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Space-charge dynamics in photorefractive polymers
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The model of space-charge formation in photorefractive polymers due to Schildkraut and Buettner
has been modified to include thermally accessible deep traps as well as shallow traps. The dynamic
equations have been solved semiempirically using independent measurements of photoconductive
properties to predict photorefractive dynamics. Dependencies of the dynamics on charge generation,
mobility, trap density, acceptor density, ionized acceptor density, as well as their associated rates are
examined. The magnitude of the fast time constant of photorefractive development is successfully
predicted. The introduction of deep traps into the model has allowed us to qualitatively predict the
reduction in speed due to deep trap filling and ionized acceptor growth. Experimental studies of
photoconductivity and photorefractiofPR) in several polyvinyl carbazole photorefractive
composites are carried out to demonstrate the applicability of the model. By choosing chromophores
with different ionization potentials and by varying the chromophore concentrations, we investigate
the influence of the chromophore ionization potential on the photoelectric and PR properties and
reveal the nature of deep traps in the composites and their contribution to both photoconductivity
and PR dynamics. Effects of plasticizer components are also discusse&2DOZ2American Institute

of Physics. [DOI: 10.1063/1.1491279

I. INTRODUCTION tigated by ellipsometrit *2and electric field-induced second
The photorefractivédPR) effect involves a change in re- harm?”'c generatl_dﬁ experlmgnts. .
Since polymeric PR materials are potentially useful for a

fractive index in an electro-optical material resulting from o , ,
the redistribution of charge carriers created under the influ?UMPer of applications that require fast response times, PR

ence of optical beams. This mechanism results in a proces3yNamics is an important subject for investigation. Recently,
where the phase shift between the incident intensity patterft NUmbPer of studies have been aimed at understanding the
and resulting refractive index pattern due to Poisson’s equd€!ationship between photoconductivity and PR 56‘!’_'%:
tion leads to a number of useful nonlinear optical phenomengnd to develop a theory describing grating formatioh. _
of interest for image and data processing and storage. THéowever, a systemanc theqretlcal study of photoconducuye
specific processes required for the PR effect include: photdh€chanisms in PR speed in polymers has not been carried
generation of charge carriers, transport of mobile carriersPut; @s has been for steady-state PREven for steady-state
trapping of these carriers in the regions of destructive interPR, only the limiting cases of deep traps or no ftraps are
ference and a change of the refractive index in response tgsually considered, although the presence of shallow traps
space-charge field. Considerable effort has been applied @S been confirmed both by the dispersive nature of charge
order to understand the influence of each of these process#@nsport in these disordered medi& and by the sublinear
on the PR performance in a variety of materials. intensity dependence of the PR grating erasure?ate.
Organic and polymeric materials have been the subject In the theoretical part of this article, we modify Schild-
of numerous recent studies. In these materials, several grouf&2ut and Buettner'§ model to take into account both shal-
have addressed these photoelectric mechanisms, especidyv and thermally accessible deep traps. We then use a semi-
photogeneration and transport. Photogeneration efficiency @Mmpirical technique to solve the dynamical and constitutive
usually probed using the xerographic discharge techhigue edquations of the model to predict the dynamic PR response
or is estimated from dc photoconductivityhile charge car- from independently measured photoelectric properties. In
rier mobility is measured using the time-of-flight or holo- Particular, we obtain the trapping, detrapping, and recombi-
graphic time-of-flight technique® Charge trapping mecha- nation properties of the material from the dynamics of dc
nisms in PR polymers are still not clearly understood,Photoconductivity, and use them in combination with mea-
although several techniques such as two-beam couplihg, surements of charge generation and mobility to reveal the PR
sorption spectroscopyand comparison of external photocur- dynamics. By performing numerical simulations, we explore
rent efficiency to the photogeneration efficiehtyave been the dependence of the PR speed on all of these photoconduc-
used to study the nature of traps. The mechanisms of spactive parameters. The introduction of thermally accessible
charge field-induced refractive index change has been invegleep traps into the model has allowed us to fully characterize

the PR dynamic, and to access their consequences. Thus we
) N r I ri h rv rowth of radizg|(ion-
dpresent address: Department of Chemistry, Stanford University, Stanfordé,l e able to des_c be t_ e obse e_d 9 S th of ra (O
CA 94305-5080. ized acceptopsin various materiafs®® as well as the PR
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manifold and hops between transport sites until it either be-
comes trapped or recombines with ionized acceptors with
rate y. Although, generally, the energy spectrum of trapping
sites has a continuous distributiéhfor tractability we con-
sider only two kinds of traps with well-defined energy levels
(ionization potentigl—shallow trapsM|; and deep traps
~ . M+,. We assume that the trapping rate does not depend on
41%1‘— - the trap deptii*?® so that shallow and deep traps are filled
he _5{ —_ with the same trapping ratg;. Detrapping proceeds with a
thermal excitation ratgd; for shallow traps orB, for deep
FIG. 1. Schematic representa_tion of the modified quel for photorefractivqraps_ Optical detrapping is not considered because the depth
polymers. Symbols ar‘é:_electrlc fleld,af: frequency of light: free che_irge of both shallow and deep trags<0.5 eV) is much smaller
density,s. photogeneration cross sectiopy; : trapping rate,y: recombina-
tion rate, andB, ,: detrapping rates. than the photon energfw (~1.96 eV for HeNe 633 nm
light). Then, the modified system of nonlinear equations de-
scribing the PR dynamics is given by

measurement€. Our aim is to provide a useful experimental
and numerical modeling process for predicting PR dynamics
from basic material properties in order to guide the develop-
ment of new materials.

dp Ny oM, M, 14J
gt gt gt Jt e ox’

In the experimental part of this article, we assess the M,
applicability of the modified model and examine the contri- gt ¥1(Mr1=My)p= 1My,
bution of chromophores and plasticizers to photoconductive
and photorefractive performance of PR polymers. We ad- JdM,
dress how the PR-relevant photoelectric properties such as ¢ ~ YT(M12=M2)p—B2M3,
mobility, charge generation efficiency, trapping, detrapping, . (1)
and recombination rates are influenced by the degree of dis- N

order, trap depths, ionization potentials of the constituents,
presence of ionic impurities, etc. We analyze the photocon-
ductive and photorefractive behavior of both plasticfzéd*

and unplasticized polyvinyl carbazolBVK) composites in-
cluding the sensitizerGgo) and several chromophores. For
composites of both classes, we determine the quantum effi-
ciency, mobility, trapping, detrapping, and recombination
rates from photoelectric measurements. Then using these

— = SINA=N) = YNjpp,

T (MM N
X _'eoe(p 1 2= Na),

J=eupE o
=eupE—eus—.

rates we(i) calculate the PR speed as determined by fourHerep is the free chargéhole) density,N, the total density
wave mixing, (i) compare corresponding rates for different of acceptorge.g.,Cgo), N} the density of ionized acceptors
chromophores and relate them to relevant ionization potene.g.,Cgy), M1, M5, M1, and M+, the densities of filled
tials, (iii) study the influence of plasticizer on photoconduc-shallow traps, filled deep traps, and total shallow and deep
tivity and photorefractive performance of the composite, andrapping sites, respectivelfg the electric field, and the
finally, (iv) study the nature of shallow and deep traps inincident light intensity.J is the current density the charge
composites and investigate their influence on photoconducsarrier drift mobility, and¢ is the diffusion coefficient given

tive and photorefractive properties of the materials.

by é&=kgT/e. The quantitys is the cross section of photoge-

neration,y;, B1, B» the trapping rate and detrapping rates

Il. THEORY

The first theoretical description of PR in polymers was
adapted from Kukhtare\?3 theory of inorganic crystals by
Schildkraut and Buettnéf. They included the rate equation
for traps in the system of PR dynamical equations and took
into account the field dependence of both photogeneration of

S= S( Eref)(E/Eref)pv

for shallow and deep traps, respectivehthe recombination

rate, ande the dielectric constant. We consider the param-
eterss, u, y1, andy to be electric field dependent assuming
the following dependencié$:

mobile carriers and mobility. The modified model presented - B, (EV2-EY2)
. . ; . m= u(Eer) €74 )
here differs from Schildkraut and Buettner’s by introducing )
two kinds of traps—shallow and deep. Here, by the term . _ ,y(Eref)eﬁ#(Ellz—Erléfz),
“deep,” we mean that the rate of thermal detrapping for
these traps is at least an order of magnitude lower than that y1=y1(E ef) eBEV-ES

of shallow traps, but still having a nonzero probability for

detrapping. The processes taken into account in here are deere E,; is the relevant reference electric field for each of
picted in Fig. 1. A sensitizetacceptor with densityN, is  the parameters. During photorefractive grating formation, the
excited and subsequently ionized by light of frequengy reference electric field for photogeneration efficiency is the
with cross-sectiors. A free hole is injected into the transport external applied field, while for mobility, trapping, and re-
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combination rates the reference electric field is the projectioi\. Zeroth order: Photoconductivity in photorefractive
of the applied field on the grating vector. Parameferg,,, polymers

andB,, are determined experimentally. In this section we explore how the information about
Since the creation of a photorefractive hologram asyaieg relevant for PR grating formation can be extracted from

sumes a nonuniform light intensity pattern created by thgne photocurrent dynamics. The zeroth order system of equa-
interfering beams, the incident light intensity can be eX-ions derived from Eq(1) is written as follows:
pressed as a periodic function xf

I =1g+14 coskx, 3 dM ot
o © %():7T(EO)[MT1_Mlo(t)]po(t)_BlMlo(t)r

wherek is the grating vector chosen to be parallel to he
direction. The general spatial dependence of Bpgwill also
apply to the response of the polymeric material. The exact dM,(t)
electric field and charge density distributions must be deter- —g; — — ¥(Eo)[Mr2=Mag(t) 1po(t) = BoaM20(1),
mined by numerically solving Eq9.1)—(3). However, as ()
shown by Schildkraut and Ciififor the steady state, the nu- _
merically determined values for free charge density and the ~ dNyo(t) i i
amplitude and phase of the space-charge field were inagood ~— gt =S(Eg)lolNa—Nao(t)]— ¥(Eq)Nao(t) po(1),
agreement with the corresponding values obtained from the
Fourier analysis of the equations analogous to our (EQ. _
Also, the Fourier decomposition approach was used by Cui  po(t)+M1o(t) +Mog(t) — Njo(t) =0.
et al. for the analysis of dynamics of the PR grating
erasuré! So, as we proceed, we use a Fourier decompositioe)

of all the densities, electric field, and current and separate thene more equation that is not.|r?cluded n EE) b_Ut pro-
vides a link to dc photoconductivity experiments is the con-

equations on the basis of the spatial dependence of the term%itutive equation for the photocurredg(t) given by Jo(t)

We also consider the case of moderate applied electric fields . . )
(E,<50V/um), where effects of grating bending and eu(Eo) po(t)Eo. Equation(5) describes the dynamics of

higher spatial harmonics can be negled®dnd thus limit free charge generation followed by transport, trapping, de-

our analysis to the zeroth and first spatial Fourier com O:Lrapping, and recombination in the photorefractive polymers
y . . . P POunder external electric fiel&E,. We consider the electric
nents. We experimentally investigated the dependence of thfe

PR dynamics on the intensity modulation depti=14/1. feld E, to be constant and given i =V/d, whereV is the

: i applied voltage and is the thickness of the polymeric film.
We found that in contrast with a steady-state PR perfor-.l_lhen’ the time evolution of the photocurrela(t) probes the

mance, the PR dynar_mcs observ_ed unqler our eXpe”m.entaynamics of free charge densifyy(t) that is connected
conditions of short prior-to-experiment light exposure t'methrough Eq.(5) to the generation, trapping, detrapping, and

of ~10 s and total writing beam intensities below 400 L X
. recombination processes in the PR polymers. The rates de-
mWi/cn? depended only on, rather than the modulation - O
scribing these processes, {1,831 ,,y) are intrinsic charac-

depthm, as expected from the theory for the first sPat'alteristics of the polymer composites, and our goal is to deter-

order Fourier decomposition. Therefore in our range of elec?nine their influence on both photoconductivity and

g'ec gﬁlgs(’)r?r;ge'n;f;&;g:ﬁn;em?ﬁ ' g;]ed Ft)hRu gy;aemﬁt d'rion;'fphotorefractive speed. It should also be mentioned that since
P . pn, T y all the rates are electric-field dependent, the photoconductiv-
lation depth(a conventional choice of experimental geom-

etry in PR polymer literatune is used in this article. Then, it?/ expe?mlgnts ?]ave to be %ongucte? ig thle ra.ngf(.a CI)(]; gxternal

the solution of Eq(1) can be written in the following form: € ectrl.c leldE, t a'.[ Covefs .Ot applied € e_ctnc €% 'T‘ PR
experimentE, and its projection on the grating vectay, in

{={o(t) + {2(1)(C 4 coskx+ C , sinkx), (4  order to proceed with calculating the space-charge field dy-

namics (first ordey on the basis of parameters determined

whereZ=p, M1, M,, Ny, J. Since the mobility and all of from the photoconductivityzeroth order.

the relevant charge generation, trapping, and recombination To study the temporal behavior of the free chayge

rates are field-dependent, we assume a form similar to Edrapped chargt1;, M,, and ionized acceptd¥, densities,

(4) for each of these parameters as well as for the electrit is convenient to transform E@5) to a dimensionless form.

field E with time-independent,.'® We substitute Eq(4) in ~ The time scale is normalized by the average drift time of the

Eqg. (1) and separate the spatially independent zeroth ordéree carrier before it is trapped by a shallow trap:t/ 7,

and spatially varying first order systems of equations. Wewhere 7o= 1/ yr(Eo)M1;]. The reason for this choice of

start from the zeroth order equations that describe photocoriime scale will be explained later in the Sec. IIA1. We ex-

ductivity in PR polymers under homogeneous illumination ofpress all the densities in terms of total acceptor densjty

intensity | ,. As we proceed, we will use our photoconduc- 2=p/Na, My ,=M112/Na, mMy,=Mj,/Na, and ny

tivity experiments and theorizeroth orderto predict the PR =N,/N,. We also introduce the relative photogeneration,

dynamics(first orde) assuming that the influence of Gauss-recombination, and detrapping parametsts=sly7, ¥

ian rather than uniform incident beams is the same for both= y7gN,, andB; ;= 7981 2, respectively. The dimensionless

zeroth and first order processes. analog of Eq.(5) is then written as follows:
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dmy Mio ~ scales at which either shalloishort time scale’) or deep
dr :<1— m_) Qo— B1Myo, (“long time scale”) trap dynamics prevails in order to pro-
T vide insight into the experimentally observed trapping, de-

dmzo_ mr, My ~ trapping, and recombination rates as deduced from dc pho-
dr  mpy T om0 B2Mzo, toconductivity.
. (6) a. Short time scaleOn the short time scale, the dynam-
dnyo - i ~ ics of the system is entirely determined by shallow traps. To
a7~ So(17Mao) = ¥NaoQo, probe the behavior of our system, we first consider the initial
, rise in photocurrent as the nonlinear tegmgn), in the third
Qo(7)+Myo(7)+ My 7) —Np(7) =0. equation of Eq.(7) is much smaller than the linear term

This is a nonlinear system that cannot be solved analytiS! oo i that same equation. This transforms the nonlinear
cally. However, we can consider different cases dependingyStem of Eq(7) into a linear one that can be solved ana-
on the total trap densities with respect to the acceptor densitytically. Then, we seek a solution of the forg=s,e™",
in the material, leading to simplifications of these equationswhereg=mlo,mzo,ngo, and then solve for the three char-

Case 1 Both the total shallow and deep trap densitiesacteristic rates\ that determine the dynamics of dc photo-
are smaller or on the order of the acceptor density; , conductivity at this time scaleh;=1+mg,/mp~1; N,
=1 =Sly; and Az~ B,+ (My,/m1)B1. In these equations we

Case 2 The total deegshallow trap density is smaller 55sume that the detrapping paramekfandﬁ2 are much
or on the order of the acceptor density, but the total shallowymalier than 1 andrir,/my,), respectively. This assump-
(deep trap density is much larger than the acceptor densityjion holds when the free charge density is much smaller than
mpp<1, my>1 or vice versa. In this case, the ratlo the density of filled traps as observed in a variety of
Myo/Mr <1 (Or myo/Mrp<1) is always valid, and the first materials® 2 We have also confirmed this in our photocon-
(second equation in Eq(6) is simplified. - ductivity experiment for materials described here. For this

Case 3 Both deep and shallow total trap densities arereason and also in keeping with our experimental observa-
much larger than the acceptor density;; > 1. In this case  {jons that the charge generation rate at reasonable experimen-
both ratiosm,o/mry<1 andmy/mr,<1 are always valid, (5] intensitied y< 1 W/cn? is much smaller than the trapping
so that both the first and second equations in(Bgbecome parameter ,, i.e., o<1 (Sec. VA1, we can assume
linear. . ) ) e , thatX2<X1 andx3<xl.

Our simulations show that In the. trap-limited regime Thus the fastest photoconductivity dynamics is given by
(Case 1 photocurrent dynamics is similar to the short-time unity A;~1 in the dimensionless form. This fact explains our

scale_reglme quases 2,3(Sec. ”A.D' Case ldoes not %hoice of the time scale being normalized with respect to
describe long-time scale changes in both photocurrent an : o :
1/(ytM+141). Thus in dc photoconductivity experiments

space-charge field, and therefore, seems not to be applicabgg: . .
. . e fastest photocurrent dynami t)~po(t)] is deter-
for most of our materials. Therefore we consider o@bse 2 mined by th(g value for the g/hallov%i(;;gpir?g(p)r(])dqreM .

andCase 3 which can be applicable depending on the chro- In the next longer time regiméhough still in the shal-
mophore iqnization potential and concentraﬁ&ﬁ’?We start low trapping fast limif we need to consider that, as we will
our analysis fromCase 3and then extend it t€ase 2 see later, the free charge density has reached a maximum and
starts to decrease. Then, we can replace the free charge den-
sity function oo(7) in the nonlinear term of the third equa-
tion in Eq.(7) with a quasi-steady valug,. We again obtain

In this section we consider the case when the total dengyree time constants out of whicjuz is of relevance and
sity of both shgllow and deep traps is much hi'ghe.r tha}n th%iven by7~\2=h§|o+3’Q_o- In this intermediate time regim&z
acceptor densitynr; 2>1 (Case 3. Then, Eq.(6) is simpli- 4 ains information regarding the recombination parameter

1. Trap-unlimited regime

fied to 5,
dmyg - Summarizing the dynamics of the photoconductivity on
ar 0o~ B1Myg, a short time scal€for PVK-based materials we studied, this
corresponds ta=50), we obtain the following expressions
dmy My ~ for dc photoconductivity ratesh;~1; N,=Slg+750,. In
dr m_TlQO_ﬁZmZO’ keeping with our experiments, in the low intensity regime
: (7)  (below 1 W/cnd), we can simplify these to\;~1; X\,
ANno =3l o(1—nhy)—yn! ~7Qo.
dr 0 A0~ YMaoCo, Thus in dc photoconductivity experiments, the short time

i scale dynamics can be fitted with a biexponential function,
€o(7)+ My 7) + Mo 7) = Npo(7) =0. where the faster ratg, yields the shallow trapping product
We also assume that the density of total shallow traps igtM+1;, and the slower rate, is directly related to the

much larger than the density of total deep trapg>my,  recombination ratey.

which seems to be relevant for all the composites we studied To test our approximations, we performed numerical

(Sec. Il A). Then, we can separately consider different timesimulations ~ fixing Sly=10"27;, mr/my;=0.1, B,
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T glmilated data e sity in its maximumg g ya,~4.4X 10 ° yields, according to
- fit(long time scale) i! _ N20=YComax the recombination parametéy~4.3x 107,
which is within the expected range of values given the input
3 2 value y=2.5x 10?. The biexponential of Eq(8) fits the
—_——————————- oo(7) dependence perfectly at<50 (inset of Fig. 2, but as
T10 20 30 40 s0 the processes which are not taken into account at short time
scale take over at>50, the short time scale fit does not
follow the photocurrent dynamics correctigashed line in
Fig. 2), and thus long time scale analysis should be applied.
------- We now use a procedure to produce a better time evolu-
tion for g that will also yield the detrapping parameter for
1 2 3 g shallow traps. Although it is not obvious how to analytically
r 104 extract the detrapping parameter for shallow trgps 0 o(7)
’ ' at short time scales is rather sensitive to changes, iR To
FIG. 2. Simulated dynamics of dc photocurrent for the amse>my,>1  find the detrapping parametgy and to fine-tune the recom-
using Eg. (7) and parametersslo=5x10"° mr,/mp=0.1, B;=5 bination parametey, we used théy estimated above as the
X104, B,=5X10"%, andy=2.5x 1_02. The inset shows the short time  jnjtia| value in Eq.(7) and varied botfﬁl and?y. At every
scale part of the photocurrent transiédata and fit . . .
step we calculated the dimensionless free charge density
2o(7) and fit to Eq.(8). Then we transformed the dimension-

- less fit parametek,g to the dimensional formi ,o=N\,o/ 7o
=0.17y, 8,=0.001ry, and varying the average carrier life- and compared them to the analogous parameters of a biex-
time 7, and the recombination parametgr This choice of ponential fit of dc photoconductivity data. The comparison
parameters used for the simulation was suggested by the cakas executed by searching for a minimum of the function
responding typical values observed experimentally in unplas-
ticized compositegSec. IVA1). First, aty=5x 10", we
substituted different values of the parametgiinto Eq.(7), 5 5
and numerically solved this system to find the dependence of ;_ ( \20.exp— )‘20) n ( Bexp~ B) 9)
oo(7) for 7<50. At this time scale, the free charge density N20.exp ’
grows as the charge is injected into the transport manifold,
reaches the maximumg max, and then decreases, due to re-

combination and trapping. We.then fi.t the calcglated curve Ohoere)\ZO,expv Bexp @re the experimental parameters analo-
the free charge densitgy(7) with a biexponential function gous to corresponding parametars,, B introduced in Eq.

0n=A(L—Be M0+ (B—1)e a0) ® @

By 10-5

_ N Summarizing the short time scale dc photoconductivity
to determine\,q (the faster constaptand compare it to\;,  dynamics for the case;{>my,>1, we are able to deter-
=1. At B>1 Eq.(8) describes the photocurrent rise with the mine the shallow trapping parametgfM+;, recombination
rate \;o and then the photocurrent decay with the rejg.  ratey, and shallow detrapping rafe, .
We found that the faster constant in the biexponential fit b. Long time scaleOn the long time scaler(>10°),
yields values equal to unity within 10%, as anticipated. Toshallow traps have reached quasiequilibrium, and deep traps
extract the slower rate, we used a fixeg=5 ms (typical ~ determine the dynamics of the dc photoconductivity. The di-
value for an unplasticized sample observed in dc photoconmensionless parameters to be determined here are the ratio of
ductivity experiment aEy~30 V/um andl,~50mW/cnf)  total deep traps with respect to shallow trapg,/my; and
for different recombination pgramete’ifs foundgy(7), and  the thermal detrapping parameter of deep trédpsWe per-
fit it using Eq.(8) to determine\,,. We found that,,agrees formed a numerical simulation fixing the parametsig
With X, =500(€0= Qo ma) Within a factor of 3. As we show =5x%10"° B;=5x10"* 7»=25x10?, and varying
in Ref. 28 and mention later in Sec. IIB 1, an error of thism,/m¢; (while maintaining the rationy,/my;<<1) and3,.
magnitude in the recombination rate actually has a negligibl&imilar to the short time scale approach, we fit the free
effect on the PR speed. This agreement is remarkable sinaharge densityq(7) with a biexponential similar to Eq8)
we dealt so crudely with the nonlinear term containing the(dotted line in Fig. 2 The faster speed,;, was kept fixed
charge density. equal to unity. Then, our fit yielded two coefficients—the
As an example, consider the dynamics of the dc photosjower speed g ,ngand the exponential prefactBiyng. Al-
current simulated using the parametesto;=5X10"°,  though at this time scale, it is not straightforward to relate
Mra/mp=0.1, B1=5%x10"% B,=5X10"°% and y=2.5 the constants of the fit to the parameters of the material di-
X 107 (solid line in Fig. 2. The dashed line in the figure is a rectly, our simulations show that the deep to shallow trap
biexponential fit of the short time behe~1vior using B). The density ratio mTZ/mTl and deep detrapping paramet@f
faster inverse time constant of this fi,=1.1 reflects the can be found from the fit constants in a manner similar to the
expected value of +mp,/my;=1.1. Theslower speed,;  short time scale analysis. When dealing with the experimen-
=1.9x10 2 divided by the dimensionless free charge den-tal data, we constructed the function
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7\20,exp,long_>\20,long 2
fl: 10 3
7\20,exp,long 2
8
+ ( Bexp,long_ BIong) 2' \Ioo ) \
Bexp,long it ——
WHEreA 20 exp,long@Nd Beyp long@re the experimental constants £ (a) 1 mp,=1 1
analogous to\ 50 jong= A20,long/ To @Nd Bjgng. Similar to the 2 g 2”:8'51
short time scale approach, we sought valuesnfgs/mr; 0 .
and 8, that would minimize the functiof, . 0 5 10 15 20
Summarizing the long time scale dc photoconductivity —T
dynamics for the casm;;>my,>1, we are able to experi- 0.15 (b) //
mentally determine the produet;M, and the detrapping ) — 1 my,=0.01
rate 3. 2 mp,=1 .
& .Hgﬁ 0.1 // 3 mpp=10
2
2. Trap-limited regime 005 /
In this section, we consider the dc photoconductivity dy- [ 1
0

namics when the total density of traps is on the order or les
than the acceptor density. We will limit our discussion to the

case when the regime is “trap-limited” only with respect to (c) 3
deep trapgCase 2 that appears to be relevant for the mate- 0.06 /
rials we studied® So, further in this section we assume that ’ " 2

5
Dag

m;>1 andmy,<1. In this case, the conditiom;>my, is 0.04 //
satisfied automatically and thus the time scale division ontc ' %

“short” and “long” is still appropriate. Also, since for shal- 0.02 1 B,=5x1075 1
low traps the conditiomy;>1 is the same as in the previous ) 2 f,=5x107°

Sec. 1A 1, all the short time scale considerations are valid / 3_fr=5x1077
However, long time scale behavior is no longer the same a 0 0 5 10 15 20
in the trap-unlimited regime, mainly because in this case tht t, 104

conditionm,y/m,<<1 is no longer valid, so Ed6) with the
first equation replaced with the first equation of Ef). has  FIG. 3. Long time scale dynamics ¢d) free charge densitydc photocur-
to be solved. Modified in this way, the system of Eq) rend (b) ionized acceptor number densityﬁ§=5>< 1079 at various deep
contains one more parameter than Ef), so that it is not trap number densities; ar@ ionized acceptor number density_ra{z=l at

. . . various deep trap detrapping rates, as calculated fron{@aising param-
enough to determine the ratior,/my,; because ofmy, in - e~ 4o~ -

. : . eterssl,=5x10"%, 8;=5%X10"4, J=2.5x 10%, andmq,;=10.

the termmyy/my,. Our simulations show that imy,~1
then the use of simplified Eq7) instead of Eq.(6) is still
possible which allows us to determine the ratng,/m+
within 10% error. However, imy,<1, then the modified Eq.
(6) must be solved since the error become$00%. This According to the last equation in E¢p), the free charge,
complicates the analysis of the long time scale behavioffilled traps, and ionized acceptor densities are constrained by
Also, when the density of total deep traps becomes of théhe charge neutrality equation, thus the photoconductivity de-
order of 1% or less of the acceptor density$=<0.01), it  cay, trap filling, and the growth of the density of ionized
appears to be impossible to detect deep traps in the materiatceptors are directly connected to each other. Figlog 3
using dc photoconductivity. We simulated the long time scaleshows the simulated time growth of the ionized acceptor
evolution of the dimensionless free charge dengiy(r) densitynj(7) using the fixed parameters listed in the pre-
with the fixed parametefsl ;=5x 10>, Elzsx 1074, 732 vious Sec. Il A2 and varying the total deep trap density
=5x10"%, 3=2.5x10%, my;=10, and varyingm;, from  from 0.01 (deep trap-limited regimeto 10 (deep trap-
0.01 to 1. Figure &) shows the deep-trap limited behavior unlimited regime. As seen in Fig. &), the more deep traps
of the photoconductivity for various total deep trap densitiesare available in the material, the more pronounced is the
As seen from Fig. @), whenm,=0.01, the decay ap o(7) ionized acceptor density growth. Also, the trap depth is the
is less than 3% over the time scale corresponding to théctor that affects the time evolution afy,. Figure 3c)
experimental run of duratior=10°s for the PVK-based shows how the depth of the traghermal detrapping rate
composites we studie@ec. ), so that it would be hard to affects the formation of ionized acceptors. For this simula-
obtain a reliable fit to such data and thus the trap densitieBon we used the same parameters as for the simulation
below 0.01 cannot be detected by this method. As mentioneshown in Fig. 8b), but with fixed my,=1 and variedg,
before, in the case when;,=0 (no deep traps the photo-  from 5x 10 7 to 5x 107 °.
conductivity degradation during continuous illumination is Our simulations show that the steady-state number den-
not observed. sity of ionized acceptordN,) in the material depends on all

3. Time evolution of ionized acceptor density n = 'y,
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' ' T ' = the space-charge field. Using EQ) and the approach sug-
1074 = simulaled dala ) /-/' gested by Schildkraut and Cliiwe can express all the rates
] — . b=0.488+0.001 " in terms of space-charge field as follows:

o ] s=s(E)[1+p(E;/Ep)],
p=n(E[1+ (12 B,E; E1),
e y=1E[1+ (112 B,E; E4),
Photogeneration cross-section s, m*/J o= 7T(Ea)[1 +( 1/2)ﬂ'yE; llel],
FIG. 4. lonized acceptor number density as a functign of photogeﬂeration

cross section as simulated using E6). with parameters3; =5x10"4, 3, WhereEE} is the applied eleCt,riC fieldf.a is the ,projeCtion of

=5x10"°, 3=2.5x 10, my;=10, andmy,=1 transformed into dimen- the applied field on the grating vector, a&d is the space-

sional form usingr,="5 ms andN,=5x10?* m~3, and fitted with a power  charge field given in accordance with Eg) by the relation

law function Ny, ~s. E,=E(t)coskx+E;,(t)sinkx. Then, the first order system
of equations describing PR dynamics is

,//

i
N, m

(10

=1/2
the rates participating in the photoconductivity— ~ dEwmi e BLE3
- : : - =-—pu——[| 1t po(t)Eqr141)
photogeneration cross-sectisntrapping rateyr, recombi- dt o€ 2
nation ratey, and detrapping rate8, ,. In particular, Fig. 4

shows the simulated ionized acceptor density achieved in a _E p11 1At TkEp z(t)}

typical unplasticized material as a function of photogenera- aliil 11 ’

tion cross sectioisimulated dependence is fitted with power N B.E-12

law N,,~s®, whereb was determined to be=0.5). This 112 M ( - Y2 g ) on(t )
dependence explains differences in the steady-state PR per-  dt M| paaadt) 2 1248 Polt)
formance, which depends on the densityfiled traps re-

lated to ionized acceptor density by the electric neutrality ~BiM 114,

equation[the last equation of Eq5)], observed in the same dMoy 95 ;;1/2

material sensitized with different sensitizéfs. B TERAL TZ( p111d) =5 — En,lz(t)Po(t))
In summary, the density and depth of available traps as

well as other photoconductivity parameters are directly re- — BaMy A1),

sponsible for the variations in the growth of ionized accep-

[ - ; dNh,; . .
';orrosupnésgzz(e.g., Cgo) experimentally observed by several - = SNal;— [Slo+ Ypo(H) INA (1) — YN o(D)p1a(t)
We have determined many of the parameters of Fig. 1, 0 1
and, in the next section, will show how these may be used to —(sN | Pra N (t )E t
predict the PR dynamics. Here we provide a numerical simu- ~OE, T2 Po(t)Naolt) | Exi(),
lation of the dynamics of the free charge and ionized accep- (12)
tors for materials with deep traps, and in Sec. Il we consider i
experimental data for different PVK-based composites and dNAlZ_ B i i
discuss the nature of traps in these materials. dt [Slot ¥Po(1) INa12(t) = YNao(t) p12(t)
D BME;”’Z |
B. First order: Photorefraction - SNAIOE_a_ P Po(t)Npo(t) | E1o(t),

In this section, we consider the formation of the first e
;pa_mal Fourier compongnt of the free charge, filled traps, and  E, ()= _k[P12(t) +M (1) + Moy(t) — Ny o(D)],
ionized acceptors densities as well as space charge field and €o€
hence PR dynamics. Here it appears more convenient to use e _
dimensional equations rather than dimensionless for easier Eiy(t)=———"[p11(t) +Mq1(t) +Moy(t) = Nus4(1)].

. . : . . €€k

comparison of the simulated PR dynamics with the experi- _
ment. After substitution of Eq(4) into Eq. (1), and sepa- HereE;;, M1, M, andNj,; are the time-dependent am-
rately collecting terms with sikx and cokx, we obtain a plitudes of space-charge field, filled shallow traps, filled deep
system of ten equations—eight differential equatiowth  traps, and ionized acceptors, respectively. These have a spa-
respect to timpand two equations relating the space-chargdial dependence cdx (in-phase with the incident light illu-
field to free charge, filled traps, and ionized acceptor densimination. The quantitie€,,, M1, M,,, andN},, are the
ties. We consider that the photogeneration cross section, mgorresponding amplitudes of functions with a spatial depen-
bility, recombination, and trapping rates are electric field de-dence sirkx (90° out-of-phase with the intensity of incident
pendent and assume the dependencies given ifZEgAs  light).
mentioned before, due to these field dependencies all the It is conventional®?*?°to assume that the PR dynamics
parameters acquire a spatially varying part upon formation ofs much slower than the photoconductive dynamics, which is
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analogous to setting the zeroth ordero(t),Nko(t)] func- Mobility, m*/(V s)
tions to be constant in time in E¢L1). In this case, Eq(11) 107 10™ 10"
can be solved analytically as linear equations with constant ‘ ‘ G0

PR speed

coefficients. This approach can be applied on the short time=, 4] @ Y/./O"r 4
. . . - o/o/ 3
scale. However, longer times require accounting for deep > N l ]
traps, which result in slowly changing components of both ]
po(t) and Nj,(t), requiring Eq.(11) to be solved numeri- .
cally. In the next section we will concentrate on obtaining the ° ]
four wave mixing (FWM) dynamics from the theory and : - ]
photoconductivity parameters. 107 10° 0°
Photogeneration cross-section s, m“/J

1. Photorefractive rise r S — . '

In this section we examine the factors that affect the PR "» T ®)
rise time. First of all, it is important to perform a simulation : \
using conditions as close as possible to a real experiment. Ir
our case, a real experimefBWM) is performed as follows:

> L
o
]
a
()
o ) " o 100+ ]
we turn on the electric field with one writing beam on, then & .\-\. ]

in 10 s we turn on the other writing beam of the same inten- T ]
sity and monitor the space-charge field formation with a 10" 10° 10" 10° 10° 10¢
probe beam. In Eq11) that describes the PR dynamics, we llumination time. s
need to define the behavior of zeroth order functippét) ’
and Nle(t)y so first we simulate the time evolution of these FIG. 5. Dependenqe_ of PR speed_(@)l photogeneration cross ;ecti_on gnd
functions under the experimental conditions described iriﬂ‘g:gti fﬂg”:;pmm% a:saé)alt::i;g; ffgr;hgqu&%?”eous Hlumination
Sec. lll. The dependence of these zeroth order functions on ' '

the experimental conditions is responsible for the history de-

pendence of the PR performance, as we will explore later itio the shallow traps release rate: the change in parargeter
this section. So, as we determingg(t) andNi,.(t) for the  over four orders of magnitude barely changed the PR speed
time span of our PR experiment, we use them in @@) to by a factor of 222 Larger effects were observed when chang-

simulate the evolution of the space charge field. We thering other parameters: a decrease in the total density of shal-

calculate the diffraction efficiency, low trapping sites of a factor of 500 led to a sixfold increase
2 2 in PR speed, and a four order of magnitude decrease in the

70~ EL(U)+E(t) (12 recombination rate yielded a 30-fold increase in PR sp@ed.
and fit it to a single exponential, It should be noted that a decrease in total trap density may

B o2 decrease the diffraction efficiency. Thus in this case there is a
7=mno(1=e"") (13 trade-off between PR speed and steady-state diffraction effi-
where the parameteris PR speed. Usually in the literature, ciency. As shown in Fig. @), the changes in mobility and
the experimentally measured diffraction efficiency is fit with photogeneration cross section had the largest impact on a PR
a biexponential function. In this case, the initial rise is attrib-speed. However, it should be mentioned that an independent
uted to photoconductivity, and the slower one to chro-variation of the photogeneration cross section is more justi-
mophore reorientation. Thus a single exponentialft. fied than an independent variation of mobility, because the
(13)] to describe the initial space-charge field formation isrecombination rate is mobility-dependent and affects the PR
adequate. This case corresponds to PR dynamics observedspeed the opposite way to the mobility itself. Thus, in a real
our unplasticized composites. When both faster and slowesystem, the mobility dependence will be smaller than that
experimental time constants are due to photoconductivityshown in Fig. %a).
which is the case for our plasticized composites, the simu- We now explore the history dependence of the PR speed.
lated data should be fit with a biexponential function. Here As an example, we consider a composite with deep traps that
for simplicity, we consider the former case and use singlded to decay of the dc photoconductivity and the slow growth
exponential fits[Eq. (13)] to describe the diffraction effi- of the ionized acceptor density. The parameters used in this
ciency rise due to space-charge field formation. simulation were experimentally observed typical values for
To explore the factors that affect the speed of spacethe unplasticized composite PVK/AODCSTY, (Sec. IV) at
charge field formation, we modeled the PR experiment byan electric field of 40 \jJim and total light intensity of 1
varying the photogeneration rage thermal detrapping rate W/cn?.
B1, recombination ratey, total density of shallow trapping We simulated a FWM experiment using a fresh sample
sitesM 1, and mobility u. For each set of parameters we and both beams being turned on simultaneously, then the
calculated PR speed from Egs.(11)—(13). Although some same experiment after illuminating the sample with one
of these parameters depend on each other and, strictly speddeam for 10 s and then turning on another one and so on up
ing, cannot be varied independently, this simulation still carnto homogeneous illumination with one beam for 5000 s prior
provide some insight into factors determining the PR speedo the PR experiment. The results of the simulation are pre-
Our simulation shows that the PR speed is nearly insensitiveented in Fig. &) and show that there is a substantial history
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dependence of the PR speed, in particular the response timéched them together and baked them in a vacuum oven at
degradation in materials with deep traps, as reported in pret20 °C for 1 h.

vious measurementd:* The material will relax back to its The thickness of the samples for mobility and photoge-
initial (“fresh”) state in the dark when the traps empty, andneration efficiency measurementéAl electrode$ was

the released charge recombines with ionized acceptors. The5-10 um, and ~30-70 um for the photorefractive
relaxation time is mostly determined by the trap depth. samples(ITO electrodes We used both types of electrodes
for dc photoconductivity measurements to ensure that the
parameters calculated from the photocurrent transients are
not influenced by the type of the electrode or sample thick-
ness. The dielectric constant was measured at a frequency of
A. Materials 1 Hz using a capacitance bridge.

Ill. EXPERIMENT

For our experiments we chose PVK as a photoconduc-
tive polymer,Cgq as a sensitizer, BBP as a plasticizer, and
the chromophores AODCST, PDCST, and 5EBne class B. Photoconductive measurements
of composites under investigation included the molar con- . . . : .
centrations of the following: PVK(99%{s(1%) (compos- Equaﬂo_n(})_lntroduced in Sec. Il |s_vaI|d for the bulk
ite 1, Ty~230°0 and PVK(89%)Cq(1%)/NLO(10%) material of infinite extent. In real experiments, the external

where NLO is a nonlinear chromophore which in our casecreult and elecirodes may influence the observed

T 9,36,37 . .
was represented by AODCS[Eomposite 2,T,~133°0, b.ehawor’.L Because of the high degree.of disorder an(_j
PDCST (composite 3.T,~137°0, or 5CB (composite 4, field dependence of _aII of thg photoelectric parameters in
T,~130°0. Another cl?ass had the plasticizer at a Ioadingp°|ymers' a systematic analysis of current—voltage character-

complementary to the chromophore molar concentrationg.s'[iCS for different e_Iectrodes and Fheir combinaFionslis nec-
PVK(49%)/C o 1%)/BBP(50%-x%)/AODCST(%) and essary t.o fully elucidate the electrical characteristicé’
PVK(49%)/C e 1%)/BBP(50%-x%)/5CB(x%), wherex Schildkraut and Cdf found gogd agregment bgtween
was varied from 0% to 40%. Studying the chromophore con:[he steady state values f_or free carrier density, amplitude, ar?d
centration dependence of such composites where the chrB-hasef of space-charge field calculated from t_he bglk_ o!ynamlc
mophore is substituted with the plasticizer rather than jus quationge.g., Eq.(1)] for no boundary conditionénfinite

being added provides for consistent orientational effect ﬁlk)’ ofhmicthboqufiry cond(;tict))Ts{“li(nfinitbe” sgpply of di
since the glass transition temperatuiig) was near room charge from the electrodgsan ocking boundary condi-

temperature of-21 °C for all the concentrations. In particu- t?o.ns (Scho_ttky barrig). We performed the dc photoconduc-
lar, T, of AODCST-containing plasticized composites re- tivity experlmentslwnh tWo types of eIectrodes,AI.an.d ITO,
mained constant within 1 °C aschanged from 2% to 40% and for our _expgnmentgl co_nd|t|onisange of electric fields
(T,~20 to 21°Q, and glass transition temperature of 5CB- and intensitiesdid not find differences betwegn the param-
co?ﬂaining plasticized composites increased fre@1 °C at eters calculated from the photocurrent transients. Thus we

X=5% to0 ~24°C atx=40%. Thus orientational effects are 25SUMe Ea(1) approximates our samples well.
similar for all the composites, as we proved by an orienta-
tional dynamics study using electric field induced secondl
harmonic generatiofEFISHG.*® Also, the photoelectric
properties of the materials connected to charge transport For the short time scale measuremeftts 507, where
(mobility, trapping, and recombination rajeshange with 7o is the average lifetime of a free carrigwe applied an
temperature relative t§,, AT=Tg,,— Ty, WhereT,,, is the  electric field to the sample and waited until all the transient
temperature at which the experiment is conduét#f® processes disappeared, then opened a shawtitching time
Therefore we ensured thAfT is almost the same for all our below 40us) and recorded the sample current under 633 nm
composites. We used purified materials and freshly mad#lumination with an oscilloscope. For unplasticized compos-
samples for all our experiments since we found that bottites the time span of this short time scale experiment wés
chemical impurities and sample aging over a period of sevs, while for the composites with plasticizer it was40 s
eral months led to deep trap formation, which would con-depending on the applied electric field. We performed this
found the data. experiment for various electric fields and incident intensities.
Sample preparation included the following steps. First,The photocurrent transients were then fit to a biexponential
PVK was dissolved in a mixture of toluene and cyclohex-function
anone wt. 4:1. TherCg, was dissolved in toluene and added _ . ot
to a solution of PVKG.0 Finally, the dye and the plasticizer pu=AlLl—Be I+ (B—1)e '] (14
were added to a solution of PVK aii@@k,. The volume con- and the product of trapping rate and density of available
centration ofCq, was calculated to bl,~3.8x 10%*m™3. shallow trapsy;M 4, the recombination ratg, and the shal-
For mobility and photogeneration efficiency measurementdow trap detrapping rat@, were determined as functions of
we prepared spin-coated samples on an Al substrate, whiiatensity and electric field in accordance with the procedure
another Al electrode was deposited directly on top of thedescribed in Sec. Il A &. From the electric field dependence
films. For photorefractive measurements we first preparedf the trapping rate, we calculated the param@tgfdefined
the films on the indium tin oxidéTO) slides and then sand- in Eqg. (2)].

. dc photoconductivity (short time scale)
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2_. Dark conductivity and dc photoconductivity (long using the formuld w=d?(ytM1)/(2V). This estimate

time scale) showed reasonable agreement with TOF results for unplasti-
For dark conductivity and the long time scale ( cized and low chromophore content plasticized samples at

>10°r,) photoconductivity measurements, we monitoredhigher electric fields £>20V/um), thus we used it to cal-

the current through the sample fe20 min using a Keithley culate the mobility for the samples which could not be accu-

6517 electrometer. A typical experimental run for plasticizedrately measured by the TOF technique.

samples included the following: the electric field was turned

on, and the dark currenf {5,) was recorded for-20 min. 4. Photogeneration efficiency

Then, the elegtrlc field was turned off and .then in 2 min The xerographic discharge technique was used for this
turned on again, and dark current was monitored again fof,easyrement for unplasticized samples and plasticized
~20.m|n. If the first two dark current runs reproduceq, th_ensamples at higher electric field& 20 V/um). The sample
the light was tu'rned on, and the current under |IIum|nat|onwaS charged to an initial voltage and then disconnected from
(Jign) was monitored for another20 min. Then, the pho-  yhe hower supply. The decay under HeNe illumination of 633
tocurrent jpnor, Was calculated usindpnow= jignt—Jdark: 1T nm \was monitored using a static voltmeter and an oscillo-
the first two dark current runs did not reproduce, a third da”%cope. The cross section of photogenerasioras calculated
current run was executed, and for all the samples under study,n, the siope of the discharge rate versus illumination in-
the third run reproduced the second. _ tensity: |(dV/dt)|ign=[sPeNa/(€oe)]lo, Wherel, is the

In unplasticized composites the dark current is due tqntensity of light,d is a thickness of the sample,is a di-
injection from the electrodes. It reaches steady state in S€¥jectric constant, andl, is a number density o€qo. We
eral seconds and is at least an order of magnitude smallgfis, estimated the photogeneration cross section from the dc
than the photocurrent at the incident intensity 20 mW/ain photoconductivity as described in Ref. 4 using the formula
an applied field oEy~40V/um. In plasticized samples the :(E'}’TMTl)/(IONA) where % is the maximum free

dark current is due to both injection from the electrodes an harge density. We ensured consistency of this method by
to |mhpur|ty tlonds n:o;/mg ItOV\:‘?rdSZOOpB%OS't.e elzctrtoldes. Iltcomparing the photogeneration cross sections determined
[gacf_ Eiz a Eeill}(l)fﬂa € on_yisgz/ ;th m”;] ‘in a O\;V ej{e‘fr'om dc photoconductivity and xerographic discharge for un-
tL'C e 'ds (to' ¢ 'tMT)4é)S W/ r(r)?o ?[ P _oocu:rer; ta plasticized and plasticized samples at higher fields where the
e incident intensityl o mvvicnt, so 1L 1S important to xerographic discharge technique provided reliable data. For

ta!<e careful measurements of dark current to reliably deterf)lasticized samples at low electric field&< 10 V/um) re-
mine the photocurrerit

. - liable measurements of xerographic discharge could not be
The long time scale photoconductivity measurement wa

¢ d functi f lied field and incident int Bbtained because of relatively large dark current. In this case,
periormed as a function of applied Neld and Incldent INeN-q ¢4jcyjated the photogeneration cross sedimom the dc
sity. The photocurrent transients were fit to Et4), and the

: : . hotoconductivity. Analyzing the electric field dependence of
product of trapping rate and density of available deep trap we obtained the photogeneration field-dependence param-
ytM 1, and the detrapping raje, for deep traps were deter- ;
mined as described in Sec. I eterp of Eq. (2) for each composite.

C. Photorefractive measurements

8. Mobility The diffraction efficiency was measured in a degenerate
Mobility was measured using the time-of-flighifOF) four-wave mixing geometry. The grating was written with
technique. We used a wavelength of 320 nm that is the thirdwo s-polarized HeNe 633 nm beams of the same internal
anti-Stokes ofH,—stimulated Raman-shifted 532 nm of a intensity with a total intensity varying from 25 to 400
Nd:YAG laser with a 3.5 ns pulse of-5 uJ/pulse. The mWi/cn?. The probe beam was-polarized with intensity 5
sample current was transformed to a voltage, amplified, anchW/cn?. The external angle between the crossing beams
monitored with an oscilloscope. Then, mobility was calcu-was 28°, and the external angle between the sample normal
lated using a log-log plot for determining a transient tipe  and the bisector of two writing beams was 50°. This experi-
and the relationu = d?/(t1V), whered is the thickness of the mental geometry along with the index of refractior 1.63
sample and/ is the voltage applied. We measured mobility yielded a diffraction grating of period~1.8 um. A typical
as a function of electric field to determine the param@tgr  experiment for unplasticized samples included the following
defined in Eq.(2) that describes the mobility field depen- steps: first, we applied the electric field-30 V/um) with
dence. For unplasticized samples and plasticized samplesme writing beam and the probe beam on, then in 10 s when
with low chromophore content<10% concentrationthe  all the transients disappear, we opened the other writing
TOF transients could be easily resolved at electric fiflds beam with a shutter and recorded the diffracted signal with a
>20V/um. The transients for high chromophore contentphotodetector, lock-in amplifier, and computer. After the dif-
plasticized sample$>10% chromophore concentratioat  fracted signal reached the quasi-steady stat20 9, the
all electric fields and low chromophore content plasticizedlight was blocked and the field was turned off. The samples
samples at electric fieldE<10V/um yielded TOF tran- were kept in the dark for~-30 min before the next measure-
sients that were too dispersive for reliable determination ofment to assure complete decay of the space charge field and
the mobility from TOF experiment. In this case we estimatedthe absence of ionized acceptors and filled traps. For plasti-
the mobility from the dc photoconductivity measurementscized samples, the experimental run was similar, with the
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TABLE I. Photoelectric parameters relevant for photorefraction for composites 1—4. No plasticizers were added.

s, 10°° w1071 YtM11, YtM12, B, B, y, 1071 B, 10°° By, 1074
Composite m%J m#(V s) st st st st m¥/s (m/\Vv)¥2 (m/V)¥2 p €
1 Neat 1.7 5.3 850 2.7 2.5 49,2 8.3t0.5 2.04-0.06 3.1
2 AODCST 1.6 3.9 300 3 0.75 85104 0.09 5.8:0.5 3.3t0.4 2.04:0.04 4.3
3 PDCST 0.84 2.5 770 23 0.3 X304 0.08 4.9-0.2 6.5-0.3 2.04-0.04 3.8
4 5CB 0.83 1.7 550 1.5 0.09 6:®.3 4.6-2.0 2.1+0.2 4.5

difference being that we used a lower electric fié¢td10  transport, and trapping for different composites are shown in
V/um) and waited for at least 60 s after turning the electricFig. 6. Here we used the relative highest occupied molecular
field on to ensure that most of the impurity ions have accu-orbital (HOMO) level energies for PVKO eV), Cgo (—0.17
mulated at the electrodé$Also, for plasticized samples, we eV), AODCST (0.03 eV}, PDCST (0.1 eV), and 5CB
monitored the diffracted signal following homogeneous illu- (<—0.4 eV) provided in Ref. 8.
mination of various duration&p to 1 b to study the influ- Photogeneration cross-sectisis a measure of quantum
ence of deep traps on the photorefractive signal for differenéfficiency and for low absorption is given by the relation
chromophores and chromophore concentrations. =a¢l/(hoN,) where « is the absorption coefficientg

We fit the PR grating formation dynamics with a biex- quantum efficiency, and is the light frequency. Photoge-
ponential neration cross section microscopically depends on the

_ it —tn2 donor—acceptor charge transfer and electron—hole dissocia-

7=mol1-ae "-(1-aje "= 9 ion rates** According to their HOMO levels, chromophores
In unplasticized composites the faster spegdwvas attrib- AODCST and PDCST as well as PVK are donors with re-
uted to photoconductivity and dominated with weight spect toCgy, and thus could participate in photogeneration.
~0.7 to 0.8(inset of Fig. 7. The slower speed, in these If we take into account the dependence of the charge transfer
composites is due to orientational enhancement which wagte k. on the energy differencAEp, between HOMO
verified experimentally by comparing the ratiompolarized  levels of donor and accepf8® kcr~exd—(AEpa
and s-polarized diffraction efficiencies),/ 7 to this ratio  —\)2/(4\kgT)] whereX is the reorganization energy, then
calculated from geometry of the experiment and the electroin the noninverted regime, the photogeneration efficiency
optic effect?® The slower speed was intensity independeniwould be highest for composite 3, followed by composites 2,
and on the order of 0.5—1 § which is consistent with our 1, and 4. The noninverted regime refers to the cAig,
EFISHG measurements of the dynamics of chromophore re<)\, which seems to describe our composftesiowever,
orientation in these unplasticized materitis. the donor—acceptor charge transfer is not the only factor that

In plasticized composites, both the faster; and contributes to charge generation. The other factor is the
slower (v,) speeds were attributed to photoconductivity andelectron—hole dissociatid¥,which proceeds more strongly
varied from 0.1 to 10 s' and from 0.01 to 1 S, respec- as the mobility increases. Based on our results for photoge-
tively, depending on the chromophore concentration, applietieration cross sections and mobilities for composites 1-4
electric field, and incident light intensity. Thus the chro- (Table l), we conclude that the mobility differences that af-
mophore reorientation time constant of about 50(asde-  fect dissociation in addition to the charge transfer tate
termined by EFISHG which is faster than botl; and v, could account for the differences in quantum efficiencies for

does not contribute. the composites 1-4.
The hole mobility of all of the composites 2—4 is smaller
IV. RESULTS than that for the PVKCg, (composite L This is expected

A. Unplasticized composites when adding polar chromophores to the system due to the

In this section we determine the photoconductivity pa-

rameters for composites 1-4 and discuss the differences ir — K
the parameters depending on the chromophores. Then base PDCST
on these parameters we model the dynamics of photorefrac. @™ =t Deep Traps (Mrs)
tive grating formation and compare it to experiment. dlom Tmps My
1. Photoelectric properties Bl
The photoconductivity parameters and rates introduced f \ —

in Sec. Il and calculated from the TOF, xerographic dis-
charge, and dc photoconductivifiat incident intensityl 11"1‘ / IAgDA
=100 mW/cn?) experiments described in Sec. Ill at the

electric fieldE,=40V/um are summarized in Table 1. All R B
the trends we describe in this section are applicable for com-

posites 1-4 in t_he studied el_e<_:tric field range Ef_ FIG. 6. Schematic representation of the intrinsic states and processes of a
~20-80V/um. Diagrams describing charge generation,PR composite with various chromophores.



1738 J. Appl. Phys., Vol. 92, No. 4, 15 August 2002 O. Ostroverkhova and K. D. Singer

(=3

increase in energetic disord@r® Based only on the dipole
moment of the chromophore, composites 2 and 3 would be
expected to yield similar mobilities due to almost equal di-
pole momentg6.9 D for AODCST and 6.6 D for PDCST
and composite 4 would yield the higher mobility than the -

A Composite 2 (AODCST) |
1=125 mW/em® v Composite 3 (PDCST)
v.=18.8+1.6(s") m  Composite 4 (5CB)

1
v,=2.0£0.2 (s7)
a=0.77+0.02

o4
o

:

100

e P
Difracted signal, arb.units

w -t
composites 2 or 3 since the dipole moment of 5@B. D) is K * Tme,s ¢ A/‘/;/‘ A
lower than that of both AODCST and PDCST. Our results % A & A v
show that the composite 2 possesses the largest value fox ; A v /}v{;
mobility out of three composites with chromophor@s-4). % / Ao v&/://' "y
We attribute this to the fact that the HOMO level of E 103 A Avv' & ;V?_ .'

AODCST is situated inside the transport manifold of PVK, ] v
so that AODCST molecules participate in transport by in- ] —
creasing the density of transport states.

All three chromophores influence the P\M&{, system
modifying the position and depth of shallow traps that are
intrinsic to PVK3 Here we need to make a distinction be-
tween shallow traps whose reledsletrapping time is much  FIG. 7. Photorefractive speed as a function of intensity for composites 2—4:
smaller than the transit time, in other words shallow trapéine_with sym_bols represents a thgoretically predicted speed for this com-
that broaden the tail of the current transients observed in o osite(no adjustable parametgrusing Eqs.(11)-(13); symbols represent

- - . ctual PR speed determined from the FWM experiment. The inset shows a
TOF experiment, and traps whose release time is much larg@pical transient measured in composite 2 at a total intensity of 125
than the transit time. The latter traps are relevant for photomw/cn?.
refractive performance of the polymer composites considered
here.

The parameters describing shallow traps are the trappin
rate v, the total number density of available shallow traps
M1, and the detrappingeleasing rate 8,. Comparing de-
trapping rates, for composites 1-4Table ), we observe
that the addition of all chromophores leads to a decrease i
detrapping rateB; that may arise from a decrease in the
overlap integral(intersite distance an increase in the trap

; 24,47
energy deptmEy (Fig. 6), or both. Both AODCST and mers, due to disorder, deviations from the Langevin form are

PDCST have a larger im han 5CB since th n L
CST have a larger impact ¢ than 5CB since they ca observed* Our measured recombination rate for P\,

provide sites that can serve as deeper traps. Since in ou[1 : . .
: . shows good agreement with the value obtained using the
experiments we cannot measure the trapping nateand

. Langevin form. However, the measured values for compos-
total trap densityM 4, but only the producyM¢,, we can . . )
only speculate about possible contributions of each. Th('etes 2—4 are considerably Iower_ than the corresponding val-

. . - . Ues calculated from the Langevin form.

trapping ratey; at a given electric field is expected to de-
pend on the free hole mobility and the neutral trap capture ) )
cross sectio? In this case we should expect a smaller trap-2- Photorefractive properties
ping rateyr value for the composites 2—4 in comparison to In this section we applied all the photoelectric param-
composite 1 due to decreased mobility. In composite 3 theters we determined above to Efjl). When considering the
product ytM+; is larger than that of composites 2 and 4 space-charge field formation, we used the values for mobil-
which could indicate that PDCST actually adds shallow trapsty, trapping, and recombination rates calculated using the
to the system in addition to just changing the average depthialue of the projection of the electric field on grating vector
of existing shallow traps in pure PVK. On the contrary, com-while the photogeneration cross section was calculated using
posite 2 has the smallest produgiM; which could mean the applied electric field. We solved EdJ1) to determine the
that AODCST reduces the relative density of relevant shaldynamics of photorefractive grating formatigg,(t)] for
low traps intrinsic to PVK by providing extra transport sites. the composites 2—4. Then, we calculated the diffraction ef-
Similar to shallow traps, we characterize deep traps by theificiency signal time evolution as it appears in the four wave
number densityM 1, and detrapping rat@,. We could not mixing (FWM) experimerf® 7»~E,(t)? and fit with the
detect deep traps in the PVB{, system and in composite 4 function of Eq.(13) to predict the photoconductive part of
(with 5CB as chromophojavhich means that the density of photorefractive speed The calculated speedis to be com-
available deep trapsMy,) in these composites is on the pared with the measured,; introduced in Sec. llIC. The
order of 1% or less of the acceptor densii,. Both  anticipated speed as a function of total internal intensity of
AODCST (composite 2 and PDCST(composite 3 create two beams for the composites 2—4 is shown in Figlires
deep traps, with the trap depth larger for PDCST than fomwith symbolg. The measuredas described in Sec. lII)C
AODCST which is consistent with experimental studies perfaster component of the photorefractive spegdfor com-
formed with these chromophores in Ref. 8 and with our nuposites 2—4 is also shown in Fig.(8ymbolg and is in a
merical simulations. From the comparison betwegM 1, reasonable agreement with the speepredicted using ex-

100
I, mW/em®

alues for composites 2 and 3 we conclude that PDCST cre-
tes more deep traps than AODCST as would be expected by
their HOMO levels.

The recombination ratey describes interaction of the
fee hole with the ionized acceptoCfy) and usually is
treated as Langevin bimolecular recombinatiory
=eul(eey).?* According to this relation, the ratig/u de-
pends only on dielectric constaatof the material. In poly-
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composites. Both calculated and experimentally measured S5 AODCST BBP
PR speed are sublinear functions of light intengity v,
~18, wherea=0.6 to 0.7 depending on a compogijtsimi-

lar to intensity dependencies of simulated and measured pho
toconductivity (taken at maximal photocurrent value, see
Fig. 2 in these composites.

perimentally determined photoelectric parameters for these .f. p—— TH 58
Go |[(NY

\V/\)

B. Plasticized composites

b T %)
In this section we consider the dependence of the PR ® s @ £~z lﬁ@}i‘}
properties of composites on the chromophore and plasticizer Zfl,l
concentration. First, we consider how substitution of the S o —
chromophore molecule by the plasticiZercrease in param-

eterx(%) introduced in Sec. Ill A affects the photoelectric ©) S T®

parameters such as mobility, photogeneration efficiency, re- s L@ = = T @y
combination, trapping, and detrapping rates. We studied this :mLL&. /—

for two chromophores, 5CB and AODCST, to determine the —=- - -

influence of the chromophore ionization potential on these
characteristics. Second, we used the parameters determingg. g. Iliustration of chromophore and plasticizer roles in charge genera-
from photoconductivity to model the time evolution of a tion, transport, and trappinga high x%, AODCST; (b) low x%,
photorefractive gratingdiffracted signal observed in FWM AODCST; and(c) anyx%, 5CB.

experiment and compare it with experimental data for dif-

ferent concentrations. Finally, we discuss the dependence of

the diffracted signal on the illumination history for different €nergetic disorder due to the difference in dipole moments of

] ] ever, in addition to the change in energetic disorder, we also
1. Photoelectric properties expect changes due to the contribution of AODCST sites in

The most distinct feature of the plasticized composites ircharge photogeneration and transport. Indeed, our results
comparison to unplasticized ones is the presence of largehow that both mobility and photogeneration cross section
dark current observed in “fresh” samples that were not ex-increase with concentration of AODCST and stay almost
posed to either electric field or illumination. In this case theconstant for all concentrations of 5CB. Although these trends
dark current is caused by both charge injection from the elecwere observed for the whole range of electric fields studied
trodes and native ionic impuriti&that become mobile un- (1-50 Vjum), the most pronounced concentration depen-
der the electric field due to the conformational freedom ofdence was found at low electric fields<15 V/um). This
the plasticized polymer chaiiéAs the sample is kept under could be due to the smaller influence of energetic disorder at
electric field, the mobile ions move towards the oppositelylow fields, so that the largest impact on concentration depen-
charged electrodes and either neutrdfize build up, reduc-  dence is attributed to the effects only due to ionization po-
ing the electric field inside the polymeric film. The samplestential of the chromophores relative to transport states. The
of all concentrations for both 5CB and AODCST showed concentration dependence of mobility and photogeneration
similar behavior. After the transient, the current graduallycross section for 5CB and AODCST at electric fielg
decreases until it reaches a quasi-steady level, which in our 10 V/um is shown in Fig. 9. As determined from dc pho-
materials occurs at time-20—30 min after the electric field toconductivity at electric fieldeg=10V/um and intensity
is turned orf® We performed all the measurements after thel ;=40 mW/cnf, the productyM+, increased monotoni-
samples were electrically cleansed to avoid dynamic effectsally in a similar tos and » manner from 3.5 s for x
directly induced by moving impurity ions. Although we tried =0% [PVK(49%)/BBP(50%)Cey(1%)] to 20 st for x
to maintain exactly the same experimental conditions for the=40% in the case of AODCST and did not change in the
samples at all concentrations, our measurements of both phoase of 5CB. This change reflects the increase in mobility
toconductivity and diffraction efficiency at different times and intersite distance that affect the trapping rate for
after turning on the electric field without any prior illumina- AODCST and no changes in these for 58 he detrapping
tion show that internal electric fields are different for differ- rate 8, increased from~0.05 to ~0.1 s'* for AODCST,
ent concentrations of the chromophore. However, these efeflecting increase in the overlap integtekecrease in inter-
fects were minor in comparison with the direct concentratiorsite distance The recombination rate was2x 10 ?'m®/s
effects that we investigated. The energy diagram illustratingand did not change appreciably with concentration, probably
different composites studied is shown in Fig. 8. Based on théecause the increase in mobility in the case of AODCST was
ionization potentials of the plasticizer and chromophores, weartially compensated by an increase in dielectric constant as
expect that an increase in concentration of 5@#8ative to  the concentration of AODCST increased.
the concentration of plasticizer BBBhould not change the The presence of deep traps in the composites was stud-
mobility, photogeneration efficiency, trapping, and otheried by monitoring dc photoconductivity on a long time scale
photoelectric parameters for reasons other than an increase(@ec. 11 A 1b).?® The composites withk=0 and with any
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FIG. 9. Concentration dependence(af photogeneration cross section and § 08 | W
(b) mobility. The lines provide visual guidance. £ ] W
5 %] / 15CB, x=40%
2 04 2 AODCST, x=40%
concentration of 5CB showed no photodegradation and thusg ] /
the deep trap density in these composites was below oug °%7]
detection limit ofM1,<0.0IN,. Our numerical simulations £ oo : - : . . :

of PR dynamics show that when the available density of 0 2 “ times & 80 100

deep traps is on the levéll,~0.0IN, or less(provided (b)

shallow trap-unlimited regimeM;>N,), the PR grating

time evolution is not influenced by deep traps. In the

AODCST—containing composites, the degradation of the phOEIG. 10. (a) Concentration dependence of faster and slower PR speed for

, . - ~5CB- and AODCST-containi ites. Lines with symbol d
tocurrent increased as the concentration of AODCST iny. . 2" containing composiles. LInes With symuo's correspon

T . to the photoelectric parameter values for PR speed calculated using Egs.
creased, so that the produgtM 1, describing deep trapping (11), (12), and(15); symbols correspond to FWM experimental data at ap-
increased from~0.02 s for x=2% to ~1.6 st for x plied field E,=10 V/um and total internal intensity=300 mWi/cn3. (b)
=40%, and the detrapping rag correspondingly changed Data and fit with Eq(15) to two composites.

from 1.1x107° to 8.2x10 *s 1, although the values for

low concentrations of the chromophore may contain a larg%ymbols) The experimentally measured slower speed
error due to the sma_lll _concentra’uon of deep ”:M’ﬁz in shows good agreement with calculated values for 5CB-
these composites. Similar to the method described in Se%‘ontaining composites. Although we could not find mono-

I_VAZ('j we §t;1_bst|tur;te all ':che c_alculatgd v?lues |_nto thlelequa'tonic dependence of slower PR speed on various parameters,
tions describing photorefractive grating formatidn. (11)] our simulations show that at low photogeneration efficiencies

and model the PR. perfor.m.ance of the. compo_sites. We.fit theng charge carrier mobilities electric field dependence of
calcqlated d|ffract|o_n efficiencyy(t) V\{Ith a biexponential photoelectric rateg.e., nonzero parameteps 3,,, ) leads
function [Eq. (15)] since, as we mentioned above for theseto nonsingle exponential behavior of space-charge field in

samples, both the slow and fast compoqgnts of the photore;ierials without deep traps, such as our 5CB-containing
fractive speed are due to photoconductivity. The calculategOmposites

Iaste_r ano][ slower PR_ spe;éerl]l arr11d V2 rﬁSpeCti_\’EW asdg In materials with deep traps, the slower component is
unction of concentration of the chromophore with no adjust-; 4. \anced by trapping rate, deep trap densitylr,, and

able parameters is presented_ in Fig(alQIine with symbolsf etrapping rate,. The slower PR speed in AODCST-
corresponding to concentrations for which we determ'necgontaining composites shown in Fig. (&Dis calculated us-

photoelectric parameters on whose basis the PR speed Wf?‘@ shallow and deep trap unlimited approximati@zse 3.

calculateq, As seen from Fig. 1@), Case 3describes well composites
) ) with high chromophore content. However, at low chro-

2. Photorefractive properties mophore concentrations, it seems that the deep trap limited

The faster and slower PR speéd, and v,) obtained Case 2needs to be consideréd?® In these materials, it is
from the biexponential fit of Eq(15) to the experimentally not enough to know the trapping paramejgiM 1, that we
measured diffraction efficiency for different concentrations isare able to determine from the photoconductivity, but knowl-
plotted in Fig. 10a) (symbolg along with a characteristic fit edge of the trapping ratg; and trap density, separately
[Fig. 1Qb)]. Faster PR speed in both 5CB and AODCST-is required to predict the slower PR speed.
containing composites shows reasonable agreement with the According to our simulations, the materials with deep
values of v, calculated from photoconductivitfline with  traps are expected to show a change in both rise and decay
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served in the fresh sample. This is because after illumination

10 r 5CB, x=40% the initial conditions for the grating formation change dra-
08 M\r MM matically due to deep trap filling and ionized acceptor
067 f [ growth, so that deep traps noticeably contribute to the grat-
04 ing dynamics, as predicted by numerical simulatio
02 I { The illumination history dependence can be undesirable
2 00 J ] J \'Hﬁl for applications requiring a long time period grating
43 0 0 ia00 1850 1000 formation/decay repetition in the presence of illumination
S 10 . S — . ; and, thus materials containing deep traps are not suitable for
€ o8 AODCST, x=40% these applications.
[}
B 06+
§ 0.4 f V. CONCLUDING REMARKS
© o2 - We have carried out a detailed investigation of the pro-
0.0 M . ] cesses that affect the PR speed. Although it has been previ-

T T 7/

0 50 ously experimentally demonstrated that photogeneration

cross section and mobility have a large impact on PR speed,
FIG. 11. Influence of homogeneous illumination prior to FWM experiment our calculations confirm this. However, we a!so qemonsnate
on diffracted signals fofa) x=40%, 5CB andb) x=40%, AODCST at  the role of other parameters such as recombination rate, trap-
applied electric field E,=10V/um and total incident intensityl, ping rate, and density of traps. We have shown the subtle role
=300 mw/cnf. that traps play in photorefractive dynamics. We have also
shown how the PR dynamics have a rather complicated
form, but have nonetheless demonstrated how biexponential
transients due to the duration of uniform illumination prior to fits to the data can be useful when carried out over the ap-
the experiment, which is supported by our experimental datgpropriate time scales.
Figure 11 illustrates the diffraction efficiency time evolution We considered two kinds of thermally accessible traps,
in “fresh” samples and preilluminated samples of the com-shallow and deep. We attribute the shallow traps to structural
posites containingxk=40% of 5CB [Fig. 11(@] and x  defects and conformational traps of the carbazole thits
=40% of AODCST[Fig. 11(b)]. The experimental run con- the photoconductor itselfPVK), which can be affected by
sisted of the following steps. First, the electric field of 10the presence of chromophores. Although there could be some
V/um was turned on and kept on for 60 min without any deep traps in PVK itself, the essential contribution in the
illumination. Then, one of the writing beams of intensity 150 density of deep traps that may affect the space-charge field
mWi/cn? was turned on, and then after20 s the second formation is determined by the chromophores. Deep traps
writing beam of the same intensity was turned on, and théead to slow growth of ionized acceptor density, as previ-
diffraction grating formation was monitored for 60 s. Then, ously observed which leads to complicated long time scale
one writing beam was turned off, and the grating decay wa®R dynamics and illumination history dependence of both
monitored. The second writing beafwith the applied field photoconductive and photorefractive properties.
on) was illuminating the sample for 5-15 min, and then  lonized acceptor density\(,,) was identified earlier in
again the second beam was turned on and grating formatiathe literaturé?2 as “deep photoexcitable photorefractive trap
monitored. To ensure that the effects we observe in this exdensity,” since it turned out to be approximately equal to
periment are due to illumination and not due to internal fieldfilled trap density Mo+ M, measured in the two-beam
formed by uncompensated traps and impurity ions, we pereoupling experimerff.We believe that photorefractive traps
formed a similar experiment but without any illumination in polymer composites are not photoexcitable and are the
between the grating decay and formation measurements. Oaones we discussed above, which are due to structural defects
results show that all the dependencies described here amd PVK and to the position of the ionization potential of a
shown in Fig. 11 are due to illumination only. The 5CB- chromophore with respect to the photoconductor. The density
containing composite showed no substantial history depemsf such traps in the material and their depth, together with
dence because the dynamics involves only shallow traps, arather photoelectric rates intrinsic to the material, determines
the equilibrium between photogeneration, trapping, detrapthe dynamics of growth of the ionized acceptors. However,
ping, and recombination processes in the system is reacheahized acceptor density is indeed a good measure for filled
within several seconds and then does not change over a loigap density, since the relatioN), o~M o+ M, is always
time scale. In such systems, the long time scale illuminatiorirue according to the charge neutrality equafiast equation
does not change the density of ionized acceptors and filleth Eq. (5)] under the condition of free charge densify)
traps, and so the initial conditions for the onset of diffractionmuch smaller than filled trap densitieldl ¢ o9, which seems
are the same at any time. Thus there is no illumination histo be the case in most PR polymer composites. For example,
tory dependencéFig. 11). The behavior is different for the if the same material is sensitized with different sensitizers
composites with high AODCST concentration. After the (meaning that the photogeneration cross sedisnthe only
sample illuminated for 5 min, the grating formation and de-parameter that changes in the sysketme different filled trap
cay are substantially different in comparison with those ob-densities(as manifested through different gain coefficients

T T T
: 300 350 400
Time,s
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observed in the two-beam coupling experimi@rire due to  the trapping, detrapping, and recombination rates, 3, y)
the difference in charge photogeneration efficiency, whichwere found to depend sublinearly on light intengitwhich
leads to the difference in ionized acceptor density and, theras not explicitly included or predicted by the model, thus it
fore, filled trap density. seems that some process has not been taken into account.
Experimentally, we studied a set of unplasticized com-Third, it might be helpful to include the effect of the forma-
posites with 5CB, AODCST, and PDCST as chromophoregion of the internal electric field inside the sample due to the
and chromophore concentration dependence of plasticizeitlling of uncompensated traps as well as non-neutralized im-
composites with 5CB and AODCST as chromophores. Wepurity ions. Also, both photoconductivity and photorefractive
applied the modified Schildkraut and Buettner's model tosignals are sensitive to the presence of deep traps in the
compare both photoconductive and photorefractive propercomposite, so that impurities that could serve as deep traps
ties of the composites under investigation. We were able téan obscure the performance of a purer system. A final re-
predictwith no adjustable parametetbe faster photorefrac- mark is that Eq(1) is written for an infinite bulk material
tive speed for a variety of composites from the experimenand does not take into account the possible effects of elec-
tally measured values of the relevant photoelectric rates. Thgodes. These issues require further study.
slower PR dynamics was predictedth no adjustable pa-
rametersfor composites with no deep trapsomposites with ACKNOWLEDGMENTS
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