonable agreement with our estimate.

Finally, we would like to correlate the previously ob
served change in PR performance15 as a function ofTr to the
characteristics of the photoelectrical properties as analy
in this investigation. According to Eqs.~13! and ~16! the
temperature-dependent trap density will govern theT depen-
dence of the photocurrent, as the generation rate was fo
to be T independent. ForTr50, Ti was set to 5
31016cm23 as above. The dependence ofTi on the reduced
temperature is then derived from the slopes in Fig. 4~b!.
Knowing the field coefficientp and the illumination geom-
etry, the first-order Fourier component of the space-cha
field can be calculated according to Eq.~22a!.

Since the experimental determination of the absol
value for the space-charge field is difficult, we have rea
lyzed results from degenerate four wave mixing~DFWM!
and electro-optical ellipsometry~ELP! on the same class o
materials.15 In these experiments the electric fieldEDFWM
e
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ed
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necessary to reach a certain refractive index modula
DnDFWM in the DFWM experiment and the fieldEELP nec-
essary to achieve a certain changeDnELP of the refractive
index in the EO ellipsometry was measured for differe
chromophore and plasticizer concentrations. In the appr
mation that there is no persistent poling the following re
tions hold:13,41,42

DnDFWM5CDFWMxDFWMEDFWMESC, ~25a!

DnELP5CELPxELPEELP
2 . ~25b!

Here,CDFWM andCELP are geometrical factors,xDFWM and
xELP are effective Kerr susceptibilities, andESC is the space-
charge field in the DFWM experiment at the externally a
plied field EDFWM . Note, that for the sake of simplicity
xDFWM is considered as a total effective Kerr-susceptibili
including a term for the field-induced chromophore reorie
tation as well as a term for the Pockels-contribution to
index modulation. Both contribute to the spatial index mod
lation with the same grating period as the illumination gr
ing and, moreover, show the same field dependency as
as the bias fieldEDFWM is constant in time or, at least, doe
not contain frequencies, to which the chromophores can
respond. The projection coefficients can be assumed to
almost independent of the material composition. ForxDFWM
andxELP a similar dependence on the chromophore cont
is expected. Consequently, the ratio

DnDFWMCELPxELP

DnELPCDFWMxDFWM
5

EDFWMESC

EELP
2 ~26!

is the same for all experiments in Ref. 15. Thus, the mag
tude of the space-charge field multiplied by a constant
unknown factorC8 can be calculated:

ESC

EDFWM
5C8

EELP
2

EDFWM
2 . ~27!

EELP
2 /EDFWM

2 taken from Ref. 15 is plotted as a function o
the reduced temperature for blends with 30, 40, and 50 w
chromophore content in Fig. 10. All three series show a si
lar dependence of the space-charge field onTr . For Tg,T
the ratioEELP

2 /EDFWM
2 is almost constant followed by a dra

matic decrease belowTr>25 °C.
This behavior can be fully explained by the calculat

temperature dependence ofESC/E0 ~Fig. 10! which is based
on a temperature-dependent trap density as described ab
The latter calculations@Eq. ~22a!# were performed forE0,T
5EDFWM , w560°, andp52.2. The good agreement allow
to draw the following conclusions: For materials withTg
.T the saturation field is almost constant and exceeds
projection of the external field on the grating wave vec
~e.g., forTr519 °C, Eq5109 V/mm, andE0546 V/mm!. In
the limit of Eq.~23! the ratioESC/E0 has a value of 0.64, a
predicted for the PR data ifTr.0 °C ~Fig. 11!. For PR
blends withTr,25 °C, Eq decreases significantly andE0
becomes larger thanEq ~e.g., for Tr5217 °C, Eq
524 V/mm, andE0531 V/mm!. It is finally concluded that
the dependence of the space-charge field on the reduced
perature is basically controlled by the decreased trap den
in PR materials withTg,T, independent of the material
composition or the absolute temperature. This finding mi
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also allow to identify the traps that are relevant for the spa
charge field formation with conformational traps, related
hole transport in PVK. This interpretation is supported by
energy-level scheme of the components in the PR ble
~Fig. 11!. The ionization energy of the chromophore is fou
to be approximately 0.5 eV larger than that of PVK. Con
quently, hole transport should primarily occur via the pho
conductive moieties and not via the chromophore. In t
picture, the decrease ofTi for Tg,T can be explained by

FIG. 10. Dependence of the normalized space-charge field
the reduced temperatureTr . The solid symbols~left axis! refer
(EELP/EDFWM)2 as defined in Eq.~27! and were calculated from th
experimental data obtained from the analysis of DFWM and E
ellipsometry experiments on PR blends with differentTg’s and with
30 wt. % ~triangles!, 40 wt. % ~circles!, and 50 wt. %~squares!
chromophore content~Ref. 15!. The predicted theoretical depen
dence of the normalized space-charge fieldESC/EO ~right axis, open
diamonds! on the reduced temperatureTr was calculated according
to Eq.~27! by settingEO,T5EDFWM and substituting Eqs.~22a! and
~20b!, respectively. The functional dependence ofTi on Tr was
obtained from Fig. 4~b!. The other parameters werep52.2, w
560°, andTi(Tr50)5531016 cm23. The dotted line serves as
guide to the eye.

FIG. 11. Schematic energy band diagram of the componen
the PVK-based PR blends. Energy levels were determined by cy
voltammetry in acetonitrile solution and by the optical band gap
the materials.
-

e
ds

-
-
s

enhanced detrapping of carriers due to faster conformatio
dynamics in the glass-forming material. Indeed, the shap
the master curve in Fig. 4~b! resembles the transition be
tween the equilibrium dynamics forT.Tg and the dynamics
in the nonequilibrium glassy state (T,Tg) as typically ob-
served in glass-forming materials.43,44 Those conformation
traps, however, possess a broad distribution of trap dep
which is often assumed to be Gaussian.45,46 For disordered
molecular solids, a width larger than 0.1 eV has been fou
experimentally.46 It is expected that only ‘‘deep’’ traps in the
tail of the distribution will capture charge carriers for long
times. If one assumes that each PVK repeat unit can po
tially act as a trap~with rPVK550 wt. % and a mass densit
of the solid material of 1 g/cm3, the density of PVK repea
units is 1.531021cm23!, a density of relevant traps of 5
31016cm23 at Tr50 corresponds to a fraction of 3
31025. With a Gaussian width of 0.1 eV, only traps with
depth larger than 0.4 eV would then be relevant in the p
tophysical and PR experiments presented here.

We like to note that all conclusions drawn here are on
steady-state performance in the PC or PR experiment.
predictions are made for the transient PR response, whic
far more complicated. For example, Grasrucket al.47 have
shown recently that the energy distribution of trapping si
strongly influences the grating formation speed. A detai
description of the transient behavior would require know
edge about the trapping and detrapping rates, which is
accessible by the experiments presented here.

CONCLUSION

Measurements of the field dependence ofj dark in materials
with different glass-transition temperatures and chromoph
contents as a function of temperature show a thermally a
vated behavior, which is, however, not related toTg . A high
activation energyEA51.5 eV is obtained. Thermal activatio
is also observed for the photocurrent. In contrast to the d
current, j photo is related toTg , but is independent ofrCHR.
Analysis of the data with respect to the measurement t
perature relative toTg reveals a universal dependence
j photo on Tr for all blends.

The charge carrier photogeneration efficiencyh of the PR
blends was found to be almost independent ofTg andrCHR.
Thus, a dependence ofh on Tg can be excluded as a possib
contribution to the universalTr dependence ofj photo. The
rCHR independence indicates that the chromophore does
act as a hole acceptor in the photogeneration step, i.e.,
the PVK/TNF charge-transfer complex is involved in th
process. The charge carrier photogeneration efficiency of
CT complex is found to be only weakly dependent on t
excitation wavelength.

Schildkraut’s model was used to compare the exter
photocurrent efficiencies measured by photoconductivity
the photogeneration efficiencies as predicted by the Ons
fits of the h-E curves. Trap densities in the materials we
determined by adjusting the photoconductivity gain factorG,
which relates photocurrent efficiencies toh. Values of Ti
'1017cm23 were obtained for the different materials. Th
similarity of the results for blends with different chro
mophore content suggests that the field and temperature
pendence of the trap density is universal. This indicates
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the changes of the transport and recombination prope
with Tg observed in photoconductivity experiments are m
likely due to changes inTi . Over the entire field rangeG
was found to be much smaller than unity even for th
samples. The mean free path of the photogenerated ch
carriers is, thus less than 1mm, which indicates a significan
recombination of the photogenerated charge carriers be
they can diffuse over the distance of one grating period
typical PR experiments. According to Schildkraut’s mod
the charged recombination centers involved in this proc
are not initially present in the material, but must be genera
by the photoexcitation of the sensitizer.

The experimentally determinedTi was used to estimat
the strength of the space-charge field in the PR material
der illumination. Schildkraut’s model was modified to a
count for the tilt between the index grating and the appl
field. The universal dependence of the photocurrent on
reduced temperature was used to calculate the temper
dependence of the space-charge field in the framewor
this model. The behavior predicted by our photoelectri
measurements is in excellent agreement with the relative
pendence ofESC on Tr obtained from the analysis of DFWM
and EO-ellipsometry experiments.15 The decrease ofESC in
blends withTg,T is the direct consequence of a decreas
density of active traps in these materials. Since the exp
mental findings are satisfactorily explained by only cons
ering thermally induced changes of the trap density, the tr
es
t

rge

re
n
l
ss
d

n-

d
e

ure
of
l
e-

d
ri-
-
ps

involved in space-charge field formation can be identifi
with conformational traps.

We would like to emphasize that the experiments on
photoconductivity, the charge carrier photogeneration a
the PR performance of PVK-based materials are consiste
described in the framework of Schildkraut’s model. Whileh
is not affected by the trap density in the material, the d
crease ofTi in materials withTg,T changes the transpor
and recombination properties, leading to the universalTr de-
pendence ofj photo. Furthermore, the decrease in the tr
density asTg is lowered belowT decreases the maximum
strength of the space-charge field. This counteracts the e
of the enhanced poling properties of the chromophore
these materials and might in part account for the optimum
PR performance of PVK-based blends withTg'T.
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10G. Bäuml, S. Schloter, U. Hofmann, and D. Haarer, Synth. Met
97, 165 ~1998!.

11N. V. Kukhtarev, V. B. Markov, S. G. Odulov, M. S. Soskin, and
V. L. Vinetskii, Ferroelectrics22, 949 ~1979!.

12N. V. Kukhtarev, inPhotorefractive Materials and Their Appli-
cations 1, edited by P. Gu¨nter and J.-P. Huignard~Springer,
Berlin, 1988!, p. 99.

13W. E. Moerner, S. M. Silence, F. Hache, and G. C. Bjorklund, J
Opt. Soc. Am. B11, 320 ~1994!.

14H. J. Bolink, V. V. Krasnikov, G. G. Malliaras, and G. Hadziio-
annou, J. Phys. Chem.100, 16356~1996!.
.

J.

-

n,

t.

t.

.

.

.

.

.
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