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Photocurrent dynamics in a poly„phenylene vinylene…-based photorefractive composite
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All parameters describing the charge carrier dynamics in a poly~phenylene vinylene!-based photorefractive
~PR! composite relevant to PR grating dynamics were determined using photoconductivity studies under
various illumination conditions. In particular, the values of the coefficients for trap filling and recombination of
charges with ionized sensitizer molecules could be extracted independently. It is concluded that the PR growth
time without preillumination is mostly determined by the competition between deep trap filling and recombi-
nation with ionized sensitizer molecules. Further, the pronounced increase in PR speed upon homogeneous
preillumination~gating! as reported recently is quantitatively explained by deep trap filling.

DOI: 10.1103/PhysRevB.69.125216 PACS number~s!: 71.20.Rv, 42.65.Hw, 42.70.Nq, 72.80.Le
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I. INTRODUCTION

The photorefractive~PR! effect is the spatial variation o
the refractive index in an electrooptically active material
response to the formation a space-charge field in a photo
ductor upon nonuniform illumination with light. This effec
involves several photophysical processes:~a! the photoge-
neration of charge carriers,~b! transport and trapping o
these charges, resulting in the buildup of a space charge fi
and~c! creation of a refractive index contrast due to elect
optical ~EO! effects. Because these processes are fully
versible, PR materials have been intensively studied w
respect to their application in holography, data storage
time-gated holographic imaging~TGHI!.1–4 While the PR
effect in inorganic crystals has been known for 30 years,
first polymer exhibiting PR properties was reported in 1995

Since then, the efficiency of PR composites based on p
meric or glassy-organic materials has been considerably
proved, reaching values of close to 100%.6–11 In order to
exhibit the PR effect, these materials must contain differ
functional moieties, providing photosensitivity, charge tra
port, and electrooptical properties. Most of the organic
composites reported by now consist of low molecular wei
charge-transporting moieties covalently attached to a pas
polymeric backbone such as in polyvinylcarbazole~PVK! or
polysiloxanes.6,9 Alternatively, photorefractive molecula
glasses have been reported, which combine the cha
transporting moiety and the electrooptically active unit
one molecule.12–14 More recently, main chain conjugate
polymers have been introduced as fast and efficient
materials.15–18

However, until recently, no PR materials exhibited a lar
PR response combined with a fast response in the near i
red, a wavelength range particularly attractive for the inv
tigation of biological samples with TGHI. In a recent wor
Mecher et al. demonstrated a near-infrared-sensitive
polymer composite based on a photoconduct
poly~phenylene-vinylene! copolymer ~TPD-PPV!,19 sensi-
tized with the highly soluble fullerene derivative~PCBM!.18
0163-1829/2004/69~12!/125216~11!/$22.50 69 1252
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When the two writing beams~wavelength 830 nm, total ex
ternal write-beam intensity 3.27 W/cm2) in the four-wave
mixing experiment were switched on simultaneously, the m
terial exhibited a rather slow response with grating build-
times in the range of seconds. If, however, the sample
homogeneously preilluminated at 633 nm with a pulse
approximately 1 s length and a light intensity of 5.2 W/cm2,
an almost 403 improvement in recording speed was o
served. This effect was explained by the creation of a u
form distribution of mobile charge carriers~in this case
holes! upon preillumination, which is spatially modulated b
the intensity pattern of the two interfering writing beams.

In this paper we provide the quantitative understanding
the processes governing the build-up of the space ch
field, either without or with preillumination. We present
detailed study of the parameters describing trapping, det
ping and recombination in this PR composite. It is sho
that without preillumination, the temporal evolution of th
space charge field is mainly governed by the filling of de
traps, in competition with the recombination of the photog
nerated charges with ionized sensitizer molecules. Our
sults further show that the improvements in PR speed u
preillumination are mainly caused by the filling of the
traps, resulting in a large and homogenous density of ioni
sensitizer molecules.

II. THEORY

While the large diffraction efficiencies observed in seve
PR composites can be well understood by the orientation
chromophores with a large anisotropy of the molecular
larizability by the space charge field~the so-called orienta-
tional enhancement effect!,6,8,10,20the factors controlling the
PR response time are discussed controversially.21–25 Both,
the theory by Kukhtarev,26 originally developed to describe
the PR response in inorganic materials, as well as Sch
kraut’s model for organic PR composites27,28have been used
in an attempt to correlate photophysical parameters and c
acteristic PR growth times.23,29–31The latter model involves
©2004 The American Physical Society16-1
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several basic photophysical steps such as the photoge
tion of free charge carriers on the photoconductive host
photoionization of sensitizer molecules, the drift of the
charges and trapping into neutral traps, and finally detr
ping from these traps and recombination with ionized se
tizer molecules. The kinetics of these processes is gove
by various parameters such as the total density of traps
the coefficients for carrier trapping, thermal detrapping, a
recombination. Therefore, the complete understanding of
response of a PR composite requires knowledge of al
these quantities.

In a recent paper, Ostroverkhova and Singer have stu
the photocurrent dynamics and the PR growth characteris
of various PVK-based PR materials.25 They were able to
correlate the characteristic rise times of single-pulse trans
photocurrent experiments to the values of various pho
physical parameters relevant to the PR growth. Further,
agreement between experimental PR growth times
model predictions could be substantially improved by int
ducing a second trapping level into Schildkraut’s theory.
outlined in the following, this model is also appropriate
describe the charge carrier kinetics in the TPD-PPV-ba
composite studied here.

Assuming that the absorption of the material is quite lo
the beam intensity can be considered to be constant thro
out the whole layer thickness. If one, further, assumes
the sensitizer acts as a deep electron trap, the photocurre
solely determined by the motion of holes in the polym
matrix. Then, the transient photoconductivity can be
scribed by the following set of equations:

j photo~ t !5er~ t !mE, ~1a!

r~ t !5S2~ t !2T1~ t !2M 1~ t !, ~1b!

]S2~ t !

]t
5sI~ t !@S2S2~ t !#2gRr~ t !S2~ t !, ~2a!

]T1~ t !

]t
5gTr~ t !@T2T1~ t !#2bTT1~ t !, ~2b!

]M 1~ t !

]t
5gMr~ t !@M2M 1~ t !#2bMM 1~ t !. ~2c!

Here,r is the density of mobile holes,I the light intensity,e
the elementary charge,m the mobility of free holes,E the
applied electric field,S the initial density of sensitizer mol
ecules,S2 the density of ionized sensitizers,T1 and T the
densities of filled shallow traps and the total densities
shallow traps, respectively,M 1 andM the densities of filled
deep traps and the total densities of deep traps, respecti
gT and gM the trapping coefficients for shallow and de
traps,bT andbM the corresponding thermal detrapping rat
and gR the recombination coefficient. Further, the factors
describing photogeneration is given bys5fal/hcS ~in the
limit of low absorption!, with f the quantum efficiency o
photogeneration,a the absorption coefficient,l the wave-
length of light, andc the speed of light in vacuum. Note tha
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equation 1 b implies charge neutrality. All variables and p
rameters are assumed to be constant throughout the w
layer thickness.

In the work by Ostroverkhova and Singer,25 the genera-
tion efficiencyf and the carrier mobilitym were measured a
a function of electric field using xerographic discharge a
time-of-flight experiments. Further, the values of the para
etersgR , bT , bM , gT3T, and gM3M were determined
from the analysis of the characteristics growth times
single pulse transient photoconductivity experiments. Ho
ever, their analysis did not allow for an independent de
mination of trap densities and trapping coefficients.

In the following, we demonstrate that all parameters d
scribing trapping and recombination can be determined
perimentally using single-pulse, double-pulse, and c
photoconductivity experiments. Further, these parameters
used to simulate the growth of the space charge field un
the experimental conditions as reported in Ref. 18.

III. EXPERIMENTAL

The photorefractive composite studied here is based o
photoconductive poly~phenylene-vinylene! copolymer~TPD-
PPV! ~Ref. 19! ~56 wt. %!, an eutectic mixture of two
azobenzene EO chromophores @2,5-dimethyl-~4-p-
nitrophenylazo!-anisole and 3-methoxy-~4-p-nitrophyslazo!-
anisole, wt. ratio 1:1, 30 wt. % total concentration#, the plas-
ticizer diphenyl-phthalate~13 wt. %! and a highly soluble
fullerene derivative~PCBM, 1 wt. %! as the sensitizer.18 The
resulting composite has a glass transition temperatureTg of
10 °C. For this composition, a sensitizer densityS of 8
31018 cm23 was calculated.

For our studies, the material was sandwiched between
ITO-coated glass substrates, yielding a thickness of the
tive layer of 37mm. All photoconductivity experiments wer
performed at room temperature by illumination with a diod
laser~spot size around 0.04 cm2) operating at a wavelength
of 690 nm and an intensity of 5 – 200 mW/cm2. At this
wavelength the absorption coefficienta is 50 cm21, which
allowed us to perform fast transient photocurrent measu
ments at moderate intensities with homogeneous light in
sity throughout the active layer. Note that the PR expe
ments published in Ref. 18 had been performed with
writing wavelength of 830 nm and a gating wavelength
633 nm.

A constant electric field of up to 27 V/mm was applied
around 60 s before starting the transient photocurrent exp
ments. Under these conditions the dark current was aro
0.531026 A/cm2, well below the typical photocurrents. Th
light pulses were formed by an electro-optical modula
~LM0202P from Linos! controlled by a pulse generator~Agi-
lent 33120A!. The time evolution of the photocurrent wa
measured with a digital storage oscilloscope~Tektronix 210!
using a photocurrent multiplier~P9202-4 from Gigahertz-
Optik!. The electric field was applied with a source-meas
unit ~Keithley 237!, which also served as the electrometer
the dc-photoconductivity experiments. Xerographic d
charge experiments have been performed to de
6-2
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mine the quantum efficiencyf as a function of the electric
field.32

IV. RESULTS AND DISCUSSIONS

A. Determination of free carrier mobility and shallow
trapping parameters

A typical photocurrent transient for short-pulse illumin
tion is shown in Fig. 1~a!. It is characterized by a continuou
growth of the photocurrent. As outlined in the following, th
photocurrent transients for single pulses of up to 10 ms
ration are almost entirely determined by trapping of holes
one trapping species~here denoted as shallow traps! and re-
combination of the charge carriers with ionized sensiti
molecules.

The experimental transients of the photocurrent den
j photo(t) could be satisfactorily modeled using Eqs.~1! and
~2! with settingM50. Interestingly, a good agreement wi
the experimental results was only possible within a rat
narrow range of mobilities, regardless of the choice of
other variable parameters. To illustrate this point, we h
simulated the experimental transients with Eqs.~1! and ~2!,
varying all parameters expect the mobility. The results
shown in Fig. 1~a! for three different values ofm. Appar-
ently, the initial rise of the photocurrent can be only d
scribed by using a mobility in the vicinity of 1.5– 1.
31025 cm2/V s. This large sensitivity of the initial slope t
the value ofm is due to the fact that in this early stage
illumination, the density of free holes and thus the rates
carrier trapping and recombination are insignificant@see Fig.
1~b!#. Thus, the initial photocurrent rise is determined by t
generation and drift of free carriers, resulting in

d jphoto

dt
5meE

fal

hc
I . ~3!

FIG. 1. ~a! Experimental photocurrent transients~open squares!
with single pulse illumination, measured at an intensity
100 mW cm22 and an electric field of 25 Vmm21. Also shown are
the results of numerical simulations with Eqs.~1! and ~2! ~lines!,
assuming three different hole mobilities. All other parameters w
varied to give the best agreement to the experimental data. Fur
deep trap filling was neglected by setting,M50. ~b! The rates
dr/dt for carrier generation~solid line!, trapping~dashed line! and
recombination~dotted line! according to Eqs.~1! and ~2!, for the
simulation with a mobility ofm51.731025 cm2 V21 s21.
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With f50.13 measured by xerographic experiments a
field of 25 V/mm, the best fit was obtained for a hole mob
ity of m51.731025 cm2/V s.

The further evolution of the photocurrent transient is ch
acterized by two processes associated with two time c
stants and two plateau values. The analysis of the trapp
and recombination rates from the theoretical simulat
shows that the first plateau appearing after around 0.1 m
characterized by the equality of the generation rate and
trapping rate@see Fig. 1~b!#, yielding

rP1'
faI

hngTT
. ~4a!

In the second plateau~appearing at the end of the pulse!, the
density of filled shallow trapsT1 has reached its steady-sta
value and the generation rate is equal to the recombina
rate, resulting in

rP2'
faI

hngRT1 . ~4b!

If one further presumes that all hole traps are filled at the
of the pulse (T15T), the ratio between the hole densities
the first and the second plateau and of the correspon
photocurrent densitiesj P1 and j P2 ~assuming a constant mo
bility ! is proportional to the ratio of the recombination coe
ficient gR and the trapping coefficientgT : j P1 / j P2
>rP1 /rP25gR /gT . The observation that the photocurre
in the second plateau is larger than in the first plateau s
gests thatgT.gR , meaning that the trapping into shallo
traps is rapid.

In order to determine the full set of shallow trapping p
rameters, both the rise and the decay of the photocur
upon pulsed illumination was recorded. Figure 2 shows
experimental PC transients for a pulse length of around 6
and the simulations with either neglect or inclusion of d
trapping. Values ofgR , gT , T, andbT were determined by
varying these parameters independently to give the b

f

e
er,

FIG. 2. Photocurrent density measured at 25 Vmm21 and a
light intensity of 100 mW cm22 ~open squares!. Lines show simu-
lations according to Eqs.~1! and ~2! assuming only shallow traps
(M50) and including detrapping~solid line!, or without detrapping
(bT50) ~dashed line!.
6-3
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agreement with the results of single pulse experiments. T
procedure yielded gR5(1.060.2)310211 cm3 s21, gT

5(1.660.4)310211 cm3 s21, T5(3.7560.5)31015 cm23,
and bT53006125 s21. Note that the value ofgR is rather
close to a value of 0.85310211 cm23 s21 as predicted for
Langevin-type recombination~assuming a dielectric constan
« of 3.5!. Based on the simulations and the shallow trapp
parameters, the follow conclusions can be drawn: Under
chosen illumination conditions, the shallow traps are fill
within few milliseconds, which is partially due to the exce
tionally large trapping coefficientgT for shallow traps. Fur-
thermore, the first sharp decay after switching off the lig
can be attributed to the fast recombination of free cha
carriers with ionized sensitizer molecules. The simulat
also shows that the following gradual decay of the photoc
rent is due to rapid detrapping from shallow traps.

B. Determination of deep trapping parameters

When the sample is illuminated using pulses longer th
around 10 ms, a gradual decay of the photocurrent is
served~see, e.g., Fig. 3!. Following the line of interpretation
in Ref. 25 we attribute this to an increase of the density
recombination centersS2 due to the filling of a second trap
ping levelM ~here denoted as deep traps!. While the analysis
of the photocurrent decay would only yield information o
the productgM3M , it was possible to extract values ofM
and of the ratiobM /gM independently from the intensit
dependence of the photocurrent under cw-illumination.

As can be seen from Eq.~5!, which is a simplified version
of the steady-state solution of Eqs.~2a!–~2c! for the caser
!M 1 ~further neglecting shallow trapping and sensitiz
depletion!, the slope of the intensity dependence of the p
tocurrent at high intensities is proportional toM 21 while the
initial sublinear dependence at low intensities as obser
experimentally~Fig. 4! can be assigned to detrapping:33

FIG. 3. Photocurrent densities measured at 25 Vmm21 and a
light intensity of 100 mW cm22 with a pulse length of 140 ms
~open triangles! and 400 ms~open circles!. Solid lines show simu-
lations according to Eqs.~1! and~2!, taking into account both shal
low and deep traps, and using the parameters in Table I.
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In order to deduce the deep trapping parameters, the ex
mental intensity dependence was analyzed with the ste
state solution taking into account both trap levels, result
in a third-order equation for the charge carrier densityr:

ar31br22cr5d ~6a!

with

a5gR~M1T!,

b5FgRS M
bT

gT
1T

bM

gM
D2f

aI

hnG ,
c5f

aI

hn S bT

gT
1

bM

gM
D ,

d5f
aI

hn S bT

gT
3

bM

gM
D . ~6b!

Note that Eq.~6! was derived in the limitr!M 1, T1, and
M1T!S. According to the values of the photophysical p
rameters listed in Table I, this approximation is indeed me
ingful.

Assuming a constant charge carrier mobility of 1
31025 cm2/V s and using values ofgR , gT , T, andbT as
determined from the simulations of short pulse experime
the best fit to the experimental intensity dependence of
photocurrent yieldedbM /gM5(1.460.2)31013 cm23 and
M5(1.560.2)31016 cm23. The value ofM compares well
with typical steady-state densities of ionized sensitize
measured in PR composites for the case that the EO c
mophores do not constitute traps.34 In our PR material, the
ionization potential of the used azobenzenes is larger tha

FIG. 4. Dependence of the steady-state photocurrent den
j photo ~open sqaures! on the illumination intensity. Also shown ar
simulations according to Eq.~5!, with ~solid line! and without ther-
mal detrapping~dashed line! from deep traps. The dotted line show
a simulation according to Eq.~6! taking into account both deep an
shallow traps.
6-4
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TABLE I. Photoelectric parameters obtained from the comparison of experimental photocurrent da
numerical simulations according to Eqs.~1!, ~2!, and~6!.

m
@cm2/Vs#

gR

@cm3/s#

Shallow traps Deep traps

gT

@cm3/s#
bT

@s21#
T

@cm23#
gM

@cm3/s#
bM

@s21#
M

@cm23#

1.731025 1.0310211 1.6310211 300 3.7531015 1.8310215 0.025 231016
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the TPD-PPV photoconductive host by at least 0.8 eV, i
the chromophores do not contribute to carrier trapping.

The value ofbM has been independently determined fro
double-pulse experiments with defined delay between
subsequent pulses as shown in Fig. 5. As expected, sh
delay timest reduce the photocurrent of the second pul
since the number of recombination sites increases with
density of filled traps. For further simulations, we have us
the time at which the photocurrent has recovered to 70%
the single-pulse level, yielding bM51/t50.025
60.005 s21. With the ratio ofbM /gM as determined above
the value of the deep trapping coefficient isgM5(1.8
60.2)310215 cm3 s21. Note, that the value oft compares
well with the typical delay timetd'50 s between the gat
pulses and the recording of the holograms in PR exp
ments, for which the effect of preillumination almo
vanished.18 This suggests that deep trap filling is the ma
process involved in the gating effect.

Compared to the coefficient for recombination and sh
low trapping, the deep trapping coefficient is very low. O
the other hand, detrapping from deep traps is significant e
at RT. One consequence of thermal detrapping is that
degree of trap filling in the steady state is a function of il
mination intensity. This, further, implies that the density
ionized sensitizer molecules will be a function of the lig
intensity. Further note that the intensity dependence bec
almost linear when the sample was cooled down to a t
perature belowTg . This suggests that detrapping from de
traps is assisted by molecular motion. A similar conclus
had been drawn from photocurrent and PR experiments

FIG. 5. Dependence of the photocurrent at the end of the sec
pulse on the delay time between two pulses in double-pulse illu
nation experiments~pulse length 100 ms!. The dashed line is a
guide to the eye.
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formed on PVK-based composites with glass-transition te
peratures below and above room temperature.35,36

Finally, these photoelectrical parameters have been v
fied by simulating photocurrent transients with differe
pulse lengths. As an example, simulations of a 140 ms an
a 400 ms pulse are compared to the experimental photo
rent transients in Fig. 3. The agreement is remarkable, ha
in mind that all parameters have been deduced assumi
constant~time-independent! mobility. However, note that a
better agreement to all single pulse measurements was
tained by slightly increasingM to 2.031016 cm23. This
value was used in the simulation of the PR properties
described below. The complete set of parameters is sum
rized in Table I.

Simulation of PR properties—0th-order parameters. In or-
der to understand the kinetics of grating formation and
effect of gating in the PR four-wave mixing experiments, t
temporal evolution of the density of free charge carriers a
of trapped carriers was simulated using Eq.~2! ~including
both shallow and deep traps!, using the writing conditions in
the holographic experiment as in Ref. 18~writing wave-
length 830 nm, grating periodicity 3.5mm, absorption coef-
ficient 5 cm21, total internal intensity 1.0 W/cm2, and ap-
plied external field 60 V/mm!. For the simulation, a quantum
efficiency of f50.25 as measured by xerographic expe
ments at a field of 60 V/mm was used. All other photophysi
cal parameters were deduced from the photocurrent exp
ments as described above, which were performed at a fie
around 27 V/mm. We like to point out that according to th
large number of investigations on the charge carrier mot
in organic materials, the mobility~and with that the trapping
coefficients! at the field used in the PR experiment is e
pected to be larger than at the field used for the photoph
cal investigations. Also, detrapping might be more efficie
at larger fields. We are well aware of these problems, wh
are mainly due to experimental constrains. Also, for expe
mental reasons, the wavelength of light utilized in our ph
tophysical studies was different from the wavelength of
writing laser and the light used for the homogeneous pr
lumination in the PR experiments. Nevertheless, we are
the opinion that the simulations outlined in the followin
provide a conclusive picture of the processes governing
PR growth in this PR composite.

Without preillumination, the simulated transient of the 0
Fourier component ofM 1 as shown in Fig. 6~a! is charac-
terized by a gradual increase extending over several orde
magnitude in time, accompanied by an increase in the d
sity of ionized sensitizer molecules@Fig. 6~c!#. The steady-
state is reached after more than 10 s. This behavior clo

nd
i-
6-5
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resembles the PR grating response shown in Fig. 1 of Re
@also included in Fig. 6~a!#. Even though the diffraction ef
ficiencyh is not a linear function of the 0th-order density
filled traps, the rather good agreement between the temp
evolution ofM 1 andh suggests that in the absence of pre
lumination, the PR signal growth is mainly determined
the homogeneous filling of deep traps.

In the second step, the effect of gating has been analy
by simulating transients immediately following preillumin
tion with various gating intensitiesI g ~gate pulse length 955
ms, l5633 nm, a5155 cm21). Based on the simulation
shown in Fig. 6, we conclude that the main effect of gating
the filling of deep traps, accompanied by the creation o
large homogeneous density of ionized sensitizer molecu
Apparently, the PR growth time after intense gating can
be correlated to any specific growth time of the 0th-ord
parameters. On the other hand, the gradual decay of the
efficiency for times larger than around 200 ms seems
closely match the decrease in the density of ionized se
tizer molecules@Fig. 6~c!#. Apparently, the density of ionized
sensitizer molecules limits the strength of the PR spa
charge field in the quasi-steady-state after the initial f
growth.

Simulation of PR properties and space charge field. For
illumination with a sinusoidal intensity pattern, the diffra
tion efficiency h in the holographic degenerate four-wa
mixing experiment is given by

FIG. 6. Simulated transients of the densities~0th order Fourier
components! of deep traps~a!, shallow traps~b!, and ionized sen-
sitizers~c!, after gating for 955 ms with an intensityI g of 0 ~solid
line!, 0.29 ~dashed line!, 1.45 ~dashed-dotted line!, and 5.2~dotted
line! W cm22. The arrows indicate increasing gate intensity. Al
shown are experimental PR diffraction scans~squares! without gat-
ing ~a! or after gating with an intensity of 5.2 W cm22 ~b!, ~c! as
taken from Ref. 18.
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l cosa i
D . ~7!

Here,d is the sample thickness,l is the wavelength of read
ing light, a i is the internal angle of the read beam, andDn1
is the first Fourier component of the spatial modulation
the refractive index. Note that Eq.~7! neglects the absorption
of light by the PR material. Further, in the limit oforienta-
tional enhancement, Dn1 is directly proportional to the first
Fourier component of the space charge fieldESC,1..

20 Then,
for diffraction efficiencies well below 100%,h should be
proportional to the square ofESC,1.

The kinetic ofESC,1 is determined by the temporal evolu
tion of the first-order Fourier components of the density
holes r1 , ionized sensitizersS1

2 , filled shallow trapsT1
1 ,

and filled deep trapsM1
1 :

ESC,1~ t !5
L

2p

e

«0«
@r~ t !1T1

1~ t !1M1
1~ t !2S1

2~ t !# ~8!

with L the grating periodicity. The relevant first-order de
sities as a function of time were calculated on the basis of
coupled system of nonlinear differential equations as p
lished in Refs. 25, 27. In this simulation, the coefficient
the field dependence of the generation efficiencyp was set to
0.9 as determined from the results of the xerographic d
charge experiments.

Figure 7 compares the predicted transient of (ESC,1)
2, cal-

culated by taking into account both shallow and deep tra
to the experimentally determined PR growth curves. With
gating, the simulation~solid line! explains the main growth
of the diffraction efficiency well~solid symbols!. Interest-
ingly, the first sharp step in the predicted transient associa
with shallow trap filling does not appear in the experimen
holographic growth curve. In fact, a better agreement to
experimental PR data is obtained when neglecting the c
tribution by shallow traps, while leaving all other paramete
unchanged~not shown here!. This particular result is not ye
understood and requires further investigations. Here,
would like to mention three possible explanations: First,

FIG. 7. Square of the space-charge field~first Fourier compo-
nent! according to simulations without gating~solid line! and im-
mediately after gating with an intensity of 5.2 W cm22 ~dotted line!,
using the parameters listed in Table I. The symbols depict the
perimental PR diffraction scans without gating~full squares! or af-
ter gating with an intensity of 5.2 W cm22 ~open squares! as taken
from Ref. 18.
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outlined above, the photoelectrical investigations have b
performed at different conditions~field, wavelength! than the
PR experiments. We have no information on the depende
of the shallow and deep tapping coefficients and detrapp
rates on the electric field. However note, that if, e.g., shal
detrapping became more rapid at higher electric fields~at the
PR writing conditions!, the degree of shallow trap occup
tion and with that the contribution to the space charge fi
would be smaller than determined from our simulations. S
ond, based on the rather large trapping coefficientgT one
might presume that the corresponding sites are charged
~e.g., ionic impurities, extended dipoles!. Those traps are no
considered in Schildkraut’s model used here. Finally, the
tial fast rise of ESC due to shallow trap filling might be
‘‘smeared out’’ by the slower chromophore dynamics as o
lined below.

After intense gating~with 5.2 W/cm2) the simulation pre-
dicts a rapid increase of the diffraction efficiency, followe
by a plateau and finally a gradual decay. The general sh
of the calculated transient compares well with the PR diffr
tion curve measured after intense gating. However note,
the experimental growth after gating is around a factor of
slower than the predicted growth time. Based on recent
lipsometric experiments37 we conclude that the PR respon
is now limited by the slower orientational dynamics of t
chromophores.

The simulation with the parameters listed in Table I yie
a maximum strength of the space charge field of around
V/mm. This is still well below the projection of the extern
field on the direction of the grating vector, yielding arou
30 V/mm. Unfortunately, the strength of the space cha
field in the present system is not known. Kimet al. have
recently measured the magnitude of the space charge fie
a photorefractive composite based on a poly@methyl-3-~9-
carbazolyl!propoylsilane# photoconduction matrix sensitize
with trinitrofluorone~TNF!.38 For an external electric field o
30 V/mm, this material exhibited a diffraction efficiency o
30%. Under these conditions, the space charge field
mated from a comparison of birefringence and PR exp
ments was around 6 V/mm. Thus, the magnitude ofESC ob-
tained from our simulations seems to be reasonable.

Simulation of PR properties—first-order parameters. At
this point the question arises which photophysical proces
limit the PR response time. Figures 8~a!, 8~b! compare the
0th and first-order Fourier components of the density of i
ized sensitizers and filled deep traps. For simplicity, shal
trap filling has not been considered in this simulation. Wi
out gating, the first-order component dominating the rise
the space charge field is the spatial modulation of the den
of ionized sensitizer moleculesS1

2 . Even after 10 s, the spa
tial modulation in the ionized sensitizer concentration e
ceeds that of the first Fourier component of deep trap oc
pation. Further, the first Fourier component of the density
filled traps is much smaller than the 0th-order compone
meaning that the occupation of deep traps is almost cons
in space.

According to our simulations, the main process contr
ling the build-up of the space charge field is the homogen
filling of deep trapsM (t). This process concurrently create
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a large density of negatively charged ionized sensitizer m
eculesS(t) which finally forms the space charge field@be-
cause the filling of shallow traps was neglected and the
carrier density is low, on the order of 1014– 1015 cm23, M (t)
is comparable toS(t)]. Note that a major prediction o
Schildkrauts model is that the steady-state saturation fi
~the maximum possible space charge field! is linearly propor-
tional to the density of filled traps.28,36 Since the kinetics of
free holes is fast~compared to the trapping and detrapping! it
is meaningful to propose that the density of filled traps a
limits the space charge field during the holographic grat
growth discussed here. In fact, the simulations in Fig. 8 sh
that the growth of the space charge field adiabatically f
lows the homogeneous filling of deep traps.

Assuming that all photogenerated carriers contributed
homogenous trap filling, the time needed to photogene
the number of carriers necessary to fill all deep traps is
proximately determined by

DM

Ddt
'

M

tgrowth
>

faI

hn
~9a!

resulting in

tgrowth5
hn

faI
M . ~9b!

Under the experimental PR writing conditions,tgrowth is pre-
dicted to be few milliseconds, only. This is orders of mag
tude faster than the observed PR growth time without pr
lumination. However, according to our studies, the de

FIG. 8. Simulated transients of the densities~0th and first-order
Fourier components! of deep filled traps and ionized sensitize
without ~a! and after gating for 955 ms with an intensityI g of
5.2 W cm22 ~b!. In this calculation, the density of shallow traps w
set to zero.
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L. KULIKOVSKY et al. PHYSICAL REVIEW B 69, 125216 ~2004!
trapping capture coefficientgM is much smaller than the re
combination coefficientgR . Therefore, most carriers recom
bine with ionized sensitizer molecules before occupying
deep trap. WithgM /gR around 1/5000, the time to fill al
deep traps is estimated to be of the order of seconds, in g
agreement to the experimental PR growth time.

Intense gating with homogenous illumination creates
large density of ionized sensitizer molecules and deep t
S1

2 and M 1. The PR dynamics is then determined by t
rapid growth ofS1

2 , caused by the efficient neutralization
ionized sensitizer molecules in the dark regions by f
charge carriers generated in the bright grating areas. In
the modulation of the density of trapped charges, as
pressed byM1

1 remains very low throughout the whol
simulation. This can be understood by the fact, that a
intense gating the degree of deep trap filling is close to s
ration. Therefore, the build up ofM1

1 requires detrapping
from deep traps, which is a slow process.

Under the assumption that the density of filled traps d
ing writing remains almost constant, the PR speed is enti
governed by the generation of charges and their recomb
tion with ionized sensitizer molecules. The latter proces
described by the coefficientgR . Compared to the slow dee
trap filling governing the charge carrier dynamics in the c
without preillumination, the gain in PR growth speed up
gating should, therefore, be related to the large ratio of
coefficients for carrier recombination and trapping. Howev
note that the initial growth of the signal in the PR expe
ments considered here is partially determined by the ch
mophore dynamics, and a quantitative comparison of
growth times with and without gating is not meaningful.

Simulation of PR properties–PR growth time and decay.
At this point, we would like to finally comment on the sig
nificance of various photophysical parameters in determin
the PR growth and decay, without and with gating. Figur
shows simulations of (ESC,1)

2 for different combinations of
gM and bM . As outlined above, the main process limitin
the growth of the space charge field without gating is
competition between trapping of charges in deep traps

FIG. 9. Square of the space-charge field~first Fourier compo-
nent! according to simulations without and with intense gatin
simulated with different combinations of the deep trapping coe
cient gM and the detrapping ratebM . All other parameters are
identical to those in Table I.
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recombination with ionized sensitizer molecules. Therefo
the initial growth of (ESC,1)

2 should depend strongly on th
chosen value ofgM . This is clearly expressed by the signifi
cant shortening of the PR growth time when increasinggM
from 2310215 to 5310215 cm3 s21. On the other hand, in-
creasing the detrapping coefficientbM mainly slows down
the growth at longer times. Moreover, a larger value ofbM
implies a lower degree of deep trap filling in the steady st
and, concurrently, a smaller steady-state space charge fi

After intense gating, the predicted PR growth is main
governed by the generation and recombination kinetics. C
sequently, varying the values ofgM andbM does not signifi-
cantly alter the PR growth time. However, increasingbM
strongly affects the gradual decay of the space charge
and, eventually, the steady-state value ofESC,1. This decay is
due to the fact that the degree of trap filling~and thus of the
density of ionized sensitizer molecules! in steady state de
pends on the light intensity, as mentioned above. Theref
the values ofM 1 andS2 after intense gating are predicted
exceed the equilibrium densities at the more moderate w
ing conditions used in the PR experiment. Consequen
both the experimental and simulated PR response after
tense gating exhibit a gradual decay due to carrier detrap
from deep traps and recombination with ionized sensitize
IncreasingbM largely accelerates this decay, while a larg
value ofgM mainly increases the diffraction efficiency in th
steady state.

We, finally, would like to note that the agreement betwe
the simulated transients of (ESC,1)

2, using the photophysica
parameters deduced from the photocurrent experiment
described above, and the diffraction efficiencies publish
earlier18 is remarkably good for intermediate times betwe
around 100 ms and 10 s. For shorter times, the PR resp
is apparently limited by the orientational dynamics of t
chromophores, which was not taken into account in th
simulations. However, the deviation between the simulati
and the experimental results for longer times (t.10 s) is yet
not understood. We presume that an additional deep trap
level exists, with an even slow detrapping dynamics, wh
becomes predominately occupied during intense gating. P
tophysical experiments covering a larger time range nee
be performed to reveal the reason for this discrepancy.

V. CONCLUSIONS

In conclusion, all photophysical parameters relevant to
PR growth in a PPV-based PR composite have been de
mined from a combination of photocurrent experimen
Based on these parameters, the growth of the space ch
field has been simulated, taking into account the effect
preillumination ~gating!. Without preillumination, the PR
growth is governed by the filling of deep traps~Fig. 10!. This
process concurrently generates the large density of ion
sensitizer molecules, necessary for the build up of the sp
charge field. The ratio between the coefficients for deep tr
ping and for the recombination of free charges with ioniz
sensitizer molecules is identified to be a major factor cont
ling the PR speed without preillumination. Gating create
large homogeneous density of ionized sensitizer molec

,
-
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due to deep trap filling~Fig. 11!, with the PR growth time
now being determined by the kinetics of neutralization
these molecules by free charge carriers. Our simulations
also well explain the long-term decay of the PR diffracti
efficiency after intense gating. It is due to the fact that
degree of trap filling in steady-state depends on the illu
nation intensity. Under the experimental conditions used
Ref. 18 the degree of trap filling and with this the density
ionized sensitizer molecules is larger after intense ga
than under the more moderate writing conditions.

We, finally, would like to comment on the applicability o
alternative models to determine the PR growth time in t
system. According to Yeh,39 there is a fundamental limit fo
grating formation given by the time required to generate
space-charge density that causes the steady-state s
charge field across one grating period. All other proces
namely, charge transport, charge trapping, and chromop
orientation are assumed to occur instantaneously after
photogeneration of the charge carriers as any finite time
volved in these processes can only lengthen the forma
time of the grating. Under these assumptions the fundam
tal limit for the growth time is given by

tSC5
2«0«ESC

eL

\v

afI
. ~10!

With ESC around 20 V/mm, this limit can be estimated to
around 1 ms, well below the measured PR growth time w
out gating. This discrepancy is expected since Yeh’s mo
neglects the effect of homogenous trap filling and car
recombination. Consequently, the prediction by Yeh’s mo

FIG. 10. PR grating formation in the absence of gating.~a!
Material does not contain any charges before the PR experimen~b!
PR grating formation is governed by filling of traps and the creat
of a spatially modulated ionized acceptor density.
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is unable to describe the PR growth without gating, b
yields a growth time in rather good agreement to our sim
lation after intense gating.

Alternatively, the simplest version of Kukhtarev26 taking
onto account one trapping level has been used to describ
growth times in organic PR materials. Neglecting contrib
tions by carrier diffusion, the growth of the space char
field is given by

tSC5
«0«

emr F11S 2p

L
LDD 2G ~11!

with LD the drift length of free carriers, which is equal t
mtDE. Here, tD is the lifetime of carriers, determined b
trapping and recombination. If one uses values forr andtD
as calculated under the steady-state PR writing conditio
the magnitude oftSC is of the order of few milliseconds
Again, this is far below the observed PR growth time. W
presume that the failure of this simple model to describe
photorefractive growth kinetics is mainly due to two effec
Assuming only one trapping level, the carrier dynamics
Kukhtarev’s model is determined by the photoinduced
trapping of carriers, the drift and the trapping of these ca
ers. This implies, that the grating dynamics is mainly go
erned by the crosssection for photoinduced detrapp
~which corresponds to the generation coefficients in the

n

FIG. 11. PR grating formation in the presence of gating.~a! As
a result of uniform illumination, the material contains homog
neously distributed charges before the PR experiment.~b! PR grat-
ing formation is governed by neutralizing primarily the ionized a
ceptor density in the dark regions.
6-9
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Schildkraut model! and the coefficient for trapping~which is
identical to the trapping coefficientgT or gM). On the other
hand, carrier recombination as described by the coeffic
gR is not contained in this model. In our case, recombinat
is fast and a vast fraction of photogenerated carriers rec
bines before being trapped. Second, Kukhtarev’s mode
based on the redistribution of a constant number of cha
carriers~as supplied by a given density of donor sites!. In
contrast to that, the initial density of charge carriers~mobile
and trapped! in organic PR materials is very low. In fac
since the number of carriers is determined by the competi
between generation and recombination, the average de
of carriers is a strong function of time~and intensity!. We,
therefore, presume that the one level Kukhtarev model is
applicable to a vast majority of organic PR composites.

We, finally, want to point out that pronounced effects
preillumination on the PR properties have been reported
others.3,21,25,34,40,41In most of these cases, preilluminatio
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