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Photorefractivity in a functional side-chain polymer
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An experimental study of the photorefractive effect in a polymeric material containing carbazole and
the second-order tricyanovinylcarbazole moieties as a side chain is presented. This polymeric system ex-
hibits intrinsically both photoconductivity and the electro-optic effect. Absorptive and photorefractive
gratings have been evidenced by four-wave-mixing experiments and electro-optic measurements. The
properties of the photorefractive gratings are studied by investigating the electric-field dependence of the
diffraction efficiency. The dynamics of the erase-write behavior of the gratings, as well as permanent
photobleaching of the polymer, are described.

I. INTRODUCTION

Photorefractive materials are of particular importance
because they exhibit a reversible refractive index change
under a low-power laser-beam illumination. They can
therefore be used as versatile storage media for erasable
read-write optical memories or as reconfigurable inter-
connects. ' The photorefractive (PR) eff'ect has been evi-
denced and studied the past two decades mostly in inor-
ganic materials such as ferroelectrics (LiNb03, BaTi03,
LiTa03, etc.), sillenites (BSO, BGO, BTO, etc.), or doped
semiconductors (GaAs:Cr, InP:Fe, etc.). The optimiza-
tion of the ef5ciency of these inorganic crystals for pho-
torefractive applications suffers from the fact that high
electro-optic (EO) coefficient r is accompanied by a high
dc dielectric constant c., limiting the commonly used
figure of merit for the PR eff'ect (n r IE). Recently, the
PR effect has been evidenced in an organic crystal and in
polymeric materials. Organic materials for pho-
torefractive applications are of great interest because they
exhibit large EO coeKcients, have a low dielectric con-
stant, and can be functionalized and easily processed at
low cost into a rich variety of thin films and waveguides.

To be photorefr active, a polymer needs to have
second-order nonlinear optical properties in addition to
photoconductivity. Photorefractivity has been demon-
strated so far in guest-host systems where a glassy po-
lymer matrix is doped with either a transport agent for
the photoconductivity, a photosensitizer or a second-
order molecule (NLO chromophores). The electro-optic
effect due to alignment of the chromophores is achieved
by applying a field to the sandwich formed by the poly-
mer placed between two electrodes or by Corona poling.
The guest-host approach leads to a polymeric system
with a low glass transition temperature T and conse-
quently low stability. Here, we report photorefractivity
in a side chain polymeric material which has both the
photoconductivity and the electro-optic effect intrinsical-
ly. This approach can lead to high- T polymers.

Modified polyvinylcarbazole (PVK) was used as starting
material since it is well known for its photoconductive
properties. " A portion of the carbazole groups were
reacted with tetracyanoethylene to form tricyanovinyl-
carbazole (TCVK) groups which have second-order prop-
erties. The nonlinear chromophores, in this case, are at-
tached to the backbone as a side chain and higher stabili-
ty of the electro-optic effect is obtained. But in return
for better stability, high poling fields are needed (100
V/pm). This high value restrains the thickness of the
samples that can be poled efficiently and limits therefore
the interaction length in diffraction experiments unless
the sample is used in a waveguide configuration.

In this paper, we report the observation of photorefrac-
tivity in a carbazole-tricyanovinylcarbazole (PVK-
TCVK) polymeric system, modified in order to ease the
poling process of thick samples. Four-wave mixing and
Mach-Zehnder —type experiments were performed and
the diffraction eKciency was measured as a function of
the applied field. The erase-write properties of the grat-
ings and their dynamics are discussed as well. Finally, we
show that the polymer can exhibit some permanent pho-
tobleaching of the absorption and related refractive index
changes due to photochemical reactions of the polymer
when it is excited close to its absorption band. This pho-
tobleaching process lowers permanently the refractive in-
dex at wavelengths greater than 500 nm.

II. THEORETICAL BACKGROUND

The formation of a photorefractive grating can be a
complex process and therefore its theoretical description
is still the subject of active research. However, the model
introduced by Kukhtarev and co-workers' ' has pro-
vided a solid framework for the description of the forma-
tion of a photorefractive grating and appears to agree
reasonably well with experimental results obtained in
inorganic crystals. The Kukhtarev model does not take
into account the physics of photocarrier generation and
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recombination for which a model has been presented by
Onsager. ' A first-order approximation of this geminate
recombination process has been introduced into the Ku-
khtarev model by Twarowski' to describe the pho-
torefractive grating formation in organic crystals and po-
lymers. Hole photogeneration studies" in PVK show
that an external applied field plays an important role in
the generation of photocarriers. Therefore, to describe
the photorefractivity in our material, we will apply the
simple Kukhtarev model in the steady state including
Onsager geminate recombination and modified to take
into account the field dependence of the electro-optic
coefficient.

In photorefractive crystals, the interference of two
coherent writing beams leads to a periodic light intensity
distribution that causes photoexcitation of mobile charge
carriers. These photogenerated carriers migrate by
difFusion, or by drift when an external field is applied
along the grating vector, and are trapped at new sites.
This charge transport induces a periodic space-charge
distribution and consequently a space-charge field. This
results in a refractive index modulation through the
space-charge Geld and the electro-optic effect. In the
steady state, the amplitude of the electro-optic pho-
torefractive index modulation An„ is expressed as

3
APl —2n T gE

where n is the background refractive index and r,z is the
effective electro-optic coefficient which depends on the
symmetry of the sample and the experimental
configuration. The amplitude of the space-charge field

E„is given by

formation. This phase shift 4 is given by

I ED ED Eo
%' =arctan I + +

Ep ' Eq D q

(5)

Equation (5) shows that the relative phase between the in-
dex grating and the light pattern is a function of the ap-
plied field. Without external field applied along the grat-
ing vector, the buildup of the photorefractive grating is
governed by diffusion, resulting in a space-charge distri-
bution in phase with the light pattern. The phase shift 0
of the space-charge field and the refractive index grating
with respect to the light is then m/2 since the space-
charge distribution and the resulting space-charge field
are related through the Poisson equation. When an
external field is applied, the buildup of the space-charge
distribution is also governed by drift. The dephasing %'

between the space-charge field and the light is then given
by Eq. (5).

In photoconductive polymers, the photogeneration of
free carriers is strongly electric-field dependent. " The
absorption of a photon leads to the creation of a bound
electron-hole pair. The electron and the hole can recom-
bine or can be separated by an externally applied field
into a free electron and a free hole. This field-separation
process competing with geminate recombination is com-
monly described by Onsager's theory. ' This theory gives
an expression for the efficiency P(ro, E) of photogenera-
tion of free carriers that participate to charge migration
by hopping between adjacent pendant groups of the poly-
mer. An approximation of this Onsager photogeneration
efficiency has been given by Mozumder' as

E„= (Eo+Eli )

(1+ED/E ) +(Eo/E )2
(2) P(ro, E)=go 1 —

g
' g A„(g)A„(g)

n=0

Ep is the component of the external applied field along
the grating vector. The diffusion field ED is defined as

where A„(x ) is a recursive formula given by

A„(x ) = A„,(x )—
pg t

and

where E is the grating vector, kz is the Boltzmann con-
stant, T the temperature, and e the elementary charge.
In Eq. (2), the trap-limited field E is given by

eN~

%CEO
(4)

c is the dc dielectric constant, cp the permittivity, and Nz
the density of photorefractive traps. Equations (2)—(4)
show that the space charge increases when an external
field is applied and tends to a saturation value that is
mainly limited by the density of photorefractive traps.
The field dependence of a photorefractive signal is there-
fore a basic signature of the electro-optic photorefractive
effect. Another essential feature and property of pho-
torefractivity is the nonlocal response, i.e., the phase shift
0 between the space-charge field distribution and the
light interference pattern. It results directly from the
transport of the photoinduced carriers during the grating

Ao(x)=1 —exp( —x) .

In Eq. (6), po is the primary quantum yield, i.e., the frac-
tion of absorbed photons that results in bound thermal-
ized electron-hole pairs and is considered independent of
the applied field E. q=r, /ro and g=eroE/k&T where

r, =e /4vrEOEkii T and ro is a parameter that describes the
thermalization length between the bound electron and
hole. According to this theory, the difFraction efticiency
of a photorefractive grating written in polymers with
pendant groups will be strongly field dependent since an
externally applied field increases the number of photogen-
erated carriers that migrate by drift and lead to the build-

up of the space charge. In our model, to describe the
photorefractive effect in polymers, we assume that the
space-charge field in these materials is limited by the
efficiency of photogeneration of free carriers P(ro, E),
rather than by the density of traps Nz. In addition, in

poled polymers, the electro-optic coefficient is no longer a
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constant of the material as in inorganic crystals, but de-
pends on the external field that is applied for the poling
to generate the electro-optic effect. Therefore, r,z in Eq.
(1) is field dependent. The applied field then affects the
value of the amplitude of the space-charge field, the value
of the electro-optic coefficient, and the relative phase be-
tween the index grating and the light pattern. Since the
dc dielectric constant is lower in organic materials com-
pared to inorganic crystals, the space-charge field ampli-
tudes can reach higher values ( & 1 V/p). If such fields
are high enough to pole the polymer, the internal space-
charge field could interfere with the external poling field
and alter the effective electro-optic coefficient. For the
polymers discussed here, this effect can be neglected since
high poling field are needed to orient the nonlinear chro-
mophores. The electro-optic coefficient is therefore only
a function of the external field. Its field dependence is
measured by Mach-Zehnder —type interferometric mea-
surements as described in Sec. IV.

III. EXPERIMENTAL METHOD
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A. Sample preparation and characterization

To be photorefractive, a polymer must be photocon-
ductive and show the electro-optic effect. Different ap-
proaches can be employed to design a functional polymer
that fulfills these requirements. Doping of a polymer ma-
trix with a photosensitizer, a transport agent, or non-
linear chromophores has been employed so far. ' This
guest-host approach leads to materials with a low glass
transition temperature T and is limited by the relatively
low concentrations of dopants that can be mixed into the
polymer matrix. Our strategy for the design of a pho-
torefractive polymer was to start from polyvinylcarbazole
(PVK) which is well known for its photoconductive prop-
erties and to modify it to also become electro-optic. We
synthesized a methacrylic ester polymer containing car-
bazole groups attached as a side chain to the polymer
backbone with an alkylene spacer. This polymer was
reacted with tetracyanoethylene which transformed some
of the carbazole groups into tricyanovinylcarbazole
groups (TCVK). The chemical structure of the polymer
is shown in Fig. 1(a). The carbazole group has a long 7r

conjugation along the two aromatic rings; the nitrogen
atom in the carbazole group is an electron donor, while
the tricyanovinyl group is an electron acceptor. Tri-
cyanovinylcarbazole is a moiety with a donor-acceptor
group and has, therefore, second-order optical nonlineari-
ties. The advantage of this approach is that one can get
polymeric systems with a higher T~ and consequently a
higher poling stability. But in return for better stability,
higher poling fields are needed causing difFiculties during
the poling process of thick samples. This approach also
offers Aexibility as T can be varied by changing the poly-
mer backbone, or the spacer group, or by adding a plasti-
cizer. The high-T (9S C—100'C) polymer shown in Fig.
1(a) was modified into the low Tg (room-temperatu-re) po-
lymer shown in Fig. 1(b). The backbone was changed
from methacrylate to acrylate and benzylbutylphthalate
was added as a plasticizer. The acrylate polymer with

CN
/

C=C
NC CN

FIG. 1. Structure of the carbazole-tricyanovinyl-
carbazole (PVK-TCVK) polymer. (a) Methacrylate form, (b)
acrylate form.

plasticizer was used to fabricate thick samples ( —100
pm) for the photorefractive experiments since poling in
these samples is easier than in the methacrylate polymer
samples. Thin samples, obtained by spin coating the
methacrylate polymer (high- Ts~ on indium-tin-oxide
(ITO) glass, showed a strong electro-optic effect with
good stability after a poling field of 100 V/pm was ap-
plied. An electro-optic coefficient of r»=6 pm/V was
measured at 830 nm in a 3-pm-thick film. It has been
shown that 75% of the initial poling value of the
electro-optic was maintained for more than 380 h after
poling. The photoconductivity was also studied by
measuring the photocurrent through thin high-T sam-

ples. A dielectric constant of a=3.9 and a refractive in-
dex of n = 1.67 were determined.

The linear absorption spectrum of the PVK-TCVK po-
lymer is shown in Fig. 2. It shows a broad absorption
band centered around 500 nm which is due to the
charge-transfer absorption. The methacrylate and
acrylate forms of the polymer have similar optical prop-
erties in the visible spectrum. The inset of Fig. 2 depicts
the absorption spectrum of a 100-pm-thick sample. At
700 nm, where the wave mixing experiments were per-
formed, the optical density is around 0.5. For the experi-
ments presented here, the polymer was sandwiched be-
tween two ITO glass slides and filled a circular window
cut in a TeAon film which was used as a spacer. TeAon
has good electrical insulating properties and reduces the
breakdown problems that might occur when a high elec-
tric field is applied across the sandwich.
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~3
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A, is the wavelength of the light, n the refractive index at
k, ri3 the electro-optic coeKcient, and Vis the amplitude
of the applied voltage. Substituting Eq. (10) into Eq. (9),
we see that the modulated signal @(0)of the interferom-
eter is given by

0
350 500 650

Wavelength (nm)
800

C&(A) =E,E2 cos[$0+ 3 cos(Qt)] . (12)

FIG. 2. Linear absorption spectrum of a 2-pm-thin PVK-
TCVK polymer film. Inset: linear absorption spectrum of a
100-pm-thick sample.

Since the modulation amplitude 3 is small, the right-
hand side of Eq. (12) can be expanded in A and the inter-
ferogram modulation at the frequency 0 simplifies into
the first order of A to

N(Q)= E,E2A—sin(go)cos(Qt) . (13)

B. Experimental setup

To establish and study the photorefractive effect in our
polymeric system, we performed backward degenerate
four-wave-mixing experiments and Mach-Zehnder —type
interferometric measurements for an independent charac-
terization of the electro-optic properties.

The Mach-Zehnder interferometric apparatus is
shown in Fig. 3. The intensity at the output of the inter-
ferometer is given by

I=
—,
' [E, +E2+2E,E2cos($2 —p, ) ], (9)

where E, are the field amplitudes of the light in each arm
of the interferometer and P2

—P, is their relative phase.
If an electric field with frequency 0 is applied to the
electro-optic sample which is placed in one arm of the in-
terferometer, the relative phase will be modulated as

P2 P~ =go+ A c—os(Qt), (10)

where Po is the relative phase without electro-optic
modulation. A is the modulation amplitude given by
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FIG. 3. Schematic representation of the interferometric
Mach-Zehnder setup used for the measurement of the electro-
optic coefficient.

The intensity at the output of the interferometer is there-
fore modulated at frequency 0 with an amplitude that
depends on the product of the field amplitudes E,E2, on
the amplitude A, and on the relative phase $0 of the in-

terferometer when no electro-optic modulation is applied
to the sample. The product E&E2 can be determined in-

dependently by measuring the intensity modulation of the
interferometer when only the reference arm is modulated.
This is done in our case by a wedge mounted on a PZT
crystal driven by a sawtooth signal such that the relative
phase is changed by ~ several times. In this case, the
maximum I „and the minimum I;„intensities which
are detected are related to E&E2 by

E&E2= 2(Imax Imin) ' (14)

where Iz™(Q)is the amplitude of the modulation of the
intensity at the frequency A at the output of the inter-
ferometer. Our experiments were carried out at
A, =632.8 nm. A sinusoidal signal with a frequency 0= 1

kHz and an amplitude of the order of V' '=20 —40 V
which was superimposed on a dc part ranging from 0 to
2000 V was applied across the sample. The dc part of the
applied field poles the polymer and induces the electro-
optic effect. It could be switched on and off independent-
ly of the sinusoidal part so that the dynamics of the pol-

For this measurement, the s-polarized light is chopped
and the output intensity is measured with the lock-in
amplifier at the chopper frequency. Since the chopped
signal has a squared wave form, the total amplitude mea-
sured with the lock-in is half the real amplitude modula-
tion that appears in Eq. (14). To determine A from Eq.
(13) we need the value of $0. The latter is changed con-
tinuously with the wedge placed in the reference arm, so
that the signal detected with the lock-in at frequency 0 is
modulated by the factor sin(Po) in Eq. (13). In this case,
the results are not influenced by an undesired change of
Po that could occur during the experiment. Substituting
Eqs. (11) and (14) into Eq. (13), the electro-optic
coeKcient can be determined from

I; '(A)
~13

Imax Imin
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ing could be studied in situ.
The backward degenerate four-wave-mixing experi-

ments were performed in a tilted configuration. Two
pump beams labeled I, and I2 impinged onto the sample
with an angle of a& and a2 with respect to the normal to
the sample (measured inside the sample with a2) a, )0).
The tilted configuration is shown in Fig. 4. In this
configuration, the external field had a component Eo
along the direction of the grating vector K given by
Eo = V,„,sin(p)/d where p is the slant angle of the grat-
ing [p= (a &+a2) /2 j. V,„, is the external voltage
applied to the sample, and d is the thickness of the
sample. The grating spacing A is then given by
A=A, /2n sin[(a2 —a, )/2]. A much weaker third beam
I3 was counterpropagating with respect to beam I i with

p polarization as opposed to the pump beams which were
s polarized. The diffracted signal I4 was counterpro-
pagating with respect to I2 and its intensity was mea-
sured with an amplified Si photodiode and a lock-in
amplifier with the probe beam I3 being chopped at 1

kHz. The diffracted signal was continuously detected
over periods of time as long as 600 s and was divided by a
reference signal. The laser source was a cw Pyridine 2
dye laser pumped by an Ar laser. The intensities of our
pump beams were in the range of 10 to 20 mW corre-
sponding to a power density of 0.3 to 0.6 W/cm . The ra-
tio of the intensities of the two pump beams was adjusted
in order to account for the Fresnel losses of each pump
beam on the entrance glass slide of the sample.

IV. RESULTS AND DISCUSSION

A. Electro-optic eft'ect

In polymers, the orientational averaging of the
second-order molecules leads to a macroscopic cancella-
tion of the nonlinear contribution from individual molec-
ular constituents. To show an electro-optic effect, the po-
lymeric samples need to be oriented under a dc poling
field. This poling process induces a polar axis in the poly-
mer. The class of symmetry ' is comm. The electro-
optic tensor has only two independent tensor elements:
P 33 along the poling direction and r i 3 in any perpendicu-
lar direction. It is generally accepted that r33 is three
times larger than r&3. Since the poling field is applied be-

tween the two ITO glass slides, the polar axis is perpen-
dicular to the plane of the polymer sample. In low-T
polymers, the generation of an electro-optic coefficient
through poling can be studied in situ at room tempera-
ture with the Mach-Zehnder interferometer described in
Sec. III A. Figure 5 shows the amplitude of the modulat-
ed signal Is (Q,, t ) at the output of the interferometer. Ac-
cording to Eq. (15) this amplitude is proportional to the
electro-optic coefficient r&3. At t =66 s, a dc voltage of
1.5 kV is superposed to a sinusoidal voltage V' '=33.7
V. The amplitude of the modulated signal increases rap-
idly to a higher value due to poling of the sample. The
high-frequency modulation of the signal is the result of
the periodic tuning of the relative phase in the reference
arm of the interferometer with the wedge mounted on a
PZT. When the dc part of the applied field is switched
off, the electro-optic effect vanishes rapidly to its initial
value at t (66 s. Figure 5 shows that the polymer under-
goes a rapid loss of its electro-optic properties after the
poling field is switched off but that a residual poling stays
for longer times. The magnitude of the residual poling is
r»=0. 07 pm/V. At time t =300 s, the sinusoidal volt-

age is switched off; there is no longer electro-optic phase
modulation and the signal goes down to the noise level of
the experiment. Figure 6 shows the values of the
electro-optic coefficient ri3 obtained with this technique,
as a function of the applied dc voltage in a 75-pm-thick
sample. It shows that in the range of a dc poling voltage

V„, of 0 to 2000 V, the electro-optic response is almost
proportional to the applied voltage. If we assume that
the poling field is given by E,„,= V,„,/d, where d is the
thickness of the sample, we get a value of
r» =3r» =0.63+0.06 pm/V for a poling field of
E„,=20 V/pm. This value is small compared to the one
we measured in 2-pm-thick thin spin-coated samples but
the value of the poling field is one order of magnitude
lower. Higher values of the electro-optic coefficient could
be reached if higher voltages could be applied to thick
samples without facing the problem of electrical break-
down through the sample. To improve the poling process
it is important to improve the quality of the films. The
formation of pinholes during the sample fabrication

1.5 kV
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ITO giass

/4
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&D
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0 100 200
Time (s)

300

FIG. 4. Tilted configuration used in the backward degenerate
four-wave-mixing experiments.

FIG. 5. Dynamics of the poling of a low-Tg acrylate PVK-
TCVK polymer sample measured in situ with the Mach-
Zehnder interferometer.



PHOTOREFRACTIVITY IN A FUNCTIONAL SIDE-CHAIN POLYMER 10 715

0.3 10x 10-8

Applied voltage 1.5 kV
OV

C4
0.2

~ K
~ W

0 1
0
0
~ 0.0

0.0 0 5 1.0 1.5
Applied voltage (kV)

2.0

O

4

O

O
a5

04 0
I

200
I

400 600
Time (s)

800

FIG. 6. Electro-optic coefficient rI3 as a function of the ap-
plied voltage measured in a low-Tg acrylate PVK-TCVK poly-
mer sample.

FIG. 7. Diffraction efficiency versus time showing evidence
for an absorptive grating and an electro-optic photorefractive
grating when an external poling field is applied. Both gratings
have erase-write properties (X=700 nm, d = 100 pm).

reduces considerably the value of the poling field that can
be applied across the sample. Poling in vacuum could
also improve the electro-optic properties of thicker sam-
ples.

B. Four-wave-mixing experiments

We wi11 now present the results of the four-wave-
mixing experiments. We first discuss photorefractive and
absorptive gratings written at 700 nm in 70—150-pm-
thick samples. These gratings are erasable and have to be
distinguished from other permanent gratings due to pho-
tochemical reactions of the polymer when it is excited
close to its absorption band centered at 500 nm. Such
photobleaching effects will be discussed at the end of this
section.

In the tilted configuration described previously in Sec.
III B and shown in Fig. 4, we measure the diffracted sig-
nal as a function of the voltage V„, applied across the
sample. This applied voltage induces the electro-optic
effect in the sample, helps for the generation of photocar-
riers, and helps in the buildup of the photorefractive
space-charge distribution as a drift source. Figure 7
shows the diffraction efficiency versus time in a 100-pm-
thick sample oriented such that a2= +31 and a, = + 17 .
The value of the grating spacing corresponding to this
configuration is A=1.7 pm. The value of the slant angle
P is 25'. At t =0 s, without bias field ( V,„,=0), a grating
is detected whose diffraction efriciency is g=3X10
This signal can be erased, as evidenced by blocking the
beam II at t =66 s. Without poling field the polymer is
almost isotropic and shows only a residual electro-optic
effect. This zero-field electro-optic effect is too small to
generate an electro-optic photorefractive grating with
such a diffraction eKciency. We attribute this signal to
the absorption grating resulting from the periodic light
distribution and the corresponding absorption changes
between the dark and light regions. The origin of these
gratings is not well understood yet. However, they have
to be distinguished from thermal gratings and permanent
gratings that could be induced by photochemical effects.

As depicted in Fig. 7, when an external voltage of 1.5

q, (t) ~ [exp —(t t,)/r]—
7) (t ) ~ [1—exp —(t —t„)/r]' .

(16a)

(16b)

z is the time constant, and t, and t are the times when

kV is applied across the sample for poling and when the
second pump beam is restored, the diffraction efFiciency
increases by a factor of 2 compared to the diffraction
efFiciency measured without the field. This diffracted sig-
nal is due to the formation of an electro-optic pho-
torefractive grating superimposed on the absorptive grat-
ing discussed previously. The dynamics of the buildup of
the photorefractive gratings is complex and shows
different time constants. At t =475 s, one of the pump
beam is blocked and the signal vanishes. The uniform
light illumination of a single pump beam erases the
periodic space-charge distribution previously written in
the material by the two interfering pump beams. The sig-
nal vanishes since both photorefractive and absorptive
contributions are erased. In the presence of the two
pump beams (t =510 s) a new periodic space-charge dis-
tribution is written in the material and the diffracted sig-
nal grows to reach its former steady-state value. When
the applied voltage is removed at t =750 s, the electro-
optic effect is lost and the signal decreases rapidly reach-
ing its steady-state value when only the absorptive contri-
bution is present. The dynamics of this process is con-
sistent with the dynamics of the loss of the electro-optic
effect measured with the Mach-Zehnder interferometer
and is discussed in Sec. IV A. Within the time resolution
of our experimental apparatus (0.3 s), the erase-write dy-
namics is independent of the applied field. On the time
scale of our experiments, absorptive and photorefractive
gratings show the same erase-write dynamics. Figure 8(a)
shows an erase-write process. The dynamics is compared
to the standard Kukhtarev model. In this model, the
diffraction eKciency g, (t ) during the erasure of the grat-
ing and the diffraction efficienc g (t ) during the writing
of the grating are given by
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0
3 0

D ~ ~ 0 n 0
0 (-P 0 n ~ A-cA

C0 0 Q3 0
0

00
"ea R:k.e, (18)

the treatment of second-harmonic generation and is
given by

400 450 500
Time (s)

550 600

where k is a unit vector along the space-charge field
(along the grating vector). R is the electro-optic tensor
with the symmetry of poled polymers. ' The x,y, z
axes system is defined such that the z direction is pointing
in the direction perpendicular to the surface of the sam-
ple and the x,y plane defines the surface of the sample.
In our tilted configuration and for a readout of the grat-
ing with p-polarized light, we have ed=(cosa2, 0, sinai),
e; = (cosa, 0, sina, ), and k = (cosp, 0, sinp) so that Eq.
(15) becomes

ff ri3 cosa& sin(a i +p)

+r» sinazcosa, cosp+r33 sina, sina2sinp . (19)

50
Time (s)

100

FIG. 8. (a) Erase and write dynamics of the photorefractive
grating. Circles: experimental points; full line: theoretical fit.
At t =475 s one of the pump beams was blocked and the signal
vanishes. At t=510 s, both pump beams are present. (b)
Storage time of the space-charge distribution measured when
both pump beams are blocked.

In this calculation, we neglect the anisotropy of the re-
fractive index in the sample. The experimental points in
Fig. 9 show the steady-state diffraction eKciency mea-
sured in a 75-pm-thick sample at 715 nm as a function of
the applied voltage. The strong field dependence of the
signal is the signature of the photorefractive effect. To fit
the total diffraction efficiency we apply Eq. (17) under our
experimental conditions. Both the absorptive and the
photorefractive contributions are taken into account.
Therefore, in Eq. (17) the amplitude of the complex re-
fractive index An is given by

b, n(x, EO)=b,n(Eo)sin[Xx+4(Eo)]+ cos(Kx) .
AeA,

g =exp
(cosa, cosa&)'

errand(e;ed

)
(17)

A, (cosai cosa2)'~

where e; and ed are unitary vectors along the polariza-
tion of the incident and the diffracted beams, respective-
ly. An is the complex refractive index variation that con-
tains a refractive index change An and an absorption
change b,a(b, n =En+i A. b,a/4'). The dispersive contri-
bution An is the electro-optic effect and is given by Eq.
(1). The linear electro-optic Pockels effect is a second-
order process due to the mixing of the space-charge field
(at zero frequency) and the optical field. The calculation
of the effective electro-optic coeKcient r,ff is analogous to

one of the pump beam is blocked and restored, respec-
tively. As shown in Fig. 8(a) (full line), the best fit gives a
time constant of ~=7 s for pump beams with a power
density of 0.4 W/cm . The fit is not completely satisfac-
tory, indicating that the buildup of the grating is a more
complex process. Figure 8(b) shows the decay of the
diffraction eKciency when both pump beams are blocked.
This decay measures the storage time of the grating and
is longer than the erasure process when only one pump
beam in blocked. The storage time is mainly limited by
the lifetime of the trapped carriers.

In the backward degenerate four-wave-mixing
configuration, the diffraction e%ciency g can be approxi-
mated as2425

(20)

b,n(Eo) is given by Eqs. (1), (2), and (19). The field
dependence of the electro-optic tensor elements is mea-
sured independently by the electro-optic measurements
described in Sec. IVA. It is fitted by the liner function
ri3( V,„,) =a V,„,+b In the sam. ple for which wave mix-

6x]0'-

o

o 4-

O
2o

~ ~
t-I

0
0

I
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I I I

20 30 40
Applied Field (V/)im)

I

50

FIG. 9. Electric-field dependence of the total diffraction
efficiency in the photorefractive system. Circles: experimental
points; full line: theoretical fit using a modified Kukhtarev mod-
el.
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Ia~
t'c P(ro E) (21)

ing results are presented in Fig. 9, we measured
g =915X10 pm V, b =75X10 pm V '. This
linear dependence is shown by the straight line in Fig. 6.
The best fit to the field-dependent diffraction efficiency
measured in our poled polymers is shown by the full line
curve in Fig. 9. It has been obtained using Eqs. (1)—(5),
(17), (19), and (20). The trap density Nz appearing in Eq.
(4) was replaced by Ntc the density of photogenerated
free carriers which is given by

other hand, it experiences also these photobleaching
effects. The choice of the excitation wavelength for the
photorefractive effect is therefore a trade off between
good photosensitivity and good photochemical stability.
The photosensitivity can be increased at longer wave-
length where the polymer does not show photobleaching
effects, by adding a photosensitizer to the polymeric sys-
tem. Nevertheless, the permanent photobleaching is an
interesting property that can be used to write waveguide
structures with photolithography masks and UV light ex-
posure.

where I is the power density in the maxima of the light
modulation, a is the absorption coefficient, ~ the lifetime
of the carriers, and fico is the photon energy. The On-
sager efficiency for photogeneration P(ro, E ) is given by
Eq. (6). The configuration was a, =+9' and a&=+25
(angles inside the sample) leading to a slant angle P=17'
and a grating spacing of A=1.5 pm. At 300 K, the
diffusion field is ED =0. 1 V/pm and the space-charge
field is E„=0.2 V/pm for an applied voltage of 1000 V.
The absorbance of the sample at 715 nm was ad =0.69.
The best fit was obtained with &=60 s, ro =1.63 nm and
$0= 1.6 X 10 . In Eq. (6) the infinite sum was truncated
at n =10 where good convergence was found. These cal-
culations show that the simple Kukhtarev model,
modified to take into account the field dependence of the
electro-optic coefficient and the field-dependent Onsager
photogeneration efficiency, gives in first approximation a
satisfactory description of the photorefractive effect in
our poled polymers.

The photorefractive gratings discussed previously have
to be distinguished from other possible gratings such as
thermal and photochemical ones. The dynamics of the
gratings detected in our experiments is too slow to be
compatible with a thermal grating. The physical con-
stants (density, specific-heat capacity, and heat conduc-
tivity) of methacrylate polymers would lead to a typical
time constant of a few microseconds for the dynamics of
thermal grating formation in these materials. Indeed, we
detected some permanent gratings when the polymer was
excited close to its absorption band centered at 500 nm.
Beam-coupling experiments showed that under resonant
excitation the polymer undergoes a permanent partial
bleaching of its absorption band and related refractive in-
dex changes which are attributed to a photochemical re-
action of the polymer. A refractive index change of
An = —0.002 was measured in a 2-pm-thick film after an
exposure to two interfering pump beams with a power
density of 0.5 W/cm at 600 nm for 15 min. The high re-
fractive index changes they induce at this wavelength
hide any photorefractive signal. Close to its absorption
band, the polymer shows the highest photogeneration
which is suitable for the photorefractive effect, but on the

V. CONCLUSION

In summary, the photorefractive effect has been evi-
denced and studied in the PVK-TCVK polymeric system.
This is the first report of photorefractivity in a side chain
polymeric system. We showed that the field-dependent
electro-optic photorefractive effect is accompanied by an
absorptive contribution. The absorptive effect is dom-
inant in the absence of any external electric field. To de-
scribe photorefractivity in these materials, we applied the
steady-state Kukhtarev model modified to describe the
field dependence of the electro-optic coefficient occurring
in low-T poled polymers and the field-dependent On-
sager photogeneration efficiency. The model gives a good
description of the diffraction efficiency measured for
different values of the applied field. It shows that a good
photogeneration efficiency is the basic key to get high
diffraction efficiencies. A better understanding of the mi-
croscopic mechanisms has to be established in order to
further improve the theoretical description of this new
class of materials. In this study, we established the pho-
torefractivity in the acrylate form of the PVK-TCVK
system. This material has a low Tg and consequently a
low poling stability but in exchange can be poled more
easily than the methacrylate form which has a high T
and a good stability. At this point, the material has
also a slow speed (several seconds) limited by low
mobilities. Molecularly doping of this material through
fullerene doping„' for instance, or by adding
trinitroAuorenone ' which forms an efficient charge
transfer complex with PVK could improve the efficiency
of photocarrier generation and therefore increase the
diffraction efficiency and the speed of these new materi-
als.
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