PHYSICAL REVIEW B 69, 125216 (2004

Photocurrent dynamics in a polyphenylene vinyleng-based photorefractive composite
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All parameters describing the charge carrier dynamics in a(pbgnylene vinylenebased 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.
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I. INTRODUCTION When the two writing beamgévavelength 830 nm, total ex-
ternal write-beam intensity 3.27 W/@&nin the four-wave
The photorefractivéPR) effect is the spatial variation of mixing experiment were switched on simultaneously, the ma-
the refractive index in an electrooptically active material interial exhibited a rather slow response with grating build-up
response to the formation a space-charge field in a photocotimes in the range of seconds. If, however, the sample was
ductor upon nonuniform illumination with light. This effect homogeneously preilluminated at 633 nm with a pulse of
involves several photophysical processés: the photoge- approximatey 1 s length and a light intensity of 5.2 W/ém
neration of charge carriergb) transport and trapping of an almost 4& improvement in recording speed was ob-
these charges, resulting in the buildup of a space charge fielgerved. This effect was explained by the creation of a uni-
and(c) creation of a refractive index contrast due to electro-form distribution of mobile charge carrier§n this case
optical (EO) effects. Because these processes are fully reholes upon preillumination, which is spatially modulated by
versible, PR materials have been intensively studied witihe intensity pattern of the two interfering writing beams.
respect to their application in holography, data storage and In this paper we provide the quantitative understanding of
time-gated holographic imagingrGHI).!~* While the PR  the processes governing the build-up of the space charge
effect in inorganic crystals has been known for 30 years, théield, either without or with preillumination. We present a
first polymer exhibiting PR properties was reported in 1991. detailed study of the parameters describing trapping, detrap-
Since then, the efficiency of PR composites based on polyPing and recombination in this PR composite. It is shown
meric or glassy-organic materials has been considerably infhat without preillumination, the temporal evolution of the
proved, reaching values of close to 106%" In order to  Space charge field is mainly governed by the filling of deep
exhibit the PR effect, these materials must contain differentraps, in competition with the recombination of the photoge-
functional moieties, providing photosensitivity, charge trans-nerated charges with ionized sensitizer molecules. Our re-
port, and electrooptical properties. Most of the organic PReults further show that the improvements in PR speed upon
composites reported by now consist of low molecular weighireillumination are mainly caused by the filling of these
charge-transporting moieties covalently attached to a passiV&aps, resulting in a large and homogenous density of ionized
polymeric backbone such as in polyvinylcarbaz@®/K) or ~ sensitizer molecules.
polysiloxane$:® Alternatively, photorefractive molecular
glasses have been reported, which combine the charge- Il. THEORY
transporting moiety and the electrooptically active unit in '
one moleculé?** More recently, main chain conjugated  While the large diffraction efficiencies observed in several
polymers have been introduced as fast and efficient PRR composites can be well understood by the orientation of
materials>~18 chromophores with a large anisotropy of the molecular po-
However, until recently, no PR materials exhibited a largelarizability by the space charge fielthe so-called orienta-
PR response combined with a fast response in the near infréional enhancement effa®1%?the factors controlling the
red, a wavelength range particularly attractive for the invesPR response time are discussed controversiaify. Both,
tigation of biological samples with TGHI. In a recent work, the theory by Kukhtaretf originally developed to describe
Mecher et al. demonstrated a near-infrared-sensitive PRthe PR response in inorganic materials, as well as Schild-
polymer composite based on a photoconductivekraut's model for organic PR composité$® have been used
poly(phenylene-vinylene copolymer (TPD-PPV},X® sensi- in an attempt to correlate photophysical parameters and char-
tized with the highly soluble fullerene derivativCBM).*®  acteristic PR growth times:?°*~*'The latter model involves
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several basic photophysical steps such as the photogenerguation 1 b implies charge neutrality. All variables and pa-
tion of free charge carriers on the photoconductive host viaameters are assumed to be constant throughout the whole
photoionization of sensitizer molecules, the drift of theselayer thickness.

charges and trapping into neutral traps, and finally detrap- |n the work by Ostroverkhova and Sing@rthe genera-
ping from these traps and recombination with ionized sensition efficiency¢ and the carrier mobility. were measured as
tizer molecules. The kinetics of these processes is governeg function of electric field using xerographic discharge and
by various parameters such as the total density of traps angine.-of-flight experiments. Further, the values of the param-
the coefﬁcu_ents for carrier trapping, thermal detrapplng, antsters v, Bty Bu, yrXT, and yy XM were determined
recombination. Therefore, the complete understanding of the |\ i1 analysis of the characteristics growth times of

response of a PR composite requires knowledge of all 0gingle pulse transient photoconductivity experiments. How-

thelieaqr%acgtgt'esé er Ostroverkhova and Singer have studieever’ their analysis did not allow for an independent deter-
paper, 9 ination of trap densities and trapping coefficients.

the photocurrent dynamics and the PR growth characteristics In the following, we demonstrate that all parameters de-

of various PVK-based_ F.)R .mat_ene%FS.Thgy were able to. scribing trapping and recombination can be determined ex-
correlate the characteristic rise times of single-pulse trans'erbterimentally using single-pulse, double-pulse, and cw-

pEotqcurrent experiments to the values of various photo; hotoconductivity experiments. Further, these parameters are
physical parameters relevar!t to the PR growth. Fgrther, o sed to simulate the growth of the space charge field under
agreement between experimental PR growth times an e experimental conditions as reported in Ref. 18

model predictions could be substantially improved by intro- B

ducing a second trapping level into Schildkraut’s theory. As
outlined in the following, this model is also appropriate to
describe the charge carrier kinetics in the TPD-PPV-based

composite studied here. The photorefractive composite studied here is based on a
Assuming that the absorption of the material is quite low,photoconductive polphenylene-vinylenecopolymer(TPD-

the beam intensity can be considered to be constant througppy) (Ref. 19 (56 wt.%), an eutectic mixture of two

out the whole layer thickness. If one, further, assumes thajzohenzene EO  chromophores[2,5-dimethyl¢4-p-

the sensitizer acts as a deep electron trap, the phOtOCUrremﬂﬁrophenylazﬁyanisole and 3-methoxga-p-nitrophyslazp

solely determined by the motion of holes in the polymergnjsole, wt. ratio 1:1, 30 wt. % total concentrafjpthe plas-

matrix. Then, the transient photoconductivity can be deticizer diphenyl-phthalaté13 wt.% and a highly soluble

IIl. EXPERIMENTAL

scribed by the following set of equations:

jphot&t)zep(t)ME: (1a)
p()=S (1)=T (t)—M"(1), (1b)
S~ (1) . _
at =sl(t)[S=S (1) ]—yrp(1)S (1), (29)
ITH(t
(?t( )=va(t)[T—T+(t)]—BTT+(t). (2b)
IM™(t) . .
ot =ymp(H[M-=MT()]-BuM"(1). (20

Here,p is the density of mobile holes,the light intensitye
the elementary charggy the mobility of free holesk the
applied electric fieldS the initial density of sensitizer mol-
ecules,S™ the density of ionized sensitizer§,” and T the

fullerene derivativd PCBM, 1 wt. % as the sensitizéf The
resulting composite has a glass transition temperalyref
10°C. For this composition, a sensitizer dens@yof 8
X 10* cm~2 was calculated.

For our studies, the material was sandwiched between two
ITO-coated glass substrates, yielding a thickness of the ac-
tive layer of 37um. All photoconductivity experiments were
performed at room temperature by illumination with a diode-
laser(spot size around 0.04 @noperating at a wavelength
of 690 nm and an intensity of 5—200 mW/€mAt this
wavelength the absorption coefficieatis 50 cm *, which
allowed us to perform fast transient photocurrent measure-
ments at moderate intensities with homogeneous light inten-
sity throughout the active layer. Note that the PR experi-
ments published in Ref. 18 had been performed with a
writing wavelength of 830 nm and a gating wavelength of
633 nm.

A constant electric field of up to 27 Wm was applied
around 60 s before starting the transient photocurrent experi-
ments. Under these conditions the dark current was around

densities of filled shallow traps and the total densities 0f0.5x 10" A/cm?, well below the typical photocurrents. The

shallow traps, respectiveliyl © andM the densities of filled

light pulses were formed by an electro-optical modulator

deep traps and the total densities of deep traps, respectively.M0202P from Lino$ controlled by a pulse generatgkgi-
vr and yy, the trapping coefficients for shallow and deeplent 33120A. The time evolution of the photocurrent was
traps,Bt and By, the corresponding thermal detrapping rates,measured with a digital storage oscilloscdjektronix 210

and yg the recombination coefficient. Further, the factor
describing photogeneration is given by ¢paN/hcS(in the

limit of low absorption, with ¢ the quantum efficiency of
photogenerationg the absorption coefficienty, the wave-

length of light, ancc the speed of light in vacuum. Note that charge experiments have been performed

using a photocurrent multiplie(P9202-4 from Gigahertz-
Optik). The electric field was applied with a source-measure
unit (Keithley 237, which also served as the electrometer in
the dc-photoconductivity experiments. Xerographic dis-
to deter-
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FIG. 1. (a) Experimental photocurrent transieritgoen squargs o 0 i

with single pulse illumination, measured at an intensity of
100 mW cm 2 and an electric field of 25 Yem™ 1. Also shown are
the results of numerical simulations with Eq4) and (2) (lines),

Time [ms]

assuming three different hole mobilities. All other parameters ware £z 2. Photocurrent density measured at 26N~
varied to give the best agreement to the experimental data. Furthquht intensity of 100 mW cm? (open squardsLines show simu-

and a

deep trap filling was neglected by settingl,=0. (b) The rates
dp/dt for carrier generatioisolid line), trapping(dashed lingand
recombination(dotted ling according to Eqs(1) and (2), for the
simulation with a mobility ofu=1.7x10"°% cm?V~1s™ 1,

lations according to Eq€1) and (2) assuming only shallow traps
(M=0) and including detrappingsolid line), or without detrapping
(B+=0) (dashed ling

With ¢=0.13 measured by xerographic experiments at a
mine the quantum efficiency as a function of the electric field of 25 V/um, the best fit was obtained for a hole mobil-
field.32 ity of ©u=1.7x10"% cm?/Vs.

The further evolution of the photocurrent transient is char-
acterized by two processes associated with two time con-
IV. RESULTS AND DISCUSSIONS stants and two plateau values. The analysis of the trapping
and recombination rates from the theoretical simulation
shows that the first plateau appearing after around 0.1 ms is
characterized by the equality of the generation rate and the
A typical photocurrent transient for short-pulse illumina- trapping ratgsee Fig. 1b)], yielding
tion is shown in Fig. 1a). It is characterized by a continuous
growth of the photocurrent. As outlined in the following, the - pal (42
photocurrent transients for single pulses of up to 10 ms du- Pr1 hvy:T"
one apping Speciehers denoted as shallow rgna re. 1 {he second plateaiappearing at the end of the pulsthe
combination of the charge carriers with ionized sensitizeldenSIty of filled shallow traps has reached its steady-statg
molecules. value and _the generation rate is equal to the recombination
The experimental transients of the photocurrent densit)yate' resulting in
jphotdt) could be satisfactorily modeled using Eq$) and bal
(2) with settingM =0. Interestingly, a good agreement with Ppr~ ———. (4b)
the experimental results was only possible within a rather hvyrT

narrow range of mobilities, regardless of the choice of alli one further presumes that all hole traps are filled at the end
other variable parameters. To illustrate this point, we havgy the pulse T*=T), the ratio between the hole densities in
simulated the experimental transients with E@3.and(2),  the first and the second plateau and of the corresponding
varymg.all parameters expect the mobility. The results argyhotocurrent densitiel; andjp, (assuming a constant mo-
shown in Fig. 1a) for three different values oft. Appar- pjjity) is proportional to the ratio of the recombination coef-
ent_Iy, the |n|t|a_l rise of th_e_ ph_otocurrerjt_ can be only de-ficient vy and the trapping coefficientyr: jp1/jps
scrlbgg by using a mobility in the vicinity of 1.5-1.9 —~,  /, —._ /y.. The observation that the photocurrent
x10°° cé/V s. This large sensitivity of the initial slope t0 j, the second plateau is larger than in the first plateau sug-
the value ofu is due to the fact that in this early stage of gests thaty;> yg, meaning that the trapping into shallow
illumination, the density of free holes and thus the rates fortraps is rapid.
carrier trapping and recombination are insignificesete Fig. In order to determine the full set of shallow trapping pa-
1(b)]. Thus, the initial photocurrent rise is determined by therameters, hoth the rise and the decay of the photocurrent
generation and drift of free carriers, resulting in upon pulsed illumination was recorded. Figure 2 shows the
experimental PC transients for a pulse length of around 6 ms
) and the simulations with either neglect or inclusion of de-
dehoto: equa)\l 3) trapping. Values ofyg, yt, T, and Bt were determined by
dt K he varying these parameters independently to give the best

A. Determination of free carrier mobility and shallow
trapping parameters
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FIG. 4. Dependence of the steady-state photocurrent density
FIG. 3. Photocurrent densities measured at 26V > and a I photo (OPEN Sgaurgson the illumination intensity. Also shown are
light intensity of 100 mW cm? with a pulse length of 140 ms Simulations according to E¢5), with (solid line) and without ther-
(open trianglesand 400 mgopen circles Solid lines show simu-  Mal detrappinddashed lingfrom deep traps. The dotted line shows
lations according to Eqs1) and(2), taking into account both shal- @ simulation according to E¢6) taking into account both deep and

low and deep traps, and using the parameters in Table I. shallow traps.
agreement with the results of single pulse experiments. This p(1)= sS| [1+ /1+ 4yrM By . ®)
procedure vyielded yg=(1.0+0.2)x10 " cmPs™t, y; 2ygM sSlym

=(1.6:0.4)x10 1 em*s !, T=(3.75-0.5)x 10" cm 3,

. h i h i-
and ;= 300+ 125 s 1. Note that the value o is rather In order to deduce the deep trapping parameters, the experi

mental intensity dependence was analyzed with the steady-

—11 —3 o1 H
close to a value of 0.8810 =" cm “s * as predicted for 540 gojution taking into account both trap levels, resulting
Langevin-type recombinatiofassuming a dielectric constant ;, 4 third-order equation for the charge carrier dengity
¢ of 3.5). Based on the simulations and the shallow trapping

parameters, the follow conclusions can be drawn: Under the ap3+bp2—cp=d (6a)
chosen illumination conditions, the shallow traps are filled

within few milliseconds, which is partially due to the excep- With

tionally large trapping coefficieny; for shallow traps. Fur-

thermore, the first sharp decay after switching off the light a=yr(M+T),

can be attributed to the fast recombination of free charge

carriers with ionized sensitizer molecules. The simulation b v BT B _¢a_|
also shows that the following gradual decay of the photocur- TR Y1 VM hy|’
rent is due to rapid detrapping from shallow traps.
al
= d)h_ ( & + 'B_M) ,
14
B. Determination of deep trapping parameters LANRAL
When the sample is illuminated using pulses longer than al [Br Bw
around 10 ms, a gradual decay of the photocurrent is ob- :¢m Y_T },_M . (6b)

served(see, e.g., Fig.)3 Following the line of interpretation

in Ref. 25 we attribute this to an increase of the density ofNote that Eq.6) was derived in the limip<M™*, T*, and
recombination centerS™ due to the filling of a second trap- M+ T<S. According to the values of the photophysical pa-
ping levelM (here denoted as deep trap#/hile the analysis rameters listed in Table I, this approximation is indeed mean-
of the photocurrent decay would only yield information on ingful.

the productyy XM, it was possible to extract values bf Assuming a constant charge carrier mobility of 1.7
and of the ratioBy, /vy independently from the intensity x 10 ° cm?/Vs and using values ofg, y7, T, and 37 as
dependence of the photocurrent under cw-illumination. determined from the simulations of short pulse experiments,

As can be seen from E¢p), which is a simplified version the best fit to the experimental intensity dependence of the
of the steady-state solution of Eq®a)—(2c) for the casep  photocurrent yieldedBy, / yy=(1.4+0.2)x 103 cm™2 and
<M™* (further neglecting shallow trapping and sensitizerM = (1.5+0.2)x 10'® cm~3. The value ofM compares well
depletion, the slope of the intensity dependence of the phowith typical steady-state densities of ionized sensitizers,
tocurrent at high intensities is proportionald * while the  measured in PR composites for the case that the EO chro-
initial sublinear dependence at low intensities as observethophores do not constitute traffsln our PR material, the
experimentally(Fig. 4) can be assigned to detrappitiy: ionization potential of the used azobenzenes is larger than of
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TABLE I|. Photoelectric parameters obtained from the comparison of experimental photocurrent data and
numerical simulations according to Ed4), (2), and(6).

Shallow traps Deep traps
M YR A Bt T ™M Bwm M
[c?/Vs] [cm®/s] [cm®/s] [s71] [cm 2] [cm®/s] [s'] [cm?]

1.7X10°° 1.0x10°  1.6x10° % 300 3.75¢10%  1.8x10°'® 0.025 2x10'®

the TPD-PPV photoconductive host by at least 0.8 eV, i.e.formed on PVK-based composites with glass-transition tem-
the chromophores do not contribute to carrier trapping. peratures below and above room temperatoifé.

The value ofgy has been independently determined from  Finally, these photoelectrical parameters have been veri-
double-pulse experiments with defined delay between théed by simulating photocurrent transients with different
subsequent pulses as shown in Fig. 5. As expected, shortpulse lengths. As an example, simulations of a 140 ms and of
delay timesr reduce the photocurrent of the second pulsea 400 ms pulse are compared to the experimental photocur-
since the number of recombination sites increases with theent transients in Fig. 3. The agreement is remarkable, having
density of filled traps. For further simulations, we have usedn mind that all parameters have been deduced assuming a
the time at which the photocurrent has recovered to 70% ofonstant(time-independentmobility. However, note that a
the  single-pulse level, vyielding By=1/7=0.025 better agreement to all single pulse measurements was ob-
+0.005 s, With the ratio of8 /vy as determined above, tained by slightly increasindVl to 2.0x 10'® cm™3. This
the value of the deep trapping coefficient i§,=(1.8 value was used in the simulation of the PR properties as
+0.2)x10 ¥ cm®s L. Note, that the value of compares described below. The complete set of parameters is summa-
well with the typical delay timey=50 s between the gate rized in Table I.
pulses and the recording of the holograms in PR experi- Simulation of PR properties—Oth-order parameténsor-
ments, for which the effect of preillumination almost der to understand the kinetics of grating formation and the
vanished® This suggests that deep trap filling is the majoreffect of gating in the PR four-wave mixing experiments, the
process involved in the gating effect. temporal evolution of the density of free charge carriers and

Compared to the coefficient for recombination and shal-of trapped carriers was simulated using E2). (including
low trapping, the deep trapping coefficient is very low. Onboth shallow and deep trapsising the writing conditions in
the other hand, detrapping from deep traps is significant evethe holographic experiment as in Ref. 1@&riting wave-
at RT. One consequence of thermal detrapping is that theength 830 nm, grating periodicity 3,am, absorption coef-
degree of trap filling in the steady state is a function of illu-ficient 5 cm %, total internal intensity 1.0 W/cfp and ap-
mination intensity. This, further, implies that the density of plied external field 60 \itm). For the simulation, a quantum
ionized sensitizer molecules will be a function of the light efficiency of ¢=0.25 as measured by xerographic experi-
intensity. Further note that the intensity dependence becanmaents at a field of 60 \/m was used. All other photophysi-
almost linear when the sample was cooled down to a temeal parameters were deduced from the photocurrent experi-
perature belowl ;. This suggests that detrapping from deepments as described above, which were performed at a field of
traps is assisted by molecular motion. A similar conclusionaround 27 Vim. We like to point out that according to the
had been drawn from photocurrent and PR experiments pelarge number of investigations on the charge carrier motion
in organic materials, the mobilittand with that the trapping
coefficient$ at the field used in the PR experiment is ex-
- pected to be larger than at the field used for the photophysi-
3.5¢ o 1 cal investigations. Also, detrapping might be more efficient
e at larger fields. We are well aware of these problems, which

plotted | are mainly due to experimental constrains. Also, for experi-
photocurrent mental reasons, the wavelength of light utilized in our pho-
l tophysical studies was different from the wavelength of the
. writing laser and the light used for the homogeneous preil-
‘!— F—L lumination in the PR experiments. Nevertheless, we are of
] the opinion that the simulations outlined in the following
. timel provide a conclusive picture of the processes governing the
250 500 PR growth in this PR composite.
: Without preillumination, the simulated transient of the Oth
Delay time [s] Fourier component oM™ as shown in Fig. @) is charac-

FIG. 5. Dependence of the photocurrent at the end of the secorigfized by a gradual increase extending over several orders of
pulse on the delay time between two pulses in double-pulse illumiinagnitude in time, accompanied by an increase in the den-
nation experimentgpulse length 100 ms The dashed line is a Sity of ionized sensitizer moleculg&ig. 6(c)]. The steady-
guide to the eye. state is reached after more than 10 s. This behavior closely

Jpero [MAVCM?]
w
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N
(8]
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i FIG. 7. Square of the space-charge fi€lidst Fourier compo-
nend according to simulations without gatingolid line) and im-
mediately after gating with an intensity of 5.2 W ch(dotted ling,
using the parameters listed in Table I. The symbols depict the ex-
perimental PR diffraction scans without gatiffgll square$ or af-

— ter gating with an intensity of 5.2 W cn? (open squarésas taken

s from Ref. 18.

[

WdAnl
=sir? 7
- K ()\ COSai) @

0% 100 107 10T 100 10
Time [s] Here,d is the sample thickness,is the wavelength of read-
_ ] ] _ ing light, «; is the internal angle of the read beam, axal;
FIG. 6. Simulated transients of the densit{@sh o_rde_r Fourier s the first Fourier component of the spatial modulation of
componentsof deep trapga), shallow trapsb), and ionized sen- o refractive index. Note that E€7) neglects the absorption
sitizers(c), after gating for 955 ms with an intensity of 0 (solid of light by the PR material. Further, in the limit ofienta-
line), 0.29 (dashed ling 1.45(dashed-dotted lineand 5.2(dotted . L ' ) -
tional enhancementAn, is directly proportional to the first

line) Wcem™2. The arrows indicate increasing gate intensity. Also . .
) g9 Y Fourier component of the space charge qugtl_.zo Then,

shown are experimental PR diffraction scésguareswithout gat- . . . .
ing (a) or after gating with an intensity of 5.2 W ciA (b), () as for dlffl’.aCtIOI’] efficiencies well below 100%y should be
taken from Ref. 18. proportional to the square &sc ;.

The kinetic ofEgc ; is determined by the temporal evolu-
resembles the PR grating response shown in Fig. 1 of Ref. 1on of the first-order Fourier components of the density of
[also included in Fig. @]. Even though the diffraction ef- holesp,, ionized sensitizers; , filled shallow trapsT; ,
f!C|ency 7 is not a linear function of the Oth-order density of 5 filled deep trapM; :
filled traps, the rather good agreement between the temporal
evolution of M * and 7 suggests that in the absence of preil- A e
lumination, the PR signal growth is mainly determined by ESC,l(t):ﬂ;[p(t)"'-r;(t)"'Mr(t)_sl_(t)] 8
the homogeneous filling of deep traps. 0

In the second step, the effect of gating has been analyzeslith A the grating periodicity. The relevant first-order den-
by simulating transients immediately following preillumina- sities as a function of time were calculated on the basis of the
tion with various gating intensitiek, (gate pulse length 955 coupled system of nonlinear differential equations as pub-
ms, \=633 nm, =155 cm !). Based on the simulations lished in Refs. 25, 27. In this simulation, the coefficient of
shown in Fig. 6, we conclude that the main effect of gating isthe field dependence of the generation efficiepayas set to
the filling of deep traps, accompanied by the creation of €.9 as determined from the results of the xerographic dis-
large homogeneous density of ionized sensitizer moleculesharge experiments.

Apparently, the PR growth time after intense gating can not Figure 7 compares the predicted transientEg&J)Z, cal-

be correlated to any specific growth time of the Oth-orderculated by taking into account both shallow and deep traps,
parameters. On the other hand, the gradual decay of the P the experimentally determined PR growth curves. Without
efficiency for times larger than around 200 ms seems t@ating, the simulatiorisolid line) explains the main growth
closely match the decrease in the density of ionized sensif the diffraction efficiency well(solid symbol$. Interest-
tizer molecule$Fig. 6(c)]. Apparently, the density of ionized ingly, the first sharp step in the predicted transient associated
sensitizer molecules limits the strength of the PR spacewith shallow trap filling does not appear in the experimental
charge field in the quasi-steady-state after the initial fasholographic growth curve. In fact, a better agreement to the
growth. experimental PR data is obtained when neglecting the con-

Simulation of PR properties and space charge fiéldr  tribution by shallow traps, while leaving all other parameters
illumination with a sinusoidal intensity pattern, the diffrac- unchangednot shown here This particular result is not yet
tion efficiency # in the holographic degenerate four-wave understood and requires further investigations. Here, we
mixing experiment is given by would like to mention three possible explanations: First, as
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outlined above, the photoelectrical investigations have been e ' T @) exto® =
performed at different conditior(§ield, wavelengththan the o 9 rder components i
PR experiments. We have no information on the dependence L —&— occupied deep traps =
of the shallow and deep tapping coefficients and detrapping ‘o 1% order components 2

. . . 0 —0O— ionized sensitizers =
rates on the electric field. However note, that if, e.g., shallow @ 1x10™ | —O— occupied deep traps Jaxto® 2
detrapping became more rapid at higher electric fieddishe ‘g R 3
PR writing conditiong the degree of shallow trap occupa- 5 o’ / 3
tion and with that the contribution to the space charge field j —//_ 5

. . . £ D OCTITC——"" %

would be smaller than determined from our simulations. Sec- S ol 3 3800 0o
ond, based on the rather large trapping coefficigptone 00001 0001 001 01 1 10
might presume that the corresponding sites are charged traps Time [s]

(e.g., ionic impurities, extended dipoje¥hose traps are not

considered in Schildkraut's model used here. Finally, the ini- R — o  (Bio®
tial fast rise of Egc due to shallow trap filling might be 5§ o o oo—— g
“smeared out” by the slower chromophore dynamics as out- = ) o =
lined below. é 0" order components '§

After intense gatingwith 5.2 W/cnt) the simulation pre- F—. ~#—fonized sensitizers |4 101 2
dicts a rapid increase of the diffraction efficiency, followed a —# occupied doep fraps S
by a plateau and finally a gradual decay. The general shape g L onized senstzers S
of the calculated transient compares well with the PR diffrac- 2 o —0— occupied deep traps o
tion curve measured after intense gating. However note, that Y e <o a
the experimental growth after gating is around a factor of 10 0.0001 0001 @01 01 1 10
slower than the predicted growth time. Based on recent el- Time [s]

lipsometric experiment$ we conclude that the PR response
is now limited by the slower orientational dynamics of the
chromophores.

The simulation with the parameters listed in Table | yields
a maximum strength of the space charge field of around 2
V/um. This is still well below the projection of the external
field on the direction of the grating vector, yielding around a large density of negatively charged ionized sensitizer mol-
30 V/um. Unfortunately, the strength of the space chargesculesS(t) which finally forms the space charge figlde-
field in the present system is not known. Kiet al. have  cause the filling of shallow traps was neglected and the free
recently measured the magnitude of the space charge field #arrier density is low, on the order of ¥9-10'°> cm™3, M (t)
a photorefractive composite based on a polgthyl-3{9- s comparable toS(t)]. Note that a major prediction of
carbazolylpropoylsilané photoconduction matrix sensitized Schildkrauts model is that the steady-state saturation field
with trinitrofluorone(TNF).38 For an external electric field of (the maximum possible space charge fiégsdinearly propor-
30 V/um, this material exhibited a diffraction efficiency of tional to the density of filled trap€:* Since the kinetics of
30%. Under these conditions, the space charge field estfree holes is fastcompared to the trapping and detrappiitg
mated from a comparison of birefringence and PR experiis meaningful to propose that the density of filled traps also
ments was around 6 YMm. Thus, the magnitude &sc ob-  imits the space charge field during the holographic grating
tained from our simulations seems to be reasonable. growth discussed here. In fact, the simulations in Fig. 8 show

Simulation of PR properties—first-order parametefd  that the growth of the space charge field adiabatically fol-
this point the question arises which photophysical processegsws the homogeneous filling of deep traps.
limit the PR response time. Figuresag 8(b) compare the Assuming that all photogenerated carriers contributed to
Oth and first-order Fourier components of the density of iOﬂ-homogenous trap filling, the time needed to photogenerate
ized sensitizers and filled deep traps. For simplicity, shallowthe number of carriers necessary to fill all deep traps is ap-
trap filling has not been considered in this simulation. With-proximately determined by
out gating, the first-order component dominating the rise of
the space charge field is the spatial modulation of the density AM M ¢al 9
of ionized sensitizer molecule . Even after 10 s, the spa- Adt  7gomn hv (%3
tial modulation in the ionized sensitizer concentration ex- N
ceeds that of the first Fourier component of deep trap och—eSlJItIng n

FIG. 8. Simulated transients of the densitiéth and first-order
Fourier componenjsof deep filled traps and ionized sensitizers
without (&) and after gating for 955 ms with an intensity of

.2 W cm 2 (b). In this calculation, the density of shallow traps was
et to zero.

pation. Further, the first Fourier component of the density of hy
filled traps is much smaller than the Oth-order component, Tgrowth=$M. (9b)
meaning that the occupation of deep traps is almost constant «
in space. Under the experimental PR writing conditiong,u, is pre-

According to our simulations, the main process control-dicted to be few milliseconds, only. This is orders of magni-
ling the build-up of the space charge field is the homogenoutude faster than the observed PR growth time without preil-
filling of deep trapsM (t). This process concurrently creates lumination. However, according to our studies, the deep
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recombination with ionized sensitizer molecules. Therefore,
{30 the initial growth of CESC,])Z should depend strongly on the
chosen value ofy, . This is clearly expressed by the signifi-

with gating

g 3000 Vo cant shortening of the PR growth time when increasifg

= e 10 — from 2x 10 % to 5x 10 ** cm®s~ 1. On the other hand, in-

2, 200 | 1] e R Fa creasing the detrapping coefficielf, mainly slows down

~ without gating 110 = the growth at longer times. Moreover, a larger valueBgf
(2]

w

s s implies a lower degree of deep trap filling in the steady state

—y, =210 cm’s", g,=0.025 X
ey = 510" s, ﬂ:ﬂms and, conpurrently, a smaller steady—state space charge f|eld.
,,,,,, ,:=2.10.’scmas.1,ﬂu=o‘1 {o After intense gating, the predicted PR growth is mainly
. : . " - governed by the generation and recombination kinetics. Con-
o 5 10 115 20 25 sequently, varying the values of, and 8, does not signifi-
Time [s] cantly alter the PR growth time. However, increasifig
strongly affects the gradual decay of the space charge field
and, eventually, the steady-state valudgg ;. This decay is
due to the fact that the degree of trap fillitend thus of the
density of ionized sensitizer moleculeis steady state de-
pends on the light intensity, as mentioned above. Therefore,
the values oM™ andS™ after intense gating are predicted to
exceed the equilibrium densities at the more moderate writ-
trapping capture coefficienty is much smaller than the re- jng conditions used in the PR experiment. Consequently,
combination coefficienyg . Therefore, most carriers recom- poth the experimental and simulated PR response after in-
bine with ionized sensitizer molecules before occupying aense gating exhibit a gradual decay due to carrier detrapping
deep trap. Withyy /yg around 1/5000, the time to fill all from deep traps and recombination with ionized sensitizers.
deep traps is estimated to be of the order of seconds, in goqfcreasingg,, largely accelerates this decay, while a larger
agreement to the experimental PR growth time. value ofy,, mainly increases the diffraction efficiency in the

Intense gating with homogenous illumination creates asteady state.
large density of ionized sensitizer molecules and deep traps \ye, finally, would like to note that the agreement between
S; andM ™. The PR dynamics is then determined by thethe simulated transients oEgc 2, using the photophysical
rapid growth ofS; , caused by the efficient neutralization of parameters deduced from the photocurrent experiments as
ionized sensitizer molecules in the dark regions by freedescribed above, and the diffraction efficiencies published
charge carriers generated in the bright grating areas. In facgarlier® is remarkably good for intermediate times between
the modulation of the density of trapped charges, as exaround 100 ms and 10 s. For shorter times, the PR response
pressed byM; remains very low throughout the whole is apparently limited by the orientational dynamics of the
simulation. This can be understood by the fact, that aftechromophores, which was not taken into account in these
intense gating the degree of deep trap filling is close to satusimulations. However, the deviation between the simulations
ration. Therefore, the build up df1; requires detrapping and the experimental results for longer times (0 s) is yet
from deep traps, which is a slow process. not understood. We presume that an additional deep trapping

Under the assumption that the density of filled traps durdevel exists, with an even slow detrapping dynamics, which
ing writing remains almost constant, the PR speed is entirelpecomes predominately occupied during intense gating. Pho-
governed by the generation of charges and their recombindophysical experiments covering a larger time range need to
tion with ionized sensitizer molecules. The latter process ide performed to reveal the reason for this discrepancy.
described by the coefficienty. Compared to the slow deep
trap filling governing the charge carrier dynamics in the case
without preillumination, the gain in PR growth speed upon
gating should, therefore, be related to the large ratio of the In conclusion, all photophysical parameters relevant to the
coefficients for carrier recombination and trapping. HoweverPR growth in a PPV-based PR composite have been deter-
note that the initial growth of the signal in the PR experi-mined from a combination of photocurrent experiments.
ments considered here is partially determined by the chroBased on these parameters, the growth of the space charge
mophore dynamics, and a quantitative comparison of théield has been simulated, taking into account the effect of
growth times with and without gating is not meaningful.  preillumination (gating. Without preillumination, the PR

Simulation of PR propertied?R growth time and decay growth is governed by the filling of deep trafiSg. 10. This
At this point, we would like to finally comment on the sig- process concurrently generates the large density of ionized
nificance of various photophysical parameters in determiningensitizer molecules, necessary for the build up of the space
the PR growth and decay, without and with gating. Figure Scharge field. The ratio between the coefficients for deep trap-
shows simulations ofEgc )? for different combinations of ping and for the recombination of free charges with ionized
yu and By . As outlined above, the main process limiting sensitizer molecules is identified to be a major factor control-
the growth of the space charge field without gating is thding the PR speed without preillumination. Gating creates a
competition between trapping of charges in deep traps anlhrge homogeneous density of ionized sensitizer molecules

FIG. 9. Square of the space-charge fiidst Fourier compo-
nen) according to simulations without and with intense gating,
simulated with different combinations of the deep trapping coeffi-
cient yy and the detrapping ratgy, . All other parameters are
identical to those in Table I.

V. CONCLUSIONS
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(a)

FIG. 10. PR grating formation in the absence of gatite.
Material does not contain any charges before the PR experifient.
PR grating formation is governed by filling of traps and the creation
of a spatially modulated ionized acceptor density.

FIG. 11. PR grating formation in the presence of gati@ayAs

due to deep trap fillingFig. 11), with the PR growth time a result of uniform illumination, the material contains homoge-

now being determined by the kinetics of neutralization ofneously distributed charges before the PR experim@n®R grat-

these molecule_s by free charge carriers. Our Simul_ations_ C"’mg formation is governed by neutralizing primarily the ionized ac-
also well explain the long-term decay of the PR diffraction ceptor density in the dark regions.

efficiency after intense gating. It is due to the fact that the

degree of trap filling in steady-state depends on the illumijs ynaple to describe the PR growth without gating, but

nation intensity. Under the experimental conditions used iRjie|ds a growth time in rather good agreement to our simu-

Ref. 18 the degree of trap filling and with this the density of|5tion after intense gating.

ionized sensitizer molecules is larger after intense gating Aternatively, the simplest version of Kukhtaféwaking

than under the more moderate writing conditions. onto account one trapping level has been used to describe PR
We, finally, would like to comment on the applicability of growth times in organic PR materials. Neglecting contribu-

alternative models to determine the PR growth time in thisjgng by carrier diffusion, the growth of the space charge
system. According to Yeff there is a fundamental limit for  fia|d is given by
2 2
1+ _LD

grating formation given by the time required to generate the

space-charge density that causes the steady-state space- £0€

charge field across one grating period. All other processes, Tsc™ epp A
namely, charge transport, charge trapping, and chromophore
orientation are assumed to occur instantaneously after thaith L the drift length of free carriers, which is equal to
photogeneration of the charge carriers as any finite time inu7pE. Here, 7p is the lifetime of carriers, determined by
volved in these processes can only lengthen the formatiotrapping and recombination. If one uses valuesgi@and rp
time of the grating. Under these assumptions the fundameras calculated under the steady-state PR writing conditions,

11)

tal limit for the growth time is given by the magnitude ofrgc is of the order of few milliseconds.
Again, this is far below the observed PR growth time. We
2e9eEgc T presume that the failure of this simple model to describe the
TSCT TN a_¢>l' (10 photorefractive growth kinetics is mainly due to two effects.

Assuming only one trapping level, the carrier dynamics in
With Egc around 20 V4m, this limit can be estimated to Kukhtarev's model is determined by the photoinduced de-
around 1 ms, well below the measured PR growth time withtrapping of carriers, the drift and the trapping of these carri-
out gating. This discrepancy is expected since Yeh's modetrs. This implies, that the grating dynamics is mainly gov-
neglects the effect of homogenous trap filling and carrieerned by the crosssection for photoinduced detrapping
recombination. Consequently, the prediction by Yeh’s modelwhich corresponds to the generation coefficisnin the
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Schildkraut modgland the coefficient for trappingvhich is  increased the characteristic PR growth time, in contrast to
identical to the trapping coefficient; or yy). On the other the gating effect observed here. A final explanation of these
hand, carrier recombination as described by the coefficiendifferences would require a detailed analysis of various PR
Yr iS not contained in this model. In our case, recombinationmaterials. However, based on our experiments, we propose
is fast and a vast fraction of photogenerated carriers recomhat the rather low trap density in combination with a large
bines before being trapped. Second, Kukhtarev's model igecombination coefficient in our TPD-PPV composite is a

based on the redistribution of a constant number of Chargﬁ]ajor perquisite for the observed improvement in PR re-
carriers(as supplied by a given density of donor sjite®  sponse upon preillumination.

contrast to that, the initial density of charge carrigrobile
and trappef in organic PR materials is very low. In fact,
since the number of carriers is determined by the competition
between generation and recombination, the average density
of carriers is a strong function of tim@nd intensity. We, We thank F. Gallego for fruitful discussions. We would
therefore, presume that the one level Kukhtarev model is natlso like to acknowledge J.C. Hummeld€bniversity of
applicable to a vast majority of organic PR composites.  Groningen, NL for supplying PCBM. Part of this work was
We, finally, want to point out that pronounced effects of funded by the Volkswagen Foundation and the European
preillumination on the PR properties have been reported bpace AgencyGrant No. MAP AO-99-121L Further, O.O.
others>21:25:3440411n most of these cases, preillumination thanks the Killam Trust for financial support.
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