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in PVK-based photorefractive materials

T. K. Daubler
Max-Planck-Institut fu Polymerforschung, Ackermannweg 10, D-55128 Mainz, Germany

R. Bittner and K. Meerholz
Institut fir Physikalische Chemie, UniversitMinchen, Butenandtstrasse 5-13, D-8137 /ighen, Germany

V. Cimrova
Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, 16206 Prague 6, Czech Republic

D. Nehef
Institut fir Physik, Universita Potsdam, Am Neuen Palais 10, D-14469 Potsdam, Germany

(Received 18 October 1999

We studied the dark conductivity {;4), the photoconductivity jGhetg, and the charge carrier photogenera-
tion efficiency# of poly(N-vinylcarbazol¢—based photorefractiu®R) materials with different glass-transition
temperaturesTg) and chromophore contenp{,g). Measurements were carried out at wavelengths similar to
those used in degenerate four-wave mixiBg-WM) and two-beam couplin@?BC) experiments. Both thick
(37 um) and thin samples~1 um) were analyzed. Photoconductivity experiments at different temperatures
show that bothjyau and jpnote are thermally activated. Fajrya, the activation is not related to the glass-
transition temperature of the blends, whereas photocurrents exhibit a universal behavior with redpect to
=Ty—T. The charge carrier photogeneration efficiengyvas measured by xerographic discharge experi-
ments.n was found to be independent of bofly and of pcr. The photoconductivity gain factds 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 experimertsis found to be much smaller than unity even for thin samples,
which indicates that the mean free path of the photogenerated charge carriers is lesgithat photoelec-
trical equilibrium. Using Schildkraut's model for the space-charge field formation in organic PR materials, trap
densitiesT; of approximately 18 cm™2 could be derived fronG. The field and temperature dependencd of
is independent opcpr and might account for the univers@l dependence of phoro. 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 \um 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 régpseud to
not on the absolute temperature suggests that the relevant traps are most likely of conformational nature.

INTRODUCTION trapping (iii) in PR polymers is less well understood. Even
though trap densities have been extracted from two-beam
The photorefractivePR) effect is defined as the spatial coupling (2BC) experiments;’ few attempts have been
modulation of the index of refraction in an electro-optically made to identify the trapping sites and to apply independent
active material due to the redistribution of charge carrierdechniques to determine their density. Recently, absorption
photogenerated under nonuniform illumination. For thespectroscopy was used to determine thg @dical anion
buildup of the refractive index grating the following pro- concentration in grsensitized PR polymers based on the
cesses are necessafi): photogeneration of charge carriers, photoconductor polN-vinylcarbazolg (PVK).2 It was con-
(i) diffusion or drift of the mobile charge carrier@ii) trap-  cluded thatCg, acts as the primary hole trap, and trap den-
ping of these charge carriers in the regions of low light in-sities determined by this simple spectroscopic method were
tensity, and(iv) change of the index of refraction due to the in good agreement with those inferred from 2BC experi-
buildup of an internal space-charge field. To relate a materiments. In analogy to the model for PVKJ§ West et al.
al's PR performance to these fundamental procesgeand  proposed a trapping mechanism for a PVK/2,4,7-trinitro-9-
(i) can be studied by photoconductivity> The electro- fluorenone systerhHowever, in this work no independent
optical responsév) has been investigated with ellipsometric technique was employed to determine the trap density, and
technique$. the proposed model is merely based on the comparison of
In contrast to these intensively studied processes, chard#ends containing different chromophores. In a polysiloxane/
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TNF system photoconductivity experiments were used to in- CHg M
dependently determine the density of recombination n
centersi® The charged recombination sites were identified HSCO‘Q‘N\\ o
with occupied deep traps, and their density was in reasonable |, - NO 2

agreement with calculations from 2BC experiments. It ¢
should be noted that all trap densitiéisom either 2BC or

independent experimentaere calculated using the standard
model for photorefractivity that was developed for inorganic

o
Il
PR crystalg!!? N O,N c NO,
It is now well established that the index grating in organic
NO,

PR materials can be further enhanced by the rotational mo-

bility of the chromophore$® The effect of this “orienta- ECZ TNF
tional enhancement mechanism” depends strongly on the
plasticity, i.e., the glass-transition temperatufig)( of the FIG. 1. Chemical structures of the different components in the

polymer:*** Recently, we have studied the influenceTof  pR blends used in this study: 2,5-dimethy({p4nitrophenylazp-
and chromophore content on the steady-state performance ghisole(DMNPAA), poly(N-vinylcarbazolg (PVK), 2,4,7-trinitro-
PVK-based PR polymers by degenerate four-wave mixin®-fluorenone(TNF), andN-ethylcarbazoldECZ).

(DFWM) experiments and ellipsometric techniqd@iVhile
the expected performance improvement with increasin
chromophore content and decreasiiigwas confirmed for
systems withTy above room temperature, an optimum was
observed for the highly doped systems withiclose to room
temperaturgRT). It was demonstrated that this was the re-
sult of two counteracting effectsi) the poling of the chro-

Wophore becomes more efficient With decreaslyg and ECZ. The compositions and the correspondings of the
(ii) the strength of the space-charge fiéldc d.ecrea.ses for investigated blends are listed in Table |. Glass-transition
Ty below room temperature. Based on the intensity deperg,yneratures were derived from differential scanning calo-

dence of the photocurrent, it was suggested that the decreaﬁpnetry (DSC) measurementgwith a heating rate of 20
in Escis due to a reduced trap density foy<RT.* K/min).

In this paper we inv_estigate the photoresponse of the same 1ha devices for PC experiments were prepared by spin
PVK-based PR materials by photoconductiviBC) and xe-  ¢ating from toluene/cyclo-pentanone 4:1 mixtures on top of

rographic dischargexD) experiments. By completing the i, qim tin oxide£ITO) coated glass substrates. The samples
characterization of the fundamental processes involved in thg, . kept in vacuum to remove residual solvent prior to

PR effect, a consistent picture of the photoconductivity, the, anoration of an Al top electrode. The photoconductivity of
charge carrier photogeneration efficiency, and the PR perfors—(,m”mes identical to those used for DFWM and 2BC experi-
mance of PVK-based PR materials is provided. While the

XD technique is known to be the most accurate method to
determine the charge carrier photogeneration efficiéht{, PR ;
the transport and trapping properties of the materials can b€ nvestigated PVK-based PR materials.
further addressed by PC experiments. Due to these additional

Pvk secondary standard and ECZ were purchased from Al-
drich. ECZ was purified by recrystallization, while PVK was
used without further purification. DMNPAA was synthesized
by azocoupling of a para-nitroaniline-diazonium salt with
dimethylanisole and purified by column chromatography.
Ty's of the blends were varied by changing the ratio of PVK/

TABLE |. Composition and glass-transition temperatuifgsof

a a a b
processes the photocurrent efficiency can deviate from thgyste m (ﬁﬁf‘% (\’,Jv ':V(f/o) (\’ZE.COZ/O) (Tg:)
charge carrier photogeneration efficiency determined by XD
experiments. The concept of photoconductivity gain can be 50a 50 50 0 35
used to relate the results of both technigtfe€®By employ- 50b 50 45 5 245
ing Schildkraut's model for the space-charge field formation  5qc 50 40 10 14
in organic PR materials:??a relation between the trap den-  40a 40 60 0 72
sity and the photoconductivity gain factor is elaborated. Fol-  4qp 40 55 5 485
lowing this approach, measurements of the photocurrent and 4o, 40 50 10 25
the charge carrier photogeneration efficiency of blends with 3, 30 70 0 120
different Ty and chromophore content are used to determine 5, 30 60 10 62
trap densities in the photoelectrical equilibrium. Finally, the 5, 30 55 15 3%
same model is employed to predict the equilibrium photore- 30¢ 30 50 20 12
fractive performance of these PVK-based PR materials.

20a 20 60 20 597%5
20b 20 55 25 30
EXPERIMENT 20c 20 50 30 14

The investigated PR materials are based on the photocofpcir, pevk: pPecz: content of the chromophore DMNPAA, PVK
ductor polyN-vinylcarbazole (PVK), the electro-optic chro-  and the plasticizer ECZ in the PR materials, respectively. For all
mophore 2,5-dimethyl-4p-nitrophenylazganisole (DMN- systemspye Was 1 wt. %.

PAA), the plasticizer N-ethylcarbazole (ECZ), and the PGlass-transition temperatur@g measured by DSC or interpolated
photosensitizer 2,4,7-trinitro-9-fluorenor@NF) (Fig. 1). between measured valuébe latter are marked with an asteyist
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ments was also measured. Those devices were prepared by
melt pressing. The blends were sandwiched between two
ITO-coated glass substrates at elevated temperature using
37-um glass spacer beads to adjust the film thickresa

strict preparation and measurement protocol was obeyed to
obtain reproducible results. Samples for xerographic dis-
charge experiments were prepared by spin coating from
toluene/cyclopentanone 4:1 solution on polished stainless-
steel substrates. The thickness of the polymer layer was typi-
cally 1-2 um.

Current-voltage I(-V) characteristics were recorded in
dry nitrogen atmosphere in a temperature-stabilized sétup. 30 20 _1'0 5 0 20 30
For experiments under illumination a 689-nm diode laser -
with a photon flux of about & 10*” photons/crfis was used. Electric field [V/um]
Data were recorded pointwise and refer to currents estab- 10° T T ' - -
lished after the respective bias voltage was applied for 30 s. IEI
Dark currents, measured as a function of the electric field
before and after experiments under illumination, were sub- 107 ¢ f
tracted from currents measured under illumination to give
the photocurrentjnow= jiight— Jdard - IN the study presented
here, the current was measured with a Keithley 617 elec-
trometer and the voltage-100 to 100 V was supplied by
the build-in voltage source.

XD experiments were performed with a self-constructed 9 u
setup!’ The sample was charged to the initial surface poten-
tial U(to)=Q(to)/C by a corona process and then dis- 10 8 29 30 a1 32 33 a4
charged upon irradiation. Her€&(t,) is the surface charge
density andC is the sample capacitance per unit ang#t) 1000/T [1/K]
was recorded with a sampling frequency of 40 Hz. The
photoinduced discharge quantum efficiengyis calculated
from

jdark [pA/sz]

Jgan [PA/CMZ]

FIG. 2. (a) Dark I-V characteristics of a 0.2m-thick layer of
blend 30a T4=62 °C) between an ITO bottom and an Al top elec-
trode. j gk Was measured at 43 °@\), 53°C(#), 65°C(<), and

1 /dQ 1 du 75°C (@). The measurements were performed in dry nitrogen at-
n'=- ed (H) T ed (W) , () mosphere =1 bar), starting with negative polariyTO~) from
to to zero bias.(b) An Arrhenius plot ofjg,, at a field of +25 V/um.

) o The solid line corresponds to an activation energy of 1.5 eV.
where® is the absorbed photon flux densigjis the electron

charge, Q/dt), represents the rate of change of the sur-(Tg:59_5°C)’ 30a [,=62°C), and 40a T,=72°C).

face charge density, andi(J/dt), is the initial photoin-  Temperature-dependent studies of the photocurrent were
duced discharge rate. Under emission-limited conditios  conducted for thick devices of blends 20E,( 14 °C), 30c
recombination, no space charge effgcig is independent of (Ty=12°C), and 40b [4=48.5°C). Since the maximum
both sample thickness and light intensity and equals theutput voltage of the used electrometer is 100 V, the electric
charge carrier photogeneration efficienoy To ensure field strength in these experiments was rather low. Photocur-
emission-limited conditions, the incident photon flux wasrents at higher fields were recorded on spin-coated samples
kept as low as possible (¥8-10"* photons/cris). A halo-  of the highT, blends 30a, 30zT,=120°C), and 40a. We
gen lamp with various interference filters was used for illu-are aware of the fact that these experimental limitations
mination, except at 355 nm, for which a UV-CAMAG lamp might affect the universality of the conclusions drawn below.
was used. The measurements were performed with illuminaFhere is, however, significant evidence that the photocurrent
tion upon the positively charged surface. All experimentsdata can be parameterizedTip, independent of the particu-
were carried out at ambient conditions. lar sample composition. Note that the carbazole concentra-
For each measurement presented here, the material conien p,= ppyk+ pecz varies between 50 and 80 wt. % for
positions were carefully chosen to guarantee a good reprahe blends studied here, i.e., only by a factor of less than 2.
ducibility of the experiments. One particular problem is that
thin spin-coated films of blends with high chromophore con-
. . RESULTS
centration and lowT, are not very stable, since the chro-
mophore tends to diffuse to the surface and subsequently Figure 2 shows the field dependence of the dark current of
crystallize at the film/air interface. Thi, dependence of the a 0.9um-thick layer of blend 30a between an Au bottom and
charge carrier photogeneration efficiency was measured aan Al top electrode. Even though the work functions of the
blends 20a T4=59.5°C), 20b T4=30°C), and 20c T, bottom and top contacts are different, there was no signature
=14°C) with a low chromophore concentration, while the of asymmetry or even rectification. The Arrhenius plot of the
effect of pcyr ON 7 was studied using the highy blends 20a  dark current at 25 \iim gives a rather high activation en-



13518 T. K. DAUBLER et al. PRB 61

——— T ] 1500 T T T T T
10°F 4107 EI
— A
o N 4
10°F 310° g 1000 /
3 .l o o 3 T ]
g 10 g ; j10° < é 500} o I
% 2 g E - ,A' -
10'F a . 410" o ‘o.-:-AM ---------- .l"
n 40 20 ©0 20 40 60 80
10° =

. T [°C]
10

Electric field [V/um]

-y

FIG. 3. I-V characteristics of the photocurrent of a Q8+thick

—_— 3 | A J
sample of blend 30all;=62 °C). Currents were measured at 10 °C NE 10
(W), 30°C (0)), 43°C(A), 53°C(A), 65°C(#), and 75°C(<). X3 u,
The sample was illuminated through the ITO electrode with <Q_
=689 nm and a constant photon flux 0k8.0' photons/cris. Ex- 'f'g

biased as the anode.

.\\
periments were performed in dry,Mith the ITO bottom electrode
10° %f*\q

ergy of 1.5 eV. Note that there is no change in the thermal . . . . <>.
activation of the dark current as the temperature is increased 40  -20 0 20 40

aboveT. T -TI[°C]
The photocurrent ., 0f @ 0.9um-thick sample of blend g

30a as a function of the field at different temperatures is g 4. (a) Photocurrent as a function of temperature at a field of
shown in Fig. 3. The field dependence of the photocurrent ig vy,m for blend 200(A; T,=14°0), blend 300(¢; Ty=12°0),
linear at low fields and quadratic at high fields. For all 3nd plend 401M; T,=48.5°0. Measurements were performed on
samples the currents under illumination were much largeg7-um-thick films between ITO electrodes. Illlumination washat
than dark currents for measurements at room temperature=689 nm with a constant photon flux of>5L0" photons/crs.

| photo @Nd] garik PECAMeE comparable only at high temperaturesrrows indicate the glass-transition temperatures of the materials.
due to the large activation energyjof,«, but they still could (b) Same data plotted as a function of the reduced temperdture
be clearly distinguished. Also shown is the external photo=Ty—T.

current efficiencyg,,, defined as the number of measured

charge carriers per incident photon: Absorption coefficients of the CT complex only are shown in

the inset. These data were obtained by subtracting spectra
_ recorded on materials without TNF from the spectra of the
~ h¢ jphoto , PR blend with TNF. In Fig. 5 no dependence spfon the
XN | 2) chromophore content and the glass-transition temperature
can be observed. The field dependence &f well described
wherel is the light intensity and the wavelength of light. by Onsager’s theory as outlined below. Note that the absorp-
The temperature dependence of the photocurrents is confion of the chromophore is still low at 580 nm and does not
pared for different samples in Fig. 4. For all three materialssignificantly attenuate the incident light in the2-um-thick
shown, there is a pronounced increase jp,, above T, . samples.
When plotted as a function of the reduced temperaiyre The field dependence aof of a PVK/TNF film (2 wt. %
=T4—T, the data show a universal behavior for all threeTNF) was analyzedFig. 7) to compare the results obtained
samples. Thusg,peto iS Mainly a function of the temperature on the PR blends, where only the absorption of the CT com-
with respect taT ; and does not strongly depend on the chro-plex was used in the XD-data analysis, to a system that only
mophore or the plasticizer content. contains PVK and TNF. Measurements were performed with
The field dependence of the charge carrier photogeneralumination in the absorption range of PVK and with wave-
tion efficiencies» for PR blends with differenfTy’'s and  lengths, for which only the PVK/TNF CT complex absorbs.
chromophore content is compiled in Fig. 5. In the analysis ofNote that the experimental error in the latter case is much
the xerographic data only the absorption of PVK/TNF washigher due to the low absorption coefficient. Furthermore,
taken into account. Absorption spectra of a PR blend and athe error decreases with increasing electric field. Taking this
the same material without the sensitizer are shown in Fig. 6nto account, only a weak dependence of the charge carrier
The absorption is governed by the chromophore in the shorphotogeneration efficiency on the excitation wavelength is
wavelength range but exhibits clear signatures of the PVKbbserved. The field dependencepis again well described
TNF charge-transfefCT) complex at longer wavelengths. by Onsager’s theory.
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FIG. 5. Field dependence of the charge carrier photogeneration F/G- 7- Field dependence of the charge carrier photogeneration
efficiency 7 for PR blends with different, and chromophore con- efficiency » determined by XD experiments for a 2:8n-thick film

tent peyr: blend 20a(T,=59.5°C;d=1.1xm; A, A), blend 20b of PVK/TNF (2 wt. %). The sample was illuminated at 355 r{ll),
(T,=30°C: d=0 9,urr?' . <>)' blend Zbc '(T :'14 °c d 385 nm(A), 510 nm(<), and 671 nm(V). The experimental error

:8 95,m: ‘m D). blend 3(;a(T 262°C. d=0 95?4”“' v ’V) is indicated for low and the high electric fields. Solid lines are fits to
and blend’402(’1T —799C d=1 O?um' PS C’)) Data were obtained ©OnSager's theory with adistribution of the initial CT radii. The fit

g ’ . i) 1’ . . . . o .

by xerographic discharge with illumination at 580 rifiled sym- pa_rameters are listed in Table II._AIso shgwn is a(cﬂms_hed ling

bols and 671 nm(open symbols 7 was calculated using only the USing the data by MelzRef. 32 (€=3.0,ro=3.5nm, 7,=0.23.
absorption of the carbazole:TNF charge transfer complex. The ex-

perimental error is indicated for low and the high electric fields. Thements no correlation betwegi,, and T4 was found. The
solid line is a fit using Onsager’s theory withsaistribution of the

Arrhenius plot of the dark current gives a high activation
initial CT radii. The fitting parameters are listed in Table II. energy E,) of 1.5 eV, which does not change as the tem-
perature is raised abovi, [Fig. 2(b)]. Similar results were
DISCUSSION obtained for PR materials with different chromophore con-
Dark-current behavior

tent and differenfly’'s. Three different basic processes may
governjqan: (i) thermal bulk generatior(ji) injection from
Dark-current—voltage characteristics were measured to inthe electrodes and injection-limited curretij) injection
vestigate the effect of the glass-transition temperature anffom the electrodes and transport-limited currents. From our
the composition of the PR blends ¢g,. In these experi-

data we can neither prove nor safely exclude any of these

three processes. Thermal bulk generation is supported by the
300 — large activation energy, but the pronounced field dependence
' of the dark current is difficult to explain under this assump-
\ tion. Injection-limited currents are unlikely since theV
“‘. characteristics are symmetric even though an asymmetric de-
200F

vice geometry was used. The difference between the work
functions of the ITO ¢p=~4.6-4.9¢eV) and Al ¢
~4.1-4.3¢eV) electrodé should give rise to asymmetric or

| PO even rectifiedl-V characteristics at low fields, neither of

. \ | which are observed experimenta]lyig. 2(a)]. Processiii ) is

)
= \
(&) [}

=4

‘ P supported by the finding that the average dark curtewtr-
100 - 580 600 520 640 660 680 700 age of jgqrk for increasing and decreasing figlds propor-

A [nm) tional to E2 for E>10 V/um, which might indicate space-
charge limited current(SCLC) behavior, i.e., transport-
limited currents. However, the analysis of the data for

L e L different PR blends using Child's law for SCL%€;?®
580 600 620 640 660 680 700 U2
Wavelength [nm] jscLc=2 €0 e T 3
FIG. 6. Absorption spectra of a PR blend with 50 wt. % DMN-

PAA, 42 Wt.% PVK, 7 wt.% ECZ, and 1 wt.% TNBolid ling  results in very small mobilitieg.e of 107 °~10"cn?/V's.
and of the same material without TN#ashed ling The absorption

These values are far below the typical hole mobilities in
coefficients of the PVK/TNF charge-transfer complex in the blendsPVK systems (10710 cn?/V s) 293

is shown in the inset. The data were calculated by subtracting the One possible explanation is that the dark current is gov-
spectra without TNF from the spectra of the PR blend with TNF. erned by the transport of injected electrons via deep traps,
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possibly the sensitizer or the chromophore. The absence of a TABLE II. Fit parameters for the electric field dependence of
T4 effect in the temperature dependencg gfi and the pro- the charge carrier photogeneration efficiency in PVK/TNF and pho-
nounced hysteresis effects for low temperatures and field®refractive blends at different illumination wavelengthssAunc-
suggest the presence of deep traps. A consistent descripti§An was used for the distribution of the initial CT radiiof in

of the dark-current behavior requires further experiment$Onsagers modele is the dielectric constant ang, the primary
with different contacts, which will be the subject of forth- duantum yield.

coming work.

System Nexc (NM) € ro (nm) Mo

Photocurrent characteristics PVK/TNF (2 wt. %) 355,385 3.5 2.6 0.1
510 3.5 2.35 0.1

Experiments at different temperatures clearly show that
580 5.5 13 0.35

photocurrents are also thermally activated. In contrast t&R Plend( wt. % TNP
Jdark» the increase of yner With temperature is significantly
accelerated above the glass-transition temperature. Indepen- = = )

dent of the chromophore concentratignq, is mainly a lumination in the wavelength range of strong absorption,

function of the measurement temperature relativé $¢Fig. within the PVK absorption range, as well as below the poly-
4(b)] but not of the absolute temperature. mer absorption band. Previous investigations by Andre, Le-

ver, and Moisaft showed thaty measured at a field of 50
V/um is almost independent of wavelength for illumination
between 400 and 650 nm and decreases for excitation wave-
The analysis of the xerographic data taking into accounfengths longer than 700 nm. In agreement with thjsge-
only the photons absorbed by the carbazole/TNF CT compends only slightly on the excitation wavelength in our ex-
plex yields photogeneration efficiencies that are almost indeperiments(Fig. 7). The fit to Onsager’s model with a single
pendent of the chromophore content and the glass-transitio@T radiusr , indicates that this difference is mainly due to a
temperaturgFig. 5. Since the fraction of photons absorbed slightly smaller value of , at longer wavelength while the
by the chromophore varies significantly for the studiedprimary quantum yieldsy, is constant(Table 1)). The ob-
samplegmore than a factor of 2 going from 20 to 50 wt. % tained fit parameters are in good agreement with published
DMNPAA), the close similarity of the photogeneration effi- data3?
ciencies indicates that the chromophore does not signifi- Note that absolute quantum efficiencies are similar for PR
cantly contribute to charge carrier photogeneration. XD exblends and the PVK/TNF system. However, the Onsager fit
periments on blends containing no TNF indeed show mucho the photogeneration efficiency in the PR materials yields a
smaller generation efficiencies. For example, in samples witBmaller CT radius and a highef, than those in PVK/TNF.
20 wt. % chromophore content and without TNB=1.1  |n the former case, a higher dielectric constart5.5 has
x107° and 6.2<10 % atE=10 and 53 V/m, respectively, been used, which represents a typical value measured for
for A=480nm. Note that the total absorption coefficient isblends containing 20-30 wt.% DMNPAR. Fitting the
an order of magnitude higher at this wavelength compared teame data with a lower value ferwould yield a larger
A=580nm and that we have used the chromophore absorgnd a lowers,. Note that the separation of charge carriers
tion coefficient in the XD-data analysis in this case. Theoccurs in a rather local environment within nanoseconds.
absence of acyr dependence of confirms the conclusions Thus, the correct choice afin the Onsager fit might differ
drawn from photoconductivity experiments. The finding thatfrom the macroscopically measured value.
n is, furthermore, independent dfy allows us to exclude
contributions of aT,-dependent photogeneration efficiency
to the universall, dependence ofnoo- Thus, the changes
iN jphoto are most likely related to changes in the transport For a given electric field, the photogeneration efficiemcy
and recombination properties wit, . as determined by XD experiments is several orders of mag-
Charge carrier photogeneration efficiencies in the PRiitude higher than the external photocurrent efficierigy
blends are approximately 3% at a field of 10Qux (Fig. 6).  calculated fromj . (Figs. 3 and B The objective of the
As 7 is almost proportional td&E?, the efficiency decreases following discussion is to provide a consistent picture of the
rapidly with decreasing field to only 0.7% at 50m. Fur-  photoconductivity, the charge carrier photogeneration, and
thermore, the generation efficiency is the same for illuminathe PR performance of the same materials as published
tion with 580 and 671 nm. One might presume that largesarlier’® This will be achieved by relating,, to 7 and to
errors can be caused by irradiating at a wavelength with lovthe trap density in the material.
absorption. In this case light penetrates through the whole Commonly, Kukhtarev’s model for photorefractivity in
sample and the requirement of emission-limited dischargéorganic crystals is used to describe the PR effect in poly-
may no longer be met. Thus, the analysis of the xerographimeric systems!'? An alternative model developed by
data might yield incorrect values of the absolute photogeSchildkraut and co-workets? includes several features
neration efficiency. typical for organic PR compounds. Its basic concept is de-
To investigate the effect of penetration depth on the depicted in Fig. 8. Mobile holes are generated solely by pho-
termination of the charge carrier photogeneration efficiencyoexcitation of neutral sensitizer moleculfsitial density
arising from the absorption of the PVK/TNF complex, we S;; generation rategg(E)]. Thermal generation and charge
carried out XD experiments on a 2:8n-thick layer of PVK  carrier injection are neglected. Upon excitation free holes
doped with 2% TNF. Measurements were performed for il-and negatively charged sensitizer molecufes are gener-

Xerographic discharge experiments

Determination of the trap density
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E S 1(x)=lo[1+mcogKx)], (6)
Sensitizer S wherem is the contrast factor of the interference patté¢n,
e e e =2/ A is the grating vector in thg direction, andA is the
X _6_ Trap T grating spacing. The density of free holes is expanded in a
| g(E) r /rap Fourier series:
hv — - - |
AN e o A - p=po+ p1expiKx), @)
B~ u(E)’ t d where we neglect time-dependent terms that characterize the

grating formation, i.e., we only consider steady-state condi-

FIG. 8. Schematic representation of Schildkraut's model for thelions. Expressions identical to Eq7) are written for all
photorefractive effect in organic materials. Initially, all sensitizer X-dependent variables.
molecules(initial density S;) are neutral and all hole trapitial In the limit of photostatic equilibrium all relevant traps
density T;) are empty and neutral. Under illumination, holes areare filled, independent of the position relative to the illumi-
photogenerated with a field-dependent rg¢€). For every photo- nation grating(at this point we abstain from any assignment
generated hole, a negatively charged sensitizer molecule is genenf the nature of these trapsAs a consequence a fraction of
ated. The motion of the holes is described by a field-dependerthe sensitizer moleculeS™ equal to the trap density will
mobility w(E). r is the recombination rate of photogenerated holesremain ionized and act as recombination centers for holes. It
with negatively charged sensitizer molecules. Holes can be capturdd further assumed that the trap density is higher than the
by traps with a trapping rate The detrapping rate back to the hole density of free holes such that
transport band isl.

po<T;. ()

ated. The latter can act as recombination centers for the fr
holes (recombination rate). The mobile holes might, fur-
thermore, be captured by trafsitial density T;; trapping
ratet). Finally, trapped carriers might be detrapped by ther- S-T,

e\(/?/ith the above assumptions the zero-order Fourier compo-
nent of the hole density is given by

mal activation(detrapping rated). While the general set of Po=p =, (9a)
coupled equations can only be solved numericaiigchild- pr+S—T,

kraut and Cui gave zero- and first-order analytical expres-

sions for either the case of deep trdps detrappingor no «_amlo 1 (9b)

traps (T=0).22 In the following, only the deep trap limit will P The 4Ty

be discussed. Since_all equati_ons and results by SCh."dkra'lj-fere p* is the zero-order hole density for uniform illumina-
and co-workers are in dimensionless form, the most impor '

) : - "~ tion with a sufficiently small light intensityz, is the photo-
tant expressions are translated into S| units in the fonowmggeneration efficiencyyat a givgn externalyg?ﬂg P

(A detailed treatment of Schildkraut’s model in Sl units is

given in Ref. 33. _ o= 71'EB, (10

The photogeneration ratf E) is expressed by
and v is the coefficient for the recombination of holes with
al ionized sensitizer moleculés™ defined by
9(B)=n(E) 7—, (4)
w
dp

-,=_F
where is the charge carrier photogeneration efficieneys at S p= T (12)

the absorption coefficient due to the sensitizer molecuiliss,
the light intensity, andiw the photon energy. It is assumed
that » and the hole mobilityx are field dependent, and

7, is the average lifetime of the holes. In organic solids the
recombination of a free hole with an ionized sensitizer is
described by Langevin recombination with the recombina-
tion coefficienty given by*®

p=u'exd C(VE-ENB)] (53
is obtained from the disorder transport formalism discussed y= e_'“_ (12)
by Pautmeier, Richert, and Bsler’* 4" is a constant anfi €o€

is the activation energy at zero field.andC are experimen-
tally determined parameters. For the fields typically applie
to organic PR materials, a power law

or low illumination intensities the density of photogener-
ted holes is much smaller than the total density of sensitizer
moleculesS; . If in addition T;<S;, the zero-order Fourier
i component of the hole densipy, is equal top*.
= EP : >
7(E)=7E (5b) In this case the photocurrent is given by
serves as a good approximation to the Onsager field depen- . —ep* uoE (139
dence as shown by Bratmand observed here for electric Iphoto™ €P" foto
. P
field s_trengths be_tween 10 and lQOMW. 7' is a constant —eGyE,L, (13h)
andp is an experimentally determined parameter.
The sample is illuminated by a sinusoidal fringe patternwherelL is the sample thickness agE,) is the generation

with the light intensityl (x) given by rate at the external fiel&,. In Eq. (13b) the photoconduc-
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tivity gain factor G is used to express that the number of
carriers flowing through the external circuit in steady-state
photoconductivity experiments which can be larger or
smaller than the number of primarily photogenerated charge
carrierst®% In any caseG is related to the internal photo-
current efficiencye;,, defined as the number of charge car-
riers per absorbed photon, calculated frogRyo

oin=GCn, (14

which in the case of weak absorption is related to the exter-
nal photocurrent efficiency.,, defined by Eq(2),

=
2

¢ex ‘%
$n=in10 agl (15) i

Here,L is the thickness of the sample aag, the absorption
coefficient taken to log base 10. Using E(fs3) and(9b) and
Eq. (12) for the Langevin recombination coefficient, the pho-
toconductivity gain factoG can be related to the initial trap
densityT; in Schildkraut’'s model:

_ EEOEO
G= eLT (16
By settingS™ =T, and using Eqs(11) and(12), this expres-
sion translates into the well-known relation f6r*81°

Electric field [V/pm]

Tr
G T (173 FIG. 9. (a) A comparison of the field dependence of the photo-
. . - . generation efficiencyy determined by XD experiments on a 1.0-
with the carrier transit time given by pm-thick layer of blend 40&¢ ) with calculatedzn (open symbolg
L the internal photocurrent efficiency;, (filled symbolg, and the
=—. (17b) external photocurrent efficiencg,, (crossed symbals The other
MHE symbols correspond to data obtained from PC measurements on

With Egs.(14), (15), and(16), the relation betweew,, and
70 becomes

€o€eE
Pex=1In 106“106,—-'—i 7. (18)

blend 40b(37 um; squareks blend 4040.8 um; circleg, and blend
50c (37 wm, triangles; taken from Ref. 15The values ofbe,, di,,
and » were calculated according to Eg®), (14), and (15). For
each data set, the photoconductivity gain facdbwas optimized
using Eq.(16) to give a continuous dependencenpbn the electric
field. (b) The same comparison &3 except thaty is measured on

Note that a similar equation was derived byud et allo blend 30a(0.95 um; < ). The other symbols irtb) correspond to

for the density of recombination centers, which were identi-d2t@ calculated from PC measurements on blend &0cum;

) . S : quaresand blend 30Z0.8 um; circleg of » (open symbols ¢,
e e s o o Snseiics ymol: a5 ol Th sod o i
carrier before being trapped in a recombination center. anq.(b) are fits using Onsager's theory withaxdistribution of CT .
. . radii. The fit parameters are the same as used for the master curve in
In order to de_'t(_armlné'i WPT plot the external and Internal tFig. 5 (Table Il). The values off; and thus ofG used to adjust the
photocurrent efficiency for different samples as a function o PC data to the field dependencepfire summarized in Table IIl.
the electric field. This is shown in Fig. 9 together with the
field dependence of the charge carrier photogeneration effpendence ofy(E) as determined by the adjusted photocur-
ciency 7 as derived from XD experiments. Since materialsrent data is in good agreement with theE curves predicted
with different T's were used, all PC data were normalized by Onsager’s theory. However, the comparison of the low-
to photocurrents at, =0 using the data in Fig. 4. Also in- field data E~1 V/um) needs to be regarded carefully, since
cluded are efficiencies as determined from earlier PC experinly the high-field XD data were considered in the Onsager
ments at high field¢comparable to those in applied in XD fits. Charge carrier photogeneration efficiencies are compa-
experimentson a 37um-thick samplegcontaining 50 wt. %  rable for the compounds with 30 and 40 wt.% DMNPAA
chromophorg using an external high voltagéiV) voltage  over the entire investigated field range.
source®® For each data sefl; (and thusG) was adjusted For all sampless is much smaller than unity, even for a
such that¢;,/G [Eq. (14)] is in good agreement with the layer thickness of only 0.&m. This implies that only a
predictions for» from the Onsager fits of the xerographic small fraction of photogenerated charge carriers can diffuse
data. The resulting values df; and G are summarized in over a distance of Jum. This seems to be in contrast to
Table Ill. Note that for each sample, all data are rescaledesults from time-of-flightTOF) and transient holographic
using only one field-independent value fBr. The field de-  diffraction experiments, which indicated free path lengths of
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TABLE lll. Parameters for the calculation of the photoconduc-act as recombination centers was also observed by
tivity gain in Fig. 9 according to Eq(16) at an excitation wave- others®3738

length\ =689 nm. The adjustment of the photocurrent data yields values of
(0.15—0.5)x 10" cm ™2 for T; for samples with 37m thick-
T CG/&o ness. However, for the thin spin-coated filmg;
System L (um) € (107cm™) (10" um/V) >10"cm3. These values are in good agreement with trap
30c 37 53 0.20 396 densities determined in ¢gsensitized PR polymers by
30z 0.8 5.3 1.10 33.3 Grunnet-Jepseret al® and in TNF-containing guest-host
40b 37 59 015 5 88 polymers by Baml et al1° Even though the difference if,
40a 0.8 59 1.60 25 5 between the two types of sampldsand 37um thicknesgis

not very large, it is consistent for all sets of samples studied
here(Table Ill). It can be assumed that either a higher trap
density at the interface to the electrodes or effects due to the
injection of electrons from the Al top electrodes of the thin

) ) ) samples cause an overall increaseTin In the following
several m|crometer§:.How?ver, those transient experiments giscussion, a trap densif~5x 10cm3 at T, =0, as de-
were performed on “fresh” samples which were not in pho-termined for the thick samples with 50-wt. % chromophore
tostatic equilibrium. The low drift length in the steady-state gntent and high fields will be used.

PC experiments presented here were measured on samples
that had previously been biased and exposed to light, result-
ing in a significant concentration of ionized sensitizer mol-
ecules acting as recombination centers. This behavior is ex- The estimated trap density can be used to predict the first-
actly predicted by Schildkraut's model, where chargedorder Fourier component of the electric space-charge feld
recombination centers are not initially present in the matecaused by illumination with a perfect sinusoidal fringe pat-
rial, but must be generated by the photoexcitation of theern. In the limits outlined above, Schildkraut’s model yields
sensitizer. Optical activation of deep trapping sites that mayhe following relation:

50a 37 6.5 0.44 221
50c 37 6.5 0.46 2.11

Estimates for the space-charge field

Esc=Ei1=—mAE, 0~ 1Eo 199
sc =t En EpEq ([ Em ' (
+ + + + — i + -
Ep+(1+pAE, (1 g E;|+i| Eo e (Eo A”

wherem s the contrast factor of the interference pattgrigz  DFWM and 2BC experiments previously carried out on the
the exponent of the power law used for the field dependencBR blends studied here, a contrast factor of the interference
of the charge carrier photogeneration efficiefify. (5b)],  patternm=1 is used in the following. In the limit of low

and excitation, i.e., when the photogeneration rate is much
. smaller than the initial hole trapping rat&; can be ne-
P Ti(S—=Ti—po) (19b glected andA is equal to 1. The following expression for the
~ polpot TS —Ti)° space-charge field is then obtained:
The “fields” are defined by Eo
Es= B0, 20
keTK s~ BT pE,+iE, (209
€ with
€po
=, 19 __¢
I~ ek (190 BT (20b)
Enm=2CVES, (199  Schildkraut’s model was, however, developed for the exter-
nal electric fieldEy parallel to the grating vectoK. In
e pot+ T, DFWM and 2BC experiments on organic PR materials, the
Eq= eoeK p* T, (191) grating vector is typically tilted with respect to the external
+ E STT field direction by an angle. Thus, the field componert,
I

parallel toK will be smaller than the total applied external
For large applied fields the diffusion field, can be ne- field Eqr according to

glected. Furthermore, the field dependence of the mobility is

assumed to be wealC=0), resulting inE,,=0. As in the Eo=EqrCOSe. (21
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Using Egs.(20) and (21) and the approximations given necessary to reach a certain refractive index modulation
above, the following relations are obtained for the amplitudeA npgwy in the DFWM experiment and the fieldg, p nec-
|Esd of the space-charge field and the phase sfiffor  essary to achieve a certain chanyeg p of the refractive
small values ofe: index in the EO ellipsometry was measured for different
chromophore and plasticizer concentrations. In the approxi-

E|—E é vz 29 mation that there is no persistent poling the following rela-
| SCI — L0 (1+ p COSZ @)ZEE‘F E(Z) ’ ( @ tions holdil3,41,42
E, Anprwm= CprwmX prwmEprwmEsc: (259
=tan ! —) (22b
¢ (1+pcos ¢)E, ¢ Angp=CeipxerEeLp (25b)
Note that the dependence [&sd on the external fieldE, in Here, Cppww @and Cg p are geometrical factorggppym and
the limit of Eo<E, is xeLp are effective Kerr susceptibilities, affitk is the space-
charge field in the DFWM experiment at the externally ap-
Eed _ Eo 23 plied field Eprwy. Note, that for the sake of simplicity
SCE<Eq™ (1+pcos o)’ (23 Xpewm 1S considered as a total effective Kerr-susceptibility,

) i _including a term for the field-induced chromophore reorien-
Therefore, the model predicts a decrease of the first Fouriggtion as well as a term for the Pockels-contribution to the

component of the space-charge field if the charge carrief,gex modulation. Both contribute to the spatial index modu-

photogeneration efficiency; is strongly field dependent, |ation with the same grating period as the illumination grat-

which is reflected in the factgp. Furthermore, the expres- ing and, moreover, show the same field dependency as long

sion of _the phasep contains a modgified saturation field in 53¢ the bias fieldEpryy iS constant in time or, at least, does

comparison to the standard modéf: not contain frequencies, to which the chromophores cannot

. respond. The projection coefficients can be assumed to be

Eq.e=(1+p cos ¢)Eq- (24) almost independent of the material composition. kgewwm

We estimatedE,, . based on the results of our photoelectri- and xgip @ similar dependence on the chromophore content

cal experiments for parameters typically used in PR experiis expected. Consequently, the ratio

ments: grating vector tilt angle=60° (corresponding to an An c E E

average internal tilt angle of the PR grating of 30° with re- DFWM“ELPXELP _ =DFWMESC (26)

spect to the surface normal A=3 um, and Egr Ang pCorwmXpFwm Efip

=60V/um, which gives Eq=30V/um. As discussed g the same for all experiments in Ref. 15. Thus, the magni-

H 6 —3
above, the trap density was set tox 50°cm and € yde of the space-charge field multiplied by a constant but
=6.5. Furthermorep=2.2 was estimated from the field de- |, known factorC’ can be calculated:

pendence of the charge carrier photogeneration efficiency

(Fig. 5) for a field of 60 Vjum. Calculation with Eqs(20b), Esc . E&p
(22), and (24) yields Eq=69 V/um, Egc=18V/um, Eg e Eprwm =C EE)FWM.
=106 V/um, and¢=16°. The calculated phase shift of the _, 5 ] )
PR grating is in good agreement with measured vaiti@se  Eer/Eprwu taken from Ref. 15 is plotted as a function of
estimate foiE ¢ should be compared to the saturation field, the reduced temperature for blends with 30, 40, and 50 wt. %
which is experimentally determined by comparing the dif-chromophore content in Fig. 10. All three series show a simi-
fraction efficiency and the two-beam coupling gain at thelar dependence of the space-charge fieldTon For To<T
conditions given above. For PR materials with 50 wt. % DM-the ratioEg, o/ EZ¢y is almost constant followed by a dra-
NPAA, values of approximately 160 m'® are obtained, matic decrease beloW,=—5°C.

which is in reasonable agreement with our estimate. This behavior can be fully explained by the calculated

Finally, we would like to correlate the previously ob- temperature dependence®dc/E, (Fig. 10 which is based
served change in PR performaritas a function off, to the ~ on a temperature-dependent trap density as described above.
characteristics of the photoelectrical properties as analyzefihe latter calculation$Eq. (223] were performed foEgt
in this investigation. According to Eq€$13) and (16) the = =Eprwm, ¢=60°, andp=2.2. The good agreement allows
temperature-dependent trap density will governTraepen- to draw the following conclusions: For materials wilhy
dence of the photocurrent, as the generation rate was found T the saturation field is almost constant and exceeds the
to be T independent. ForT,=0, T; was set to 5 projection of the external field on the grating wave vector
X 10*cm ™2 as above. The dependenceTofon the reduced (e.g., forT,=19°C, E,=109 V/um, andE,=46 V/um). In
temperature is then derived from the slopes in Fig).4 the limit of Eq.(23) the ratioEsc/Eq has a value of 0.64, as
Knowing the field coefficienp and the illumination geom- predicted for the PR data iT,>0°C (Fig. 11). For PR
etry, the first-order Fourier component of the space-chargblends withT,<—5°C, E, decreases significantly arte,
field can be calculated according to E823. becomes larger thanE, (e.g., for T,=—17°C, E,

Since the experimental determination of the absolute=24V/um, andEy=31V/um). It is finally concluded that
value for the space-charge field is difficult, we have reanathe dependence of the space-charge field on the reduced tem-
lyzed results from degenerate four wave mixi@FWM)  perature is basically controlled by the decreased trap density
and electro-optical ellipsometrELP) on the same class of in PR materials withT,<T, independent of the materials
materialst® In these experiments the electric fielhrwy composition or the absolute temperature. This finding might

(27)
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2.1 T

0.9 enhanced detrapping of carriers due to faster conformational
dynamics in the glass-forming material. Indeed, the shape of
the master curve in Fig.(8) resembles the transition be-

A tween the equilibrium dynamics fdr>T, and the dynamics

in the nonequilibrium glassy statd €T,) as typically ob-

'. / o  served in glass-forming materidf$** Those conformation

14l 8005 ------ 20 ~~~~~~~~ L * 3 - los "'\Jo traps, however, possess a broad distribution of trap depths,

g w®  which is often assumed to be Gausstaf® For disordered

I2 ° molecular solids, a width larger than 0.1 eV has been found

3 experimentally®® It is expected that only “deep” traps in the

tail of the distribution will capture charge carriers for longer

times. If one assumes that each PVK repeat unit can poten-
tially act as a tragwith ppyx=50wt. % and a mass density
075 o 20 20 a0 03 of the solid material of 1 g/cfythe density of PVK repeat
units is 1.5 10?*cm™3), a density of relevant traps of 5
T.(°C) x10%cm™2 at T,=0 corresponds to a fraction of 3
X 1075, With a Gaussian width of 0.1 eV, only traps with a
FIG. 10. Dependence of the normalized space-charge field OBepth larger than 0.4 eV would then be relevant in the pho-
the reduced temperatufg, . The solid symbolgleft axis) refer tophysical and PR experiments presented here.

(Ece/Eprw)? as defined in Eq(27) and were calculated fromthe —\wg |ike to note that all conclusions drawn here are on the

experimental data obtained from the analysis of DFWM and Eo'steady-state performance in the PC or PR experiment. No

ellipsometry experiments on PR blends with differégts and with predictions are made for the transient PR response, which is

30 wt. % (triangles, 40 wt. % (circles, a.nd 50 Wt'%.(square}; far more complicated. For example, Grasruatkal*’ Have

chromophore contenRef. 1. The predicted theoretical depen- shown recently that the energy distribution of trapping sites

dence of the normalized space-charge fleld/E; (right axis, open . . ) .
diamond$ on the reduced temperatuife was calculated according strongly influences the grating formation speed. A detailed

t0 Eq.(27) by SettingEo += Eppwy and substituting Eq€223 and description of the transient behavior yvould require kn_owl-
(20b), respectively. The functional dependenceTofon T, was edge a_bout the ”app'”g and detrapping rates, which is not
obtained from Fig. @). The other parameters wep=2.2, accessible by the experiments presented here.

=60°, andT;(T,=0)=5x10'%cm~3. The dotted line serves as a

guide to the eye. CONCLUSION

( EELP/EDFWM )2

also allow to identify the traps that are relevant for the space- Measurements of the field dependencggf in materials
charge field formation with conformational traps, related towith different glass-transition temperatures and chromophore
hole transport in PVK. This interpretation is supported by thecontents as a function of temperature show a thermally acti-
energy-level scheme of the components in the PR blendgated behavior, which is, however, not related'tp A high
(Fig. 11). The ionization energy of the chromophore is foundactivation energfe,= 1.5 eV is obtained. Thermal activation
to be approximately 0.5 eV larger than that of PVK. Conse-is also observed for the photocurrent. In contrast to the dark
quently, hole transport should primarily occur via the photo-current, j ,ne is related toTy, but is independent gbcyg.
conductive moieties and not via the chromophore. In thisAnalysis of the data with respect to the measurement tem-
picture, the decrease df; for T;<T can be explained by perature relative tdl, reveals a universal dependence of
I photo ON T, for all blends.

0 The charge carrier photogeneration efficiencgf the PR
| bezzzza blends was found to be almost independent gand pcyr-
1 PVK/ECZ Thus, a dependence gfon T, can be excluded as a possible
o | contribution to the universarl, dependence Of,no0. The
DMNPAA pchr independence indicates that the chromophore does not
3 act as a hole acceptor in the photogeneration step, i.e., only
Al TNF the PVK/TNF charge-transfer complex is involved in this
process. The charge carrier photogeneration efficiency of the
5 CT complex is found to be only weakly dependent on the
rzrr77s excitation wavelength.
6~ s Schildkraut's model was used to compare the external
2L photocurrent efficiencies measured by photoconductivity to
P the photogeneration efficiencies as predicted by the Onsager
8 - fits of the »-E curves. Trap densities in the materials were
E [eV] determined by adjusting the photoconductivity gain faGor

which relates photocurrent efficiencies p Values of T;

FIG. 11. Schematic energy band diagram of the components if® 1(')17c':m’3 were obtained for the different materials. The
the PVK-based PR blends. Energy levels were determined by cycligimilarity of the results for blends with different chro-
voltammetry in acetonitrile solution and by the optical band gap ofmophore content suggests that the field and temperature de-
the materials. pendence of the trap density is universal. This indicates that
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the changes of the transport and recombination propertieisvolved in space-charge field formation can be identified
with T, observed in photoconductivity experiments are mostwith conformational traps.
likely due to changes i;. Over the entire field rang& We would like to emphasize that the experiments on the
was found to be much smaller than unity even for thinphotoconductivity, the charge carrier photogeneration and
samples. The mean free path of the photogenerated chartfee PR performance of PVK-based materials are consistently
carriers is, thus less thangdm, which indicates a significant described in the framework of Schildkraut’s model. While
recombination of the photogenerated charge carriers befoiie not affected by the trap density in the material, the de-
they can diffuse over the distance of one grating period ircrease ofT; in materials withT,<T changes the transport
typical PR experiments. According to Schildkraut's modeland recombination properties, leading to the univefsale-
the charged recombination centers involved in this procespendence ofj ;0. Furthermore, the decrease in the trap
are not initially present in the material, but must be generatedensity asT is lowered belowT decreases the maximum
by the photoexcitation of the sensitizer. strength of the space-charge field. This counteracts the effect
The experimentally determine®, was used to estimate of the enhanced poling properties of the chromophore in
the strength of the space-charge field in the PR material urthese materials and might in part account for the optimum in
der illumination. Schildkraut's model was modified to ac- PR performance of PVK-based blends with~T.
count for the tilt between the index grating and the applied
field. The universal dependence of the photocurrent on the
reduced temperature was used to calculate the temperature
dependence of the space-charge field in the framework of We would like to thank E. Mecher for measuring the ab-
this model. The behavior predicted by our photoelectricakorption spectra and the phase shift of (R&® grating, and
measurements is in excellent agreement with the relative dér. C. Honeker for the careful reading of the manuscript. We
pendence oEgcon T, obtained from the analysis of DFWM would also like to thank Professor G. Wegner, MPI-P Mainz,
and EO-ellipsometry experimentsThe decrease dfscin  and Professor C. Bughle, LMU Munich, for fruitful discus-
blends withT,<T is the direct consequence of a decreasedions. Finally, financial support by the Volkswagen Founda-
density of active traps in these materials. Since the experiion, by the Bavarian governmeffFORMAT program and
mental findings are satisfactorily explained by only consid-by the Grant Agency of the Czech Repuli@&rant No. 102/
ering thermally induced changes of the trap density, the trap88/0696 is acknowledged.
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