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We have analyzed the evolution of the photorefractive phase shift and the photoconductivity in three fully

functionalized photorefractive polymethacrylates with increasing temperature and plasticizer concentration.

Apart from a strong increase in refractive index modulation amplitude, the polymers show a larger phase shift

and photoconductivity as the measurement temperature is raised. When the measurement temperature is kept at

21 ³C, the photorefractive performance can be improved by reducing the glass transition temperature of the

polymers by adding an external plasticizer. Two types of plasticizer were used. When doped with 10 or 20 wt%

of an inert plasticizer (IP), diffraction ef®ciencies and gain coef®cients are improved substantially. Due to a

dilution of the charge transporting groups, however, the photoconductivities and the phase shifts start to

decrease when more than 10 wt% of inert plasticizer is added. A detailed analysis of this behaviour is presented.

When the carbazole-functionalized copolymers with carbazole as the only charge transporting group are doped

with 20 wt% of N-ethylcarbazole, the concentration of the charge transport molecules is increased. Together

with the lowering of Tg, this produces a larger phase shift. In all experiments, a good correlation between

photoconductivity and photorefractive phase shift was observed.

Introduction

The photorefractive effect involves the modulation of the
refractive index by a space charge ®eld via the Pockels effect
and birefringence.1,2 Photorefractive materials are multifunc-
tional, combining photoconductivity and electro-optic activity.
Because of a widespread range of applications, PR materials
have received considerable attention over the past few years.
Compared to the inorganic crystals, where the photorefractive
effect was originally discovered, organic polymers have the
advantages of a better processability, lower cost, larger electro-
optic coef®cients, and lower relative permittivities. Addition-
ally, the extension of the optical wavelength at which charge
generation occurs to the near IR region provides compatibility
with low-cost laser diodes.3 The most successful photorefrac-
tive materials so far are composites based on the photo-
conductor poly-(N-vinylcarbazole) (PVK), doped with 50 wt%
of molecular dopants, such as NLO-chromophores and
plasticizer molecules. A disadvantage of these intensely studied
composite materials, however, is their tendency towards phase
separation.4,5 Since fully functionalized polymers offer the best
perspectives in terms of stability,6,7 we have synthesized three
photorefractive methacrylic copolymers in which the chromo-
phore unit is polymerized along with the charge transporting
unit.

In a previous paper, we have presented the synthesis of these
fully functionalized photorefractive polymers, and their
photorefractive properties at three different temperatures.8

The polymer structures are shown in Fig. 1a. Brie¯y, the
polymers had a polymethacrylate backbone, and were
functionalized with a carbazole group, a plasticizing dodecyl
group, and a different nonlinear optical chromophore for each
polymer. The compositions, as determined by1H-NMR, and

the glass transition temperatures (Tg) of the resulting
copolymers are shown in Table 1. Doped with 1 wt% of the

Fig. 1 a) Chemical structure of the fully functionalized photorefractive
polymethacrylates; b) Structure of the liquid crystal used as plasticizer.
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sensitizer (2,4,7-trinitro¯uoren-9-ylidene)malononitrile
(TNFM), all polymers showed good photorefractive proper-
ties, although Tg was too high to allow ef®cient poling of the
chromophores at room temperature. As the measurement
temperature was raised and approached Tg, the photorefractive
properties improved signi®cantly, mainly because of the higher
rotational mobility of the NLO-chromophores, or the
improved contribution of birefringence to the total refractive
index modulation.9 The temperature was controlled by a hot
stage in the optical set-up. To eliminate the need for such a hot
stage, however, an alternative method to improve the PR
properties would be to lower the Tg of the polymer samples, e.g.
by adding an external plasticizer. After addition of a plasticizer,
the chromophores also gain rotational mobility, and the
contribution of birefringence is again enhanced. The external
plasticizer is present in smaller concentration than the
chromophore dopants in traditional composites, and can be
selected to have good compatibility with the polymer.

In the more fundamental study presented in this paper, both
pathways for improving the photorefractive performance, and
their effect on the photoconductivity and the photorefractive
phase shift, are examined closely. In a ®rst section, the
evolution of the refractive index modulation amplitude upon
doping the polymers with an external plasticizer is discussed. In
a second section, the effect of a temperature increase on the
photorefractive phase shifts in the samples containing only the
functionalized polymers and the sensitizer TNFM is investi-
gated. It is well accepted that the refractive index modulation
and the gain coef®cient are enhanced as the chromophores gain
rotational mobility, but an evolution of the PR phase shift as
the sample is scanned through its glass transition temperature
has not been reported yet. The correlation between the phase
shift and the photoconductivity is also discussed. In section III,
we analyze the phase shift evolution in samples containing the
polymers, TNFM, and different concentrations of an external
plasticizer at a constant temperature. Having tested two types
of plasticizer (inert and charge transporting plasticizers), we
present an evaluation of which one is the better plasticizer.
Finally, we compare the evolution of the phase shift in sections
II and III.

Results and discussion

I. Evolution of the refractive index modulation upon plasticizing

Small amounts of plasticizer (10±20 wt%) were added to the
fully functionalized polymethacrylates to lower the glass
transition temperature, and to enhance the rotational ¯exibility
of the functional groups. To avoid scattering and bad fringe
contrasts as a consequence of phase separation, the plasticizer
must be highly compatible with the host polymer. We have
synthesized the liquid crystal (LC), shown in Fig. 1b, and have
used it as a plasticizer. The pure liquid crystal shows a nematic
phase between 42 and 53 ³C. Upon cooling, the transition from
the isotropic to the nematic state occurs at 53 ³C, but the
crystalline phase is only recovered at 10 ³C. When dissolved in
the polymer matrix, however, no mesophase was observed.

Hence, it should be emphasized that the liquid crystal in these
samples is uniformly dissolved in the polymer, unlike in
polymer dispersed liquid crystals (PDLCs), where a phase
separation between the LC chromophores and the polymer
matrix is induced by cooling down rapidly.10 In a PDLC, the
LC chromophores reorient co-operatively at low electric ®elds
because of the high rotational mobility of liquid crystals. As a
consequence, application of an electric ®eld aligns the LC
droplets in the polymer binder, and reduces scattering in the
sample. This results in an increase in transmittance for the
PDLCs. Although we have been able, using other polymers, to
prepare PDLCs with the LC in Fig. 1b, doping the present
polymers (in Fig. 1a) with 20 wt% LC did not lead to the
formation of PDLCs. In the samples discussed in this paper,
phase separation of the liquid crystal has not occurred at
ambient temperature since the preparation of the ®rst samples
(w10 months). An increase in transmittance upon application
of an electric ®eld was not observed, neither was there an
indication of a mesophase in DSC experiments. This con®rms
that the critical concentration for phase separation is not
achieved in these samples, and that the plasticizer is dissolved
uniformly in the polymer matrix. Nevertheless, the liquid
crystal molecules are accompanied by a large free volume,
which is evidenced by a large decrease in Tg when dispersed in
the polymer matrix, and a larger contribution of birefringence
to the total refractive index modulation.9 The LC, having a
nonzero polarizability anisotropy and dipole moment, also
improves the total refractive index modulation through its
photorefractive ®gure of merit. Taking into account the dipole
moment, the polarizability anisotropy, and the number density
of the LC in the samples, the contribution of the LC can
amount to 25% of the total refractive index modulation. Yet,
the LC plasticizer has no hole-transporting properties, neither
does it form a charge-transfer complex with N-ethylcarbazole,
the chromophores, or TNFM. Hence, when doped with LC,
the charge transporting properties of the polymers are only
affected through dilution of the charge transporting moieties in
the mixture. Since this paper focuses on the behaviour of the
phase shift, and hence on the transport of the charges rather
than the magnitude of the refractive index modulation, the
liquid crystal in this paper is referred to as an inert plasticizer
(IP).

If 10 or 20 wt% of the LC plasticizer (IP) is dissolved in the
polymer matrix, the Tg is lowered by 20 to 40 ³C, and the
diffraction ef®ciency of the samples at room temperature
(21 ³C) is signi®cantly improved. Diffraction ef®ciencies of
polymers 1, 2, and 3, doped with 0, 10, or 20 wt% IP, are shown
in Fig. 2a, b, and c, respectively. All samples contained 1 wt%
of TNFM-sensitizer, and the experimental wavelength was
780 nm. As mentioned above, the large improvements in
diffraction ef®ciency after doping with IP are due to the higher
rotational mobility of the chromophore groups, producing a
larger contribution of bire®ngence to the total refractive index
modulation,9 and due to a contribution of the IP itself. The
relation between the refractive index modulation amplitude Dn
and the internal diffraction ef®ciency g is:

g~ sin2 (564Dn) (1)

Eqn. (1) was obtained from the coupled wave theory for thick
holograms developed by Kogelnik, after ®lling in all geometry
factors of the optical setup.11

A similar increase in diffraction ef®ciency has been observed
for the pure copolymers with increasing temperature.8 At
higher temperatures, the chromophores also gain rotational
mobility. However, the increase in temperature for a fully
functionalized polymer is not equivalent to reducing the Tg by
adding a plasticizer. Being unable to transport charges, the
plasticizer affects the charge transporting characteristics of the
polymers through the dilution of the charge transporting

Table 1 Composition and Tg of the synthesized polymethacrylates

Polymer Chromophore a x/y/z b Tg/³C c

1 R1 0.45/0.0/0.55 66
2 R2 0.46/0.23/0.31 47
3 R3 0.45/0.18/0.37 52
a The chromophore incorporated in the polymer. The chromophores
are shown in Fig. 1. b Polymer composition: percentage of carbazole,
dodecyl, and chromophore units incorporated in the polymer, as
determined by 1H-NMR. c Determined by DSC measurements, at a
scanning rate of 20 ³C min21.
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groups. Thus, even if the pure copolymer and the plasticized
copolymer are at the same temperature with respect to their Tg,
the photorefractive properties can be different. Therefore, in
the remainder of the discussion, we analyze the photoconduc-
tivity and the photorefractive phase shift.

II. Phase shift evolution with increasing measurement
temperature

Using eqn. (1), refractive index modulation amplitudes Dn can
be calculated from the measured diffraction ef®ciencies. If the
two-beam coupling gain coef®cients C are measured as well, the
photorefractive phase shifts can be calculated using eqns. (1)
and (2):

C~
4p

l
(ê1ê�2)Dn sin q (2)

where l is the optical wavelength, eÃ1 and eÃ2 are the polarization
vectors of the two writing beams, and q is the phase shift
between the space-charge ®eld and the interference pattern

generated by the interacting beams.1 The PR phase shift
slightly increases with the applied electric ®eld. Diffraction
ef®ciencies and gain coef®cients for the three copolymers
without plasticizer at 48 V mm21 were measured at three
different temperatures.8 The two upper temperatures for each
polymer were chosen to perform the PR measurements at the
same distances from Tg, to minimize the differences in the
contributions of birefringence to the total refractive index
modulation amplitude. It is important to note that the
diffraction ef®ciencies and the gain coef®cients were allowed
to reach steady state values. For polymers 2 and 3, the grating
build-up was complete after 1 minute, while polymer 1 needed 5
minutes. Therefore, the values for the phase shifts at 48 V mm21

and at three different temperatures, which are shown in
Table 2, were obtained from diffraction ef®ciencies and gain
coef®cients after 5 minutes of grating formation at 48 V mm21.

As can be seen from Table 2, the photorefractive phase shift
is largely enhanced with increasing measurement temperature
in all polymers. The phase shift measured in a photorefractive
experiment is a good measure of the mean distance the
photogenerated holes can migrate from the light intensity
maximum, where they are generated. Thus, it can be expected
that the magnitude of the phase shift correlates with the
mobility of the charges, that is, the ability of the photo-
generated holes to hop from one charge transporting unit to
another. To study the correlation between charge mobility and
the photorefractive phase shifts, we have measured the
photoconductivity at a ®eld of 48 V mm21, and at the three
temperatures where the PR measurements were performed. The
photoconductivity of a polymer is proportional to the
photogeneration ef®ciency and the mobility of the charges.12

Photoconductivities were obtained by measuring the voltage
change over a resistor (resistance R~1 MV) in series with a
biased (applied ®eld E~48 V mm21) sample, when it was
illuminated with a 200 ms light pulse (l~780 nm, irradian-
ce~130 mW cm22). For polymer 1, no reliable photoconduc-
tivity data could be obtained, because of a low signal-to-noise
ratio. For polymers 2 and 3, however, the data were highly
reproducible (5%). As can be seen in Table 2, when the
temperature of the polymer mixture is raised and approaches
Tg, the photoconductivity of the samples increases. Hence, for
polymers 2 and 3, the proportionality between the photo-
conductivity and the phase shift is clear: both increase with
temperature. An increase in phase shift with temperature was
also observed in polymer 1. At this point, it is not clear yet
whether it is the photogeneration ef®ciency or the charge
mobility (both increasing with temperature) which is respon-
sible for the higher PR phase shift. This will be the subject of a
further study.

The larger photoconductivities at higher temperatures,

Fig. 2 a) Internal diffraction ef®ciencies for polymer 1, doped with 0
(r), 10 (&), and 20 wt% ($) of IP versus applied electric ®eld; b)
Internal diffraction ef®ciencies for polymer 2, doped with 0 (r), 10 (&),
and 20 wt% ($) of IP versus applied electric ®eld; c) Internal diffraction
ef®ciencies for polymer 3, doped with 0 (r), 10 (&), and 20 wt% ($) of
IP, and (+) a sample of polymer 3, plasticized with 20 wt% of N-
ethylcarbazole, versus applied electric ®eld. The lines are ®ts of the
diffraction ef®ciency according to Kogelnik's coupled wave theory for
thick transmission gratings.

Table 2 Photoconductivities and photorefractive phase shifts at
different temperatures in the copolymers without plasticizer

Polymer Te/³C
a Te2Tg/³C b sph/pS cm21 c q/³ d

1 21 245 Ð 4.1
1 50 216 Ð 9.5
1 68 z2 Ð 11.5
2 21 226 0.15 6.2
2 31 216 0.20 8.0
2 49 z2 0.23 13.0
3 21 231 0.19 6.0
3 36 216 0.22 8.1
3 54 z2 0.26 13.2
a Te is the temperature at which the experiment was performed. b Tg

is the glass transition temperature of the polymer, determined by dif-
ferential scanning calorimetry, at a heating rate of 20 ³C min21. c sph

is the photoconductivity, measured at 48 V mm21, 780 nm and a light
intensity of 130 mW cm22. d q is the photorefractive phase shift, cal-
culated from diffraction ef®ciencies and gain coef®cients, using
eqns. (1) and (2), at an applied ®eld of 48 V mm21.
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which correlate with the larger phase shifts, are partly the
consequence of higher charge mobilities. These can be
attributed to the destruction of conformational traps in the
carbazole-based copolymer by the micro-Brownian motion of
the polymer chains in the glass transition region.13,14 Above a
certain temperature, the trap level of this conformational trap
becomes shallow. It has been argued that the activation energy
term in the drift mobility is in part the consequence of a site's
variable local potential.15 The disorder induced potential could
be in¯uenced by the onset of a dynamic process as chain
motion, characteristic for the glass transition region. It is
important to note that the largest activation energy for the
mobility is found in the temperature region below Tg. Around
and above Tg a smaller activation energy was observed. This
con®rms that, as was mentioned above, the trap level of the
conformational trap becomes shallow at a certain temperature.
An Arrhenius plot of log (photoconductivity) versus 1000/T of
polymer 3 is shown in Fig. 3. The fact that we observe a change
in the slope of the log (photoconductivity) in Fig. 3 at a certain
temperature, similar to what has been observed in mobility
experiments,15 indicates that the photoconductivity in these
samples is a good measure of the charge mobility.

Another study, by Slowik and Chen, has also argued that the
mobility increases as the carbazole moieties gain rotational
mobility, due to a better overlap between adjacent carbazole
groups.16 In conclusion, when the temperature is raised, the
mobilities, and hence also the photoconductivities and the
phase shifts, increase.

III. Phase shift evolution upon plasticizing

a. Doping with an inert plasticizer (IP). If the inert
plasticizer (IP) is added to the copolymers, the situation is
more complex. In Fig. 4a, b, and c, we can see that, apart from
the diffraction ef®ciencies (Fig. 2), the gain coef®cients are also
strongly enhanced upon addition of plasticizer. This was
expected, from the direct proportionality between the gain
coef®cient and the refractive index modulation amplitude
(eqn. (2)). When Fig. 4 is examined closely, however, it is clear
that mixtures with 10 wt% IP (&) have gain coef®cients
relatively close to the gain coef®cients of mixtures with 20 wt%
IP ($), while the diffraction ef®ciencies, in Fig. 2, differ
substantially. From eqn. (2), this implies that samples with
10 wt% IP must have a higher photorefractive phase shift than
samples containing 20 wt% IP. Phase shifts for the samples
with different concentrations of IP, at 48 V mm21, have been
calculated in the same manner as explained in the previous
section, and the results are shown in Table 3. These results
clearly show that, for all polymers, adding 10 wt% IP enlarges
the photorefractive phase shift, whereas the phase shift
decreases after addition of 20 wt% IP.

In Fig. 5, the phase shifts of polymer 2 are plotted versus the
difference between the experimental temperature and Tg, for
two different experimental approaches. Fig. 5 points out that,
as was anticipated, reducing the Tg by adding an inert
plasticizer is not equivalent to a temperature increase for the
pure copolymers. An increase in measurement temperature
always induces a larger phase shift (circles, solid line, see also
Table 2). Adding a plasticizer also reduces the difference
between the experimental temperature and Tg, but leads to a
maximum in the phase shift evolution (triangles, dashed line).

Using the same rationale as above, we can say that adding
10 wt% IP lowers Tg and improves the rotational mobility of
the functional groups in the copolymer. Consequently, more
conformational traps are destroyed, and a better overlap
between adjacent carbazoles is possible, which enlarges the
charge mobility.14,16 As shown in Table 3, both the photo-
conductivities and phase shifts increase upon addition of
10 wt% IP. If more (20 wt%) plasticizer is added, the
photoconductivity and phase shift decrease. This is not
obvious, since the increase in plasticizer concentration further
lowers Tg and should raise the mobility again. However, an

Fig. 3 Arrhenius plot of log (photoconductivity) versus 1000/T for
polymer 3. The lines are guides to the eye.

Fig. 4 a) Gain coef®cients for polymer 1, doped with 0 (r), 10 (&), and
20 wt% ($) of IP versus applied electric ®eld; b) Gain coef®cients for
polymer 2, doped with 0 (r), 10 (&), and 20 wt% ($) of IP versus
applied electric ®eld; c) Gain coef®cients for polymer 3, doped with 0
(r), 10 (&), and 20 wt% ($) of IP versus applied electric ®eld. The lines
are guides to the eye.
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increase in plasticizer concentration also implies a lower
concentration of charge transport moieties. Hence, it is more
dif®cult for the holes to ®nd an adjacent charge transporting
group, which results in lower mobility and photoconductivity.
Thus, in conclusion, there are two competing effects. The
evolution of the photoconductivity upon doping the polymer
samples with IP will be determined by the largest effect.

Addition of the ®rst 10 wt% IP lowers the Tg of the polymers
from around 50 ³C to Tg values close to 30 ³C (see Table 3).
When measured at 21 ³C, the motion of the pendant carbazole
groups, on the time scale of several minutes, is much less
restricted compared to when the Tg is 50 ³C. Hence, a better
approach between the adjacent carbazole moieties is possible,
which enhances the mobility and makes it easier for the holes to
migrate towards the darker parts of the illumination pattern.
At these small IP concentrations, the dilution of the charge
transporting molecules appears to be less important than the
large enhancement in photoconductivity, which originates in a
larger orientational mobility of the functional groups.

Increasing the IP concentration up to 20 wt% reduces Tg to
temperatures around 15 ³C. This lowering of the Tg below the
measurement temperature (21 ³C) implies the introduction of an
additional free volume, and a higher orientational ¯exibility for
the functional groups. The gain in orientational ¯exibility at this
stage, however, is much smaller than the gain in orientational
¯exibility upon addition of the ®rst 10 wt% IP. To verify this
experimentally, we have studied the orientational ¯exibility of the
pendant chromophores, by calculating the refractive index
modulations of the different samples at 48 V mm21 from the
diffraction ef®ciencies, using eqn. (1). The photorefractive index
modulation consists of an electro-optic and a bire®ngence
contribution.9 The latter is dependent on the orientational
¯exibility of the chromophores. Calculating the ratios of the
refractive index modulations for the different IP concentrations
hence indicates where the largest changes in birefringence occur,
and where the gain in rotational mobility for the pendant
functional groups (chromophores and carbazole groups) is the
largest. At a ®eld of 48 V mm21, for the three polymers, the index
modulation is raised by a factor of 4 to 6 after addition of 10 wt%
IP. Adding another 10 wt% IP (up to 20 wt%) increases the index
modulation again, but with a factor of only 1.2 to 1.3. Hence, the
highest portion of orientational ¯exibility is gained after addition
of the ®rst 10 wt% IP. After addition of a supplementary 10 wt%
IP, the increase in orientational ¯exibility is considerably smaller.
Therefore, the effect of the dilution of the charge transporting
groups becomes much larger than the gain in orientational
¯exibility, and the electrical mobility decreases.

Note that the largest gain in rotational mobility, as
determined by the photorefractive experiments, occurs at a
temperature below the glass transition temperature (Tg) as

measured by DSC, where the largest changes would be
expected. Tg, however, strongly depends on the heating
rate.17 On the time scale of the DSC-measurements, performed
at a heating rate of 20 ³C min21, the lowering of the Tg below
21 ³C (measurement temperature) would indeed provide a
substantial increase in rotational mobility that accompanies the
phase transition at that scanning rate. When photorefractive
measurements are performed, however, the temperature of the
samples is allowed to reach a steady state value, which is
equivalent to a very slow heating rate. On this longer time scale,
the most substantial increase in free volume occurs at lower
temperatures than the Tg values obtained from the DSC
experiments. This is generally referred to as the time±
temperature superposition principle.17 In addition, our samples
were stored for several days at 21 ³C. For the samples
containing 0 or 10 wt% IP, 21 ³C lies below the Tg as
determined by DSC (see Table 3). Kovacs has demonstrated
that prolonged storage of a polymer sample below Tg resulted
in a shrinkage in volume.17 As a consequence, Tg of those
samples is shifted to lower values, due to a change in
microstructure, and the gain in rotational mobility at 21 ³C
after doping with 10 wt% IP is much larger than would be
predicted from Tg as measured by DSC measurements.

In summary, addition of 10 wt% IP improves the orienta-
tional ¯exibility of the pendant groups substantially. When the
Tg is further lowered by adding another 10 wt% IP, however,
this effect is much smaller. This is where the dilution of charge
transporter molecules becomes important and shows its effect
in a lower photoconductivity and phase shift.

b. Doping with N-ethylcarbazole (ECZ). Apart from the
polymer mixtures with different IP concentrations, we have also
prepared a mixture of polymer 1 with 20 wt% of N-ethylcarba-
zole (ECZ). ECZ is a more commonly used plasticizer in
photorefractive composites where carbazole is the charge
transporting unit. When the glass transition temperature of the
latter sample, listed in Table 3, is compared to that of the sample
plasticized with 20 wt% IP, it is immediately clear that the IP is a
more ef®cient plasticizer. This explains why the diffraction
ef®ciency of the polymer doped with 20 wt% of ECZ is smaller
than in the samples containing 20 wt% of IP, as is shown in
Fig. 2c. It is also relevant to analyze the evolution of the phase
shifts as ECZ is added as a plasticizer. The phase shift in this
sample at 48 V mm21 is presented in Table 3. It is clear that
substituting 20 wt% of IP plasticizer with 20 wt% of ECZ
enlarges the phase shift substantially, although the Tg of the latter
sample is the highest, and lower rotational and charge mobilities
would be expected in this sample. Since carbazole is the charge
transporting unit in the polymer, however, adding ECZ not only
lowers the Tg, but also increases the charge transporter

Table 3 Photoconductivities and photorefractive phase shifts at 21 ³C
in samples containing 0, 10 and 20 wt% of inert plasticizer

Polymer IP concentration (wt%) Tg/³C a sph/pS cm21 b q/³ c

1 0 66 Ð 4.1
1 10 38 Ð 21.2
1 20 15 Ð 18.4
1 20 wt% ECZ 32 Ð 26.2
2 0 47 0.15 6.2
2 10 30 0.22 9.3
2 20 10 0.19 8.2
3 0 52 0.19 6.0
3 10 33 0.28 8.2
3 20 14 0.25 7.1
a Tg is the glass transition temperature of the polymer mixture, deter-
mined by differential scanning calorimetry, at a heating rate of
20 ³C min21. b sph is the photoconductivity, measured at 48 V mm21,
780 nm and a light intensity of 130 mW cm22. c q is the photorefrac-
tive phase shift, calculated from diffraction ef®ciencies and gain coef-
®cients, using eqns. (1) and (2), at an applied ®eld of 48 V mm21.

Fig. 5 Evolution of the phase shift as a function of the difference
between the experimental temperature and Tg in polymer 2. ($):
Approaching Tg by means of heating the sample; (+): Approaching Tg

by lowering the Tg value itself, and keeping the measurement
temperature constant. The lines are guides to the eye.
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concentration. In this material, there is no dilution of the charge
transporter as was discussed for the IP samples, but instead the
concentration of charge transporter increases, giving rise to a
higher phase shift. When the sample containing 20 wt% of ECZ is
compared to the sample with 10 wt% IP, two samples with
comparable Tg values, it is again clear that the sample with ECZ
shows a larger phase shift. Hence, to obtain large PR phase shifts
and two-beam coupling gain coef®cients, ECZ clearly is a better
plasticizer compared to the inert plasticizer.

The effect of adding ECZ as a plasticizer to polymers 2 and 3
would be more complicated. Whereas for polymer 1 the only
charge transporting unit is carbazole, polymers 2 and 3 contain
chromophores with an amino donor. Having a lower ionization
potential than carbazole, such chromophores can act as a trap
at low concentrations, and gradually start participating in the
charge transport at higher concentrations.18,19 Mobility and
photoconductivity in those samples are not only affected by Tg

and dilution of the charge transporter, but are also strongly
in¯uenced by the ratio of carbazole : chromophore.20

Conclusions

In conclusion, we have studied the photorefractive character-
istics of three fully functionalized polymethacrylates. We have
evaluated two different ways of improving the photorefractive
performance by approaching Tg. Elevation of the measurement
temperature signi®cantly improved the refractive index mod-
ulation amplitude, through a larger contribution of birefrin-
gence. A strong increase in photoconductivity and phase shift
was also observed. When Tg of the samples was lowered by
adding an external plasticizer, the refractive index modulation
again increased substantially, but photoconductivity and phase
shift showed a maximum after addition of 10 wt% of IP
plasticizer, due to dilution of the charge transporting groups in
the photorefractive mixture. When 20 wt% of the IP plasticizer
in polymer 1 was replaced by 20 wt% of ECZ, the phase shift
again signi®cantly increased, due to an increase in the charge
transport concentration. In polymers 2 and 3, we have
demonstrated a clear correlation between the photorefractive
phase shift and the photoconductivity upon raising the
measurement temperature or lowering the polymer Tg.

Experimental

Photorefractive sample preparation

Samples for photorefractive measurements were prepared by
dissolving the polymer and the plasticizer in chloroform. 1 wt%
TNFM was used as sensitizer for all polymers. After passing
this solution through a 0.2 mm PTFE membrane ®lter, the
solvent was allowed to evaporate for 3 hours at 80 ³C. The
resulting homogeneous mixture was then melted between two
ITO-coated glass slides, and the thickness of the samples was
controlled by glass spacers of 125 mm diameter.

Photorefractive characterization

Two-beam coupling experiments and four-wave mixing
experiments were done using a set-up described previously.21

All data were reproducible within 5% of the experimental
values. The laser was a diode laser operating at a wavelength of
780 nm. The angle between the two writing beams outside the
samples was (14¡1)³, and the angle between the bisector and
the surface normal was (50¡2)³. For the two beam coupling
experiments, the two beams were p-polarized, had a power of
2.8 mW each, and were collimated to (250¡10) mm diameter in
the sample. The analysis of the data was done using eqn. (3)

Cd~ cos a1 ln
I t

1(I2=0)

I t
1(I2~0)

� �
{ cos a2 ln

I t
2(I1=0)

I t
2(I1~0)

� �
(3)

It
1 and It

2 are the transmitted intensities of writing beams 1 and
2. Beam 1 is the beam closest to the surface normal, a1 and a2

are the angles between the writing beams and the surface
normal in the sample, d is the sample thickness, and C is the
gain coef®cient.

Four-wave mixing experiments were performed using s-
polarized writing beams, and a p-polarized probe beam,
counter-propagating to writing beam 1. The power of the
writing beams was the same as in the two-beam coupling
experiments, and the probe beam, collimated to (150¡10) mm,
had a power of (2¡0.1) mW. The internal diffraction
ef®ciencies were calculated using the formula

g~
Idiff

It
(4)

where Idiff is the intensity of the light diffracted upon the
photorefractive grating, and It is the total amount of light
transmitted through the sample, that is, the sum of the
diffracted and transmitted intensities.
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